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SUMMARY

Mitotic exit is an important part of the cell cycle, requiring the coordination of many chromatin and cytoskel

eton remodeling events to successfully complete cell division and maintain cell identity. Protein dephosphor

ylation is a key step in directing mitotic exit, and protein phosphatase 1 (PP1) is essential to this process; 

however, the specific contribution of its numerous targeting subunits is still unknown. Here, we have inves

tigated the function of three chromatin-associated PP1-targeting subunits in mitosis exit: Repo-Man, Ki-67, 

and protein phosphatase 1 nuclear targeting subunit (PNUTS). We generated endogenously tagged, auxin- 

degradable alleles for each subunit in the human cell line HCT116 and used a multi-omic approach to address 

their specific contributions toward transcription resumption, chromatin accessibility, and protein dephos

phorylation at the transition from mitosis to G1. This approach identified their distinct role in mitotic exit, pro

vided datasets for the cell-cycle community, and highlighted functions for Ki-67 and Repo-Man in genome 

stability and organization.

INTRODUCTION

When cells exit mitosis, a complex but coordinated series of 

morphological and biochemical changes occur to re-establish 

a functional G1 nucleus that is ready for the next cell cycle or 

differentiation. Chromatin reorganizes into the interphase 

form, where topologically associated domains (TADs) are re-es

tablished1 and entanglements removed: failure in the process 

delays the reformation of heterochromatic and euchromatic do

mains2; chromosomes reposition in their interphase configura

tion, and, although the molecular mechanisms are less clear, 

A-type and C lamins seem to play a role.3,4

This transition is also characterized by waves of transcription 

re-activation5 mediated by the re-establishment of long-range 

chromatin interactions bringing enhancers close to their pro

moters and/or increased binding or sequential dephosphoryla

tion of transcription factors.

Protein dephosphorylation is key to mitotic exit. In mammalian 

cells, protein phosphatase 1 (PP1) and protein phosphatase 

2A (PP2A) orchestrate the direction of mitotic exit events. Even 

in the absence of anaphase-promoting complex/cyclosome 

(APC/C) activity or protein translation, dephosphorylation 

still occurs after cyclin-dependent kinase 1 (CDK1) inhibition.6

Dephosphorylation rates correlate with the sequence character

istics of each substrate and define the specificity of the individual 

phosphatases.6 PP1 is a multimeric complex composed of a cat

alytic subunit and one or two regulatory/targeting subunits (reg

ulatory-interactors-of-protein-phosphatase-one, or RIPPOs), 

which are essential for directing the localization of phosphatase 

activity. Considering the complexity of mitotic exit at the chro

matin level with respect to structure, positioning, and transcrip

tional activity, understanding how each chromatin-associated 

holoenzyme contributes to the process is a priority.

RNAi-based approaches identified Repo-Man (also known 

as cell division cycle associated 2 [CDCA2]),7 Ki-67,7,8 and 

protein phosphatase 1 nuclear targeting subunit (PNUTS)9,10

as important chromatin-associated PP1 regulatory subunits. 

Repo-Man dephosphorylates histone H3 (specifically at residues 

T3, S10, and S28)11–13 and lamin A-S22 during mitotic exit,14,15

thus playing a role in re-establishing heterochromatin;13 Ki- 

67 regulates heterochromatin16,17 and pericentromeric chro

matin,18 the nucleolar positioning of the nucleolus organizer 

region (NOR)-containing chromosomes,8 and inactive X chromo

some (Xi) heterochromatin maintenance;17 PNUTS is a negative 

regulator of the RNA polymerase II (RNA Pol II) elongation 

rate.19,20 enhances chromatin de-condensation in vitro,21 modu

lates the tumor suppressor gene retinoblastoma (Rb) and se

questers phosphatase and tensin homolog (PTEN).22–24
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Figure 1. Unique transcriptional G1 landscape following mitotic exit without Ki-67, Repo-Man, or PNUTS 

(A) Experimental scheme. 

(B–D) Representative images of lamin A/C immunostaining of HCT116:Ki-67-AID (B), HCT116:Repo-Man-AID (C), and HCT116:PNUTS-AID (D) in mitosis (left) 

and G1 (right) ± IAA. Scale bar, 5 μm. Mitotic index is the mean ± SD, n = 3 biological replicates. Sample sizes: HCT116:Ki-67-AID (B): mitosis: control = 1,695, 

(legend continued on next page) 
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This knowledge came from RNA interference (RNAi)-based 

approaches, where it was not possible to rule out that the pheno

types were consequences of defects arising from the role of 

these proteins in other cell-cycle stages.

We therefore embarked on dissecting the direct contribution of 

chromatin-associated PP1 holocomplexes in establishing the G1 

nucleus by generating three HCT116 cell lines where the endoge

nous Repo-Man, Ki-67, or PNUTS alleles were tagged with the 

auxin-inducible degradation (AID) module, thus allowing for rapid 

protein degradation, where the consequences of a mitotic exit in 

the absence of each protein could be specifically evaluated. Using 

a multi-omic approach, we have revealed that each holoenzyme 

has a specific contribution to G1 establishment. Repo-Man and 

Ki-67 degradation lead to aneuploidy and arrest at the restriction 

checkpoint, whereas PNUTS degradation causes transcription 

misregulation. We have also unveiled additional functions for 

Repo-Man in sustaining the spindle assembly checkpoint, and 

Ki-67 in maintaining centromere integrity in mitosis.

This study improves our understanding of the function and 

specificity of PP1 holocomplexes at the mitosis (M)/G1 transi

tion; it provides important datasets for these holocomplexes 

and sets the parameters for analyzing cell-cycle transition 

stages.

RESULTS

Differential contribution of Repo-Man, Ki-67, and 

PNUTS to the G1 transcriptional landscape

Repo-Man, Ki-67, and PNUTS are chromatin-associated RIPPOs 

localizing at different chromosome compartments.7,8,12,18,25 To 

assess their specific contribution to the G1 nucleus establishment 

and discriminate between specific functions at this cell-cycle 

stage and secondary effects that occurred prior to mitosis, we 

used a Ki-67 cell line endogenously tagged with the AID degron 

module26 and generated two cell lines in HCT116 where the 

endogenous alleles of either Repo-Man or PNUTS were tagged 

with mClover-AID (Figures S1A–S1I). In these cells, the addition 

of auxin (indole-3-acetic acid [IAA]) leads to degradation of the 

proteins within 3–4 h (Figures 1B–1D and S1D–S1I).

These RIPPOs load on the chromatin at different times during 

mitotic exit (Figures S1K–S1M), and a fraction of Repo-Man and 

Ki-67 accumulate in different sub-compartments at the 

anaphase/telophase chromosome periphery (Figure S1M). In 

interphase, they also occupy different chromatin regions. Ana

lyses of published DNA adenine methyltransferase identification 

(DamID) datasets for Ki-67,18,27 Repo-Man, and PNUTS27

showed no overlaps at promoter regions (Figure S1N), and chro

matin immunoprecipitation sequencing (ChIP-seq) experiments 

of Ki-67-AID and Repo-Man-AID at the G1/S transition (PNUTS 

ChIP datasets were available28) showed that Repo-Man-, Ki- 

67-, and PNUTS-bound regions cover 28.6%, 22.8%, and 

12.5% of the genome, respectively (Figure S2E). Ki-67 is en

riched at H3K9me3 chromatin blocks, as previously published18

(Figures S2B–S2D); Repo-Man and Ki-67 are more prominent on 

gene-poor chromosomes, e.g., chr18, (Figure S2B), whereas 

PNUTS is enriched on gene-rich chromosomes, e.g., chr19 

(Figure S2B). Only 3.7% of the genome is occupied by all pro

teins. 14.6% of regions contain both Repo-Man and Ki-67 

(Figures S2F and S2G); they are H3K9me3-rich and sub-telo

meric regions (Figures S2A–S2D). We previously reported this 

localization for Repo-Man13 (Figure S2H), but it was never shown 

for Ki-67 in previous analyses.18 The reason for the difference is 

unknown; however, we can exclude an artifact of the GFP anti

body because GFP ChIP-seq did not reveal enrichment in the 

genome (Figure S2A).

As Ki-67, Repo-Man, and PNUTS chromatin localizations 

differ in G1, we investigated their specific contributions at the 

M/G1 transition and G1 chromatin landscape establishment.

The experimental setup was chosen based on previous re

ports on transcription resumption5 or dephosphorylation ki

netics29 after mitosis (Figure 1A).

All cell lines blocked well in prometaphase (Figures 1B–1D, 

mitosis and mitotic index), and protein degradations did not 

affect the release (Figures 1B–1D, G1 and mitotic index). As ex

pected, Ki-67 degradation in mitosis caused the well-described 

phenotype of chromosome clustering30 (indicating that its func

tion is required not only during chromosome condensation but 

also continuously during mitosis; Figure 1B, mitosis, +IAA). No 

obvious phenotypes of chromosome morphology were 

observed upon PNUTS or Repo-Man degradation (Figures 1C, 

1D, mitosis, +IAA, and S3A). Upon release, all cells exited 

mitosis, chromosomes decondensed, and the nuclear envelope 

(NE) reformed (judged by lamin A/C staining) (Figures 1B–1D). 

We therefore conclude that, without each PP1 holoenzyme, cells 

can progress from mitosis to G1.

A key transition to set up the G1 nuclear landscape is an or

dered transcription resumption.5 We therefore tested how tran

scription was affected by the absence of each RIPPO during 

mitotic exit.

Following the same protocol (Figure 1A), we conducted RNA 

sequencing (RNA-seq). Comparisons between cell lines without 

IAA (RNA-seq and assay for transposase-accessible chromatin 

using sequencing [ATAC-seq]) showed very little differences, sug

gesting that the tags on the different genes have little influence 

(Figures S4A–S4D). However, the IAA-treated cells showed a 

very different and protein-specific transcriptional landscape 

(Figure S4A). Only 58 downregulated genes were common among 

the three proteins; Repo-Man and Ki-67 shared the highest num

ber of downregulated genes, whereas PNUTS did not present 

many (Figures 1E–1H). Most differentially expressed genes were 

protein specific, indicating that gene-specificity is prominent 

above a general G1 nuclear disorganization response. Although 

Ki-67 and Repo-Man have a similar number of downregulated or 

upregulated genes, PNUTS behaved differently, with a high 

IAA = 1,601; G1: control = 1,610, IAA = 1,705; HCT116:Repo-Man-AID (C): mitosis: control = 703, IAA = 954; G1: control = 1,191, IAA = 1,203; HCT116:PNUTS- 

AID (D): mitosis: control = 677, IAA = 643; G1: control = 775, IAA = 847. Chi-squared test. ns, not significant. 

(E–G) Volcano plots of differentially expressed genes in G1 from the experiment in (A): HCT116:Ki-67-AID (E), HCT116:Repo-Man-AID (F), and HCT116:PNUTS-AID (G). 

(H and K) Venn diagrams of downregulated (H) and upregulated (K) genes from (E)–(G). 

(I and L) FunRich analysis of downregulated (I) and upregulated (L) genes from (E)–(G). 

(J and M) FunRich analysis of common downregulated (I) and upregulated (L) genes from (E)–(G).
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Figure 2. Mitotic exit without Ki-67, Repo-Man, or PNUTS causes G1 arrest 

(A) Venn diagram of Palozola’s datasets5 (number indicates the time points) and downregulated genes of HCT116:Ki-67-AID (Ki-67), HCT116:Repo-Man-AID 

(RM), and HCT116:PNUTS-AID (PNUTS) cell lines; downregulated common genes of HCT116:Ki-67-AID/HCT116:Repo-Man-AID (Ki-67/RM common), 

(legend continued on next page) 
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proportion of upregulated genes (Figure 1K). This classifies the 

RIPPOs in two distinct categories and indicates that PNUTS is 

essential for a balanced transcription resumption after mitosis 

but does not prevent chromatin decondensation21—at least as as

sessed by microscopy, where PNUTS signal was undetectable 

(Figure S3A).

FunRich analyses of the dysregulated genes and their relative 

transcription factors revealed that ‘‘DNA replication pre-initia

tion’’ and ‘‘ataxia telangiectasia mutated (ATM) and ATR 

signaling pathways’’ were affected by Ki-67 and Repo-Man; 

‘‘polo-like kinase 1 (PLK1)’’ and ‘‘DNA repair’’ were affected 

only by Repo-Man, and the purine de novo biosynthesis II 

pathway was affected by PNUTS (Figure 1I). The ‘‘G1/S transi

tion’’ and a subset of the E2F transcription factor network were 

significantly downregulated in the absence of all proteins 

(Figures S4E–S4H); however, Reactome pathway analyses re

vealed that the number of genes belonging to the ‘‘G0-early 

G1’’ pathway for PNUTS was reduced compared with the other 

two RIPPOs; it also highlighted ‘‘cyclin D-associated events in 

G1’’/‘‘defective binding of RB1 mutants to E2F’’ and ‘‘RNA Pol 

III transcription termination’’ as PNUTS-specific enriched path

ways (Figure S4O).

Repo-Man and Ki-67 share downregulated genes belonging to 

the ‘‘G1/S checkpoint’’ but also to the ‘‘activation of the pre- 

replicative complex’’ and ‘‘ATR pathway in response to replica

tive stress’’ (Figures 1I and S4M). The degradation of each pro

tein causes the downregulation of genes transcribed by the 

E2F1 transcription factor, but Repo-Man and PNUTS also 

include genes transcribed by NFYA and SP1, respectively 

(Figures S4E–S4H).

Only the immune system pathway was significantly upregu

lated for Repo-Man and Ki-67 (Figures 1L, 1M, and S4N), 

with a subset of genes shared by all three RIPPOs but not 

significantly enriched (Figure 1M). The analyses of transcription 

factors for the upregulated genes only highlighted interferon 

regulatory factor 1 (IRF1) for Repo-Man and Ki-67, and ras- 

responsive element-binding protein 1 (RREB1) and hepatocyte 

nuclear factor 4 alpha (HNF4a) for PNUTS (Figures S4I–S4L).

These analyses strongly suggest that the three RIPPOs are 

essential for the re-organization of the G1 nucleus, and, in 

their absence, S phase cannot occur, as E2F1 targets are 

not expressed; nevertheless, they differ in their specificity 

(Figure 1J).

