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Interfering with TOP1-RNAPII interaction

affects the transcriptional program of the
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SUMMARY
As cells enter mitosis, chromatin compacts to facilitate chromosome segregation yet remains transcribed.
Transcription supercoils DNA to levels that can impede further progression of RNA polymerase II (RNAPII)
unless it is removed by DNA topoisomerase 1 (TOP1). Using ChIP-seq on mitotic cells, we found that
TOP1 is required for RNAPII translocation along genes. The stimulation of TOP1 activity by RNAPII during
elongation allowed RNAPII clearance from genes in prometaphase and enabled chromosomal segregation.
Disruption of the TOP1-RNAPII interaction impaired RNAPII spiking at promoters and triggered defects in the
post-mitotic transcription program. This program includes factors necessary for cell growth, and cells with
impaired TOP1-RNAPII interaction are more sensitive to inhibitors of mTOR signaling. We conclude that
TOP1 is necessary for assisting transcription during mitosis with consequences for growth and gene expres-
sion long after mitosis is completed. In this sense, TOP1 ensures that cellular memory is preserved in subse-
quent generations.
INTRODUCTION

Mitosis is accompanied by dramatic changes in chromatin struc-

ture and interruption of interphase nuclear transactions. In meta-

zoans, the nucleus is disassembled and the transcriptional ma-

chinery dissociates from chromatin at the onset of metaphase

(Gottesfeld and Forbes, 1997; Naumova et al., 2013). Although

the genome was thought to be silent during mitosis, recent evi-

dence shows that transcription is retained at low levels (Palozola

et al., 2017). Transcription patterns are then re-established at the

mitosis-G1 transition through transcriptional spiking, where RNA

polymerase II (RNAPII) is recruited to promoters, leading to a

burst in transcription exceeding steady-state interphase levels

(Hsiung et al., 2016).

Transcription initiation and elongation are major checkpoints

for the regulation of gene expression. Initiation requires assem-
Molecular Cell 81, 5007–5024, Decem
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bly of a preinitiation complex (PIC) composed of general tran-

scription factors and RNAPII bound at the core promoter

(Orphanides et al., 1996). Upon promoter melting, the RNAPII

initiates RNA synthesis before pausing after �100 nt (Adelman

and Lis, 2012). Pausing and pause-release involve the interplay

of many proteins within chromatin (Gilchrist et al., 2010; Ma

et al., 2013). The chromatin reader bromodomain-containing

protein 4 (BRD4) facilitates pause-release via two independent

pathways: by recruiting the positive transcription elongation

factor beta (P-TEFb) complex on RNAPII (Jang et al., 2005)

and by enhancing the activity of topoisomerase 1 (TOP1) via

phosphorylation of RNAPII carboxyl-terminal domain (Bara-

nello et al., 2016; Devaiah et al., 2012). TOP1 catalyzes changes

in the linkage between DNA strands by transiently breaking one

strand, swiveling around the unbroken strand, and resealing the

nick (Pommier, 2006). According to the ‘‘twin domain model’’
ber 16, 2021 ª 2021 The Authors. Published by Elsevier Inc. 5007
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(Wu et al., 1988), as DNA is screwed through the active site of

the RNAPII, positive supercoils are driven ahead, and negative

supercoils trail RNAPII. Positive and negative supercoils can

halt elongation (Gartenberg and Wang, 1992; Ma et al., 2013),

whereas negative supercoils support DNA melting and favor

initiation (Dunaway and Ostrander, 1993; Parvin and Sharp,

1993). Early studies show the importance of TOP1 in PIC as-

sembly (Merino et al., 1993; Shykind et al., 1997) and the

need for TOP1 relaxation during transcription (Brill et al.,

1987). As elongation commences, a positive feedback loop is

established between RNAPII and TOP1 through their physical

interaction. Phosphorylated RNAPII directly stimulates TOP1

activity to remove torsional stress that would otherwise inter-

fere with elongation (Baranello et al., 2016).

Although TOP1 function in transcription is well known in inter-

phase chromatin, its role in regulating transcription duringmitosis

remains largely unexplored. Yet it might be even more critical

given the high degree of chromatin condensation in mitotic chro-

mosomes (Dyson et al., 2020; Kimura and Hirano, 1997; Kimura

et al., 1999; Naumova et al., 2013). As metaphase chromosomes

lack RNAPIIs, any pre-existing paused and elongating transcrip-

tion complex must be removed in prophase or prometaphase .

This process is mediated by P-TEFb (Liang et al., 2015). Thus,

as cells enter mitosis, transcriptionally engaged RNAPIIs com-

plete transcription and are cleared off the DNA. Because prome-

taphase chromosomes are highly condensed, the translocating

RNAPII is predicted to encounter opposing torque (supercoiling)

that could impair its progression and clearance from the DNA

(Kouzine et al., 2013; Ma et al., 2013). Whether TOP1 has a role

in regulating this process is unknown.

