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Dynamic chromosomal interactions and control of
heterochromatin positioning by Ki-67
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Abstract

Ki-67 is a chromatin-associated protein with a dynamic distribu-
tion pattern throughout the cell cycle and is thought to be
involved in chromatin organization. The lack of genomic interac-
tion maps has hampered a detailed understanding of its roles, par-
ticularly during interphase. By pA-DamID mapping in human cell
lines, we find that Ki-67 associates with large genomic domains
that overlap mostly with late-replicating regions. Early in inter-
phase, when Ki-67 is present in pre-nucleolar bodies, it interacts
with these domains on all chromosomes. However, later in inter-
phase, when Ki-67 is confined to nucleoli, it shows a striking shift
toward small chromosomes. Nucleolar perturbations indicate that
these cell cycle dynamics correspond to nucleolar maturation dur-
ing interphase, and suggest that nucleolar sequestration of Ki-67
limits its interactions with larger chromosomes. Furthermore, we
demonstrate that Ki-67 does not detectably control chromatin-
chromatin interactions during interphase, but it competes with
the nuclear lamina for interaction with late-replicating DNA, and it
controls replication timing of (peri)centromeric regions. Together,
these results reveal a highly dynamic choreography of genome
interactions and roles for Ki-67 in heterochromatin organization.
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Introduction

Ki-67 is a chromosomal, nuclear, and nucleolar protein that is widely

used as a marker for cellular proliferation (reviewed in Scholzen &

Gerdes, 2000; Sun & Kaufman, 2018; Remnant et al, 2021). It has

been implicated in chromatin biology in various stages of the cell cy-

cle. During mitosis, Ki-67 is a key component of the peri-

chromosomal layer (PCL) (Verheijen et al, 1989; Booth et al, 2014),

where it acts as a surfactant to prevent chromosomal intermingling

(Cuylen et al, 2016; Takagi et al, 2016). Following anaphase, Ki-67

changes from a repelling into an attracting behavior to exclude cyto-

plasmic proteins and compact chromosomes (Cuylen-Haering

et al, 2020). Early in interphase Ki-67 accumulates in pre-nucleolar

bodies (PNBs), which are punctate structures containing rRNA pre-

cursors and various proteins (Ochs et al, 1985). These PNBs gradu-

ally fade away as several mature nucleoli are formed (Dundr

et al, 2000; Savino et al, 2001; Carron et al, 2012). In these mature

nucleoli, Ki-67 is positioned specifically at the nucleolar rim.

Together with the nuclear lamina (NL), the nucleolus is a major

hub for heterochromatin, as illustrated by both microscopy (Ohno

et al, 1959; Lima-De-Faria & Reitalu, 1963) and genomics observa-

tions (Guelen et al, 2008; van Koningsbruggen et al, 2010; Dillinger

et al, 2017; Vertii et al, 2019). Often, individual heterochromatic

genomic loci are stochastically distributed between the NL and

nucleoli, with a variable preference for one or the other (Kind

et al, 2013; Ragoczy et al, 2014; Vertii et al, 2019). Additionally,

disruption of one of the two structures may enhance interactions

with the other (Solovei et al, 2013; Ragoczy et al, 2014), which may

indicate a competitive mechanism. Interestingly, depletion of Ki-67

has been shown to lead to a loss of heterochromatin around the

nucleolus (Sobecki et al, 2016), suggesting that it may tether hete-

rochromatin to the nucleolus.

So far, most studies of the interplay between Ki-67 and chro-

matin have relied on microscopy observations (e.g., Booth

et al, 2014; Sobecki et al, 2016; Matheson & Kaufman, 2017). While

these experiments have been highly informative, it has remained

unclear how exactly Ki-67 interacts with the genome throughout the

cell cycle. Genome-wide interaction data would greatly enhance this

understanding and permit comparisons with other nuclear position-

ing data, the epigenetic landscape, and functional readouts of the

genome such as transcription and replication timing.

Here, we provide such data using our recently developed pA-

DamID technology, which allows for simultaneous in situ visualiza-

tion of protein-DNA interactions and generation of genome-wide

interaction maps (van Schaik et al, 2020). Our results uncover

remarkably dynamic interactions of Ki-67 with the genome of

human cells and provide insights into its roles in heterochromatin

organization and replication timing.
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Results

pA-DamID captures genome–Ki-67 interactions

We used our recently developed pA-DamID method (van Schaik

et al, 2020, 2022) to profile Ki-67 interactions with the genome. pA-

DamID allows us to both create maps of genome-wide protein-DNA

interactions, and visualize these interactions in situ with the m6A-

Tracer protein (Fig 1A; Kind et al, 2013; van Schaik et al, 2020).

Following pA-DamID with a Ki-67 antibody in hTERT-RPE, HCT116,

and K562 human cell lines, we indeed observe that m6A-Tracer bind-

ing (and hence the interaction of Ki-67 with the genome) is enriched

at nucleoli stained by Ki-67, compared to a free Dam control (Fig 1B

and C). m6A-Tracer binding occurs mostly at the edges of nucleoli,

indicating that Ki-67 preferentially contacts DNA at the nucleolar

periphery. However, Ki-67 is not exclusively localized at nucleoli

and may be locally enriched elsewhere, such as the nuclear periph-

ery (Fig 1B, orange arrows). This overlaps with m6A-Tracer staining,

indicating that Ki-67 at these sites can also engage in genome inter-

actions. Despite these individual foci, on average m6A-Tracer bind-

ing is not enriched at the nuclear periphery compared to the Dam

control in hTERT-RPE and HCT116 cells (Appendix Fig S1A). In

addition, a moderate homogeneous m6A-Tracer signal throughout

the nucleus may be caused by low concentrations of DNA-

interacting Ki-67 in the nuclear interior, but also by non-specific

antibody binding.

We then processed these m6A-tagged DNA samples for high-

throughput sequencing to identify the genomic regions that interact
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with Ki-67. We first describe results in unsynchronized cells; below

we discuss the dynamics throughout the cell cycle. As described pre-

viously (van Schaik et al, 2020), pA-DamID utilizes a free Dam con-

trol to normalize DNA accessibility and amplification biases (Greil

et al, 2006). After this Dam normalization, we observed a striking

domain-like pattern of Ki-67 binding to the genome

(Appendix Fig S1B). We balanced data resolution and reproducibil-

ity by using 50 kb averaging bins that yield Pearson correlation

coefficients between independent biological replicate experiments in

the range of 0.40–0.80 (Appendix Fig S1C and D); at smaller bin

sizes the data were too noisy to be informative.

To validate these interaction maps, we used an HCT116 cell line

with mClover- and AID-tagged Ki-67, which allow for protein visual-

ization and rapid protein depletion upon the addition of auxin (Tak-

agi et al, 2016). Incubation of these cells with auxin for 24 h

resulted in a near-complete depletion of mClover fluorescence, but

only a partial decrease in Ki-67 immunostaining signal

(Appendix Fig S1E and F). This difference may be caused by the

higher sensitivity of indirect immunofluorescence (Takagi

et al, 2016). In accordance with previous RNAi depletion experi-

ments (Booth et al, 2014), the residual Ki-67 signal appeared to

localize in fewer and more interior positioned nucleoli

(Appendix Fig S1E). Genome-wide mapping of Ki-67 interactions

with pA-DamID resulted in a strong signal loss at the Ki-67 interac-

tion domains upon the addition of auxin (Appendix Fig S1G and H).

We assume that the remaining signals (e.g., on chr22) result from

the residual Ki-67 protein. These data verify that Ki-67 interaction

domains are specific for Ki-67 and not caused by technical artifacts.

Because Ki-67 is a very large protein (~ 350 kDa), we reasoned

that the location of the antibody epitope could affect the observed

interaction patterns. Ki-67 contains protein binding domains and a

DNA-binding domain, positioned at the N and C-terminus, respec-

tively (reviewed in Sun & Kaufman, 2018). The initial antibody we

used was generated against a peptide sequence roughly in the mid-

dle of the protein (~ 1150/3256 amino acids), so we chose two addi-

tional antibodies to target each protein end. As before,

immunostaining following auxin-mediated Ki-67 depletion confirms

antibody specificity to Ki-67 (Fig EV1A). Following pA-DamID, only

the C-terminus antibody results in m6A-Tracer enrichment around

Ki-67 domains (Fig EV1B) and yields a genome-wide domain pat-

tern that is similar to that of the initially used antibody (Fig EV1C).