Lack of Repo-Man and Ki-67 during mitotic exit triggers 

G1 arrest at the restriction checkpoint and activation of 

the interferon response

To analyze the transcriptome in a timeline context and iden

tify the stage at which transcriptional alterations occur, we 

cross-referenced our datasets with the transcription resump

tion after mitosis obtained by Palozola et al.5 Although the 

experiments were conducted in a different cell line, their 

data suggested that cell line-specific genes are activated 

at later time points, making housekeeping and cell-cycle 

genes still a valid comparison. The intersection of the data

sets shows that mitotic exit in the absence of each RIPPO 

affects mainly the resumption of transcription of genes acti

vated 80 min after release (in the Palozola experimental 

timeline) (Figure 2A, 80 min); for Repo-Man or Ki-67, these 

genes belong to the G1/S transition, DNA damage, and 

DNA replication categories (Figure 2B).

Lack of Ki-67 does not highlight a specific pathway, whereas 

genes for ribosomal RNA (rRNA) processing, centromere pro

tein A (CENP-A) deposition, and the cell cycle are Repo-Man 

specific (Figure 2C). Interestingly, Repo-Man is upregulated at 

this stage of the cell cycle,5 which could suggest that the holo

enzyme is a key regulator of this cell-cycle transition, a function 

so far unknown. Lack of PNUTS affects the upregulation of the 

RNA Pol I complex and rRNA processing (Figure 2D).

These analyses indicate that transcription resumption at 80 

min is affected when mitotic exit occurs without the PP1 holoen

zymes, and strengthen the protein-specific contribution to the 

G1 transcription landscape.

A block in transcription resumption and E2F1 target gene 

downregulation strongly point toward checkpoint activation.32

In G1, cells make decisions about entering the cell cycle 

(restriction checkpoint) and committing to duplicate DNA, a 

process marked by APC/C inactivation and activation of 

CDK2/cyclin A. To address whether lack of these PP1 sub

units would affect this progression, we generated cell lines 

on the AID background carrying reporters for APC/CCdh1 

(Figure 2E) or CDK2 activity (Figure 2I).31 APC/CCdh1 

HCT116:Ki-67-AID/HCT116:PNUTS-AID (Ki-67/PNUTS common), and HCT116:Repo-Man-AID/HCT116:PNUTS-AID (RM/PNUTS common); and down

regulated unique genes of HCT116:Ki-67-AID (Ki-67 unique), HCT116:Repo-Man-AID (RM unique), and HCT116:PNUTS-AID (PNUTS unique). 

(B) String analysis of common downregulated genes HCT116:Ki-67-AID/HCT116:Repo-Man-AID/5 (B) and HCT116:Repo-Man-AID-unique/5 at the 80 min time 

point (C). 

(D) String analysis of overlapping unique downregulated genes of HCT116:PNUTS-/5 at the 80 min time point. 

(E) Schematic of the APC/CCDH1 reporter32. 

(F–H) Percentage of geminin-positive/negative cells of HCT116:Ki-67-AID (F), HCT116:Repo-Man-AID (G), and HCT116:PNUTS-AID (H) from the experiment in 

Figure 1A. Values are the average of n = 3 biological replicates, and error bars represent the SD. Sample size: HCT116:Ki-67-AID: control = 1,197, IAA = 1,685; 

HCT116:Repo-Man-AID: control = 699, IAA = 832; HCT116:PNUTS-AID: control = 1,174, IAA = 709. Chi-squared test. ***p < 0.001; ns, not significant. 

(I) Schematic of the CDK2 reporter.31

(J–L) Cytoplasmic/nuclear ratios of n = 3 biological replicates of the HCT116:Ki-67-AID:DHB (J), HCT116:Repo-Man-AID:DHB (K), and HCT116:PNUTS-AID:DHB 

(L). Sample size: HCT116:Ki-67-AID: control = 329, IAA = 310; HCT116:Repo-Man-AID: control = 164, IAA = 174; HCT116:PNUTS-AID: control = 550, IAA = 462. 

Wilcoxon test. ***p < 0.001. 

(M) Quantification of the blots in (N) (left). Values represent the average of n = 2 biological replicates, and the error bars represent the SD. (Right) RB1 expression 

levels from the RNA-seq in Figures 1E–1G. Values represent the average of n = 3 biological replicates, and error bars are the SD. Student’s t test: *p < 0.05, 

**p < 0.01, ***p < 0.001; ns, not significant. 

(N) Representative western blots of the HCT116:Ki-67-AID, HCT116:Repo-Man-AID, and HCT116:PNUTS-AID cell lines following the experiment in Figure 1A. 

Blots were probed for pRB-S807/811, total RB, pRB-T373, total RB and EMI1, p27, p21, and GAPDH. 

(O) Proposed model for the contribution of the three RIPPOs to G1 progression.
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Figure 3. Mild changes in chromatin accessibility in G1 following mitotic exit without Ki-67, Repo-Man, or PNUTS 

(A–H) Volcano plots (A–C) and genome-wide distribution (D–F) of differentially accessible chromatin (ATAC-seq) for the HCT116:Ki-67-AID (A), HCT116:Repo- 

Man-AID (B), and HCT116:PNUTS-AID (C) (experiment in Figure 1A). Accessible regions were classified as promoter (≤1, 1–2, and 2–3 kb), gene body (5′

UTR, 3′ UTR, 1st exon, other exon, 1st intron, and other intron), and distal intergenic regions. Overlaps between less (G) and more (H) accessible chromatin 

(legend continued on next page) 
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inactivation would cause nuclear accumulation of the 

mCherry reporter. Cells that went through mitotic exit 

without each RIPPO cannot inactivate the APC/CCdh1 

(Figures 2F–2H), albeit less so for PNUTS; this milder effect 

could be due to the requirement for a stronger PNUTS 

depletion to halt cell-cycle progression or to the very 

different transcriptional landscape. Activation of the CDK2 

kinase leads to the accumulation of the mCherry reporter 

in the cytoplasm, and mitotic exit in the absence of each 

protein prevented CDK2 activation (Figures 2J–2L).

Western blot analyses of critical regulators of this pathway 

showed, for all three proteins, a decrease in total Rb (but not its 

transcript), possibly caused by Rb degradation upon the arrest33

(Figures 2M and 2N). Lack of Rb phosphorylation and increases 

in p21 and p27 for PNUTS and Ki-67 support the G1 block 

(Figures 2M, 2N, and S3B–S3E). Rb hypophosphorylation upon 

PNUTS degradation could be compatible either with Rb being a 

direct PNUTS substrate or a consequence of the G1 arrest. Previ

ous studies reported that PNUTS depletion favors Rb dephos

phorylation; in vitro studies suggested that PNUTS inhibits PP1 ac

tivity toward Rb34 by blocking its binding sites on PP1.35 We tested 

whether PNUTS also restricts Rb dephosphorylation in vivo. To un

couple the effect of G1 arrest from the PP1 repressor function, we 

arrested cells with thymidine for 18 h (at this stage, all cells have 

progressed through the restriction point in G1, and Rb is fully phos

phorylated), then IAA was added (Figure S3F); quantifications of 

the total Rb level and its phosphorylation status at the 807–811 

and 373 sites showed no decrease in both total Rb and its phos

phorylation levels (Figures S3G and S3H). We conclude that the 

major effect on Rb upon mitotic exit is the block at the restriction 

checkpoint and that PNUTS does not act as a PP1 repressor in 

cells at G1/S.

Unique to Repo-Man depletion is Rb hyperphosphorylation at 

its 373 residue, a signature linked to a primed G1 state during 

which cells remain sensitive to fluctuating signals.36 Here, there 

is no increase in p21 and p27, but the APC/C early mitotic inhib

itor 1 (EMI1) is decreased (Figures 2M–2O).

For Repo-Man and Ki-67, the interferon pathway activation led 

us to consider that chromosome mis-segregation could be the 

cause of the arrest, as it has been linked to the activation of 

the interferon response via the cGAS/STING pathway.37 We 

therefore analyzed ploidy by fluorescence in situ hybridization 

(FISH) on interphase cells that exited mitosis, with and without 

each of the RIPPOs. Lack of Repo-Man and Ki-67 leads to a sig

nificant increase in aneuploid cells for both chromosomes 1 and 

15; however, PNUTS did not (Figures S5D–S5F).

Lack of PNUTS also triggered an interferon response but with 

fewer genes involved (Figures 1M and S5A–S5C) and no aneu

ploidy. We hypothesized that DNA damage could contribute to 

interferon activation in the absence of PNUTS. Neutral COMET 

assay analyses showed that lack of Repo-Man, Ki-67, and 

PNUTS causes a significant increase in DNA damage 

(Figures S5G–S5J). Moreover, lack of PNUTS also leads to 

hyperphosphorylation of proteins important for the DNA damage 

response (namely TP53BP,38 FANCD,39 and RAP8040,41) (differen

tial phosphoproteomic datasets—see later in the text) 

(Figure S5M).

Aneuploidy triggers nuclear deformation as well as lamin and 

heterochromatin alterations, leading to rapid p53/p21 activation 

upon mitotic exit.42 Repo-Man does not seem to trigger this 

pathway, even if we have shown that its depletion causes aneu

ploidy, nuclear envelope (NE) and heterochromatin defects.12–14 

Because of the link between Repo-Man and the NE, it would be 

important to understand whether the protein represents an 

effector for this signaling cascade.

Ki-67 degradation leads to upregulation of genes involved in the 

mesenchymal-to-epithelial transition pathway (Figure S5K) and 

genes transcribed by Fos and Jun (Figure S5L). Previous work 

showed that cells lacking Ki-67 do not metastasize,43–46 and our 

finding suggesting a reversal of the aggressive phenotype of can

cer cells could be important for considering this marker not only as 

a bystander of proliferation but also as a cancer target.

Chromatin accessibility and epigenetic marks only 

partially correlate

These proteins have been linked to chromatin organization; 

therefore, their absence could cause chromatin alterations 

contributing to the transcriptional changes observed in G1. An

alyses of chromatin accessibility of G1 nuclei by assay for 

transposase-accessible chromatin using sequencing (ATAC- 

seq) and immunoblotting for histone modifications (Figure 1A) 

revealed changes within the chromatin, but these were less 

pronounced than those observed for transcription. Ki-67 or 

Repo-Man decreased chromatin accessibility (273 and 203 re

gions, respectively) (Figures 3A, 3B, S4C, and S4D); PNUTS 

presented changes in both directions (149 regions less acces

sible and 138 more open) (Figure 3C). For Repo-Man and 

PNUTS, 84% of the regions are within promoters (less than 1 

kb), distal intragenic regions, and introns (Figures 3E and 3F); 

for Ki-67, 79% are located within the proximal promoters 

(less than 1 kb) (Figure 3D). Regions that become less acces

sible are enriched for the open chromatin marks H3K9ac and 

H3K27ac, which are also significantly enriched in accessible re

gions following PNUTS degradation (Figures 3G and 3H).

Immunoblotting analyses of chromatin isolated by micro

coccal nuclease digestion showed an increase in H3K9ac and 

a decrease in H3K27me3 (Figures 3I and 3J) for Repo-Man. 

Although bulk chromatin fraction analyses by western blot do 

not provide a granular picture, these observations are congruent 

with previous findings. For example, the Van Steensel group18

showed only subtle changes in H3K27me3 (we see a modest 

overall change) and H3K9me3 (we do not see any changes) 

regions (ATAC-seq) for the HCT116:Ki-67-AID, HCT116:Repo-Man-AID, and HCT116:PNUTS-AID cell lines in G1, and HCT116 H3K9ac or H3K27ac ChIP-seq 

datasets (ENCODE) (Fisher exact test p values). 

(I) Representative western blots of micrococcal-digested chromatin for HCT116:Ki-67-AID, HCT116:Repo-Man-AID, and HCT116:PNUTS-AID cell lines in G1 

(Figure 1A). Blots were probed for H3K9me2, H3K9ac, H3K27me3, H3K27ac, and H4K20me1 and stained with total protein stain. 

(J) Quantification of the blots in (I). Values represent the average of n = 3 biological replicates, and the error bars represent the SD. Student’s t test. *p < 0.05, 

**p < 0.01; ns, not significant. 

(K–M) Overlaps between less-accessible chromatin regions (ATAC-seq) for the HCT116:Ki-67-AID (K), HCT116:Repo-Man-AID (L), and HCT116:PNUTS-AID 

(M) cell lines in G1 (Figure 1A) and repeat DNA sequences.
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distributions following acute Ki-67 depletion in HCT116 cells. We 

previously showed that Repo-Man RNAi reduces H3K27me2/3 

at some polycomb targets and that recruitment of Repo-Man 

to chromatin increases H3K9 acetylation.13 All these are consis

tent with our findings using this system.

Lack of Ki-67 significantly decreases H3K27ac and increases 

H3K9ac, while PNUTS shows only a decrease in H3K9me2 

(Figures 3I and 3J). Whereas for Ki-67, the changes could be 

related to a shift toward the more closed chromatin observed 

by ATAC-seq and downregulation of several genes, for Repo- 

Man, increased acetylation (H3K9ac) does not translate into 

more open chromatin (at least as judged by ATAC-seq). The an

alyses of repeated elements within the altered regions did not 

reveal any significant enrichments (Figures 3K–3M).

PNUTS is a major regulator of transcription in G1

RNA-seq and ATAC-seq analyses show that PNUTS greatly af

fects transcription and chromatin accessibility (Figures 1G, 1H, 

1L, and 3C). These data agree with studies suggesting PNUTS’ 

involvement in transcription regulation20,47,48 but do not support 

PNUTS’ role in exiting mitosis, as previously proposed.49

PNUTS’ only established substrate is Ser5 in the CTD of RNA 

Pol II (pRNAPII S5),47,50 whereby its dephosphorylation sup

Figure 4. PNUTS is a major regulator of 

transcription in G1 

(A) Quantification of mitotic stages at 0, 40, and 

80′ post release from nocodazole ± IAA (as in 

Figure 1A). Sample size: control: 0 = 300, 40 = 315, 

and 80 = 322; IAA: 0 = 303, 40 = 257, and 80 = 354. 

(B) Representative images of RNA Pol II (POLII) 

and RNA Pol II (S5ph) immunostaining on 

HCT116:Ki-67-AID, HCT116:Repo-Man-AID, and 

HCT116:PNUTS-AID cell lines, treated as in 

Figure 1A. Scale bar, 10 μm. 

(C–E) RNA Pol II S5ph/total RNA Pol II 

fluorescence intensity ratio of HCT116:Ki-67-AID 

(C), HCT116:Repo-Man-AID (D), and HCT116: 

PNUTS-AID (E) cell lines. Wilcoxon test. **p < 0.01, 

***p < 0.001. 

(F) Representative images of HCT116:PNUTS-AID 

cells treated as in Figure 1A and immunostained 

with anti-S9.6 antibody. Scale bar, 5 μm (right). 