Here, we monitor chromatin occupancy by RNAPII and TOP1

during mitosis, with temporal and genomic resolution. We show

that RNAPII and TOP1 dissociate from genes as mitosis initiates

and re-associate in themiddle of mitosis (midmitosis) for the first

pioneering round of transcription. This indicates that TOP1 ac-

tion coordinates with RNAPII progression during mitotic tran-

scription. A mutation in TOP1 that blocks its interaction with

RNAPII or acute degradation of TOP1 promotes retention of

RNAPII on transcribed genes during prometaphase and causes

segregation defects and cell cycle delays. These results indicate

that the coordinated action of RNAPII and TOP1 is important to

promote optimal transcription during mitosis, enabling RNAPII to

be fully cleared from genes by the end of prometaphase and re-

loaded at promoters inmidmitosis. This coordination is critical to

maintain cell identity.

RESULTS

The RNAPII and TOP1 cycle during mitotic transcription
Wepredicted that duringmitosis, TOP1 relaxes principally super-

coils generatedby transcription. If true, thenTOP1binding should

parallel RNAPII localization, andhigh levels of TOP1should popu-

late the body of genes actively transcribed in mitosis. To test our

hypothesis, we performed chromatin immunoprecipitation

sequencing (ChIP-seq) for RNAPII, TOP1, and lysine 4 trimethy-

lated histone variant 3 (H3K4me3) at three different mitotic time

points (Figure 1A) (Festuccia et al., 2019) in HCT116 cells, a

colorectal cancer cell line previously used for studies of TOP1
5008 Molecular Cell 81, 5007–5024, December 16, 2021
(Baranello et al., 2016;Miao et al., 2007). To capture cells in prom-

etaphase (from now on called ‘‘early mitosis’’), we performed

shake-off in the presence of nocodazole, followed by fixation,

whereas to capture cells in later stages of mitosis, we washed

out nocodazole, allowing for mitotic progression, and performed

shake-off and fixation immediately after the shake-off (‘‘mid

mitosis’’) or after culturing thecells inmedia for 1h (‘‘latemitosis’’).

Staining for the mitotic marker phosphorylated serine 10 histone

variant 3 (pH3S10) demonstrated that the early and mid mitosis

samples weremore than 90%mitotic, while the latemitosis sam-

ple had begun progression to early G1 (Figure 1B).

We then examined RNAPII chromatin binding at genes. We

detected low levels of RNAPII at transcription start sites (TSSs)

of protein coding genes in early mitosis, indicating efficient clear-

ance of RNAPII, whereas in mid mitosis we noticed a strong

re-accumulation of RNAPII around TSSs (Figures 1C and 1D).

In late mitosis, RNAPII occupancy was decreased at TSSs and

increased in gene bodies, while remaining absent in intergenic

regions (Figure S1A), suggesting that RNAPII had commenced

elongation (Figures 1C and 1D). Indeed, in late mitosis, RNAPII

was enriched in the body of elongating genes, identified on the

basis of the pausing index, the ratio between RNAPII bound at

the TSS and RNAPII bound in the gene body (Figure 1E)

(Schones et al., 2008). To assess promoter accessibility and ac-

tivity, we examined the occupancy of H3K4me3, which was pre-

sent at the TSSs of genes in early mitosis and was further

increased inmidmitosis (Figure 1F), in accordancewith the spike

in RNAPII binding. In late mitosis, we detected a shift in

H3K4me3 occupancy around the TSS relative to the peak in

mid mitosis, indicating the re-appearance of the nucleosome-

depleted region (NDR; Figure 1G), a feature of genes that exhibit

sustained transcriptional reactivation, where the region directly

upstream of the TSS is depleted of nucleosomes (Orphanides

et al., 1996). The observed RNAPII and H3K4me3 distributions

during mitosis suggest that the transcriptional machinery is

cleared from genes in early mitosis, spikes at promoters in mid

mitosis before the first round of transcription, and engages in

transcriptional elongation throughout late mitosis and into G1.

This sequential program of transcriptional reduction and tran-

scriptional reactivation has been described in other systems

(Hsiung et al., 2016; Liang et al., 2015), suggesting that it is a gen-

eral feature of RNAPII during mitosis.

We then compared RNAPII and TOP1 occupancy along genes

in early, mid, and late mitosis. As TOP1 recruitment parallels the

level of gene expression (Baranello et al., 2016), we computed

TOP1 and RNAPII profiles at the top 30% expressed genes on

the basis of RNA sequencing (RNA-seq) in asynchronous cells.

Whereas the enrichment of TOP1 was low in early mitosis,

TOP1 peaked around TSSs in mid mitosis and then declined in

late mitosis, following the same profile as RNAPII (Figures 2A–

2C). In late mitosis, TOP1 was abundant along gene bodies

where RNAPII was elongating and accumulated at TSSs where

RNAPII was paused (Figures 2D and 2E), further highlighting

that TOP1 binding mirrors RNAPII distribution. TOP1 localization

onmitotic chromosomes was also confirmed by immunofluores-

cencemicroscopy (Figures 2F and 2G). Thus, TOP1 is an integral

part of the transcription complex and is associated with mitotic

chromosomes from early to late mitosis.