With the N-terminus antibody, some of this domain pattern can also

be observed, but the data quality is rather poor (Fig EV1D and E),

possibly because the antibody epitope is too far from the DNA.

These results thus show that Ki-67 profiles can be reproduced with

different antibodies, and are in accordance with C-terminal location

of the DNA binding domain.

Finally, we sought to confirm these results by chromatin

immunoprecipitation followed by sequencing (ChIP-seq). We

focused on the Ki-67-AID cells, where depletion of Ki-67 by auxin

treatment should cause a substantial loss of specific ChIP-seq signal.

Reassuringly, when normalized over this control, cells not treated

with auxin showed a domain-like ChIP-seq pattern that was very

similar to the pA-DamID pattern (Appendix Fig S2A–F). However,

the dynamic range of this ChIP-seq pattern was low compared to

that of pA-DamID, and the ChIP-seq pattern was obscured when a

conventional normalization over input-DNA was applied

(Appendix Fig S2C and E), presumably because this normalization

incompletely corrects for technical biases. Thus, the pA-DamID map

can be recapitulated by ChIP-seq, but the signals obtained with the

latter are of borderline quality. This may explain why no ChIP-seq

maps have been published for Ki-67 so far.

◀ Figure 1. Visualization and genome-wide profiling of DNA-Ki-67 interactions using pA-DamID.

A Schematic overview of pA-DamID (van Schaik et al, 2020). Permeabilized cells are incubated with a primary antibody (e.g., against Ki-67), followed by a fusion of
protein A and Dam (pA-Dam). After removal of unbound pA-Dam, the Dam enzyme is activated by the addition of S-adenosylmethionine (SAM), resulting in local
deposition of m6A marks. m6A-marked DNA can be processed for high-throughput sequencing, or alternatively cells can be fixed and m6A marks visualized using the
m6A-Tracer protein.

B Representative confocal microscopy sections of HCT116 cells following pA-DamID with free Dam (top panel) or Ki-67 antibody (bottom panel), labeled with
m6A-Tracer protein and stained for Ki-67. Scale bar: 5 lm.

C Quantification of the enrichment of Ki-67 antibody and m6A-Tracer signals relative to segmented Ki-67 domains (that we interpret as nucleoli) in different cell lines.
For every cell, the enrichment is calculated by pixel-distances (pixel: 80 nm) relative to the mean signal of that cell and represented as a log2-ratio. Negative distances
are outside of Ki-67 domains, a distance of zero marks the domain boundary and positive distances are inside of Ki-67 domains. Every thin line corresponds to an
individual cell and the thick line is the mean of all cells. Results are combined from three (hTERT-RPE) or one (HCT116 and K562) biological replicates. The number of
analyzed cells is included in the bottom right of each m6A-Tracer panel. P-values are according to Wilcoxon tests comparing m6A-Tracer signals of free Dam control
and Ki-67 pA-DamID samples, within the Ki-67 domains.

D Comparison of Ki-67 pA-DamID profiles (log2-ratios over the free Dam control) across two chromosomes in hTERT-RPE, HCT116, and K562 cells. Sequenced reads are
counted and normalized in 50 kb bins. Data are averages of n biological replicates and smoothed with a running mean across nine 50 kb bins for visualization pur-
poses. Centromeres are highlighted by black bars.

E The mean Ki-67 interaction score within 2 Mb of centromeres for each chromosome, ordered by size. rDNA-containing chromosomes are highlighted in red. P-values
(Wilcoxon test) indicate statistical significance of the centromeric log2 signals being > 0.

F Distributions of Ki-67 interactions nearby centromeres. Boxplots are drawn for every 0.5 Mb, summarizing values of 10 overlapping 50 kb genomic bins from all chro-
mosomes. Boxplots: horizontal lines represent 25th, 50th (highlighted in red), and 75th percentiles; whiskers extend to 5th and 95th percentiles. Analysis is based on aver-
aged data from (D).

G Representative confocal maximum projection of hTERT-RPE cells stained for CENPA and Ki-67. Cells were treated with 0.05% dimethyl sulfoxide (DMSO). Scale bar:
5 lm.

H Quantification of the Ki-67 enrichment at centromeres, relative to the mean Ki-67 intensity of a cell. Every point represents one centromere. Results are combined
from two biological replicates. In total, 44 cells were analyzed. A Wilcoxon test was used to test for a statistically significant difference from zero (P-value < 2.2e-16).
Boxplot: horizontal lines represent 25th, 50th, and 75th percentiles; whiskers extend to 5th and 95th percentiles.

I Average enrichment of CENPA and Ki-67 from centromeres. For every cell, the enrichment is calculated by pixel-distances (pixel: 80 nm) relative to the mean signal of
that cell and represented as a log2-ratio. Every thin line corresponds to an individual cell, and the thick line is the mean of all cells. The blue dashed line represents
the distance up to which the log2-enrichment is higher than zero.
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Combined, we conclude that the application of pA-DamID results

in robust genome-wide Ki-67 interaction maps, although the data

resolution remains limited to about 50 kb. The m6A-Tracer staining

indicates that interactions of Ki-67 with the genome are enriched

near nucleoli, but may also occur elsewhere.

Ki-67 binding varies between cell types but is consistently
enriched near centromeres and at small chromosomes

Nucleoli are formed around rDNA repeats that are positioned on the

p-arm of several human chromosomes, next to the centromere. We

therefore expected to find binding of the nucleolar protein Ki-67

near these regions. Indeed, Ki-67 interactions are enriched near cen-

tromeres of rDNA-containing chromosomes for all cell types (Fig 1D

and E). However, Ki-67 may lack affinity for rDNA sequences them-

selves, as these show no enrichment in our data (Fig EV2A). Rather,

Ki-67 may interact with peri-centromeric heterochromatin (see

below). Together with the m6A-Tracer visualization (Fig 1B), these

results support a model where Ki-67 interacts with chromatin at the

nucleolar surface rather than in the nucleolar interior where rDNA

is located (Nemeth & Grummt, 2018).

Our data indicate that Ki-67 also interacts with peri-centromeric

regions of nearly all other chromosomes (Fig 1E and F). We specu-

lated that these interactions would correspond to the Ki-67 foci out-

side of the apparent nucleoli (Fig 1B). Indeed, co-immunostaining

showed that centromeres (marked by CENPA) often overlap with

Ki-67, even when these are not at nucleoli (Fig 1G and H). More-

over, the Ki-67 signal extends beyond CENPA foci (Fig 1I), which is

in agreement with the observed binding at peri-centromeric DNA.

Differences in Ki-67 interactions among cell types are most

apparent on the arms of large chromosomes (Figs 1D and EV2B). In

contrast, on small chromosomes, the interactions are more consis-

tent (Fig EV2B), and more frequent as illustrated by a higher

dynamic range compared to larger chromosomes (Fig EV2C). Small

chromosomes are typically positioned in the nuclear interior and in

the vicinity of nucleoli (Bolzer et al, 2005; Su et al, 2020), suggest-

ing that these interactions mostly involve nucleolar Ki-67.

Release of Ki-67 from nucleoli drastically changes its DNA
interactions

To test the importance of nucleolar Ki-67 for the observed genomic

interactions, we released Ki-67 from nucleoli by adding a low dose

of actinomycin D (ActD; 50 ng/ml) for 3 h. ActD at this concentra-

tion specifically inhibits PolI transcription and results in nucleolar

breakdown (Perry & Kelley, 1970; Ragoczy et al, 2014). As a result,

Ki-67 is no longer restricted to nucleoli and shows patterns that are

distinct from other nucleolar markers (i.e. MKI67IP; Figs 2A, and

EV3A, and B). Ki-67 localization to mitotic chromosomes is not

affected by ActD (Fig 2A, orange arrow).

We then generated pA-DamID maps of Ki-67 (Fig 2B). For these

quantitative analyses of Ki-67 interactions, we first converted the

log2-ratios to z-scores. This equalizes any variable dynamic ranges

between conditions and replicates without affecting the data distri-

bution (van Schaik et al, 2020). The results show that nucleolar

breakdown affects Ki-67 binding to the genome in different ways

depending on the cell type (Fig 2B). In hTERT-RPE and HCT116

cells, the genomic pattern of Ki-67 seems mostly maintained but

interactions show strong quantitative differences (Fig 2C–E). This

includes an overall balance shift of Ki-67 from small chromosomes

to large chromosomes (Fig EV3C). In contrast, the interaction pat-

tern in K562 cells is more broadly altered (Fig 2C–E), although a

reduction of Ki-67 interactions with rDNA-containing chromosomes

is shared among all three cell types (Fig EV3C). All three cell types

also exhibit a consistent loss of Ki-67 interactions near centromeres,

again most clearly for rDNA-containing chromosomes (Fig EV3D).