Quantification of the experiment (left); sample 

size: control = 184, IAA = 261. Wilcoxon 

test. ***p < 0.001.

presses transcription/replication (T-R) 

conflicts by promoting degradation of 

RNA Pol II on chromatin and reducing 

its residence time.19 We have analyzed 

cells in G1, before replication com

mences, and we still observe an 

aberrant transcription landscape with 

almost 2,000 upregulated genes 

(Figure 1L). A significant increase in nu

clear RNAPIIS5ph was found upon 

PNUTS degradation; this supports 

PNUTS’ involvement in RNA Pol II 

phospho-regulation, where its absence 

causes genome-wide acceleration of 

transcription, previously shown to be PP1 dependent.48 A 

decrease in RNAPIIS5ph is observed upon Repo-Man degrada

tion, consistent with halted transcription resumption, but no 

changes occurred without Ki-67 (Figures 4B–4E).

Transcription termination defects caused by RNA Pol II 

removal have been associated with R-loop formation and 

genome instability.51–53 This could explain why cells without 

PNUTS have increased damage and hyperphosphorylation of 

DNA damage response proteins, a possible trigger for the 

interferon response (Figures S5G, S5J, and S5M). Using the 

DNA-RNA hybrid-specific S9.6 antibody, widely employed to 

detect R-loops,54 we found a significant increase in the intensity 

of S9.6 upon PNUTS degradation (Figure 4F).

These data suggest that PNUTS is a major regulator of tran

scription in G1; its degradation at this cell-cycle transition leads 

to uncontrolled gene expression, possibly contributing to DNA 

damage and preventing G1/S progression via p21 and Rb 

dephosphorylation.

Differential phosphoproteomic analyses reveal non- 

overlapping functions for the three PP1 holocomplexes

Exiting mitosis is also accompanied by major dephosphoryla

tion, triggered by the inhibition of mitotic kinases and the 
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Figure 5. Differential phospho-proteomics in G1 reveal changes unique for each RIPPO 

(A–D) Venn diagrams of differentially hyperphosphorylated (A and C) or hypophosphorylated (B and D) proteins in mitosis (A and B) or G1 (C and D). 

(E–H) FunRich analysis of hyperphosphorylated (E and G) and hypophosphorylated (F and H) proteins in mitosis (E and F) or G1 (G and H). 

(legend continued on next page) 
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activation of protein phosphatases.55 Repo-Man and Ki-67 bind 

to PP1 more strongly and more stably after anaphase 

onset,8,12,56 and Repo-Man/PP1 has been shown to have 

several chromosome substrates, including H3T3, H3S10, 

H3S2811–13 and lamin A S22,14 whereas Ki-67/PP1 seems only 

to dephosphorylate itself.57 We therefore investigated the differ

ential phosphoproteomes both in mitosis and G1 cells after the 

degradation of these PP1 holoenzymes. Nocodazole-arrested 

(18 h) cells ± IAA (4 h) were SILAC labeled; mitotic cells were frac

tionated into chromatin and nucleoplasmic fractions 

(Figures S6A and S6B) and processed for mass spectrometry, 

with and without phospho-enrichment. Other cell samples 

were released from the nocodazole block in medium containing 

thymidine and collected at the same time point as the previous 

RNA-seq and ATAC-seq experiments.

Differentially phosphorylated protein analyses (cutoffs − 0.83 

and +1.3 H/L ratios) revealed little overlap between the three 

RIPPOs, with Repo-Man and PNUTS sharing the highest number 

of hypo- and hyperphosphorylated proteins (Figures 5A–5D). 

Proteins involved in gene expression processes become hyper

phosphorylated in M mainly upon PNUTS degradation, a finding 

that aligns with the transcription misregulation observed; mTOR, 

TNF-related apoptosis-inducing ligand (TRAIL) signaling, and 

interferon pathway proteins are hyperphosphorylated following 

Repo-Man and Ki-67 degradation, whereas the insulin pathway 

is unique to Repo-Man (Figure 5E). This category of hyperphos

phorylated proteins is interesting because it contains mitotic 

substrates.

Proteins that become dephosphorylated in mitosis show more 

overlaps in terms of biological pathways, and all three RIPPOs 

affect proteins involved in DNA replication and RNA processing. 

Lack of Repo-Man seems to trigger the dephosphorylation of 

proteins involved in the cell cycle, the transition from mitosis to 

G1, and, again, the insulin pathway (Figure 5F). When the anal

ysis is conducted for proteins differentially phosphorylated in 

G1, PNUTS is the only RIPPO that leads to a significant enrich

ment in a few categories, including gene expression and 

CDC42 regulation (Figure 5G). For the hypophosphorylated pro

teins, PNUTS affects the phosphoregulation of transcription pro

cesses, including C-MYC targets, whereas Repo-Man affects 

the insulin signaling (Figure 5G). These findings suggest a domi

nant role for PNUTS in transcription regulation at this cell-cycle 

stage and highlight the involvement of Repo-Man in insulin 

pathway regulation and glucose signaling.

Hyperphosphorylated proteins in G1 should contain mitotic exit 

substrates of these holoenzymes; however, the hyperphosphory

lation could also be the aftermath of mitotic substrates that 

become hyperphosphorylated before exiting mitosis and then 

maintain a higher phosphorylation level throughout G1. To under

stand how many proteins are affected this way, we analyzed the 

differential phospho-proteome overlaps between M and G1 for 

each RIPPO. Surprisingly, 25%–49% of hyperphosphorylated 

proteins in G1 are also hyperphosphorylated in M (Figures 5I– 

5N). This observation is important and needs to be considered 

in future phosphoproteomic analyses when protein depletion 

could affect other cell-cycle stages. In this latter category, 

PNUTS again shows enrichment for proteins involved in transcrip

tion (Figure 5N). Ki-67 highlights cell adhesion proteins (Figure 5L), 

an interesting finding in light of the upregulation of MET genes 

(Figures S5K and S5L) and published studies in 4T1 cells.43

Intersecting RIPPO pull-down experiments or proximity bio

tinylation approaches with these differential phosphoproteomes 

would provide a list of highly probable substrates.59 We 

conducted these analyses with Repo-Man because pull-down da

tasets from human cells (HeLa) and biotinylation experiments us

ing a split BioID approach in HEK293T cell58 are available; we iden

tified interesting candidate substrates for Repo-Man/PP1, 

including myosin heavy chain 9 (MYH9—with a role in cytokinesis), 

topoisomerase II, Ki-67, and CCDC86 (involved in chromosome 

structure and segregation and an effector of KRAS signaling inhi

bition)60,61 (Figure 5P). The short list reflects the power of the 

approach that eliminates most secondary events; however, we 

could have missed some substrates because pull-downs or split 

biotinylations cannot retrieve the full interactome. The identifica

tion of Ki-67 as a possible Repo-Man substrate is interesting and 

could explain why some of the changes in G1 upon Repo-Man 

degradation overlap with the ones found upon Ki-67 degradation.

The analyses described above mainly focus on proteins unique 

for each RIPPO, assuming that one holoenzyme is specific for the 

dephosphorylation of a single protein. However, proteins could be 

phosphorylated at multiple sites, and each site could also be de

phosphorylated at different stages by different proteins. As an 

example, we have analyzed the phosphorylation status of lamin 

A because it appears in all the samples, and it is also a Repo- 

Man substrate.14,15 Several lamin A sites become hyperphos

phorylated in mitosis upon degradation of each RIPPO: S22 

(Ki-67 and Repo-Man)—this residue, previously identified as a 

Repo-Man substrate,14,15 was confirmed by these unbiased ana

lyses—S390 (PNUTS and Ki-67), S494 and S651 (PNUTS). In G1, 

T19 and S636 are only found upon PNUTS degradation; S390, 

S392, and S404 are only found upon Repo-Man degradation, 

and these sites are important for the regulation of the nuclear local

ization of lamin A and its polymerization62,63 (Figure 5P). Alto

gether, these findings point to Repo-Man as the major lamin A 

phosphatase.

In summary, the comparative analyses show no redundancy 

among the three complexes: hyperphosphorylations in mitosis 

were more prominent upon Repo-Man and PNUTS degradation, 

whereas Repo-Man caused dephosphorylation of several pro

teins, possibly as downstream effects of important biological 

functions of Repo-Man in mitosis.

Ki-67 maintains centromere organization at the M/G1 

transition

STRING analyses of Ki-67 differential phosphoproteome in 

mitosis revealed a significant enrichment for chromosome 

(I–K) Venn diagram of hyperphosphorylated and hypophosphorylated proteins in mitosis and/or G1. 

(L–N) String analyses of hyperphosphorylated proteins in both mitosis and G1. 

(O) Scheme of lamin A structure and domains with hyperphosphorylated or hypophosphorylated residues from the phosphoproteomics analyses. 

(P) Overlaps of hyperphosphorylated proteins of the HCT116:Repo-Man-AID cell line in mitosis, GFP-Repo-Man C-term, or split BioID Repo-Man/PP1 inter

actors58.

ll
OPEN ACCESS Resource 

1136 Developmental Cell 61, 1127–1145, May 13, 2026 



(legend on next page) 

ll
OPEN ACCESSResource 

Developmental Cell 61, 1127–1145, May 13, 2026 1137 



organization, cell division, and centromeric proteins (Figure 6A; 

Table S2); we identified phosphorylation changes for sororin 

(CDCA5), a protein essential for the maintenance of chromatid 

cohesion in mitosis;64 survivin (CDCA3), necessary for CPC 

recruitment to centromeres;65 Ndc80 kinetochore complex 

component (NUF2); and CENP-C, a key kinetochore component 

whose phosphorylation promotes kinetochore assembly.66

Because lack of Ki-67 during mitotic exit leads to aneuploidy, a 

block at the restriction checkpoint with upregulation of p21, 

together with previous reports showing that Ki-67 promotes 

timely replication18 and organization of centromeric chromatin26

in S phase, we investigated a link between Ki-67 and centromere 

organization.

Using FISH for chromosome 1 centromeric satellites, we 

showed that, without Ki-67, the centromeric regions are 

expanded (Figure 6B). Similar results were obtained from cells 

that exited mitosis without Ki-67 (Figure 6C), even if the nuclear 

area was significantly smaller (Figure 6D), ruling out a general 

effect of Ki-67 on chromatin compaction. No changes 

were observed upon degradation of Repo-Man or PNUTS 

(Figures S7A–S7D). Lack of CENP-B leads to centromere decom

paction and an increase in centromeric area.67 We therefore 

analyzed CENP-B levels and showed a decrease both in mitosis 

(Figure 6E) and in G1 (Figure 6F) (not linked to a decrease in 

CENP-B transcription, Figure S7E). Similarly, CENP-C levels 

(CENP-C is hypophosphorylated in mitosis without Ki-67) are 

also decreased in mitosis (Figure S7F) and G1 (Figure S7H) cells, 

although CENP-C transcription was affected in G1 (Figure S7G). 

Importantly, overexpression of mCherry-tagged CENP-B rescued 

CENP-C levels on mitotic chromosomes in the absence of Ki-67 

(Figures S7I and S7J).

Ki-67 in mitosis accumulates at the periphery of the chromo

somes (albeit dynamically68); we therefore analyzed, at higher 

resolution, whether Ki-67 was visible at the centromeres in 

mitosis and G1. In chromosome spreads, we could detect partial 

overlaps between Ki-67 and centromeric proteins (Figure 6G), 

which was confirmed by proximity ligation assays (PLAs) be

tween endogenous Ki-67 and CENP-B (Figure 6I). In G1 cells 

that have not yet reformed the nucleoli, Ki-67 is present in aggre

gates, and CENP-B is in proximity to these localized Ki-67 clus

ters, which enwrap the centromeres; when analyzed by 

DeepSIM, we could clearly see co-localization between Ki-67 

and CENP-B (Figure 6H, left). Even when the nucleoli are 

reformed, and after replication when Ki-67 appears at the nu

clear periphery,26 co-localization between CENP-C and Ki-67 

is maintained (Figure 6H, right).

Searching for a mechanistic insight into how centromeres are 

compromised by Ki-67 removal, we considered the centromere 

epigenetics. H4K20 monomethylation (H4K20me1) is enriched at 

centromeres, and its reduction results in kinetochore assembly 

defects.69 Recent studies showed that CENP-A containing 

higher order repeats (HORs) are enriched in H3K9me3.70 Ki-67 

also co-localizes with H3K9me3-enriched genomic regions 

(van Schaik et al.18 and this paper; Figure S2). We therefore 

tested the levels of these modifications upon Ki-67 degradation 

when cells are arrested in mitosis. Our results show that 

H4K20me1, but not H3K9me3, total levels are reduced upon 

Ki-67 degradation (Figure S7K), potentially supporting changes 

in the centromere chromatin landscape. Further studies will be 

needed to identify the molecular details.

Cells lacking Ki-67 slightly delay chromosome alignment 

(Figure S7L; Cuylen et al.71), but all cells exit mitosis 

(Figures 1B and 1D, G1), although with chromosome segregation 

errors (Figures S5D–S5F).

These analyses led us to conclude that Ki-67 is in proximity to 

the centromeres, playing a key role in maintaining a compact 

centromere structure important for CENP-B localization and 

normal phosphorylation of a subset of centromeric proteins.

Repo-Man is essential for maintaining the mitotic 

checkpoint

Mitotic exit without Repo-Man causes aneuploidy, G1 arrest, 

and interferon signaling activation—but not centromeric chro

matin defects (Figure S7A; Table S3).

Repo-Man-specific differential phosphoproteome revealed 

changes in cell cycle and mitotic proteins, together with the hy

pophosphorylation of several APC/C components, including cell 

division cycle 20 (CDC20) S41 (Figures 7A and S6D). This sce

nario suggests a role for Repo-Man in maintaining mitotic arrest, 

a function previously unknown and contrary to the current 

assumption that Repo-Man is inactive in mitosis and mainly 

needed for mitotic exit-specific dephosphorylation events12,72.

We tested this hypothesis by analyzing the mitotic exit pro

gression of cells released from nocodazole. At 80 min, 70% of 

Figure 6. Ki-67 maintains centromere organization 

(A) String analysis of differentially phosphorylated proteins for Ki-67 from Figure 5B. 

(B) Mitotic HCT116:Ki-67-AID cells ± IAA were subjected to FISH with a centromeric chromosome (chr) 1 probe. Representative images of normal and abnormal 

FISH signals (right) and quantification of the area occupied by the signals (left). Scale bar, 5 μm. Sample size: control = 194, IAA = 296. Wilcoxon test. ***p < 0.001. 