Figure 1. The transcription cycle of RNAPII during mitosis

(A) Schematic of thymidine and nocodazole treatments used to enrich HCT116 cells in prometaphase. Cells were either kept in prometaphase by collecting and

fixing them in the presence of nocodazole (early mitosis) or collected in the absence of nocodazole and directly fixed (mid mitosis) or released for 1 h before

fixation (late mitosis).

(B) Flow cytometry analysis of asynchronous and mitotic cells after PI and anti-pH3S10 antibody staining.

(C) AverageRNAPII occupancy at all genes expressed as reads permillion (RPM). SEM is indicated as shaded region around the curve. TES, transcription end site.

(legend continued on next page)
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TOP1-RNAPII interaction is required to clear RNAPII
from genes in early mitosis
Co-localization of TOP1 and RNAPII at genes and the resulting

stimulation of TOP1 activity by RNAPII (Baranello et al., 2016)

might be fundamental to overcome the torsional stress opposing

RNAPII progression in highly compacted mitotic chromosomes

(Kimura et al., 1999; Piskadlo and Oliveira, 2016). If TOP1-RNA-

PII interaction is necessary for proper regulation of mitotic tran-

scription, then removing the region in TOP1 responsible for its

stimulation by RNAPII should promote transcriptional impair-

ments and accumulation of RNAPII on chromosomes in early

mitosis. To test this, we used HCT116KI cells, which contain a

TOP1 mutant defective in its interaction with RNAPII (Baranello

et al., 2016) (Figure 3A) but not in its relaxation activity (Redinbo

et al., 1998) or in its association with mitotic chromosomes (Fig-

ure S2A). HCT116KI cells synchronized in early mitosis (Fig-

ure S2B) showed a clear increase in RNAPII occupancy across

all genes compared with HCT116WT cells (Figures 3B and 3C).

RNAPII ChIP-seq from asynchronous cells was used to generate

heatmaps in which promoters were sorted according to RNAPII

levels and inspected for RNAPII occupancy in early mitosis, to

assess whether genes retained RNAPII in HCT116KI cells (Fig-

ure 3D). Interphase genes with high RNAPII promoter occupancy

retained high RNAPII levels in early mitosis in HCT116KI, but not

in HCT116WT cells, suggesting that RNAPII is not cleared from

genes in the mutant cells. Similarly, TOP1 binding at genes

was increased in the chromosomes of early mitotic HCT116KI

cells (Figure 3E) compared with HCT116WT, though the peak

was shifted upstream of the TSS compared with RNAPII peak.

As TOP1 has been reported to facilitate PIC formation and tran-

scriptional activation (Baranello et al., 2016; Merino et al., 1993;

Shykind et al., 1997), the data indicate that TOP1 retained at

chromosomes in early mitosis could favor PIC-mediated recruit-

ment of RNAPII at promoters. However, because of the loss of

TOP1-RNAPII interaction, we predicted delayed RNAPII elonga-

tion in the HCT116KI cells, as supercoils are not efficiently

removed by TOP1 (Kouzine et al., 2013; Naughton et al., 2013).

Indeed, we detected about twice as many elongating genes

and 15 times more paused genes in HCT116KI cells during early

mitosis on the basis of pausing index (Figure 3F), suggesting that

RNAPII is unable to complete transcription. Because transcrip-

tion output correlates with supercoil accumulation, these genes

had higher expression levels in comparison with the whole gene

distribution (Figure 3G). Notably, no difference was detected in

RNAPII profiles or transcriptional activity (by SLAM-seq; Herzog

et al., 2017) between asynchronous HCT116KI and HCT116WT

cells (Figures S2C and S2D), suggesting that the excess of

supercoiling could be mitigated by other compensatory mecha-

nisms during interphase (Baranello et al., 2016) but not during

mitosis.

To directly measure differences in DNA supercoiling between

HCT116WT and HCT116KI, we used a psoralen binding assay

(Bermúdez et al., 2010). We treated cells synchronized in early
(D) UCSC (University of California, Santa Cruz) Genome Browser tracks of RNAP

(E) RNAPII distribution along elongating genes, classified by pausing index and d

(F) Average H3K4me3 occupancy around TSS (RPM ± SEM). Gray box indicates

(G) Relative H3K4me3 levels ± SEM at TSSs. The curves show average log2 enri
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mitosis with biotinylated psoralen to crosslink and pull down

supercoiled DNA. Short pre-treatment with the DNA damaging

agent bleomycin, rapidly releases transcription-generated dy-

namic supercoiling (Kuo and Hsu, 1978). Thus, normalization to

the bleomycin-treated control enables direct measurement of

dynamic supercoiling (Sinden et al., 1999). At the MYC and

SMARCD2 promoters, where we would predict supercoiling

accumulation if TOP1 was unable to assist RNAPII transcription,

HCT116KI cells exhibited higher level of supercoiling compared

with HCT116WT cells (Figure 3H).