We verified this result by immunostaining, which showed a reduced

overlap of Ki-67 with centromeres upon the addition of ActD

(Fig EV3E and F). These results illustrate that nucleolar integrity is

required for a normal Ki-67 interaction pattern across the genome,

in particular for the preference at centromeres and small and rDNA-

containing chromosomes.

Cell cycle dynamics of Ki-67 interactions

So far, we performed these pA-DamID experiments in unsynchro-

nized cells. However, microscopy studies have shown that Ki-67

coats chromosomes during mitosis, localizes to pre-nucleolar bodies

(PNBs) in early G1 and slowly transfers to nucleoli during inter-

phase (reviewed in Verheijen et al, 1989; Nemeth & Grummt, 2018).

We hypothesized that these transitions would be accompanied by a

shift in genomic interactions. To test this, we synchronized RPE

cells in metaphase and harvested cells at several time points during

the cell cycle (van Schaik et al, 2020) to profile Ki-67 interactions.

We first prepared cells for m6A-Tracer microscopy to verify the

localization of Ki-67 and visualize its DNA interactions. Cells syn-

chronized in metaphase show condensed chromosomes, with Ki-67

and m6A-Tracer signals at the periphery of the chromosomes

(Fig 3A), although individual chromosomes are difficult to distin-

guish after pA-DamID, presumably due to several hours of nuclear

permeabilization without fixation (c.f. Figs 2A and 3A). One hour

after synchronization, when cells have entered interphase, Ki-67 is

spread throughout the nucleus in numerous PNBs (Fig 3A;

Appendix Fig S3A). Later time points show a gradual repositioning

of Ki-67 from small PNBs to several mature nucleoli. At all inter-

phase time points m6A-Tracer signal is enriched near Ki-67 (Fig 3A

and B), which indicates that redistribution of Ki-67 also affects its

DNA interactions.

We then processed these samples for genome-wide mapping of

the m6A-tagged Ki-67 interaction sites (Fig 3C). During mitosis

(t = 0 h), Ki-67 interactions show a surprising enrichment on the

distal ends of the chromosome ends (Appendix Fig S3B and C).

However, chromosome spreads of mitotic cells processed with Ki-67

pA-DamID lack m6A-Tracer signal in the middle of the mitotic cluster

of chromosomes (Appendix Fig S3D). We therefore suspect that

accessibility to the antibody and pA-Dam may be hampered by the

aggregated and compacted chromosomes in mitotic cells. This

accessibility bias may differentially affect distal and proximal

regions of chromosomes. Indeed, ChIP-seq does not confirm the dis-

tal enrichment on mitotic chromosomes (Appendix Fig S3E). For

these reasons, the distal enrichment as detected by pA-DamID

should be interpreted with caution. Importantly, the genome-wide

domain pattern that Ki-67 shows in unsynchronized cells is not visi-

ble on mitotic chromosomes, neither by pA-DamD nor by ChIP

(Appendix Fig S3B and E), indicating that Ki-67 interacts with these

domains only during interphase.
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pA-DamID mapping of Ki-67 at various time points during inter-

phase reveals striking dynamics. Early in G1 phase (t = 1 h), Ki-67

interactions are more evenly distributed among all chromosomes

compared to unsynchronized cells, with increased and decreased

interactions for large and small chromosomes, respectively (Fig 3D).

From t = 3 h, Ki-67 interactions are lost on large chromosomes in

favor of smaller chromosomes (Fig 3C and E). Remarkably, chromo-

some X does not follow these trends. This may be caused by active

repositioning of the inactive chromosome X to nucleoli during S-

phase (Zhang et al, 2007; Sun et al, 2017).

The kinetics of the changes in Ki-67 binding can vary across

chromosomes. For example, region 0–70 Mb on chr2 shows weak-

ening of Ki-67 binding, already at t = 3 h, while this weakening

seems slower in the region 70–150 Mb (Fig 3C). However, most of

the shifting from large to small chromosomes has already occurred

at t = 3 h (Fig 3D). Thus, the changes in genome-wide binding pat-

terns roughly coincide temporally with the sequential repositioning

of Ki-67 from mitotic chromosomes to PNBs, and then to mature

nucleoli.

To further investigate the link between Ki-67 dynamics during

interphase and the nucleolar maturation from PNBs, we disrupted

nucleoli in hTERT-RPE cells with a short osmotic shock. Upon

recovery, the process of PNB formation and nucleolar maturation

is repeated (Zatsepina et al, 1997). Indeed, we find that Ki-67-

containing PNBs are strongly enriched after 30 min of recovery

and mostly lost again after 180 min (Appendix Fig S4A). pA-
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Figure 2. Ki-67 binding is constrained by nucleolar positioning and variable between cell types.

A Representative confocal microscopy sections of hTERT-RPE cells following 3 h of a low dose of actinomycin D (ActD, 50 ng/ml in 0.05% DMSO) to disrupt nucleoli, and
of cells treated with a similar quantity of DMSO as control. Cells were stained for MKI-67IP and Ki-67 proteins to visualize nucleolar disruption and new Ki-67 localiza-
tion patterns. Orange arrows highlight mitotic chromosomes, which show unaltered Ki-67 localization following ActD treatment. Scale bar: 10 lm.

B Comparison of Ki-67 interactions in the three cell lines after ActD-induced nucleolar disruption for two representative chromosomes. Log2-ratios were converted to
z-scores to correct for differences in dynamic range between conditions and replicates. Data are averages of two biological replicates and smoothed with a running
mean across nine 50 kb bins for visualization. Centromeres are highlighted by black bars.

C Binned scatterplots between Ki-67 interactions in DMSO and ActD conditions. Pearson correlation scores were calculated with the ‘cor’ function in R.
D Overlay between Ki-67 interactions between the cell types in DMSO and ActD conditions for a representative locus, as described in panel B.
E Overview of Pearson correlations between Ki-67 interactions in different cell types, in DMSO and ActD conditions.
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DamID maps from these cells show that the transition from the

30- to 180-min time point roughly resembles the difference

between early G1 (t = 1 h) and unsynchronized cells

(Appendix Fig S4B and C). Similar to interphase, this transition

corresponds to an increase in Ki-67 interactions on small chromo-

somes (Appendix Fig S4D). Obviously, osmotic shock is a rather

harsh treatment, and a perfect “reset” to a state that resembles

early G1 should not be expected. Nevertheless, these results

suggest that cell cycle dynamics of Ki-67 interactions correspond

at least partially to PNB maturation during interphase.

Ki-67 and Lamin B1 interactions partially overlap and together
mark the late-replicating genome

Heterochromatin positioning is redundant between nucleoli and the

NL (reviewed in Politz et al, 2016; Bizhanova & Kaufman, 2021).

50 100 150 200

−2
0
2

−2
0
2

−2
0
2

−2
0
2

−2
0
2

chr2 (Mb)

A

D E

C

t = 0h
Mitosis

t = 10 h

t = 6 h

t = 3 h

t = 1 h
Early G1

DAPI Ki-67 antibody m6A-Tracer

Ki
-6

7 
in

te
ra

ct
io

ns
 (z

-s
co

re
)

unsync (n = 4)

t = 10 h (n = 2)

t = 1 h (n = 2)

t = 3 h (n = 2)

t = 6 h (n = 2)

Ki
-6

7 
in

te
ra

ct
io

ns
 (z

-s
co

re
) 

G
1 

tim
e 

po
in

ts
 v

s 
ea

rly
 G

1 Time point

Chromosomes (by size)

t = 3 h
t = 6 h
t = 10 h

Chromosome (by size)

Ki
-6

7 
in

te
ra

ct
io

ns
 (z

-s
co

re
) 

Ea
rly

 G
1 

vs
 u

ns
yn

ch
ro

ni
ze

d

−0.2

0.0

0.2

0.4

0.6

1 X 21

−2

−1

0

1

1 X 21

50
chr22 (Mb)

B

m
6A-Tracer

Ki-67 antibody

−1
0 −5 0 5 10

−1

0

1

2

−1

0

1

2

Distance to Ki-67 domains
(pixel)

En
ric

hm
en

t o
ve

r m
ea

n 
in

te
ns

ity
 (l

og
2)

Target
Free Dam
Ki-67

Time point
unsync
t = 1 h
t = 3 h
t = 6 h
t = 10 h

Figure 3. Cell cycle dynamics of Ki-67 interactions.