(C) FISH of HCT116:Ki-67-AID cells treated as in Figure 1A. Examples of normal/abnormal signals obtained with the pUC177 (red signals, chr1) and pTRA-20 

(green signals, chr15) (right), and quantification of the area occupied by the signals (middle and left). Scale bar, 5 μm. Sample size: CHR1: control = 280, IAA = 284; 

CHR15: control = 253, IAA = 235. Wilcoxon test. ***p < 0.001. 

(D) Quantification of the nuclear area in μm2 of HCT116:Ki-67-AID treated as in Figure 1A. Scale bar, 5 μm. Sample size: control = 95, IAA = 114. Wilcoxon 

test. ***p < 0.001. 

(E) Representative images of CENP-B immunostaining of mitotic HCT116:Ki-67-AID ± IAA cells (right) and quantification of CENP-B intensity (left). Scale bar, 

5 μm. Sample size: control = 2,139, IAA = 1,646. Wilcoxon test. ***p < 0.001. 

(F) Representative images of CENP-B immunostaining of HCT116:Ki-67-AID ± (as in Figure 1A) (right) and quantification of CENP-B intensity (left). Scale bar, 

5 μm. Sample size: control = 1,786, IAA = 3,985 foci. Wilcoxon test. ***p < 0.001. 

(G) Representative images of CENP-B immunostaining on mitotic HeLa chromosomes (left) and RGB intensity plot (right). Scale bar, 5 μm. 

(H) Representative DeepSIM images of HCT116:Ki-67-AID immunostained for CENP-B or CENP-C. Scale bar, 10 μm. 

(I) Representative images of proximity ligation assay (PLA) with CENP-B and GFP antibodies on asynchronous HCT116:Ki-67-AID cell line ± IAA. Quantification of 

PLA signals in mitotic cells (left). Scale bar, 5 μm. Sample size: control = 36, IAA = 22. Wilcoxon test. ***p < 0.001.
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Figure 7. Repo-Man is essential for maintaining mitotic arrest 

(A) String analysis of differentially phosphorylated proteins from Figure 5B for HCT116:Repo-Man-AID cell line. 

(B) Quantification of mitotic stages at 0, 40, and 80 min post release from nocodazole ± IAA. Sample size: control: 0 = 194, 40 = 208, and 80 = 199; IAA: 0 = 200, 

40 = 203, and 80 = 165. n = 2 biological replicates. Chi-squared test: ***p < 0.0001. 

(legend continued on next page) 
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the cells with Repo-Man are in prometaphase/metaphase, 

whereas 50% of the cells without Repo-Man have progressed 

to anaphase/telophase (Figures 7B and 7C). In agreement with 

this, cyclin B is degraded at a faster rate in cells without Repo- 

Man (Figure 7D). In nocodazole-blocked cells, where the check

point is very strong, Repo-Man degradation also leads to cyclin 

B decrease and mitotic index (Figures 7E and 7F, left bars). 

These data clearly indicate that Repo-Man is necessary for main

taining cells in mitosis. We and others have shown that Repo- 

Man depletion by RNAi causes H3T3ph mis-localization in 

mitosis and suggested this phosphosite as a substrate.11,12

However, the experiments could not discriminate between a 

function of the complex at mitotic entry and a requirement for 

Repo-Man throughout mitosis. We tested this by degrading 

Repo-Man while cells were already in mitosis, and we observed 

increased H3T3ph levels as well as its spreading along the chro

mosome arms (Figures 7H and 7I). This agrees with previous re

sults and shows that the Repo-Man/PP1 complex is active in 

mitosis and continuously counteracts the haspin kinase. We 

also show a correlation between Repo-Man and H3T3ph levels 

(Figure 7J) and, as expected, impaired Aurora B localization 

(Figure 7K).

We then considered whether the effect of Repo-Man depletion 

in mitosis is solely mediated by Aurora B. We tested this by 

analyzing the mitotic index of nocodazole-arrested cells, fol

lowed by degradation of Repo-Man and inhibition of Aurora B 

by the highly selective inhibitor barasetib:73 an experiment 

impossible to conduct without the Repo-Man degron cell line; 

the hypothesis was that, if Repo-Man works on the same 

pathway as Aurora B, inhibition of Aurora B in the presence or 

absence of Repo-Man would have the same effect. However, 

this was not the case because degradation of Repo-Man has 

an additive effect on Aurora B inhibition (Figure 7F), suggesting 

that Repo-Man might also affect another pathway. However, 

we cannot rule out that the phenotype represents the sum of in

hibition and delocalization of an already impaired Aurora B that 

could further aggravate the mitotic phenotype. The efficient inhi

bition of Aurora B was also monitored by analyzing the level of its 

known mitotic substrate H3S10ph (an Aurora B substrate) 

(Figure 7G). In these experimental conditions, we also saw a 

decrease in H3T3ph upon Aurora B inhibition, as previously re

ported, and interpreted as the result of haspin kinase inhibition, 

which requires Aurora B for its activity.74 Surprisingly, we did 

see a rescue of H3T3 phosphorylation levels when we degraded 

Repo-Man and inhibited Aurora B (Figure 7L). These results 

seem to indicate that haspin activity toward H3T3 phosphoryla

tion does not depend on Aurora B and that the effect of Aurora B 

inhibition on H3T3 levels (decreased) is principally mediated by 

the re-localization of Repo-Man to the chromatin.72

Altogether, this unbiased approach has revealed an essential 

role for Repo-Man in maintaining the mitotic checkpoint, and 

future work will unveil how this Repo-Man function intersects 

with the spindle assembly checkpoint (SAC) regulation.

DISCUSSION

The identification of protein-specific roles and contributions to 

cell-cycle progression has been hindered by the limitation of 

methodologies that are not sufficiently targeted to a particular 

cell-cycle transition. Degradation tags leading to rapid protein 

depletion have allowed us to revisit some of these aspects. 

Many important studies have been hypothesis driven, but they 

have also limited the discovery of unknown and unpredicted 

mechanisms. By combining a rapid protein degradation 

approach with unbiased multi-omics, we investigated the role 

of three chromatin-associated PP1-targeting subunits in mitotic 

exit progression and G1 nuclear program establishment. Protein 

degradation was conducted when cells were already in prometa

phase (thus eliminating effects linked to S phase, DNA damage 

repair, and mitotic entry) and then allowed to progress through 

mitotic exit. We followed three key mitotic exit events: (1) tran

scription resumption, (2) chromatin accessibility, and (3) protein 

dephosphorylation. This unbiased approach, besides providing 

the community with important datasets, led us to unveil specific 

functions of these RIPPOs in mitotic exit.

We showed that there is no redundancy in the system, and 

each protein has a very specific profile, even if some sequence 

similarities and phylogeny might have hypothesized that Ki-67 

and Repo-Man could potentially complement each other.8

We have also demonstrated that these RIPPOs are essential 

for a faithful mitotic exit and G1 re-establishment, and lack of 

each one leads to a G1 block. We revealed that, for Ki-67 and 

Repo-Man, chromosome mis-segregation is the cause of the 

block. However, the mechanisms differ: lack of Repo-Man 

caused premature mitotic exit and attenuation of the SAC, but 

lack of Ki-67 led to defects in the centromere chromatin struc

ture. We could rule out a prominent role of PNUTS in maintaining 

or exiting mitosis, as was previously suggested,49 and we did not 

observe changes in chromatin de-condensation in this in vivo 

system, making it unlikely that PNUTS plays a key role in chro

matin de-condensation.21

We identified PNUTS as a major player in regulating transcrip

tion at this cell-cycle transition. Molecularly, we showed 

increased nuclear levels of RNA Pol II S5ph already in G1, 

(C) Representative images of HCT116:Repo-Man-AID cells at 80 min post release from nocodazole, ± IAA, immunostained for α-tubulin. Scale bar, 10 μm. 

(D) HCT116:Repo-Man-AID cells (as in Figure 1A) were collected at 40, 80, 105, and 165 min or overnight after the release from nocodazole, ± IAA. Whole-cell 

lysates (WCLs) were blotted for Repo-Man, anti-cyclin B1, and anti-α-tubulin (bottom). 

(E) HCT116:Repo-Man-AID cells (as in Figure 1A) or kept in nocodazole. Cells were collected at 40, 80, or 105 min after release from nocodazole, ± IAA. WCLs 

were blotted for Repo-Man, cyclin B1, and α-tubulin. 

(F) Mitotic index quantification of HCT116:Repo-Man-AID cells arrested in nocodazole (18 h), then ± IAA for 4 h, with or without barasertib. n = 2 biological 

replicates. 

(G) Western blot analysis of HCT116:Repo-Man-AID cells treated as in (F). WCLs were blotted for H3S10ph and α-tubulin. 

(H and I) Representative images of H3T3ph immunostaining alone (H) or with CENP-C (I) of HCT116:Repo-Man-AID cells treated as in (F). 

(J) Quantification of the experiment in (I), R2 = 0.756. 

(K) Representative images of Aurora B immunostaining of HCT116:Repo-Man-AID cells treated as in (F). Scale bar, 10 μm. 

(L) Western blot of WCL of HCT116:Repo-Man-AID cells treated as in (F). The blots were probed for H3S10ph and tubulin.
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whereas it was previously reported during replication upon 

PNUTS knockdown.

Mitotic exit without each of the proteins triggered an interferon 

response; this was expected for Repo-Man and Ki-67 due to 

aneuploidy, but PNUTS-lacking cells are not aneuploid. By 

comparing the two responses, we distinguished an interferon 

signature for the aneuploidy-induced response and a transcrip

tion-misregulation-linked one. Genes such as IFITM1, OAS2, 

PSMB8, MX1, ITGB3, and IRF7 are common to both systems, 

but IFIT1B, IFIT3, RIOK3, CFB, DHX58, HLA-C, CDC274, CLU, 

LILRB1, PSMB9, and GAB2 are only shared between Repo- 

Man and Ki-67. It will be interesting to evaluate these gene 

signatures in situations of chronic aneuploidy, such as Down 

syndrome, but also to understand their role in chromosome 

instability (CIN)-driven cancers.

The differential phosphoproteomics also gave us clues on how 

to interpret such datasets. First, we observed several differen

tially hyperphosphorylated proteins when cells exited mitosis in 

the absence of each protein; however, comparisons with the dif

ferential prometaphase phosphoproteomes revealed a high per

centage of common proteins. This suggests that caution should 

be exerted when analyzing these types of datasets; in fact, the 

G1 phosphoproteome does not only represent bona fide mitotic 

exit targets but also includes legacies from mitosis. Omitting this 

distinction could lead to very different interpretations and should 

be considered in future investigations.

Phosphoproteomic analyses in mitosis also provided us with 

unexpected clues on Repo-Man and Ki-67 mitotic functions. 

We showed that Repo-Man is active in M phase and essential 

for maintaining SAC signaling, and the premature mitotic exit 

observed without Repo-Man seems not to be solely mediated 

by Aurora B. We also discovered APC/C phospho-sites whose 

dephosphorylation is linked to APC/C activation; however, their 

role in APC/C activity regulation remains to be formally 

demonstrated.

This unbiased approach provided a clear link between Ki-67 

and centromeric maintenance. Several centromeric proteins, 

including CENP-C, change phosphorylation status upon Ki-67 

degradation in prometaphase. Phosphorylation of CENP-C by 

Aurora B has been shown to facilitate kinetochore attachment- 

error correction in mitosis,75 but CDK1-mediated CENP-C phos

phorylation also seems to modulate CENP-A binding and mitotic 

kinetochore localization:76 these changes alone could explain 

the aneuploidy observed upon Ki-67 degradation. We and others 

reported defects in centromeric chromatin replication and struc

ture upon Ki-67 degradation during S phase,18,77 and previous 

observations reported Ki-67 co-localization with satellite DNA 

in G1.25 Here, we show that Ki-67 is indeed in proximity to the 

centromere in mitosis, and its degradation affects centromeric 

compaction as well as CENP-B and CENP-C localization. These 

findings are interesting in several respects. RNAi depletion of 

chromosome periphery proteins recruited by Ki-67 has been 

linked to chromosome segregation defects,60,78–81 but Ki-67 

null cells did not present segregation defects;71 here, we show 

that cells acutely depleted of Ki-67 do show mis-segregation de

fects. Interestingly, Ki-67 has been suggested as the homolog in 

metazoans of ‘‘bridging,’’ a kinetochore component identified in 

Cryptococcus neoformans that connects the outer kinetochore 

to centromeric chromatin,82 but no reports have associated Ki- 

67 with kinetochores in higher eukaryotes. Our findings show 

that this seems to be the case. It would be interesting to under

stand how these two related proteins work together to maintain a 

functional kinetochore across species.

Limitations of the study

The datasets and analyses derive from one cell type and may 

differ in other cells.