We also quantified the formation of TOP1-DNA complexes

generated during the TOP1 cleavage cycle on the early mitotic

chromosomes. TOP1 cuts one DNA strand and remains cova-

lently linked to the end of the cleaved fragment, forming the

cleavage complex (TOP1cc). This complex is very short lived in

cells, unless stabilized with TOP1 poisons such as camptothecin

(CPT) and inhibitors of proteasomal degradation such as MG132

(Sciascia et al., 2020). To detect TOP1ccs, we used the RADAR

assay (Kiianitsa and Maizels, 2013). Although HCT116KI cells

showed increased levels of RNAPII along genes (Figure 3B),

they exhibited levels of TOP1ccs comparable with HCT116WT

cells (Figure 3I), confirming that RNAPII translocation and

TOP1 activity are decoupled. These data point to a role for

TOP1 during transcriptional elongation, to favor RNAPII clear-

ance in early mitosis.

Segregation defects are increased when TOP1 and
RNAPII do not interact
We predicted that increased supercoiling in the early mitotic

chromosomes of HCT116KI cells would provoke higher demand

for TOP2A activity (Miao et al., 2007), the main TOP2 isoform

associated with mitosis (Meyer et al., 1997). If true, the net

engagement of TOP2A with the DNA will increase, leading to

higher number of TOP2A cleavage complexes (TOP2Accs). To

detect TOP2Accs along the genome, we coupled RADAR assay

with ChIP and qPCR (RADAR-qPCR). Cells were synchronized in

early mitosis and treated with MG132 and the TOP2 poison eto-

poside (ETO). TOP2Accs were recovered for qPCR at loci with

increased psoralen intercalation (Figure 3H) or RNAPII levels

(by ChIP-seq) in HCT116KI cells. TOP2Accs at promoters and

gene bodies were notably increased in HCT116KI cells (Fig-

ure 3J), despite the total level of TOP2A in mitotic cells was un-

changed (Figure S2E). These results strengthened the hypothe-

sis that the HCT116KI chromosomes are topologically stressed,

triggering higher demand for TOP2A activity.

The interplay between TOP2A and DNA supercoiling is crucial

for shaping metaphase chromosomes. TOP2A can decatenate

the DNA of sister chromatids as well as introduce new catena-

tion. The directionality toward TOP2A catenation or decatena-

tion seems to be established by the polarity of supercoiling

where positive supercoiling efficiently promotes decatenation

activity (Baxter et al., 2011; Bizard et al., 2019; Vologodskii,

2011). Higher catenation activity of TOP2A leads to ultrafine
II and H3K4me3 occupancy at MYC, SMARCD2 and DUSP6 loci.

isplayed as RPM ± SEM.

the nucleosome-depleted region (NDR).

chment ratios of tag profiles in ‘‘mid’’ or ‘‘late’’ versus ‘‘early’’ mitosis.



Figure 2. TOP1 associates with RNAPII during mitotic transcription

(A and B) Average TOP1 (A) and RNAPII (B) occupancy at top 30% expressed genes (on the basis of RNA-seq) in early, mid, and late mitosis, displayed as RPM

± SEM.

(legend continued on next page)
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anaphase bridges (UFBs) (Gemble et al., 2020), which are DNA

segments that fail to segregate and are tethered between the sis-

ter chromatids. The high level of negative supercoiling detected

at promoters in HCT116KI cells (Figure 3H) suggests that

condensation or segregation of mitotic chromosomes might be

impaired during mitosis. Although we detected increased chro-

mosomal defects such as chromosome gaps in metaphase

spreads from HCT116KI cells, the difference with the

HCT116WT cells was not significant (Figure S2F). Even though

the mutant cells did not show an increase in macroscopic chro-

mosome aberrations, they might harbor higher levels of small-

scale segregation defects such as UFBs, given the increased

levels of negative supercoiling observed (Bizard and Hickson,

2018). UFBs are often the manifestation of DNA entanglements

from topologically stressed regions of the genome and are

recognized by Plk-interacting checkpoint helicase (PICH). By

visualizing UFBs covered by PICH (Figure S2G), we measured

�4 times more anaphase bridges in HCT116KI cells relative to

HCT116WT cells (Figures 3K and 3L). These results indicated

that disruption of the TOP1-RNAPII interaction during transcrip-

tion in early mitosis promotes supercoiling accumulation in

HCT116KI, which in turn increases TOP2A catenation activity,

resulting in formation of UFBs (McClendon et al., 2005).

Acute TOP1 degradation during mitosis promotes
transcriptional defects
To exclude effects of TOP1 mutation in the preceding cell cycle

phases, we generated an auxin-inducible (Natsume et al., 2016)