A Representative confocal microscopy sections of hTERT-RPE cells processed with Ki-67 pA-DamID, following synchronization with a mitotic shake-off (t = 0 h, see
Materials and Methods) and time points after replating of the synchronized cells. Cells were stained for Ki-67 and labeled with m6A-Tracer protein. Scale bar: 5 lm.

B Quantification of m6A-Tracer and Ki-67 antibody enrichment near Ki-67 domains (interpreted as PNBs/nucleoli) in synchronized hTERT-RPE cells, as described in
(Fig 1C). Instead of individual cell traces, the 95%-confidence interval of the mean is added as shaded area. Results are combined from three (unsynchronized cells) or
one (synchronized cells) biological replicates. At least 10 cells were analyzed for each time point. For all time points, m6A-Tracer signals within Ki-67 domains were sig-
nificantly higher for Ki-67 pA-DamID samples than the unsynchronized free Dam control (all P-values < 3e-4, Wilcoxon test).

C Ki-67 interactions profiles for the synchronized hTERT-RPE cells. Two representative chromosomes were visualized to highlight the differences between large (chr2)
and small chromosomes (chr22). Data profiles are averages of n independent biological replicates and smoothed with a running mean across nine 50 kb bins. Cen-
tromeres are highlighted by black bars.

D Chromosomal distributions of genome-wide differences between Ki-67 interactions in early G1 (t = 1 h) and unsynchronized cells. Analysis is based on averaged data
from (C). Boxplots show data distributions across all 50 kb genomic bins in a chromosome. Horizontal lines represent 25th, 50th, and 75th percentiles; whiskers extend
to 5th and 95th percentiles. The mean differential scores per chromosome correlate significantly with chromosome size (P-value 8e-7, “cor.test” function in R).

E Mean chromosomal differences in Ki-67 interaction scores between interphase time points and early G1 cells (t = 1 h) are plotted for chromosomes sorted by size.
For each time point, the mean differential scores per chromosome correlate significantly with chromosome size (P-value < 3e-7, “cor.test” function in R).
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To determine whether we could observe this also in our data, we

compared our pA-DamID maps of Ki-67 and Lamin B1 (van Schaik

et al, 2020). Overall, both proteins interact with mostly similar

genomic domains, although their relative interaction frequencies

vary strongly (Fig 4A). Depending on the cell type, Ki-67 and Lamin

B1 interactions correlate with Pearson correlation coefficients rang-

ing from 0.20 to 0.62 (Fig 4B). Cross-correlation functions indicate

that these correlations extend over domains in the Mb size range,

rather than being limited to small local interaction peaks of the two

proteins (Fig 4B).

Often, among the domains bound by both proteins, Ki-67 and

Lamin B1 seem anti-correlated, where domains with the highest Ki-

67 signals are generally lower in Lamin B1 signals, and vice-versa

(Fig 4A, colored arrows). This partial anti-correlation is visible as

the “head” of a hammer-shaped scatter plot, particularly in hTERT-

RPE cells and least pronounced in K562 cells (Fig 4C, top panels).

Late-replicating DNA is known to be enriched at both the nuclear

periphery and nucleolus (reviewed in Marchal et al, 2019). Indeed,

analysis of published maps of replication timing (Dekker

et al, 2017) showed a strong overlap of late-replicating domains

with both the Ki-67 and Lamin B1 domains (Fig 4A). Strikingly, the

late-replicating regions overlap almost perfectly with the hammer-

heads in the Ki-67 versus Lamin B1 scatter plots (Fig 4C, middle

panels). Thus, virtually all late-replicating domains are covered by

either of the two proteins and among these domains, competition

may lead to a variable balance between the two proteins.

Ki-67 competes with the NL for heterochromatin

To test this competition, we used the HCT116 Ki-67-AID cell line

and mapped Lamin B1 interactions following 24 h of Ki-67 deple-

tion. Additionally, given the roles of Ki-67 in mitosis and the
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Figure 4. Ki-67 and Lamin B1 together mark the late-replicating genome.

A Comparison of Ki-67 interactions with Lamin B1 interactions (both log2-ratios) and DNA replication timing (Repli-seq log2-ratio of Early/Late) for a representative
genomic region. Arrows highlight domains with high Ki-67 and generally low Lamin B1 interactions, and vice-versa. Data profiles are averages of n biological replicates
and smoothed with a running mean across nine 50 kb bins. Centromeres are highlighted by black bars.

B Cross-correlation functions (CCFs) between Ki-67 and Lamin B1 interactions for the three cell lines. These CCFs show the Pearson correlation between the two data-
sets when one of the datasets is shifted over various distances relative to the other. The width of the resulting curves provides insight into the size of the domains
that typically correlate. At a shift distance of 0, P < 2.2e-16 for all cell lines (“cor.test” function in R).

C Binned scatterplots between Ki-67 and Lamin B1 interactions (log2-ratios), showing the amount of genomic 50 kb bins overlapping these points (top panels) and the
mean replication timing score of overlapping genomic bins (log2 Early/Late) (bottom panels). Points are only shown with at least 10 overlapping genomic bins for a
robust estimation of mean scores. A separate color bar is used for replication timing in K562 cells, which have a reduced dynamic range. Replication timing data were
obtained from the 4D Nucleome data repository (Dekker et al, 2017).
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reorganization of the genome afterward, we combined Ki-67 deple-

tion with two cell synchronization strategies. First, Ki-67 was

depleted during a double thymidine block. These cells undergo a

single cell division and the synchronization prevents any cell cycle

perturbation that Ki-67 depletion may induce. Second, to specifically

test whether mitosis is required for DNA repositioning, Ki-67 was

depleted in G2-arrested cells using a CDK1 inhibitor (Fig 5A). Flow

cytometry confirmed cell synchronization with and without Ki-67

depletion (Fig 5A, bottom panels, Fig EV4A). We first verified the

Ki-67 pA-DamID patterns in synchronized cells with normal Ki-67

levels (i.e., not treated with auxin). Here, we found a shift of Ki-67

between S-phase and G2 cells that correlates with chromosome size

(Figs 5B and EV4B), akin to the progressive shift toward smaller

chromosomes that we observed during interphase in hTERT-RPE

cells (Fig 3C and E).

Ki-67 depletion induces small quantitative differences in Lamin

B1 interactions (Fig 5B, orange arrows). Importantly, increases in

Lamin B1 interactions are most prominent in regions that were
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originally bound by Ki-67 (Fig 5C). This effect is most apparent in S-

phase cells (which had progressed through mitosis), but is still pre-

sent in cells blocked in G2 (with Pearson correlations between the

initial Ki-67 score and Lamin B1 difference of approximately 0.3 and

0.2 for the two conditions, respectively). Passage through mitosis is

thus not required to change genome positioning between Ki-67 and

the NL. We conclude that Ki-67 counteracts Lamin B1 interactions

of a subset of late-replicating domains.

Ki-67 does not detectably control 3D genome interactions
in interphase

Considering the effects of Ki-67 on NL interactions, we wondered

whether it also controls other aspects of 3D genome organization.

To test this, we performed Hi-C experiments in HCT116 Ki-67-AID

cells that were synchronized in S-phase (Fig 5A). Remarkably,

depletion of Ki-67 does not affect genome interactions in any aspect

that we explored, including compartment A/B formation and overall

folding of the chromosomes (Fig EV5A–I). In particular, the com-

partment scores across the genome are virtually identical between

the + and � auxin conditions, and any subtle change in these scores

is not linked to the level of Ki-67 binding (Fig EV5F) nor to linear

distance from centromeres (Fig EV5G). Combined, these experi-

ments indicate that Ki-67 modulates the positioning of genomic

regions relative to the NL, without any detectable effect on chro-

matin–chromatin interactions.