The datasets were obtained from chemically synchronized 

populations; this may affect the amplitude and nature of the 

response.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-a-tubulin (clone B- 

5-1-2)

Sigma-Aldrich Cat# T5168; RRID:AB_477579

Mouse monoclonal anti-GAPDH Proteintech Cat# 60004-1-Ig, RRID:AB_2107436

Rabbit polyclonal anti-GFP [PABG1] Chromotek Cat# PABG1-20, RRID:AB_2749857

Mouse monoclonal anti-H3K27me2/3 Active Motif Cat# 39535; RRID:AB_2793246

Rabbit polyclonal anti-H3K9me3 Active Motif Cat# 39161; RRID:AB_2532132

Mouse polyclonal anti-H3K9me3 Active Motif Cat# 39161; RRID:AB_2935892

Mouse monoclonal anti-H4K20me1 Active Motif Cat# 39285; RRID:AB_2615074

Mouse monoclonal anti-DNA Millipore Cat# MAB030; RRID: AB_93965

Rabbit polyclonal anti-H3K9ac Abcam Cat# ab10812; RRID: AB_297491

Rabbit polyclonal anti-H3K27ac Active Motif Cat# 39133; RRID: AB_2561016

Rabbit polyclonal anti-phospho-Histone 

H3 (Ser10)

Millipore Cat# 06-570, RRID:AB_310177

Rabbit monoclonal anti-phospho-Histone 

H3 (Thr3) (clone JY325)

Millipore Cat# 04-746, RRID:AB_11213949

Rabbit monoclonal anti- Lamin A/C Abcam Cat# ab108595; RRID: AB_10866185

Mouse monoclonal anti- Retinoblastoma 

(clone G3-245)

BD Biosciences Cat# 554136; RRID:AB_395259

Rabbit monoclonal anti-Phospho-Rb 

(Ser807/811) (D20B12)

Cell Signalling Cat# 8516; RRID: AB_11178658

Rabbit monoclonal anti-Rb (phospho T373) 

[EP821Y]

Abcam Cat# ab52975; RRID: AB_2177344

Rabbit polyclonal anti-CDCA2 Abcam Cat# ab45129; RRID: AB_869084

Mouse monoclonal anti-p21 BD Biosciences Cat# 556430; RRID: AB_396414

Mouse monoclonal anti-p27Kip1 BD Biosciences Cat# 610241; RRID: AB_397636

Mouse monoclonal anti-RNA polymerase II 

(F-12)

Santa Cruz Biotechnology Cat# ab5131; RRID: AB_630203

Rabbit polyclonal anti-RNA polymerase II 

CTD repeat YSPTSPS (phospho S5)

Abcam Cat# ab45129; RRID: AB_449369

Mouse monoclonal anti-DNA-RNA Hybrid 

Antibody (clone S9.6)

Millipore Cat# MABE1095; RRID: AB_2861387

Mouse monoclonal anti- FBXO5 Thermo Fisher Scientific Cat# 37-6600, RRID:AB_2533333

Mouse anti-CenpB Earnshaw Lab N/A

Guinea pig anti-CENP-C MBL International Cat# PD030, RRID:AB_10693556

Rabbit polyclonal anti-GFP Abcam Cat# ab290, RRID:AB_303395

Goat polyclonal anti-Mouse 800CW LI-COR Cat# 926-32210; RRID:AB_621842

Goat polyclonal anti-Rabbit 680RD LI-COR Cat# 926-68071; RRID:AB_10956166

Donkey polyclonal anti-Mouse polyclonal 

Alexa Fluor 594

Jackson Immunoresearch Cat# 715-585-150; RRID:AB_2340854

Donkey polyclonal anti-Rabbit 

polyclonal Cy5

Jackson Immunoresearch Cat# 711-175-152; RRID: AB_2340607

Donkey polyclonal anti-Mouse Cy5 Jackson Immunoresearch Cat# 715-175-150; RRID:AB_2340819

Donkey polyclonal anti-Rabbit polyclonal 

Alexa Fluor 594

Jackson Immunoresearch Cat# 711-585-152; RRID:AB_2340621

Donkey polyclonal anti-Guinea Pig Alexa 

Fluor 594

Jackson Immunoresearch Cat# 706-585-148; RRID:AB_2340474

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

3-Indoleacetic acid Sigma-Aldrich Cat# I2886; CAS:87-51-4

Thymidine Sigma-Aldrich Cat# T9250; CAS:50-89-5

Nocodazole Sigma-Aldrich Cat# M1404; CAS:31430-18-9

AZD1152-HQPA (Barasertib) Bioquote Cat# A10109; CAS:722544-51-6

Doxycycline Sigma Cat# D9891; CAS: 24390-14-5

Critical commercial assays

Monarch Total RNA Miniprep Kit New England BioLabs Cat# T2010S

JetPrime® Polyplus transfection® Cat# 101000015

Deposited data

RNA sequencing datasets This paper E-MTAB-13827

ATAC seq datasets This paper E-MTAB-13826

ChIP sequencing datasets This paper E-MTAB-15533

ChIP sequencing datasets PNUTS HeLa 

(GSM8413584, GSM8413578 and 

GSM8413579)

Bejjani et al.28 GSE272847

Proteomics data This paper PXD049319

Human reference genome GRCh38 Genome Reference Consortium Human 

Build 38

https://www.ncbi.nlm.nih.gov/assembly/ 

GCF_000001405.26/

Experimental models: Cell lines

HCT116:Ki-67-AID Stamatiou et al.26 N/A

HCT116:Ki-67-AID mCherry-DHB Stamatiou et al.26 N/A

HCT116:Ki-67-AID mCherry-GEMININ Stamatiou et al.26 N/A

HCT116:Repo-Man-AID This paper N/A

HCT116:Repo-Man -AID mCherry-DHB This paper N/A

HCT116:Repo-Man -AID mCherry- 

GEMININ

This paper N/A

HCT116:PNUTS-Man-AID This paper N/A

HCT116:PNUTS-AID mCherry-DHB This paper N/A

HCT116:PNUTS-AID mCherry-GEMININ This paper N/A

Oligonucleotides

See Table S1 for Oligonucleotides used in 

this study

This paper N/A

Recombinant DNA

pX330-U6-Chimeric_BB-CBh-hSpCas9 Ran et al.83 Addgene plasmid #42230

pMK289 (mAID-mClover-NeoR) Natsume et al.84 Addgene plasmid #72827

pMK290 (mAID-mClover-Hygro) Natsume et al.84 Addgene plasmid #72828

pMSCV-Blasticidin Kendall et al.85 Adgene plasmid #75085

CSII-pEF-hDHB-mCherry Laboratory of Dr Steven D. Cappell (Center 

for Cancer Research National Cancer 

Institute,USA)

N/A

CSII-pEF-hGEMININ-mCherry Laboratory of Dr Steven D. Cappell (Center 

for Cancer Research National Cancer 

Institute,USA)

N/A

pGEM-T Easy-Repo-Man- mAID- 

mClover-Neo

This paper N/A

pGEM-T Easy-Repo-Man – mAID- 

mClover-Hygro.

This paper N/A

pX330-U6-Chimeric-BB-CBh-hSpCas9- 

gRNA-Repo-Man-P1

This paper N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

The HCT116 cell line stably expressing OsTIR1 under TET-ON promoter (HCT116-TET-OsTIR1) was kindly provided by Dr Masato T. 

Kanemaki (University of Tokyo, Japan) and used to generate the cell lines used in the study. HCT116 cells were grown in McCoy’s 5A 

Medium GlutaMAX (Gibco) supplemented with 10% foetal bovine serum (FBS) (Labtech), 100 U/mL penicillin and 100 μg/mL strep

tomycin (Gibco) in a humidified incubator at 37◦C with 5% CO2.

HCT116-Ki-67-mAID-mClover-HygR/NeoR, HCT116-Ki-67-mAID-mClover-HygR/NeoR + DHB-mCherry and HCT116-Ki-67- 

mAID-mClover-HygR/NeoR + GEMININ-mCherry cell lines were generated in the Vagnarelli’s lab as previously described (DOI: 

https://doi.org/10.1101/2023.04.18.537310). They were not authenticated as unique and recognizable by the specific localization 

of the endogenous GFP-tagged alleles, and the ability to degrade the protein upon addition of IAA and doxycyclin.

METHOD DETAILS

Plasmids

pX330-U6-Chimeric_BB-CBh-hSpCas9 (no. 42230, Addgene) plasmids containing guide RNAs (gRNAs), designed with CRISPOR 

(http://crispor.tefor.net), were generated according to.83 The sequences of gRNAs are listed in Table S1.

To generate the plasmid donors containing Repo-Man or PNUTS homology arms, genomic DNA from HCT116-TET-OsTIR1 cells 

was purified by using EchoLUTION CellCulture DNA Kit (BioEcho), and the genomic DNA region around the stop codon of Repo-Man 

(1.2 kb) or PNUTS (1.3 kb) was amplified using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific; primers are listed at 

Table S1), cloned into pGEM-T Easy empty vector (Promega) and sequenced. Based on sequencing, plasmids containing Repo-Man 

or PNUTS homology arms were synthesized, with the following changes: the stop codon was mutated into a BamHI restriction site 

and silent point mutations were introduced within PAM sequences. The mAID-mClover-HygR (hygromycin resistance) cassette and 

mAID-mClover-NeoR (neomycin resistance) cassette84 were then inserted into the BamHI site, in frame with Repo-Man or PNUTS to 

generate homology arms donor plasmids.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pX330-U6-Chimeric-BB-CBh-hSpCas9- 

gRNA-Repo-Man -P2

This paper N/A

pX330-U6-Chimeric-BB-CBh-hSpCas9- 

gRNA-Repo-Man -P3

This paper N/A

pBluescript II SK(+)-PNUTS- mAID- 

mClover-Neo

This paper N/A

pBluescript II SK(+)-PNUTS- mAID- 

mClover-Hygro.

This paper N/A

pX330-U6-Chimeric-BB-CBh-hSpCas9- 

gRNA-PNUTS-P1

This paper N/A

pX330-U6-Chimeric-BB-CBh-hSpCas9- 

gRNA-PNUTS-P2

This paper N/A

pX330-U6-Chimeric-BB-CBh-hSpCas9- 

gRNA-PNUTS-P3

This paper N/A

Software and algorithms

ImageJ Schneider et al.86 https://imagej.nih.gov/ij/

Samtools Li et al.87 http://samtools.sourceforge.net/

HTSeq Anders et al.88 https://htseq.readthedocs.io/en/master/

Deseq2 Love et al.89 https://bioconductor.org/packages/ 

release/bioc/html/DESeq2.html

NIS-Elements Nikon N/A

SoftWoRx Delta Vision N/A

R studio https://posit.co/

MaxQuant software platform Cox and Mann90 N/A

Andromeda search engine Cox et al.91 N/A

Deeptools Ramı́rez et al.92 N/A

Bedtools Quinlan and Hall93 N/A

Recognicer Zang et al.94 N/A
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Cell line generation

For the generation of Repo-Man/PNUTS-mAID-mClover-HygR/NeoR cell lines, HCT116-TET-OsTIR1 cells were transfected with 

2 μg of total DNA of pX330-U6-Chimeric_BB-CBh-hSpCas9 and homology arms plasmids (Repo-Man-mAID-mClover-HygR and 

Repo-Man-mAID-mClover-NeoR or PNUTS-mAID-mClover-HygR and PNUTS-mAID-mClover-NeoR for mAID cell lines; or 

-APEX2-mClover-HygR and -APEX2-mClover-NeoR for APEX cell lines) in 1:1:1 ratio, and selected for 14 days with 100 μg/mL hy

gromycin B (10687010, Invitrogen) and 700 μg/ml of geneticin (10131027, Gibco). Clones were first assessed by microscopy and then 

screened via PCR genotyping using 3-5 different combinations of primers, which targeted sequences outside of homology arms and 

within tagging inserts (Table S1: List of oligonucleotides used in the study).

For the generation of HCT116-Repo-Man/PNUTS-mAID-mClover-HygR/NeoR + DHB-mCherry stable cell lines, HCT116-Repo- 

Man/PNUTS-mAID-mClover-HygR/NeoR cells were co-transfected with 2 μg of total DNA of CSII-pEF-hDHB-mCherry and 

pMSCV-Blasticidin in 9:1 ratio and selected with 10 μg/ml blasticidin (15205, Merck). Clones were chosen by microscopy.

For the generation of HCT116-Ki-67/Repo-Man/PNUTS-mAID-mClover-HygR/NeoR + Geminin-mCherry stable cell lines, the 

same process was followed as the DHB-mCherry cell line generation.

Mitotic synchronisation and protein degradation for G1 analyses

Unless stated otherwise, HCT116 cells (Ki-67 or Repo-Man or PNUTS-mAID-mClover-HygR/NeoR) were treated with 2 μg/ml doxy

cycline (D9891, Merck) and 0.06 μg/ml nocodazole (M1404, Merck), 24 and 18 h respectively, before the addition of 1 mM IAA (I2886, 

Merck) to induce degradation of mAID-tagged proteins. After 4 h treatment with IAA, mitotic cells were manually detached by shake- 

off, and cells were transferred to new poly-L-lysin coated dishes. Once attached, cells were washed 3x with phosphate buffered sa

line (PBS) and released from mitosis into G1 for 18 h in a fresh medium containing 2 mM thymidine (T9250, Merck).

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde (PFA; 10131580, Fisher Scientific) in PBS, for 5 minutes followed by 3x washes with 1X 

PBS (Severn Biotech). The cells were then permeabilized with 0.2% Tritox-X for 2 minutes at room temperature (RT) then incubated in 

blocking buffer (1% BSA in PBS) for 30 min at 37oC.The primary antibody was diluted in blocking buffer, at the dilution recommended 

for each antibody, added to the coverslips and incubated for 30 min at 37oC covered with parafilm. After 3x washes in PBS, the sec

ondary antibody was added at 1:500 dilution in blocking buffer and incubated for 30 min at 37oC covered with parafilm. Finally, the 

cells were mounted with Vectashield mounting media (Vector Laboratories) containing DAPI. Primary and secondary antibodies used 

in the study are listed in key resources table. Three-dimensional data sets were acquired using a wide-field microscope (Delta Vision) 

Cascade II:512 camera system (Photometrics) and a wide-field microscope (NIKON Ti-E super research Live Cell imaging system) 

with a 100X Plan Apochromat lens, numerical aperture (NA) 1.45. The data sets were deconvolved using Delta Vision software or 

Nikon NIS element. Three-dimensional data sets were converted to a maximum projection, exported as PNG files and imported 

into Inkscape software (version 0.91) for final presentation.

For deepSIM imaging a NIKON Ti2-E inverted microscope with 100X Plan Apochromat lens, numerical aperture (NA) 1.45 with Tel

edyne Photometrics Kinetix camera. 3D stacks were acquired and reconstructed with the NIS software.

Immunoblotting

Whole-cell extracts were prepared by direct lysis in 1x Laemmli sample buffer.

For histone isolation, HCT116 cells were synchronised, proteins of interest were degraded as described above and collected at the 

G1 stage of the cell cycle. 5x106 cells were collected from each condition and incubated for 10 min on ice with 500 μl lysis buffer 

(1 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.5% NP-40) supplemented with protease and phosphatase inhibitors. After 3 min centrifuga

tion at 1,000 g at 4◦C, the supernatant was discarded, the pellet was resuspended in 500 μl lysis buffer and samples were pelleted 

again as above. The pellet was flash-frozen in liquid nitrogen and stored at -20◦C for 1 h. Next, the pellet was thawed on ice for 15- 

30 min and washed with 400 μl of digestion buffer (50 mM Tris-HCl, pH 7.5, 1 mM CaCl2, 4 mM MgCl2, 300 mM sucrose). After 10 min 

centrifugation at 100 g at 4◦C, the supernatant was discarded, and the pellet was resuspended in 300 μl of digestion buffer with 600 U 

of micrococcal nuclease (MNase) (M0247, New England Biolabs) and incubated for 30 min at 37◦C. The MNase reaction was termi

nated by adding 1mM EDTA. The digested sample was then centrifugation for 20 min at 8,000 g at room temperature (RT) and the 

pellet was resuspended in 1x Laemmli sample buffer.

The proteins were separated by SDS–PAGE and transferred onto nitrocellulose membranes (10600003, Amersham). Membranes 

were blotted with primary and secondary antibodies, which are listed in Table S2, and visualised using the LiCor Odyssey system or 

g-Box Chemi Xrq Gel Doc System.