TOP1 cell line (HCT116mAID-TOP1) to acutely deplete TOP1 in

mitosis upon auxin treatment. Basal TOP1 degradation can be

prevented by treatment with the auxin competitor auxinole (Yes-

bolatova et al., 2019) (Figures 4A, 4B, S3A, and S3B). Cells syn-

chronized in early mitosis were treated with auxin for 2 h and

shortly with CPT, which is known to activate proteasomal degra-

dation of TOP1ccs (Sciascia et al., 2020). Flow cytometry anal-

ysis confirmed successful depletion of TOP1 (Figures 4C and

S3C). If TOP1 is necessary for mitotic transcription, RNAPII

should accumulate after acute TOP1 degradation in early

mitosis. Indeed, RNAPII was increased along genes after TOP1

removal (Figures 4D, 4E, and S3D). Genes displaying high

RNAPII occupancy around the TSS in asynchronous cells re-

tained high RNAPII levels during early mitosis upon TOP1 deple-

tion (Figure 4F). Thismight result from accumulated supercoiling,

which is not relaxed by TOP1 at highly expressed genes. We

identified genes bearing a transcriptionally engaged RNAPII

(i.e., paused and elongating genes) during early mitosis (Fig-

ure 4G, upper panel) and compared their expression levels, us-

ing all genes as a control. As predicted, the auxin + CPT treated

cells exhibited 2- to 3-fold more genes classified as either

paused or elongating in comparison with the auxinole-treated

cells, and these genes were highly expressed (Figure 4G, lower
(C) UCSC Genome Browser tracks of TOP1 distribution at DUSP6 locus.

(D and E) RNAPII (D) and (E) TOP1 occupancy at elongating and paused genes c

(F) Schematic of enrichment of HCT116WT cells in different mitotic stages.

(G) Immunofluorescence microscopy with anti-TOP1 and DAPI staining showing

anaphase (A), and late anaphase or telophase (A/T). Images, cropped for space, sh

Scale bar, 20 mm.
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panel). Thus, we could corroborate that TOP1 promotes mitotic

transcription, as TOP1 removal triggers the accumulation of

RNAPII on chromosomes in early mitosis.

TOP1 ensures transcriptional spiking of RNAPII during
mitotic exit
To understand the consequences of RNAPII retention in the early

mitotic chromosomes of the mutant cells, we compared the

chromatin distribution of RNAPII and TOP1 in HCT116WT and

HCT116KI cells from early to late mitosis (Figure S4A).

HCT116WT exhibited low RNAPII binding in early mitosis, a

spike in RNAPII in mid mitosis, and a subsequent reduction in

late mitosis as elongation commences (Figures 1C and 5A). In

contrast, HCT116KI cells showed almost no changes in

RNAPII occupancy at TSSs throughout mitosis (Figures 5B and

S4B). We did not measure any spike in RNAPII binding in the

late mitosis time point, as one might expect if cells were simply

delayed. We hypothesized that the lack of RNAPII spiking at pro-

moters might be a direct consequence of the inefficient RNAPII

clearance in early mitosis. Indeed, heatmaps of RNAPII density

around TSSs in early and mid mitosis in HCT116KI cells showed

similar occupancy (Figure S4C).

As the TOP1 mutation in HCT116KI cells undermines binding

and stimulation by RNAPII, we anticipated changes in TOP1

distribution and activity in the HCT116KI cells during mitosis.

Although TOP1 localization paralleled RNAPII occupancy at

the top 30% expressed genes in HCT116WT cells (Figures

2A, 2B, 5C, 5D, and S4D), TOP1 levels in HCT116KI cells

were higher around TSSs and lower along the gene bodies (Fig-

ures 5E, 5F, and S4E). This suggests that even though TOP1 is

loaded at promoters (Shykind et al., 1997), the TOP1 mutation

impedes its progression to productive elongation in a complex

with RNAPII. The abundance of TOP1ccs assayed by RADAR

was elevated in late mitotic HCT116WT cells (Figures 5G,

S4F, and S4G), in accordance with the observed RNAPII and

TOP1 engagement within the gene body. However, TOP1ccs

levels in HCT116KI showed almost no increase over time. TO-

P2Accs trapped by MG132 and ETO and measured by qPCR

at selected loci did not differ significantly between the two

cell lines during mid and late mitosis (Figures S5A and S5B),

indicating no compensatory change in TOP2Accs dynamics

in the mutant cells. Overall, these data suggest that efficient

removal of RNAPII from chromosomes in early mitosis is both

a prerequisite for the timely spike of RNAPII at TSS in mid

mitosis and is facilitated by TOP1.

The transcriptional crisis caused by TOP1 deregulation
affects mRNA production
A coordinated hierarchy of transcriptional reactivation during

mitotic exit ensures that different groups of genes are sequen-

tially expressed (Palozola et al., 2017). As we did not detect
lassified by pausing index (RPM ± SEM).

representative cells in prophase (P), prometaphase or metaphase (M), early

owmaximum intensity projection and channels were adjusted for presentation.



Figure 3. RNAPII-TOP1 interaction is necessary to ensure proper RNAPII clearance from chromosomes in early mitosis

(A) HCT116KI cells express a TOP1 mutant where exon4 is replaced by 3xHA tags. TOP1 mutant cannot interact with RNAPII.

(B) Average RNAPII occupancy (RPM ± SEM) at all genes. Gray line indicates the TSS.

(C) UCSC Genome Browser tracks of RNAPII at SMARCD2 locus.

(D) Heatmaps of RNAPII density at protein coding genes ranked from highest to lowest RNAPII level in asynchronous HCT116WT cells.