For comparison, we also generated Hi-C data in cells synchro-

nized in metaphase. Here, we did observe that depletion of Ki-

67 increases inter-chromosomal interactions and very long-range

cis-interactions (> 10 Mb; Fig EV5A–C). In particular, Ki-67

seems important to prevent the chromosome arms from folding

back onto each other (Fig EV5J). This result, even though it is

based on only a single experiment, is in accordance with the

model that Ki-67 acts as a surfactant that prevents the intermin-

gling of mitotic chromosomes (Cuylen et al, 2016), and under-

scores that the lack of detectable effects of Ki-67 depletion on

3D genome interactions is not due to technical issues with the

Hi-C data.

Ki-67 promotes timely replication of centromeres

Next, we asked whether Ki-67 depletion affected the replication tim-

ing of the regions that it interacts with. We tested this by Repli-seq

(Marchal et al, 2018), 24 h after Ki-67 depletion in (unsynchronized)

HCT116 cells (Fig 5D and E). While replication timing across most of

the genome remained unaffected by this depletion, we did observe a

small but consistent delay in replication timing in peri-centromeric

regions (Fig 5F and G). Centromeric sequences, which cannot be

uniquely mapped to individual chromosomes, also showed a delayed

replication timing upon Ki-67 depletion (Fig EV4C). The replication

timing observations are different from Lamin B1 interactions that

increased near centromeres but also on other domains with high Ki-

67 scores (Fig 5D, purple arrows, Fig EV4D and E). Thus, besides its

known roles in mitosis, Ki-67 specifically affects the replication tim-

ing of (peri-)centromeric regions in interphase.

No evidence for direct gene repression by Ki-67

Genes in late replicating and NL-associated domains generally

show little transcriptional activity (Guelen et al, 2008; Hiratani

et al, 2008; reviewed in Reddy et al, 2008; van Steensel & Bel-

mont, 2017; Marchal et al, 2019). Indeed, mRNA-seq data show that

genes in the above-mentioned scatterplot hammer-head predomi-

nantly are lowly transcribed (Fig EV4F). In line with this, genes

with high levels of Ki-67 tend to be inactive, particularly in hTERT-

RPE and HTC116 cells.

We then asked whether Ki-67 contributes directly to the tran-

scriptional repression of these genes. Several studies have found

changes in gene activity upon Ki-67 loss (Sobecki et al, 2016; Sun

et al, 2017; Garwain et al, 2020; Mrouj et al, 2021), but none could

attribute this to direct effects, in part because the binding pattern of

Ki-67 was not known. We therefore generated RNA-seq data in the

HCT116 Ki-67-AID cells. We again synchronized these cells in S-

phase, to rule out any cell cycle effects that Ki-67 depletion may

have in these cells (Fig 5A). Intriguingly, we find that gene expres-

sion is largely unaffected by acute Ki-67 depletion, with only three

genes reaching our significance cut-off: ALDH1A3, CYP1A1, and

◀ Figure 5. Effects of Ki-67 depletion on Lamin B1 interactions and replication timing.

A Overview of the Ki-67 depletion experiment in HCT116 Ki-67-AID cells (top). Cells were either cultured with a double thymidine arrest to enrich for S-phase cells
(which includes one cell division) or arrested in G2 by CDK1 inhibition immediately following an initial S-phase arrest (which prevents a cell division). FACS analysis
into G1/S and G2 populations confirmed successful synchronization and illustrates that Ki-67 depletion does not affect this (bottom panels).

B Representative genomic region showing the effect of Ki-67 depletion on Lamin B1 interactions, for HCT116 Ki-67-AID cells synchronized in S-phase (left panel) and
G2-phase (right panel). Ki-67 interactions were only profiled at non-depleted levels. Orange arrows highlight regions with high Ki-67 interactions that gain Lamin B1
interactions upon Ki-67 depletion. Data profiles are averages of two biological replicates and smoothed with a running mean. The centromere is located just to the
right of the depicted region. The bottom panels indicate Pearson correlation coefficients and associated P-values comparing auxin-induced changes in Lamin B1 inter-
actions with original Ki-67 binding levels (i.e., in the absence of auxin).

C Binned scatterplots of Lamin B1 interactions in HCT116 cells with normal versus depleted Ki-67 levels, as described in (Fig 4C). Bins are colored by mean Ki-67 interac-
tions in S-phase (top panels) and G2-phase (bottom panels). Signals are smoothed with a running mean of three 50 kb bins to reduce noise in the data.

D Representative genomic region showing the effect of auxin-mediated Ki-67 depletion on (S-phase) Lamin B1 interactions and replication timing (log2 Early/Late) in
HCT116 Ki-67-AID cells, as described in panel B. Orange arrows highlight domains with gained Lamin B1 interactions and delayed replication timing; purple arrows
highlight domains with gained Lamin B1 interactions but unaffected replication timing. Data are the average of two independent biological replicates.

E Binned scatterplots (as in panel C) of replication timing (RT, E/L) in cells with normal versus depleted Ki-67 levels, colored by the density of overlapping 50 kb bins (left
panel) and mean Ki-67 interactions at normal Ki-67 levels (right panel).

F Distribution of differences in replication timing (RT) nearby centromeres. Analysis is based on averaged data shown in (D). Boxplots are drawn for every 0.5 Mb with
the 50th percentile highlighted in red, summarizing values of 10 overlapping 50 kb genomic bins from all chromosomes. Boxplots: horizontal lines represent 25th, 50th,
and 75th percentiles; whiskers extend to 5th and 95th percentiles.

G Mean difference in replication timing (RT) within 2 Mb from the centromere of each chromosome. For all centromeric regions combined, RT differences are
significantly different from 0 (P < 2e-7, Wilcoxon test). rDNA-containing chromosomes are highlighted in red.
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HAS3 (Fig EV4G). We cannot link these genes to initial Ki-67 bind-

ing or Ki-67 biology. A similar result was obtained in a recent study

that also employed auxin-mediated Ki-67-AID depletion in HCT116

cells (Garwain et al, 2020).

We also compared Ki-67 interactions with gene expression data

following Ki-67 depletion in hTERT-RPE cells (Sun et al, 2017).

Unlike HTC116, these cells express p21, which causes cell cycle per-

turbations in response to Ki-67 loss, and concomitant differential

expression of thousands of genes (Sun et al, 2017). Our re-analysis

of these data indicates that the changes in gene expression do not

correlate with initial Ki-67 binding (Fig EV4H). This further indi-

cates that Ki-67 binding is not directly involved in gene silencing.

Ki-67 binding correlates positively with H3K9me3 and negatively
with H3K27me3

Finally, we compared the Ki-67 patterns to those of the main repres-

sive histone modifications H3K27me3 and H3K9me3 (Fig 6A).

Remarkably, these marks are strongly correlated with the balance

between Ki-67 and Lamin B1. In hTERT-RPE and HCT116 cells, the

scatterplot hammer-head shows a strong partitioning, with Ki-67

interactions being positively linked to H3K9me3 but not H3K27me3

(Fig 6B). In K562 cells the preference of H3K9me3 for Ki-67-rich

regions is less pronounced, although this may be due to a lower sig-

nal/noise ratio of the Ki-67 pA-DamID map in this cell line.

Following acute Ki-67 depletion in HCT116 cells (Fig 5),

H3K27me3 and H3K9me3 are only subtly affected, with effect sizes

that seem smaller than we observed for Lamin B1 interactions

(Fig 6C). Ki-67 binding is thus correlated with the epigenetic

makeup of chromatin, but not required to maintain it.

Discussion

Microscopy studies have illustrated that Ki-67 and nucleoli are

important contributors to genome organization, in particular for
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Figure 6. Comparison of the Ki-67 and Lamin B1 balance with H3K27me3 and H3K9me3.

A Comparison of Ki-67 interactions with Lamin B1 interactions and H3K27me3 and H3K9me3 histone modifications for a representative genomic region. Data profiles
are averages of n pA-DamID biological replicates and smoothed with a running mean across 9 50 kb bins. Centromeres are highlighted by black bars.

B Binned scatterplots of Ki-67 and Lamin B1 interactions as in (Fig 4C), colored according to the mean H3K27me3 and H3K9me3 signals.
C Similar to Fig 5D, but additionally showing the effect of Ki-67 depletion on H3K27me3 and H3K9me3.
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heterochromatin positioning and the separation of mitotic chromo-

somes (Booth et al, 2014; Cuylen et al, 2016; Sobecki et al, 2016;

Takagi et al, 2016; Cuylen-Haering et al, 2020). However, a lack of

genome-wide interaction profiles of Ki-67 has hampered a detailed

understanding of how this protein shapes and regulates the genome.