CDK2 activity analyses

HCT116 cell lines containing mAID-tagged proteins and stably-expressed DHB-mCherry were synchronised, and proteins were 

degraded as described above. Upon reaching the G1 stage of the cell cycle, cells were fixed with 4% PFA in PBS. Coverslips 

were mounted with VECTASHIELD® Antifade Mounting Medium (H-1000-10, Vector Laboratories) containing DAPI, and observed 

on a wide-field microscope (NIKON Ti-E super research Live Cell imaging System). The analysis of CDK2 activity was performed 

in ImageJ, where the nuclear and cytoplasmic signal intensities of DHB–mCherry were quantified. The ratio of cytoplasmic to nuclear 
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DHB–mCherry signal was calculated for each cell and subsequently used to generate violin plots in RStudio. Violin plots were gener

ated with R Studio. The Wilcoxon statistical analysis was conducted with R Studio.

APC/C activity analyses

HCT116 cell lines containing mAID-tagged proteins and stably-expressed Geminin-mCherry were treated as DHB-mCherry-ex

pressing cells described above. The analysis of APC/C activity was performed in Fiji, quantifying the proportion of cells exhibiting 

active APC/C (Geminin–mCherry not detected) and inactive APC/C (Geminin–mCherry detected). The number of cells in each cate

gory was recorded, and the corresponding percentages were calculated. Violin plots were generated with R Studio. The Wilcoxon 

statistical analysis was conducted with R Studio.

Comet assay

The alkaline comet assay was adapted from (Tice et al., 200095). Poly-L-lysine coated slides were first covered with 1% high-melting- 

point agarose and dried overnight at room temperature. After cell treatment, a drop of normal-melting-point agarose was first loaded 

on a slide, and then a drop of low-melting-point agarose was put on the precoated slide. Then, 104 cells were placed in the agarose 

droplet. Slides were lysed in a detergent solution (containing 2% N-Lauroylsarcosine sodium salt, 0.5 M Na2EDTA and 0.1 mg/ml 

proteinase K), for 1 hour at 4◦C. DNA unwinding was carried out with a neutral solution at pH 8.5 (90 mM Tris-HCl, 90 mM boric 

acid and 2 mM Na2EDTA) for 90 minutes at RT in a 1-L electrophoresis unit. Electrophoresis was conducted for 40 minutes (20 V) 

in the same buffer solution at 4oC. After the electrophoretic run, the slides were neutralized with distilled water, stained with 

SYBR Safe in TE buffer, dehydrated by dipping into 70%, 90% and 100% ethanol, sequentially, and then dried overnight at RT. Im

ages were captured using Leica DM4000 fluorescence microscope (Leica Microsystems). Comet length was measured in ImageJ.

Fluorescence in situ hybridisation (FISH)

HCT116 cells with mAID-tagged proteins were synchronised and protein degraded as described above. Cells were fixed twice as 

follows: 15 min with 75 mM KCl, then 30 min with 3:1 ice-cold methanol:acetic acid. Finally, cells were stored in methanol/acetic 

acid at -20◦C. P1-derived artificial chromosome (PAC)-derived probes were extracted from bacterial cultures and fluorescently 

labelled by nick translation using Nick Translation Kit (Abbott), following the manufacturer’s instructions. The probe was separated 

using G-50 column, precipitated at -20◦C in the presence of 3μg salmon sperm DNA and 3 M sodium acetate (10% of the volume of 

the probe), and 2 volumes of 100% EtOH were added to precipitate the probe for 24h at -20oC. The probes were centrifuged at 

10,000 g for 30 min at 4◦C. The supernatant was removed, and the pellet was dried for 10 - 15 minutes. Finally, the probes were re

suspended in 30μl purified waterfor the centromeric probes.

Pericentromeric/α-satellite FISH

The probe (3 μl of probe and 7 μl of hybridisation buffer: 50% (v/v) formamide, 10% (w/v) dextran sulphate, 1x Denhart’s, 2x SSC, pH 

7.0) was denatured at 73◦C for 5 min. Probe and nuclei were denatured at 85◦C for 5 min, and then hybridised overnight at 39◦C. 

Slides were washed with 2x SSC at RT for 10 min, 0.4x SSC at 60◦C for 10 min, 0.1x SSC at RT for 10 min and counterstained 

with DAPI.

For all FISH analyses, three-dimensional data sets were acquired using a wide-field microscope (NIKON Ti-E super research Live 

Cell imaging system) with 100x, 1.45 (NA) Plan Apochromat lens. The data sets were deconvolved with NIS Elements AR analysis 

software (NIKON). Three-dimensional data sets were converted to maximum projection in the NIS software, exported as TIFF files, 

and imported into Inkscape software (version 0.91) for final presentation.

Proximity ligation assay (PLA)

Proximity ligation assay was performed according to the manufacturer’s protocol (Sigma). HCT116:Ki-67-AID cells were treated as 

indicated in Figure 1A or with Doxycycline (2μg/ml) and 0.06 μg/ml Nocodazole for 24 and 18 h before the addition of IAA 1000μM, 

respectively. After the completion of the experiment indicated in Figure 1A or 4 h treatment with IAA the cells were fixed, permeabi

lized and blocked with BSA as described in the immunofluorescence microscopy section. The antibodies were used at a concentra

tion as follows, 1:1000 anti-CENP-B (gift from W.C. Earnshaw, Edinburgh) and 1:10,000 anti-GFP [PABG1] (Cat# PABG1-20, RRI

D:AB_2749857). PLA probes were added, and ligation was performed following the manufacturer instructions (Sigma). Coverslips 

were mounted with vectashield containing DAPI and observed on the previously mentioned wide-field NIKON microscope.

RNA sequencing

Total RNA was extracted from HCT116 cells, with or without the protein of interest following the experiment described in Figure 1A, 

using Monarch Total RNA Miniprep Kit (New England Biolabs), according to manufacturer’s instructions. RNA samples were sent to 

Macrogen Europe B.V (The Netherlands). Macrogen Europe BV constructed libraries using Illumina TruSeq stranded mRNA library 

preparation with Ribozero rRNA depletion. Sequencing was performed with a Novaseq 6000 platform, at 100 M paired-end reads per 

sample.

The trimmed reads were aligned to the human reference genome GRCh38, using HISAT2 (v2.2.1) under standard conditions.
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The resulting alignments were filtered for high quality hits using SAMtools v0.1.1287 with a minimum selection threshold score of 30. 

FeatureCounts function (from Subread package v2.0.2) was used to count gene level reads, and Deseq2 was used to identify differ

entially expressed genes between samples and calculate the Pearson correlation.

The differential expression was expressed in the form of log2 fold change between sample and control and deemed statistically 

significant by a lower p-value of 0.05.

Functional enrichment was analysed using STRING (string-db.org), while Venn diagrams were performed in the free software 

FunRich. Volcano plots were performed using the ggplot package (v3.4.2) in R Studio.

ATAC sequencing

Synchronised HCT116:RIPPOs-AID cells, with or without IAA were used following the experiment described in Figure 1A. For each 

cell line, two replicates containing 100,000 cells per condition were submitted to Active Motif for ATAC-sequencing.

Alignment of the ATAC-seq data was performed against the human reference genome GRCh38. Peaks calling was made using 

MACS 2.1.0 with 1e-7 as cut-off of p-value, without control file and with the -nomodel parameter. Peaks were filtered using the 

ENCODE blacklisted regions. FRIP (fraction of reads in peaks) value for each sample is higher than 25%.

Bioconductor (v3.16) packages DiffBind and DESeq2 were used to identified differentially accessible regions between samples.

ChIP-seq datasets for H3K9ac and H3K27ac were downloaded from the public database ENCODE (ENCFF105NDA and 

ENCFF853VVI, respectively). Overlaps between the differentially accessible region identified in our ATAC-seq dataset and 

H3K9ac or H3K27ac ChIP-seq datasets were identified with bedtools 2.31.0. Statistical significance of these overlaps was given 

by Fisher’s test (fisher function with bedtools).

Hg38 Repeat file was downloaded from UCSC Genome browser (https://genome.ucsc.edu) and overlaps between the differen

tially accessible region identified in our ATAC-seq dataset and the repeat dataset was made using bedtools 2.31.0. Statistical sig

nificance of these overlaps was given by Fisher’s test (fisher function with bedtools).

Pearson correlation

Correlation plots were constructed on Pearson correlation values between replicates using corrplot (v.095) in R environment.

Mass spectrometry

Protein samples were processed at the same time and using the same digestion protocol without any deviations. They were sub

jected for MS analysis under the same conditions. Protein and peptide lists generated using the same software and the same param

eters. Specifically, 30 μg of total protein from each sample were digested using the Filter Aided Sample Preparation (FASP) protocol 

as described by (Wisniewski et al., 200996) with minor modifications. In brief, each protein sample was added on the top of a 30 kDa 

MWCO filter units (Vivacon, UK) along with 150 μl of denaturation buffer (8M Urea in 50mM ammonium bicarbonate (ABC) (Sigma 

Aldrich) and spun at 14,000 x g for 20 min, while another wash with 200 μl of denaturation buffer was performed under the same con

ditions. The protein samples were then reduced by the addition of 100 μl of 10 mM dithiothreitol (Sigma Aldrich, UK) in denaturation 

buffer for 30 min at ambient temperature, and alkylated by adding 100 μl of 55 mM iodoacetamide (Sigma Aldrich, UK) in denaturation 

buffer for 20 min at ambient temperature in the dark. Two washes with 100 μl of denaturation buffer and two with digestion buffer 

(50mM ABC) were performed under the same conditions described above before the addition of trypsin (Pierce, UK). The protease:

protein ratio was 1:50 and proteins were digested overnight at 37◦C. Following digestion, samples were spun at 14,000 x g for 20 min 

and the flow-through containing digested peptides was collected. Filters were then washed one more time with 100 μl of ABC and the 

flow-through was collected again. The eluates from the filter units were acidified using 20 μl of 10% Trifluoroacetic Acid (TFA) (Sigma 

Aldrich, UK), and 2% of the eluate was spun onto StageTips as described by (Rappsilber et al., 200797). The rest 98% of the eluate 

was subjected to phospho-enrichment using Ti-IMAC MagResyn® beads (ReSyn Biosciences), following the beads’ protocol 

without deviations. Following enrichment, peptides were concentrated and cleaned using the same StageTip protocol as above.

In both cases, peptides were eluted in 40 μL of 80% acetonitrile in 0.1% TFA and concentrated down to 1 μL by vacuum centri

fugation (Concentrator 5301, Eppendorf, UK). The peptide sample was then prepared for LC-MS/MS analysis by diluting it to 5 μL by 

0.1% TFA.

LC-MS analyses were performed on an Orbitrap Exploris™ 480 Mass Spectrometer (Thermo Fisher Scientific, UK) coupled on-line, 

to an Ultimate 3000 HPLC (Dionex, Thermo Fisher Scientific, UK). Peptides were separated on a 50 cm (2 μm particle size) EASY- 

Spray column (Thermo Scientific, UK), which was assembled on an EASY-Spray source (Thermo Scientific, UK) and operated 

constantly at 50oC. Mobile phase A consisted of 0.1% formic acid in LC-MS grade water and mobile phase B consisted of 80% 

acetonitrile and 0.1% formic acid. Peptides were loaded onto the column at a flow rate of 0.3 μL min-1 and eluted at a flow rate 

of 0.25 μL min-1 according to the following gradient: 2 to 40% mobile phase B in 120 min and then to 95% in 11 min. Mobile phase 

B was retained at 95% for 5 min and returned back to 2% a minute after until the end of the run (160 min).

Survey scans were recorded at 120,000 resolution (scan range 350-1500 m/z) with an ion target of 3.0e6, and injection time of 50ms 

and RF lens of 40%. MS2 was performed in the orbitrap in Data Dependent Acquisition (DDA) mode at 15,000 resolution with isolation 

window of 1.4, maximum injection time of 50ms and AGC target of 8.0E5 ions. We used HCD fragmentation (Olsen et al., 200798) with 

stepped collision energy of 30. Data for both survey and MS/MS scans were acquired in profile mode.

The MaxQuant software platform90 version 1.6.1.0 was used to process the raw files from the SILAC labelled samples and the 

search was conducted against the complete/reference proteome set of Homo sapiens (Uniprot database - released in 2019), using 
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the Andromeda search engine.91 For the first search, peptide tolerance was set to 20 ppm while for the main search peptide tolerance 

was set to 4.5 pm. Isotope mass tolerance was 2 ppm and maximum charge to 7. Digestion mode was set to specific with trypsin 

allowing maximum of two missed cleavages. Carbamidomethylation of cysteine was set as fixed modification. Oxidation of methi

onine and phosphorylation of serine, threonine and tyrosine were set as variable modifications. To account for the SILAC labels, mul

tiplicity was set to 2, with lysine +8 and arginine +10 selected. FDR was set to 1%.

Chromatin immunoprecipitation (ChIP)

HCT116 and HCT116:Repo-Man-AID and HCT116:Ki67-AID cell lines were cultured in 15 cm dishes and treated for 18 h with 2 mM 

thymidine. Cells were harvested as follows: after removing the medium, cells were washed once with phosphate-buffered saline 

(PBS) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM CLAP protease inhibitor and fixed using 1% formaldehyde 

in PBS containing 1 mM PMSF and 1 mM CLAP for 7 minutes at room temperature (RT). Fixation was quenched with 0.125 M glycine 

in PBS for 5 minutes on ice. Cells were scraped, pelleted by centrifugation at 1,000×g for 5 minutes, washed twice with 5 mL ice-cold 

PBS containing 1 mM PMSF and 1 mM CLAP, snap-frozen in liquid nitrogen, and stored at − 80◦C.

Pelleted cells were resuspended in 2 mL ChIP Buffer I (50 mM HEPES pH 7.6, 140 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 

8.0, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1 mM PMSF, and 1 mM CLAP) and incubated on a rotator at 4◦C for 15 minutes. 

Cells were pelleted by centrifugation at 1,000×g for 5 minutes, resuspended in ChIP Buffer II (20 mM Tris-HCl pH 8.0, 200 mM NaCl, 

1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 1 mM PMSF, and 1 mM CLAP), and incubated on a rotator at 4◦C for 10 minutes. Following 

another centrifugation step (1,000×g, 5 minutes), the pellet was resuspended in ChIP Buffer III (20 mM Tris pH 8.0, 100 mM NaCl, 

1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.5% Sarkosyl, 0.1% sodium deoxycholate (NaDOC), 1 mM PMSF, and 1 mM CLAP). 

Cells were sonicated using a Bioruptor (50 cycles of 30 seconds ON/30 seconds OFF). Triton X-100 was added to the lysate to 

achieve a final concentration of 1%. Lysates were clarified by centrifugation at 16,000×g for 10 minutes, and the supernatant 

was transferred to fresh tubes and stored at − 80◦C. A 100 μL aliquot was reserved from each sample for input controls.