(E) Average TOP1 occupancy at all genes (RPM ± SEM).

(legend continued on next page)
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accumulation of RNAPII at promoters in HCT116KI cells, we hy-

pothesized that mRNA transcription might be impaired during

mitosis-G1 transition. Using SLAM-seq to capture de novo syn-

thesized polyadenylated RNAs, we quantitated changes in

nascent and in total RNA in HCT116WT and HCT116KI cells

either directly after the release from nocodazole synchronization

(mid) or 40 min after the release (late) (Figure 5H). In contrast to

asynchronous HCT116WT and HCT116KI cells (Figure S2D),

many more genes were differentially regulated between the

two cell lines in mitosis (Figure S5C), further demonstrating

that TOP1-RNAPII disconnection exhibits a greater effect on

transcriptional activity in mitosis compared with interphase cells.

By comparing the mid and late time points for each cell line, we

identified 214 and 86 genes that were differentially expressed

with regard to total RNA and nascent RNA, respectively (Figures

5I and 5J). We defined genes that were relatively elevated in mid

mitosis as ‘‘intermediate genes’’ (Figures 5I and 5J, red), while

genes elevated in late mitosis as ‘‘late genes’’ (Figures 5I and

5J, blue). Gene Ontology analysis revealed that intermediate

HCT116WT genes (Figure 5I, cluster III) belong to functional cat-

egories such as generation of metabolites and precursors for

biosynthetic processes—and therefore genes involved in the

reconstitution of the cell structure—whereas late HCT116WT

genes (Figure 5I, cluster IV) are involved in the regulation of tran-

scription and other processes occurring during G1 (Figure S5D).

Contrary to what was observed in HCT116WT cells, HCT116KI

cells did not show this transcription pattern (Figures 5I and 5J).

Genes that displayed differential expression in HCT116WT

over time (Figures 5I and 5J, groups III and IV) were expressed

at almost constant levels in HCT116KI. Intermediate and late

HCT116WT genes were still expressed in HCT116KI cells (Fig-

ures S5E and S5F), suggesting that only the temporal coordina-

tion was lost. In addition, we detected only a few nascent genes

displaying differential expression between mid mitosis and late

mitosis in HCT116KI cells (5 intermediate and late genes that

are differentially expressed in both HCT116 WT and HCT116KI

[Figure 5J, groups I and II] and 29 intermediate and late genes

that are differentially expressed only in HCT116KI [Figure 5J,

groups V and VI]), suggesting that themutant cells did not switch

their temporal coordination to another program but rather lost

the regulation. The fact that we detected only a few differentially

expressed nascent RNAs between mid and late mitosis in

HCT116KI implied that cells were not halted by a mitotic check-

point, which would result in no change at all over time. Using
(F) Elongating and paused genes in early mitosis were determined on the basis o

(G) Boxplot showing level of expression of all, elongating, and paused genes from

further than 1.5 x interquartile range. Expression value from RNA-seq in Baranel

(H) Psoralen crosslinking at the MYC and SMARCD2 promoters in HCT116WT an

sample (n = 5; bars denote SD).

(I) TOP1ccs detected using RADAR assay. Cropped box is shown for space.

(J) TOP2Accs at promoters (P), gene bodies (G), and intergenic regions (int) in e

precipitated and quantified using qPCR relative to input material (n = 5, mean ± SD

at all analyzed loci (mean ± SD). Statistical significance was calculated using paire

issues with primers efficiency.

(K) Immunofluorescence images of cells with ultrafine bridges. Green arrows deno

also display DAPI staining. Images show maximum intensity projection and are a

(L) Percentage of cells in anaphase or telophase harboring DNA or ultrafine bridge

PICH were not included. Statistical significance was calculated using paired t te
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publicly available RNA-seq datasets (Palozola et al., 2017;

Schade et al., 2019) we also found that genes associated with

G1 (i.e., from the ‘‘late M/early G1,’’ ‘‘G1,’’ and ‘‘G1 + S’’ lists in

Figure 5K) were enriched in the genes upregulated in HCT116WT

cells. In contrast, genes associated with G2/M (i.e., from the

‘‘G2,’’ ‘‘G2 + M,’’ and ‘‘M’’ lists) were enriched in the genes upre-

gulated in HCT116KI cells, indicating that the transcription pro-

gram of HCT116KI cells was not tailored toward G1 entry.

Bookmarking histone modification predicts
intermediate and late gene activation
We hypothesized that chromatin associated features at TSSs of

intermediate and late genes might predict differences in their

later expression patterns. As promoter accessibility during

mitosis may depend on H3K4me3 occupancy (Figures 1F and

1G), we performed time-resolved H3K4me3 ChIP-seq in

HCT116WT and HCT116KI cells. To test whether intermediate

and late genes identified in the HCT116WT cells (Figures 5I

and 5J, groups III and IV) were differently bookmarked, we

analyzed their H3K4me3 occupancy at TSS in early mitosis.