In this work, we applied pA-DamID to profile genome–Ki-67 interac-

tions in several human cell lines and throughout interphase. In our

hands, pA-DamID appears to be more suited to map Ki-67 than

ChIP-seq. However, it should be kept in mind that biases in the

maps produced by pA-DamID cannot be fully ruled out.

Early after mitosis, we observed a rapid rearrangement of Ki-67-

DNA interactions across the genome. Within ~ 1 h, Ki-67 moves to

many late-replicating domains. This transition may be triggered by

dephosphorylation of Ki-67 (MacCallum & Hall, 1999; Saiwaki

et al, 2005; Yamazaki et al, 2022). Our data are in accordance with

early microscopy observations that Ki-67 overlaps with most large

heterochromatin domains in early interphase (Bridger et al, 1998).

However, our results also show that Ki-67 gradually redistributes

during early G1 from large to smaller chromosomes. This redistribu-

tion roughly coincides with the relocation of Ki-67 from PNBs to

nucleoli, and is partially reverted by perturbations (ActD treatment

and brief osmotic shock) that release Ki-67 from nucleoli and re-

establish PNBs. We therefore propose that Ki-67 in PNBs interacts

with late-replicating domains throughout the genome, while upon

sequestration of Ki-67 at nucleoli these interactions become

restricted to small chromosomes. In support of this model, small

chromosomes tend to be positioned near nucleoli (Quinodoz

et al, 2018; Su et al, 2020).

Our results implicate Ki-67 as one of the proteins that modulate

the distribution of late-replicating DNA between nucleoli and the

NL (reviewed in Politz et al, 2016; van Steensel & Belmont, 2017;

Bizhanova & Kaufman, 2021). Most likely this is due to the direct

interaction of Ki-67 with a subset of late-replicating regions. It is

interesting to note that both Ki-67 and lamins preferentially bind

AT-rich DNA in vitro (Luderus et al, 1994; MacCallum &

Hall, 2000), which matches observations that both nucleolus- and

lamina-associated domains are AT-rich (van Koningsbruggen

et al, 2010; Meuleman et al, 2013). However, it is likely that other

proteins besides Ki-67 mediate nucleolar interactions. For example,

different from our Ki-67 profiles, a subset of nucleolar interactions

shows enrichment for H3K27me3 and early-replicating DNA (Vertii

et al, 2019). Moreover, Ki-67 is slowly degraded in G1 and com-

pletely absent in senescent cells (Gerdes et al, 1984; Sobecki

et al, 2017; Miller et al, 2018), yet these cells largely maintain their

nucleolus–genome interactions (Dillinger et al, 2017). Exceptions

are alpha-satellite sequences (at centromeres) and H3K9me3-

marked chromatin, which lose nucleolar positioning upon senes-

cence (Dillinger et al, 2017). Our data show that these regions

strongly interact with Ki-67, supporting a direct role in nucleolus

tethering.

Surprisingly, this tethering does not have any detectable impact on

A/B compartmentalization as detected by Hi-C. Thus, NL interactions

and A/B compartmentalization can be uncoupled, and Ki-67 controls

the former but not the latter. This result is reminiscent of Hi-C experi-

ments in cells devoid of both Lamin A and LBR. These cells show a

partially inverted organization with active chromatin at the

nuclear periphery and nearly all heterochromatin in the nuclear inte-

rior, while A/B compartmentalization is largely unaffected

(Falk et al, 2019). Redistribution of heterochromatin between nucleoli

and the NL can thus occur independently of 3D genome interactions.

Upon Ki-67 depletion, we observed a surprising delay in replica-

tion timing specifically at (peri-)centromeres. These regions show

increased Lamin B1 interactions, yet other regions that reposition

toward the NL are not affected in their replication. Possibly, the

replication timing of centromeric regions is more sensitive to the

positioning relative to the NL than that of other genomic loci. Alter-

natively, Ki-67 may directly affect the replication of centromeres,

which are known for their middle-late and tightly regulated

DNA replication (reviewed in Bloom & Costanzo, 2017; Barra &

Fachinetti, 2018). The perturbed replication may be the conse-

quence of increased transcription of alpha-satellite sequences fol-

lowing Ki-67 depletion (Bury et al, 2020). Resulting transcription-

replication conflicts could result in delayed and incomplete DNA

replication, as was recently shown following rapid CENP-A deple-

tion (Giunta et al, 2021).

One of the fascinating aspects of Ki-67 is its role on mitotic chro-

mosomes, where it establishes the peri-chromosomal layer (Gerdes

et al, 1984; Verheijen et al, 1989; Booth et al, 2014; Stenstrom

et al, 2020) and acts as a surfactant that prevents chromosomal

intermingling (Cuylen et al, 2016; Takagi et al, 2016). In accordance

with this role, our mitotic Hi-C data suggest that Ki-67 suppresses

trans-interactions and very long-range cis-interactions. We empha-

size that this result needs to be further confirmed by additional

experiments. Furthermore, pA-DamID and ChIP-seq indicate that

mitotic Ki-67 does not associate with large domains as is observed

in interphase. It is known that mitotic Ki-67 has reduced DNA bind-

ing affinity (MacCallum & Hall, 1999), although the mechanism

remains unclear.

Ki-67 is an important protein for faithful chromosome segrega-

tion. It is degraded following mitosis in G1, but protein levels accu-

mulate again in early S-phase (Sobecki et al, 2017; Miller

et al, 2018). It has been unclear whether this early accumulation

was required to build up sufficient protein levels for mitosis, or

whether Ki-67 also has a functional role in interphase. Here, we pro-

vided support for the latter hypothesis, given that Ki-67 controls the

nucleolus—NL balance of interphase heterochromatin and is

required for timely replication of centromeres.

Materials and Methods

Experimental methods

Cell culture
hTERT-RPE cells (ATCC CRL-4000), HCT116 cells (ATCC CCL-247),

and K562 cells (ATCC CCL-243) were cultured according to their

ATCC handling procedure, except that cells were passaged using

0.05% Trypsin–EDTA (Gibco) instead of 0.25%. Adherent cells

(hTERT-RPE cells and HCT116 cells) were harvested with 0.05%

Trypsin–EDTA, which was inactivated with a complete medium.

HCT116 Ki-67-miniAID-mClover cells (Ki-67-AID in short) were

kindly provided by M. Takagi and cultured as wild-type HCT116

cells. Ki-67 depletion was induced by adding 500 lM auxin for 24 h

(from a 1 mM stock solution) (Sigma-Aldrich), or a similar amount

of DMSO for control cells.

All cells were tested for mycoplasma presence every 2 months.
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Cell cycle synchronization
Cell cycle synchronization of hTERT-RPE was performed as

described previously (van Schaik et al, 2020). Cells were cultured

for 24 h in 75 cm2 flasks to reach ~ 50% confluency, after which

mitotic cells were enriched for using a sequential synchronization

strategy of G2 arrest (16 h of 10 lM RO-3306, CDK1 inhibitor) fol-

lowed by metaphase blocking (1.5 h of 25 ng/ml nocodazole,

microtubule inhibitor). Mitotic cells were harvested by shake-off

and immediately processed for pA-DamID or replated in a complete

medium for interphase time points. Light microscopy confirmed suc-

cessful mitotic synchronization, and adherence and cell division of

the replated cells. Replated cells were harvested after 1, 3, 6,

and 10 h. A similar approach was used to synchronize HCT116 Ki-

67-AID cells in metaphase, except that 8 lM of RO-3306 was used to

arrest the cells in G2.

Osmotic shock
hTERT-RPE cells were cultured overnight in multiple 10 cm

dishes with 10 mm cover slips. Cells were washed in pre-warmed

1× phosphate-buffer saline (PBS), after which nucleoli were dis-

rupted by a 15-min osmotic shock (0.2× PBS) (Zatsepina

et al, 1997). Cells were released in a complete medium and har-

vested for pA-DamID after 30 and 180 min. To verify nucleolar

reassembly, cover slips with attached cells were removed before

harvesting, washed in PBS, and fixed for 10 min in 2% formalde-

hyde/PBS.

Actinomycin D treatment
hTERT-RPE cells, HCT116 cells, and K562 cells were cultured over-

night in two 10 cm dishes with 10 mm cover slips. PolI transcrip-

tion was specifically inhibited using a 3 h treatment of 50 ng/ml

actinomycin D (from a 1 mg/ml stock solution). A similar amount

of DMSO was added to control cells. Cover slips were removed and

cells were fixed with 2% formaldehyde/PBS to verify nucleolar dis-

ruption and Ki-67 redistribution. For K562 cells, the cover slips were

coated with poly-L-lysine to immobilize the cells. The remaining

cells were harvested for pA-DamID experiments.