For immunoprecipitation, lysates were incubated overnight with 25 μg anti-GFP antibody, followed by a 4-hour incubation with 

150 μL protein G magnetic Dynabeads (Invitrogen) per immunoprecipitation (IP). Beads were sequentially washed with 1 mL of 

the following buffers for 5 minutes at 4◦C with rotation: Low-Salt Wash Buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM 

EDTA pH 8.0, 0.1% SDS, and 1% Triton X-100), High-Salt Wash Buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 2 mM EDTA pH 

8.0, 0.1% SDS, and 1% Triton X-100), and LiCl Buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 1% IGEPAL, 1% NaDOC, and 1 mM 

EDTA pH 8.0). Beads were washed twice with TE buffer and resuspended in 200 μL TE buffer.

To remove RNA, RNase A was added to a final concentration of 0.33 mg/mL, and samples were incubated at 37◦C for 1 hour. Pro

teinase K was added to a final concentration of 0.5 mg/mL, followed by incubation at 56◦C for 2 hours and overnight decrosslinking at 

56◦C. DNA was separated from the magnetic beads, purified using AMPure XP beads (according to the manufacturer’s protocol), and 

quantified using a Qubit fluorometer.

ChIP sequencing was conducted from Novogene using NEBNext® Ultra™ IIDNA Library Prep Kit (Cat No. E7645), and sequencing 

platform Illumina NovaSeq X Plus Series.

ChIP-seq analysis

Sequences were aligned to human genome Hg38 with bowtie2 (Langmead and Salzberg, 2012) with default parameters. High quality 

primary alignments were selected with samtools view with the parameters -F 260 and -q 20, and duplicates marked with samtools 

markdup (Danecek et al., 202199). Bigwig profiles were generated at 500 bp resolution with Deeptools bamCoverage for each indi

vidual sample and bigwigCompare for IP vs input profiles, using the RPGC (reads per genomic content) and SES (signal extraction 

scaling) normalisation methods respectively.92

Domains were determined using Recognicer with parameters -w 500 -fdr 10e-6–step_size 20 –step_score 12.94

Co-occupancy analysis

The human genome was divided into 5 kb bins with bedtools window. Each bin was intersected with the peak sets from Repo-man, 

Ki-67 and PNUTS using bedtools closest,93 The number of bins that intersect each combination of proteins were then counted.

Analysis of publicly available datasets

DamID datasets were retrieved from GEO (GSE186206 for Ki-67; GSE54170 for Repo-Man and PNUTS). Bed files with genomic co

ordinates were filtered for UCSC annotated promoter regions using GenomicRanges (v.1.60.0) and annotated (v.1.34.0) in R environ

ment. Annotated promoter regions as GRanges were intersected for overlaps by Venn diagrams (VennDiagram v.1.7.3).

QUANTIFICATION AND STATISTICAL ANALYSES

FISH analyses

For the signal area analyses, 3D stack images were exported and analysed with ImageJ. Scale was set to 1 μm, ROIs of the signals 

were created using threshold function and wand tracing tool, the area in μm was used to generate the violin plots.
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CENP-B

Quantification of the kinetochore/centromere staining. CENP-B, 3D stack images of control and Ki-67-degraded cells; were exported 

and analysed with the Foci quantification plug-in using Fiji (1_color_auto.ijm) (Ledesma-Fernandez and Thorpe, 2015). Background 

was subtracted, and the mean intensity was used to generate the violin plots.

PLA

Spots laying within nuclear masks were counted in control and Ki-67-degraded cells; the numbers of foci were used to generate the 

violin plots.

Nuclear area

For the signal area analyses, 3D stack images were exported and analysed with ImageJ. Scale was set to 1 μm, ROIs of the nuclear 

area were created, the area in μm was used to generate the violin plots.

RNA Polymerase II (POL II)

For each HCT116 cell line (Ki-67 or Repo-Man or PNUTS), images were acquired for three biological replicates using a wide-field 

microscope (NIKON Ti-E super research Live Cell imaging system) with 40x, 1.45 (NA) Plan Apochromat lens. Analysis was then con

ducted in NIS Elements AR analysis software (NIKON). Using nuclei as a mask, fluorescent intensities of RNA POL II and phospho-S5- 

RNA POL II were measured. Background of each channel from each image w subtracted and the ratio of fluorescence intensity of 

phospho-S5-RNA POL II/total RNA POL II was used to generate the violin plots

Statistical analyses

Statistical analyses were performed either in Excel (chi-squared test) or in R (using the Wilcoxon rank test function, differential 

expression, lowest smoothing).
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Figure S1- HCT116:RepoMan-mAID and HCT116:PNUTS-mAID cell line generation and validation. 

Ki-67, Repo-Man and PNUTS localise on different chromatin regions 

Related to Figure 1  

A, B, E, F) Schematic representation of CRISPR constructs designed to target both alleles of Repo-Man (A) 

and PNUTS (E), and PCR genotyping of the endogenously tagged AID cell lines, HCT116:RepoMan-mAID (B) 

and HCT116:PNUTS-mAID (F). Several primer pairs (as denoted in A and E), targeting regions inside and 

outside of homology arms, were used for validation. M=1kb ladder.

C, D, G, H,I) Schematic representation of Repo-Man (C) and PNUTS (G and H) wild-type and predicted new 

proteins with domains of interest. Western blots of whole cell lysate of HCT116:RepoMan-mAID (D) and 

HCT116:PNUTS-mAID (I) cell lines treated with IAA during nocodazole-mediated mitotic synchronisation and 

release into G1 in the presence of thymidine. The blots were probed with anti-Repo-Man (D, top panels), anti-

PNUTS (H, top panels) and anti-alpha tubulin (D and I, bottom panels) antibodies.

K) Representative images of Ki-67 immunostaining using anti-Ki-67 antibody on HCT116:Repo-Man-AID cells 

in mitosis. Scale bar 5 μm

L) Representative images of Ki-67 immunostaining using anti-Ki-67 antibody on HCT116:PNUTS-AID cells in 

mitosis. Scale bar 5μm. 

M) Representative images by Deep SIM microscopy of Ki-67 immunostaining using anti-Ki-67 antibody on 

HCT116:Repo-Man-AID cells in mitosis (top) and interphase. Scale bar 10 μm.

N) Venn diagram showing the overlap of promoter regions occupied by Ki-67, Repo-Man, and PNUTS by 

DamID datasets GSE186206 (Ki-67) GSE54170 (Repo-Man and PNUTS).
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Figure S2- Ki-67, Repo-Man and PNUTS ChIP sequencing analyses. Related to Figure 1 

A) ChIP-seq profiles of Ki-67, Repo-Man, PNUTS, and GFP across chromosome 1 in HCT116:Ki-67-AID, 

HCT116:Repo-Man-AID, HeLa (PNUTS GSM8413578), and HCT116 cells, compared with ChIP-seq profiles of 

H3K9me3 (GSE86667) and LMNB1 (GSM5640483). Data represent the average of n=3 biological replicates. 

B, C) ChIP-seq profiles of Ki-67, Repo-Man, and PNUTS across chromosomes 18 (B) and 19 (C) in 

HCT116:Ki-67-AID, HCT116:Repo-Man-AID, HeLa (PNUTS GSM8413578), and HCT116 cells, compared with 

ChIP-seq profiles of H3K9me3 (GSE86667) and LMNB1 (GSM5640483). Data represent the average of n=3  

biological replicates.  

D) ChIP-seq profiles of Ki-67, Repo-Man, and PNUTS across chromosome 14 in HCT116:Ki-67-AID, 

HCT116:Repo-Man-AID, HeLa (PNUTS GSM8413578), and HCT116 cells, compared with ChIP-seq profiles of 

H3K9me3 (GSE86667) and LMNB1 (GSM5640483). Data represent the average of n=3 biological replicates. 

E) Genome-wide ChIP-seq bin counts for Ki-67, Repo-Man, and PNUTS, showing the percentage of the 

genome covered by each protein.

F) Overlap analysis of ChIP-seq bin counts, showing intersections among Ki-67, Repo-Man, and PNUTS.

G) Genome-wide distribution of ChIP-seq bin counts where Repo-Man is present, expressed as percentage of 

all Repo-Man–associated regions, categorized as Repo-Man only, Repo-Man with both Ki-67 and PNUTS, 

Repo-Man with Ki-67 but not PNUTS, and Repo-Man with PNUTS but not Ki-67.

H) ChIP-seq and in vitro binding sequencing data for Repo-Man (GSE84035) are shown across the 

chromosomes.
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Figure S3- Mitotic Exit without PNUTS does do not affect chromatin condensation but alters Rb 

phosphorylation and Cyclin D1 levels in G1. Related to Figure 1, 2 and 4

A) Representative images of LaminA/C and alpha Tubulin immunostaining using anti-LaminA/C and anti-alpha 

Tubulin antibody on HCT116:PNUTS-AID cells in mitosis  without or with IAA. 

B) Representative images of RB and pRB 807-811 immunostaining using anti-RB and anti-pRB 807-811 

antibodies on HCT116:PNUTS-AID cell line treated as in Figure 1A, fixed and subjected for immunostaining, 

DAPI was used as a nuclear counterstain. Scale bar: 10 µm. 

C) Quantification of cells positive for pRB 807-811 (as in Figure 4F). The graphs represent the percentage of 

positive for pRB 807-811. The values are the average of n=3 biological replicas and the error bars represent 

the standard deviations. Samples size: Control=2182, IAA=1759. The experiments were analysed by Student’s 

t-test. ***= p< 0.001 and. 

D) Western blot of WCL of HCT116:PNUTS-AID treated as in Figure 1A. The blots were probed for anti-PNUTs, 

anti-Cyclin D1 and anti-αTubulin antibodies. M: protein ladder  

E) Quantification of the blot in (H). The values represent the average of n=3 independent replicas and the error 

bars are the SEM. The experiments were analysed by a Student’s t-test.  ***= p<0.001.

F) Scheme of the experiment in G

G) Quantification of the ratio of pRB (left; 807-811, right; 373) and total RB fluorescence intensity of 

HCT116:PNUTS-AID cell line treated  cell line blocked with thymidine for 18 h and then treated with or without 

IAA for 4 h. The box inside the violin represents the 75th and 25th percentile, whiskers the upper and lower 

adjacent values and the line is the median. The data presented in the violin plots were statistically analysed 

with a Wilcoxon test. Samples size: pRB-Ser807-811; Control=212, IAA=144, pRB-Thr373; Control=253, 

IAA=103. **=p<0.01, ***=p<0.001. 

H) HCT116:PNUTS-AID cells were treated as indicated in (F) and fixed. Representative images of the 

immunostaining using pRB (left; Ser807-811, right; 373) and total RB. Scale bar 10 μm.
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Figure S4- Mitotic Exit without Ki-67 or Repo-Man or PNUTS leads to transcriptional changes in G1. 

Related to Figure 1 and 3

A) Heatmap of the distance matrix from the 3 control and IAA treated cell lines used in the RNA-seq analysis.

B) Pearson correlation from the 3 control cells lines used in the RNA-seq analysis 

C) Pearson correlation from the 3 control cells lines used in the ATAC-seq analysis 

D) Pearson correlation from the 3 IAA treated cells lines used in the ATAC-seq analysis

E, F, G,H) FunRich transcription factors enrichment analysis of the downregulated genes common between 

Ki-67, Repo-Man and PNUTS (E), Repo-Man and Ki-67 (F), Repo-Man and PNUTS (G) or unique to Repo-Man 

(H). Downregulated genes from RNA-seq experiments of the HCT116:Ki-67-AID, HCT116:RepoMan-mAID and 

HCT116:PNUTS-mAID cell lines in Figure 1 E,F and G with and without IAA.

I,J,K,L) FunRich transcription factors enrichment analysis of the upregulated genes common between Ki-67, 

Repo-Man and PNUTS (I), Repo-Man and Ki-67 (J), unique to PNUTS (K) or unique to Repo-Man (L). 

Upregulated genes were obtained by RNA-seq of the HCT116:Ki-67-AID, HCT116:RepoMan-mAID and 

HCT116:PNUTS-mAID  cell lines in Figure 1 E,F and G.

M, N) FunRich biological pathways enrichment analysis of the downregulated common (M) and upregulated 

common (N) genes between HCT116:Ki-67-AID and HCT116:RepoMan-mAID cell lines, obtained by RNA-seq 

in Figure 1 E and F.

O) Reactome gene enrichment analyses of genes obtained from the RNA-seq of HCT116:Ki-67-AID, 

HCT116:RepoMan-mAID and HCT116:PNUTS-mAID  cell lines in Figure 1 E,F and G. G0 and Early G1 gene 

enrichment (left), Cyclin D associated in G1 and Defective binding of RB1 mutans (top right) and RNA 

polymerase III transcription termination (bottom right).



Figure S5 
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Figure S5- Mitotic Exit without Ki-67 or Repo-Man or PNUTS leads to activation of the Interferon response 

pathway. Related to Figure 2 

A) Common interferon genes between HCT116:Ki-67-AID, HCT116:RepoMan-AID and HCT116:PNUTS-AID cell 

lines obtained by RNA-seq in Figure 1 E, F and G. 

B) String pathway enrichment analyses of the common interferon genes between HCT116:Ki-67-AID and 

HCT116:RepoMan-AID cell lines obtained by RNA-seq in Figure 1 E and F.

C) Expression levels of enrichment of IFN gamma genes obtained from the RNA seq experiments described in 

Figure 1 E,F and G. The values represent the average of the n=3 independent replicas and the error bars are the 

standard deviations. The experiments were analysed by a Student’s t-test. *= p<0.05

D,E,F) HCT116:Ki-67-AID, HCT116:RepoMan-AID and HCT116:PNUTS-AID cell lines were treated as indicated in 

Figure 1A, fixed and subjected to FISH. Representative images of the FISH normal (left) and abnormal (right) 

signals obtained with the pUC 177 (red signals, Chr 1) and pTRA-20 (green signals, Chr 15) probes. Scale bar 5 

μm. 

E and F) Analysis of the foci patterns (0, 1, 2, 3 and 4 signals) of the experiment in (D) for Chromosome 1 (E) and 

Chromosome 15 (F). Sample size: CHR1: HCT116:Ki-67-AID: Control=528, IAA=535, HCT116:RepoMan-AID: 

Control=545, IAA=515  and HCT116:PNUTS-AID: Control=513, IAA=527, and CHR15: HCT116:Ki-67-AID: 

Control=554, IAA=582, HCT116:RepoMan-AID: Control=563, IAA=525  and HCT116:PNUTS-AID: Control=555, 

IAA=538. The data were statistically analysed with a Chi-squared test. ***= p<0.001, ns= not significant. 