Although we observed higher H3K4me3 levels at intermediate

genes compared with late genes, the latter group had a more

defined NDR, as documented by the shift in H3K4me3 binding

(Figure S5G). Thus, the chromatin features of intermediate and

late genes in early mitosis were congruent with their expression

profile at later time points (Figures 1F and 1G), suggesting a

bookmarking mechanism. These patterns were comparable in

both cell lines, indicating that bookmarking was not affected

by disruption of the RNAPII-TOP1 interaction. By measuring

H3K4me3 occupancy at intermediate and late genes (Figures

5I and 5J, group III and IV) in mid mitosis (Figure S5H) and late

mitosis (Figure S5I), we observed that in mid mitosis,

H3K4me3 levels were higher in HCT116WT cells than in

HCT116KI cells (compare green and orange curves in Fig-

ure S5H). This is likely due to RNAPII spike at TSSs and transcrip-

tion activation in the mitotic genes seen only in the HCT116WT

(Figures 5A, 5B, 5I, and 5J) causing further H3K4 tri-methylation

(Soares et al., 2017). The results suggest that genes in both

HCT116WT and HCT116KI cells are ‘‘primed’’ by histone modi-

fications for post-mitotic gene activation. As the HCT116KI cells

cannot sustain high RNAPII promoter levels in midmitosis, which

favors tri-methylation of H3K4, they are likely to express interme-

diate and late genes at the same rate, thus losing the differential

expression pattern.
f their pausing index for HCT116WT and HCT116KI.

HCT116KI cells in early mitosis. Whiskers indicate lowest and highest values no

lo et al. (2016).

d HCT116KI ± bleomycin treatment. Signal was normalized to the +bleomycin

arly mitosis detected using TOP2A RADAR-qPCR. TOP2Accs were immuno-

). The inset shows the average fold change betweenHCT116WT andHCT116KI

d ratio t test. MYC gene (G) is not included in the analysis, because of technical

te bridges coated by PICH, and blue arrows denote PICH-coated bridges that

djusted for clarity in presentation. Scale bar, 20 mm.

s with PICH bound (n = 6, mean ± SD). DNA bridges that did not co-stain with

st.



Figure 4. Acute depletion of TOP1 in mitosis triggers transcriptional impairments and mitotic defects

(A) TOP1 isdegraded inHCT116mAID-TOP1cellsbyauxin (500mM)andCPT(20mM) treatment,whileauxinole (100mM)protectsmAID-TOP1 frombasal degradation.

(B) Schematic of synchronization and depletion of TOP1 in early mitotic HCT116mAID-TOP1 cells.

(C) Cell cycle profiles (left) and TOP1 measurement (right) obtained by flow cytometry analysis of PI and anti-TOP1 stained cells in early mitosis.

(D) Average RNAPII occupancy along genes (RPM ± SEM).

(E) UCSC Genome Browser tracks of RNAPII at SMARCD2 locus.

(F) Heatmaps of RNAPII at genes ranked from highest to lowest RNAPII level in asynchronous HCT116WT cells.

(G) Upper panel: quantitation of genes in HCT116mAID-TOP1 treated with auxinole or auxin + CPT in early mitosis classified by pausing index. Lower panel:

boxplot showing level of expression of all, elongating, and paused genes from HCT116mAID-TOP1 cells in early mitosis. Whiskers indicate lowest and highest

values no further than 1.5 x interquartile range.
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Inability to regulate mitotic transcription triggers
transcriptional noise
We predicted that the transcriptional deficiencies of the

HCT116KI cells would persist post-mitosis. To investigate

this, we synchronized cells in mitosis, and at various time

points after release from nocodazole synchronization, we

pulsed them with ethynyl uridine (EU) to label nascent RNAs

(Figure 5L). The EU profile highlighted two main cell popula-

tions, one with high levels of transcription (Figure 5L, right

peak) and one showing low transcription levels (Figure 5L, left

peak). We found that there was a significantly higher proportion

of HCT116KI cells in the low-EU population 200 min after the

release from nocodazole (Figures 5L and 5M) suggesting that

HCT116KI cells are slower in transitioning to G1 levels of tran-

scription. Also, we observed that the variance in EU signal

within the high-EU population was significantly greater in

HCT116KI cells 24 h after release (Figures 5L and 5N). This in-

dicates that transcriptional dysregulation of HCT116KI cells

persists throughout the cell cycle as transcriptional ‘‘noise’’ (Ur-

ban and Johnston, 2018), with individual proliferating cells ex-

hibiting a greater variance in global transcription levels.

Regulated RNAPII transcription during mitosis ensures
proper cell cycle progression
The loss of transcriptional regulation and timed accumulation of

relevant factors restarting the cell cycle is predicted to perturb

progression to the next cell cycle phase in HCT116KI cells.