HCT116 Ki-67-AID synchronization experiments
HCT116 Ki-67-AID (M. Takagi) were synchronized using a sequen-

tial arrest into S-phase and G2-phase. First, cells were cultured over-

night in 2.5 mM thymidine to block cells in S-phase, and then

washed two times in pre-warmed PBS and once in a complete

medium. For S-phase cells, the cells were released in a complete

medium for 8 h, after which they were incubated with 2.5 mM

thymidine for another 16 h. For G2-phase cells, the cells were

released on a complete medium supplemented with 10 lM RO-3306

(CDK1 inhibitor) for 24 h. During the last 24 h, Ki-67 depletion was

induced by adding 500 lM auxin (Sigma-Aldrich), or a similar

amount of DMSO for control cells. For all conditions, cells were cul-

tured in 10 cm dishes with 10 mm poly-L-lysine coated coverslips.

Before harvesting cells for pA-DamID, cover slips were removed,

washed in PBS and cells were fixed for 10 min with 2% formalde-

hyde/PBS to verify Ki-67 depletion. Additionally, cell synchroniza-

tion was confirmed using ethanol fixation and DNA staining with

1 lg/ml DAPI (Marchal et al, 2018). DNA content was measured

using flow cytometry on an Attune NxT (Invitrogen, Thermo Fisher

Scientific).

pA-DamID
pA-DamID experiments were performed as described previously

(van Schaik et al, 2020); a detailed protocol is available (van

Schaik et al, 2022). One million cells were collected by centrifuga-

tion in 1.5 ml Eppendorf tubes (3 min, 500 g, at 4°C), washed in

400 ll of ice-cold PBS and subsequently washed in 400 ll of ice-

cold digitonin wash buffer (DigWash) (20 mM HEPES-KOH pH

7.5, 150 mM NaCl, 0.5 mM spermidine, 0.02% digitonin,

cOmplete Protease Inhibitor Cocktail (Roche # 11873580001)).

Cells were resuspended in 200 ll DigWash supplemented with a

primary antibody and rotated for 2 h at 4°C. After a DigWash

wash step, cells were resuspended in 200 ll DigWash supple-

mented with 1:200 pA-Dam protein (~ 40 units of Dam activity)

and rotated for 1 h at 4°C. After two wash steps with DigWash,

Dam activity was induced by resuspension in 100 ll DigWash

supplemented with 80 lM S-adenosyl-methionine (SAM) (NEB,

B9003S) and incubated at 37°C for 30 min. For every experimen-

tal condition, 1 million cells were also processed without antibod-

ies or pA-Dam protein, but instead incubated with 4 units of Dam

enzyme (NEB, M0222L) during the activating step. This freely dif-

fusing Dam moiety serves as control to account for DNA accessi-

bility and amplification biases.

For the primary antibody incubation, we used 1:100 dilutions for

antibodies against Ki-67 (Abcam ab15580, rabbit; RRID:AB_

443209), N-terminal Ki-67 (Atlas Antibodies HPA001164-25UL, rab-

bit; RRID:AB_1079187), C-terminal Ki-67 (Novus NB600-1252-

0.1 ml, rabbit; RRID:AB_2142376), H3K27me3 (CST C36B11, rabbit;

RRID:AB_2616029), and H3K9me3 (Diagenode C15410193, rabbit).

A 1:400 dilution was used for the antibody against Lamin B1

(Abcam ab16048, rabbit; RRID:AB_443298).

At this point, either genomic DNA was isolated and processed for

high-throughput sequencing, or cells were diluted in PBS and plated

on poly-L-lysine coated cover slips for 30 min, followed by 10 min

fixation with 2% formaldehyde/PBS and immunostaining. These

cover slips were first coated with 0.1% (w/v) poly-L-lysine (Sigma-

Aldrich, #P8920) for 15 min, washed with H2O (once) and PBS

(3 times), and stored in 70% ethanol for later use. Samples were pre-

pared for single-end 65 bps Illumina Hi-seq sequencing as described

previously (Vogel et al, 2007; Leemans et al, 2019), except that the

DpnII digestion was omitted. Approximately 15 million reads were

sequenced for every Ki-67 and Dam control sample to ensure high-

quality Ki-67 interaction data, and approximately 5 million reads

were sequenced for Lamin B1, H3K27me3, and H3K9me3 libraries.

Repli-seq
Following 24 h of Ki-67 depletion in HCT116 Ki-67-AID cells (see

above), BrdU was added to a final concentration of 100 lM and

cells were incubated at 37°C for another 2 h. Cells were fixed in ice-

cold ethanol and processed for Repli-seq as described (Marchal

et al, 2018). Libraries were sequenced with approximately 10 mil-

lion 2 × 150 bps paired-end reads per sample on an Illumina

NovaSeq 6000.

RNA-seq
HCT116 Ki-67-AID cells were synchronized in S-phase with 24 h of

Ki-67 depletion (see above). RNA was isolated using the Qiagen

RNeasy column purification kit, after which sequencing libraries

were prepared using the Illumina TruSeq polyA stranded RNA kit.
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Libraries were sequenced with approximately 25 million 2 × 54 bps

paired-end reads on an Illumina NovaSeq 6000.

ChIP-seq
Unsynchronized and metaphase-synchronized HCT116 Ki-67-AID

cells were treated for 24 h with auxin to induce Ki-67 depletion, or

an equivalent amount of DMSO only (see above). Cells were fixed

in 1% formaldehyde for 10 min after which the reaction was

quenched with 2.0 M glycine and the cells were lysed. A Bioruptor

Plus sonication device (Diagenode) was used to fragment chromatin

to ~ 300 bps fragments. Ki-67 antibody (Abcam ab15580, 5 ll per
ChIP) was coupled to Protein G beads (Thermo Fisher Scientific)

and incubated overnight (4°C) with the chromatin fragments. The

chromatin was then washed, eluted from the beads, reverse cross-

linked, and purified with the MinElute PCR purification kit (Qiagen).

The DNA fragments were prepared with the KAPA HTP Library

Preparation Kit (Roche) for sequencing. Libraries were sequenced

with approximately 30 million 75 bps single-end reads per sample

on an Illumina NextSeq.

Hi-C
S-phase HCT116 Ki-67-AID cells treated with and without the addi-

tion of auxin to deplete Ki-67 (see above) were processed for Hi-C

as previously described (Haarhuis et al, 2017) with minor modifica-

tions (Liu et al, 2021). For each sample, 10 million cells were har-

vested and cross-linked with 2% formaldehyde. After digestion with

MboI in the nucleus, biotinylated nucleotides were incorporated at

the restriction overhangs, joined by blunt-end ligation, and used to

enriched by streptavidin pulldown. Libraries for sequencing were

prepared using a standard end-repair and 3A-tailing method.

Libraries were sequenced with approximately 100 million

2 × 50 bps paired-end reads per sample on an Illumina NovaSeq

6000.

For Hi-C on the mitotic cells, which lack intact nuclei, a different

digestion strategy was used to maintain cellular integrity (Elbatsh

et al, 2019). Following centrifugation (5 min, 1,000 g), the pellet

was resuspended in 500 ll 1× CutSmart buffer. Five microliters of

10% SDS was carefully mixed by pipetting up and down, and incu-

bated for 10 min at 65°C. Next, 30 ll of 20% Triton was added in

the same way, before the addition of 40 ll of MboI (5 U/ll) and

overnight incubation at 37°C.

Immunostaining and microscopy
Cover slips with formaldehyde-fixed cells were washed with PBS,

permeabilized with 0.5% NP40/PBS for 20 min, and blocked with

1% BSA/PBS for 1 h. Cover slips were incubated with primary anti-

bodies at room temperature for 1 h, and washed three times with

PBS. Next, cover slips were incubated with secondary antibodies at

room temperature for 45 min. After one wash with PBS, DNA was

stained with 1 lg/ml DAPI for 10 min, followed by two washes with

PBS and one with H2O. Cover slips were mounted with Vectashield

and sealed with nail polish.

Cells processed with Ki-67 pA-DamID were first incubated with

an antibody against Ki-67 (1:1,000, Abcam ab15580, rabbit), and

then with m6A-Tracer protein (1:500, 1.15 mg/ml) and an Alexa594-

fused antibody against rabbit (1:250, Jackson 711-585-152, donkey).