G) Representative images of the comet assay of the HCT116:Ki-67-AID, HCT116:RepoMan-AID and 

HCT116:PNUTS-AID cell lines treated as indicated in Figure 1A.

H, I and J) Quantification of the comet length of HCT116:Ki-67-AID (H), HCT116:RepoMan-AID (I) and 

HCT116:PNUTS-AID (J) cells lines. The box plots with jittered data represent the distribution of the comet tail 

length in μm. The box inside represents the 75th and 25th percentile, whiskers are the upper and lower adjacent 

values and the line is the median. A Wilcoxon test was conducted to compare the experiments. Sample size: 

HCT116:Ki-67-AID: Control=251, IAA=251, HCT116:RepoMan-AID: Control=225, IAA=273  and HCT116:PNUTS-

AID: Control=263, IAA=275. *** = p<0.001

K) FunRich biological pathways enrichment analysis of the upregulated Ki-67 unique genes obtained by RNA-seq 

of the HCT116:Ki-67-AID cell line in the Figure 1 E .

L) FunRich transcription factors enrichment analysis of the upregulated Ki-67 unique genes obtained by RNA-seq 

of the HCT116:Ki-67-AID cell line in the Figure 1 E.

M) Hyperphosphorylated site (in red) of DNA damage response proteins upon PNUTS degradation in G1.



Figure S6- Differential phospho-proteomic analyses experimental design and differential phosphorylated 

proteins in Mitosis Exit upon Ki-67 or Repo-Man degradation. Related to Figure 5 

A) Scheme of the SILAC-based phospho-proteomic experiment in Mitosis. Samples collected for 

phosphoproteomic analyses from HCT116:Ki-67-AID, HCT116:RepoMan-AID and HCT116:PNUTS-AID cell lines 

treated with or without IAA for 4 h after 18 h incubation with nocodazole. Control samples were collected from cell 

lines cultured with light-labelled amino acids, whilst IAA samples were collected from cell lines cultured with 

heavy-labelled amino acids. 

B) Scheme of the SILAC-based phospho-proteomic experiment in G1. Samples collected for phosphoproteomic 

analyses from HCT116:Ki-67-AID, HCT116:RepoMan-AID and HCT116:PNUTS-AID following the experiment 

indicated in Figure 1A. Control samples were collected from HCT116:Ki-67-AID and HCT116:PNUTS-AID cell 

lines cultured with heavy-labelled amino acids, whilst IAA samples were collected from HCT116:Ki-67-AID and 

HCT116:PNUTS-AID cell lines cultured with light-labelled amino acids. Control samples were collected from 

HCT116:RepoMan-AID cell line cultured with light-labelled amino acids, whilst IAA samples were collected from 

HCT116:RepoMan-AID cell line cultured with heavy-labelled amino acids.
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Figure S7 
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Figure S7- Ki-67 degradation in Mitosis affects centromeric protein localisation, alters H4K20me1 histone 

modification and causes chromosome segregation errors. Related to Figure 6

A, and B) HCT116:RepoMan-AID (A) and HCT116:PNUTS-AID (B) cell lines treated as in Figure 1 A fixed and 

subjected to FISH using pUC 177 probe. Quantification of the area occupied by the FISH signals. Sample size: 

HCT116:RepoMan-AID: Control=267, IAA=276, HCT116:PNUTS-AID: Control=346, IAA=405.The box inside the 

violin represents the 75th and 25th percentile, whiskers indicate the upper and lower adjacent values and the line is 

the median. The data presented in the violin plots were statistically analysed with a Wilcoxon test. ns= not 

significant. 

C and D) HCT116:RepoMan-AID (A) and HCT116:PNUTS-AID (B) cell lines treated as in Figure 1 A fixed and 

subjected to FISH using pTRA-20 probe. Quantification of the area occupied by the FISH signals. Sample size: 

HCT116:RepoMan-AID: Control=317, IAA=262, HCT116:PNUTS-AID: Control=204, IAA=313.The box inside the 

violin represents the 75th and 25th percentile, whiskers indicate the upper and lower adjacent values and the line is 

the median. The data presented in the violin plots were statistically analysed with a Wilcoxon test. ns= not 

significant.

E) Expression levels of CENPB obtained from the RNA seq experiments described in Figure 1 E. The values 

represent the average of the n=3 independent replicas and the error bars are the standard deviations. The 

experiments were analysed by a Student’s t-test. *= p<0.05

F) Representative images of CENP-C immunostaining using anti-CENP-C antibody on HCT116:Ki-67-AID  treated 

with or without IAA for 4 h after 18 h incubation with nocodazole (right) and quantification of CENP-C intensity (left). 

Scale bar 5 μm. Sample size: Control=36, IAA=42. The box inside the violin represents the 75th and 25th 

percentile, whiskers the upper and lower adjacent values and the line is the median. The data presented in the 

violin plots were statistically analysed with a Wilcoxon test. ***=p<0.001

G) Expression levels of CENPC obtained from the RNA seq experiments described in Figure 1 E. The values 

represent the average of the n=3 independent replicas and the error bars are the standard deviations. The 

experiments were analysed by a Student’s t-test. **= p<0.01

H) Representative images of CENP-C immunostaining using anti-CENP-C antibody on HCT116:Ki-67-AID  were 

treated as in Figure 1 A (right) and quantification of CENP-C intensity (left). Scale bar 5 μm. Sample size: 

Control=72, IAA=97. The box inside the violin represents the 75th and 25th percentile, whiskers the upper and 

lower adjacent values and the line is the median. The data presented in the violin plots were statistically analysed 

with a Wilcoxon test. ***=p<0.001

I, J) Representative images of CENP-C immunostaining using anti-CENP-C antibody on HCT116:Ki-67-AID  treated 

with or without IAA for 4 h after 18 h incubation with nocodazole  and transfected for 24 h with CENP-B-mCherry (I) 

and quantification of CENP-C intensity (J). Sample size: Control=9, IAA=5 Scale bar 5 μm.

K) Western blot of HCT116:Ki-67-AID arrested in mitosis with Nococdazole for 18h and then treated (+) or not (-) 

with IAA for 3 h.  The blots were probes with Ki-67, H4K20me1, H3K9me3 and tubulin.

L) Representative images of α-TUBULIN immunostaining using anti- α-TUBULIN antibody on HCT116:Ki-67-AID 

synchronised as indicated in Figure 1 A and treated without (left) or with IAA (IAA).



Table S1: List of oligonucleotides used in the study. Related to Figure 1 and S1 

Primer name Target and purpose Sequence (5’->3’)

RM1_forward Repo-Man – genomic 
DNA sequence validation 

AGACGTTCCATGTGTTATTCTGATG

RM1_reverse Repo-Man – genomic 
DNA sequence validation 

CATATCTTACCCGCTTTAAGTCTTC

RM_Cas9_BeforeSC_F Repo-Man – gRNA, pair 1 CACCGTTGGAAAGGATTGAACATAA

RM_Cas9_BeforeSC_R Repo-Man – gRNA, pair 1 AAACTTATGTTCAATCCTTTCCAAC

RM_Cas9_AfterSC_F Repo-Man – gRNA, pair 2 CACCGCCTCTTGCCACAGACTCTGC

RM_Cas9_AfterSC_R Repo-Man – gRNA, pair 2 AAACGCAGAGTCTGTGGCAAGAGGC

RM_Cas9_AfterSC_A_F Repo-Man – gRNA, pair 3 CACCGCCTCTTGCTACAGACTCTGC

RM_Cas9_AfterSC_A_R Repo-Man – gRNA, pair 3 AAACGCAGAGTCTGTAGCAAGAGGC

Repo-man_forward Repo-Man – CRISPR
validation, genomic DNA 

GCATCAGATAGTCCCAAACC

Repo-man_reverse Repo-Man – CRISPR 
validation, genomic DNA 

TCCCCCCAACACACAACAAA

PNUTS_LastExon_
1200_forward_2 

PNUTS – genomic DNA 
sequence validation 

AAGTGGTGGACATCGTCCCCATGAAG

PNUTS_LastExon_
1200_reverse_3 

PNUTS – genomic DNA 
sequence validation 

ATAGTTGGCAAAGGCAGACCAGCAC

PN-Cas9-P1-fw PNUTS – gRNA, pair 1 CACCGATTGACACCCGGGTGGTAGA

PN-Cas9-P1-rev PNUTS – gRNA, pair 1 AAACTCTACCACCCGGGTGTCAATC

PN-Cas9-P2-fw PNUTS – gRNA, pair 2 CACCGTTCTACCACCCGGGTGTCAA

PN-Cas9-P2-rev PNUTS – gRNA, pair 2 AAACTTGACACCCGGGTGGTAGAAC

PN-Cas9-P3-fw PNUTS – gRNA, pair 3 CACCGTCCACAGGGGTTGTGTGAAC

PN-Cas9-P3-rev PNUTS – gRNA, pair 3 AAACGTTCACACAACCCCTGTGGAC

C_mAID_BHA_Fw PNUTS – CRISPR 
validation, genomic DNA 

CTCATGATGTCCCTGGTCAC

C_mAID_AHA_Rev PNUTS – CRISPR 
validation, genomic DNA 

CAGGGTGAAGTACCTGGAAG

C_mAID_Neo_Fw PNUTS – CRISPR 
validation, genomic DNA 

GAGGCTATTCGGCTATGACTG



Gene name Peptide
H/L Ratio 

Normalised

AHS(1)PALGVHS(0.981)FS(0.019)GVQR 0.82918
AHS(1)PALGVHS(0.981)FS(0.019)GVQR 0.82918
LLGS(1)LDEVVLLS(1)PVPELR 0.71105
LLGS(1)LDEVVLLS(1)PVPELR 0.71105
NFDFEGS(0.696)LS(0.304)PVIAPK 0.8313

CDC16 NIIS(1)PPWDFR 0.71366
GGITQPNINDS(0.451)LEIT(0.548)K 0.53297
LDS(0.079)S(0.921)IISEGK 0.76011
LDS(0.452)S(0.549)IIS(0.999)EGK 0.76857

CDC20 EAAGPAPS(1)PMR 0.75043
PSMA8 AIT(0.16)VFS(0.84)PDGHLFQVEY(0.001)AQEAVK 0.72166

GVNTFS(1)PEGR 0.62675

PSMD11 AQS(1)LLSTDR 0.070817
PSMD11 T(0.016)VGT(0.984)PIAS(0.001)VPGSTNTGTVPGSEKDSDSMETEEK 0.65483
PSMC4 PQT(0.008)GLS(0.992)FLGPEPEDLEDLYSR 0.69045
PSMC3 MNLLPNIES(0.956)PVT(0.044)R 0.62102
CDK7 EQS(1)NPALAIK 0.61813

ANAPC1

CDC27

PSMA5

CDK1 GSK3 

CaM-II GSK3 cdc2 

cdc2 PLK1

CDK1 p38MAPK 

DNAPK PKA GSK3 

p38MAPK GSK3 

GSK3 

unsp GSK3 cdc2 

CKI unsp PKC GSK3 

unsp cdk5 GSK3 

unsp CKI GSK3 

unsp CKII CaM-II GSK3 cdc2 

unsp PKA cdc2

cdc2 GSK3 

PKC GSK3 

cdk5 GSK3 

PKA CaM-II GSK3 cdc2 

Kinase

Gene name Peptide H/L Ratio 
Normalised

T(0.079)IS(0.921)PAESTALLQGR 0.64846
S(0.113)EES(0.874)PVY(0.009)S(0.003)NS(0.001)S(0.001)VR 0.69685
LVLPS(0.122)NT(0.878)PNVR 0.71932

NUF2 IVDS(1)PEKLK 0.58371
CDCA8 IYNISGNGS(0.999)PLADS(0.001)K 0.77528
DSN1 SMQQLDPS(1)PAR 0.57195
CDCA3 TSS(0.001)GDPPS(0.999)PLVK 0.71181
ORC2 VVS(0.016)APVGKET(0.858)PS(0.126)K 0.40382
NUP107 SGFGEIS(0.5)S(0.5)PVIR 0.77594

TDNSS(0.001)LS(0.74)S(0.259)PLNPK 0.70642
RQS(1)LELQK 0.74265

CENPF LQLQGLDLS(0.5)S(0.5)R 0.62886
CENPF LALS(0.967)PLS(0.033)LGK 1.4662
TOP1 SGDHLHNDS(1)QIEADFR 0.66346
CDK1 LES(0.998)EEEGVPS(0.001)T(0.001)AIR 0.66094

IGEGT(0.997)Y(0.003)GVVYK 1.6452

CENPC

BAZ1B

CDK1;CDK2;
CDK3

GSK3 cdc2 CKII
GSK3 CaM-II CKII
cdk5 unsp GSK3
unsp GSK3 cdk5 p38MAPK
unsp GSK3 cdk5 cdc2
p38MAPK GSK3 cdc2 cdk5
unsp cdk5 p38MAPK GSK3
cdc2 cdk5 p38MAPK GSK3
unsp PKC CKI
unsp PKA RSK DNAPK
cdc2 GSK3 CaM-II
p38MAPK cdk5 GSK3
CKII DNAPK ATM cdc2

unsp CKII RSK
unsp GSK3 CKI CaM-II

Kinase

C_mAID_Neo_Rev PNUTS – CRISPR 
validation, genomic DNA 

GCCAAGCTCTTCAGCAATATCAC

C_mAID_Hyg_Fw PNUTS – CRISPR 
validation, genomic DNA 

GTCTCCGACCTGATGCAG

C_mAID_Hyg_Rev PNUTS – CRISPR 
validation, genomic DNA 

GTACTTCTACACAGCCATCGG

Neomycin_Forward CRISPR validation, 
genomic DNA 

CGTTGGCTACCCGTGATATT

Neomycin_Reverse CRISPR validation, 
genomic DNA 

GCCCAGTCATAGCCGAATAG

Hygromycin_Forward CRISPR validation, 
genomic DNA 

GCTGTGTAGAAGTACTCGCC

Hygromycin_Reverse CRISPR validation, 
genomic DNA 

AGACGCTGTCGAACTTTTCG

Table S2: Proteins and the differentially phosphorylated residues. Related to Figure 6. In red 
are highlighted the residues differentially phosphorylated and the phosphorylation probability. NetPhos-3.1 
was used for the prediction of the kinases regulating these phosphorylations.  

Table S3:Proteins and the differentially phosphorylated residues. Related to Figure 7. In red 
are highlighted the residues differentially phosphorylated and the phosphorylation probability. NetPhos-3.1  
was used for the prediction of the kinases regulating these phosphorylations. 
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