Cells that received the osmotic shock or actinomycin D were first

incubated with antibodies against MKI-67IP (1:500, Atlas Antibodies

AMAB90961, mouse) and Ki-67 (1:1,000, Abcam ab15580, rabbit),

and then with an Alexa488-fused antibody against mouse (1:1,000,

ThermoFisher A11001, goat) and an Alexa594-fused antibody

against rabbit (1:250, Jackson 711-585-152, donkey). HCT116 Ki-67-

miniAID-mClover cells were first incubated with an antibody against

Ki-67 (1:1,000, Abcam ab15580, rabbit), and then an Alexa594-

fused antibody against rabbit (1:250, Jackson 711-585-152, donkey).

Wild-type hTERT-RPE cells were stained with antibodies against

CENPA (1:500, Abcam ab13939, mouse) and Ki-67 (1:1,000, Abcam

ab15580, rabbit), and then with an Alexa488-fused antibody against

mouse (1:1,000, ThermoFisher A11001, goat) and an Alexa594-

fused antibody against rabbit (1:250, Jackson 711–585-152, don-

key).

To prepare chromosome spreads of metaphase HCT116 Ki-67-

AID cells processed with pA-DamID using a Ki-67 antibody or as

Dam control, the cells were first incubated in hypotonic conditions

(75 mM KCl at 37°C for 10 min). Afterward, chromosomes were

spread on a 12 mm cover slip using centrifugation by cytospin

(800 rpm for 3 min), immediately followed by fixation (2%

formaldehyde for 10 min). Immunostaining was performed as

described above.

Single 1024 × 1024-pixel confocal sections around the middle

plane of nuclei were imaged on a Leica SP5 with a 63× NA 1.47 oil

immersion objective, using bidirectional scanning, and 8× line aver-

aging. An additional 3× electronic zoom was used for images that

required a higher magnification. Alternatively, z-stacks were imaged

using 2× line averaging and a 380 nm step size.

Computational analyses

pA-DamID processing
pA-DamID reads were filtered to contain the DpnI adapter sequence,

which was then trimmed off with cutadapt 1.11 and custom scripts.

The remaining genomic DNA sequence was mapped to a hybrid

genome consisting of GRCh38 v15 (without alternative haplotypes)

and a ribosomal model (GenBank: U13369.1) with bwa mem 0.7.17.

Further data processing was performed with custom R scripts. Reads

were filtered to have a mapping quality of at least 10 and overlap

with the ends of a GATC fragment, and subsequently counted in

genomic bins of different sizes. In this manuscript, 50 kb genomic

bins were used as a compromise between resolution and repro-

ducibility of Ki-67 interaction profiles.

Counts were normalized to 1 million reads and a log2-ratio was

calculated over the Dam control sample. At least two biological

replicates were generated for each condition, which ratios were

averaged for downstream analyses. For quantitative comparisons,

the log2-ratios were converted to z-scores to account for differences

in dynamic range between conditions and replicates (van Schaik

et al, 2020).

Repli-seq
Adapters and low-quality reads were removed from Repli-seq reads

with fastp 0.12.2 (Chen et al, 2018). Trimmed reads were mapped

and processed as pA-DamID reads with several differences. First, du-

plicated reads were removed. Second, reads were not required to

overlap with the ends of GATC fragments. Third, log2-ratios of

early/late were quantile normalized instead of z-score

normalization.
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RNA-seq
Adapter sequences and low-quality reads were removed from RNA-

seq reads with fastp 0.12.2 (Chen et al, 2018). Trimmed reads were

aligned to GRCh38 v15 and counted in gencode v24 genes with

STAR 2.5.4a (Dobin et al, 2013). DESeq2 1.30.1 was used to call dif-

ferentially expressed genes (Love et al, 2014), which we defined as

genes that have a Benjamini–Hochberg corrected P-value lower than

0.05 when testing for a log2-fold change different than 0. FPKM val-

ues were calculated with ‘fpkm()’ in DESeq2 using the combined

exon length as gene length. The mean FPKM value between repli-

cates was used for downstream analyses.

ChIP-seq
ChIP-seq reads were processed similar to the Repli-seq reads as

described above, except that log2-ratios of Ki-67 antibody/input

were not quantile-normalized but z-transformed similar to the pA-

DamID data.

Hi-C
Hi-C reads were processed with HiC-Pro (Servant et al, 2015), which

performs mapping, generation of contact matrices (100 kb, 1 Mb),

and ICE normalization. Matrices were loaded in R and further pro-

cessed with GENOVA 1.0.0.9 (van der Weide et al, 2021).

Image analysis
Image analysis was performed with custom ImageJ 2.0.0 and R

scripts.

To calculate m6A-Tracer enrichment around nucleoli, individual

nuclei were first segmented using the DAPI signal. This was done

using a sequence of noise filtering (Gaussian blur, radius of 2

pixels), contrast enhancement (0.2% saturated pixels), and seg-

mentation (Otsu method), after which a watershed algorithm was

used to separate closely positioned nuclei. Nuclei positioned at

image borders and with abnormal dimensions (due to faulty seg-

mentation) were removed. Ki-67 antibody signal was noise-

filtered (Gaussian blur, radius of 2 pixels), background-subtracted

(rolling ball radius of 500 pixels), and contrast enhanced up to

0.1% saturated pixels. These images were then used to segment

Ki-67 domains (that we interpret as nucleoli) using a fixed thresh-

old of 180 (of 255). Any holes were filled. The segmented

domains were used to calculate distance masks from and into Ki-

67 domains. For every nucleus, distance maps were overlaid with

blurred and background subtracted signals for m6A-Tracer and Ki-

67 antibody signals, and per distance group a log2-ratio was cal-

culated over the average nuclear intensity. Finally, nuclei were fil-

tered to have reasonable enrichment scores, which removes cells

with faulty segmentation and mitotic cells. Average signal traces

were shown for individual nuclei, and averaged between all

nuclei of a particular experimental condition.

To calculate Ki-67 depletion efficiency in HCT116 Ki-67-AID

cells for the two additional Ki-67 antibodies (Novus and HPA),

individual nuclei were segmented as described above. Ki-67 anti-

body and mClover signals were noise-filtered (Gaussian blur,

radius of 2 pixels), median-smoothed (radius of 3 pixels), and

background subtracted (rolling window of 250 pixels). Average

signals were calculated for every nucleus. For the initial Ki-67

antibody (Abcam), 3D stacks were imaged rather than sections

through the middle plane. Image analysis was performed as for

the 2D slices, but using 3D implementations instead. 3D Gaus-

sian blurring was performed with a radius of 1 pixel in every

direction.

To calculate Ki-67 enrichment at centromeres, individual nuclei

were segmented as described above. Centromeres were segmented

using a sequence of contrast enhancement (0.1% saturated pixels)

and a fixed signal threshold of 100 (of 255). The segmented cen-

tromeres were used to calculate distance masks from a centromere.

Ki-67 antibody signal was noise-filtered (Gaussian blur, radius of 2

pixels) and background-subtracted (rolling ball radius of 500 pix-

els). For every nucleus, the distance maps from centromeres were

overlaid with blurred and background subtracted Ki-67 signals, and

per distance group a log2-ratio was calculated over the average

nuclear intensity.

Centromere definition
Locations of centromeres were downloaded from the UCSC table

browser (group: mapping and sequencing; track: centromeres).

External data
Appendix Table S1 lists the external datasets that have been used in

this study. Previously generated pA-DamID reads were used from

the 4DN data repository (https://data.4dnucleome.org/) and pro-

cessed as described above. These datasets are included in the pro-

cessed data files that can be found in the GEO repository linked

below. Processed Repli-seq data in 5 kb bins were downloaded from

the 4DN data repository and the average scores were calculated for

50 kb bins as described above. RNA-seq reads were downloaded

from multiple references and used to calculate average FPKM values

as described above.

Data availability

Datasets, computational code, and lab journal entries that have been

produced for this study are available in the following repositories:

• Data generated in this manuscript: Gene Expression Omnibus

accession GSE186206, https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE186206.

• Lab journal records: Open Science Framework accession uqbcr

(https://osf.io/uqbcr/).

Data analysis scripts are available on github (https://github.

com/vansteensellab/Ki67_dynamics).

Expanded View for this article is available online.
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