Indeed, flow cytometry analysis of HCT116KI cells released

from nocodazole showed delayed transition from mitosis to G1

phase (Figures 6A–6C). Forty-five minutes after release, on

average, 20% of cells from two independent HCT116KI clones

had accumulated in G1, comparedwith 34%ofWT cells (Figures

6B, 6C, S6A). This delayed entry in G1 was confirmed with a

time-lapsemicroscopy approach following thymidine synchroni-

zation (Figure 6D). Adherent cells round up for mitosis, divide,

and re-attach to the surface during G1 entry (Ramkumar and

Baum, 2016). We compared the time spent by the cells to reach

constriction (in anaphase) with the time spent from constriction

to re-attachment. Although HCT116WT and HCT116KI cells

showed similar length of mitosis before anaphase, the time

HCT116KI cells spent from anaphase to re-attachment was

doubled compared with HCT116WT cells (Figures 6E and 6F).

We confirmed the same phenotype performing time-lapse mi-

croscopy on non-synchronized cells, as thymidine treatment
Figure 5. TOP1-RNAPII interaction is required for the coordinated tran

(A and B) Average RNAPII occupancy around TSS in HCT116WT (A) and HCT11

(C–F) Average RNAPII and TOP1 occupancy at top 30%expressed genes (by RNA-

(G) TOP1ccsmeasured using RADAR assay in early, mid, and latemitosis. Duplica

Cells without treatment (�) served as control.

(H) Schematic of labeling cells for SLAM-seq after release from nocodazole arre

(I and J)Differential expression analysis of total (I) and nascent RNA (J), comparing e

(right). Heatmapsdisplay the log2 fold change (FC) and are horizontally clustered in g

both late WT and late KI, (III) mid WT (intermediate WT genes), (IV) late WT (late WT

(K) Categorization of RNAs differentially enriched in HCT116WT and HCT116KI i

(L) Cell cycle profiles of cells released from nocodazole arrest and treated with E

(M) Quantitation of the percentage of ‘‘low EU’’ cells 200 min after release from n

(N) Quantitation of the variance of the ‘‘high EU’’ cell population 24 h after release n

was determined using paired ratio t test.
has been associated with DNA instability (Kurose et al., 2006)

(Figure S6B). To exclude the possibility that the observed delay

in cell cycle progression could be a consequence of DNA repair

pathways triggered by segregation defects (Figure 3L) (Bizard

and Hickson, 2018; Chan and Hickson, 2009; N€ahse et al.,

2017), we measured DNA damage markers gH2AX and 53BP1

using immunostaining. Because 53BP1 is excluded from mitotic

chromatin and 53BP1 foci form only in the ensuing G1 phase,

while gH2AX levels increased after nocodazole treatment (Panier

and Boulton, 2014; Rogakou et al., 1998), we measured gH2AX

and 53BP1 levels in unperturbed asynchronous cells, character-

izedmainly by cells in G1 (Figure 1B). We did not detect substan-

tial changes in gH2AX and 53BP1 foci when comparing

HCT116WT and HCT116KI cells (Figures 6G and 6H). Therefore,

we conclude that the delay in mitotic exit is most likely due to the

deregulation of transcription rather than to the activation of DNA

repair pathways.

If TOP1 mutation results in deregulated transcription of

genes involved in restarting cell growth (Figures 5I and 5J),

this could provide a window of opportunity for intervention,

as the HCT116KI cells would depend more on signaling that

stimulates cellular growth. We interrogated the MIPE 5.0

library (Mechanism Interrogation PlatEs version 5.0), which in-

cludes multiple inhibitors for well-validated oncogenic targets

(Lin et al., 2019). Serial dilutions of each compound were

tested in HCT116WT and HCT116KI cells, and the viability

was measured 48 h post-treatment using ATP-based assay.

We exploited MIPE 5.0 target redundancy and performed a

modified version of gene set enrichment analysis to unbias-

edly identify drug targets with differential activity between

HCT116WT and HCT116KI cells (Subramanian et al., 2005).

As expected, this analysis revealed that HCT116KI were

more resistant to TOP1 inhibitors given the inability of

RNAPII to efficiently stimulate TOP1 (Baranello et al., 2016)

(Figure S6C). Notably, HCT116KI cells were more sensitive

to inhibitors of pathways controlling G1 growth phase, in

particular to drugs targeting members of the AKT/PI3K/

mTOR pathway (Sabatini, 2017) (Figures 6I and S6D–S6H;

Tables S1 and S2). This increased sensitivity was restricted

to drugs regulating the G1 growth program, as inhibitors of

S phase, such as fluorouracil, were equally effective in

HCT116WT and HCT116KI cells (Figure S6I). These observa-

tions suggested that TOP1 function during mitosis ensures

efficient and timely progression though the next G1.
scriptional reactivation during mitosis

6KI (B) displayed as RPM ± SEM.

seq) displayed as RPM± SEM in HCT116WT (C and D) and HCT116KI (E and F).

tes (+Rep 1 and +Rep 2) were prepared according to the scheme in Figure S4F.

st.

xpression levels inmidand latemitosiswithin theHCT116WT (left) andHCT116KI

roupsof genes that are differentially upregulated in (I) bothmidWTandmidKI, (II)

genes), (V) mid KI (intermediate KI genes), or (VI) late KI (late KI genes).

nto cell cycle phases.

U for 60 min prior to harvest at 60 min, 200 min, and 24 h.

ocodazole arrest (middle panel of L; n = 3).

ocodazole arrest(right panel of L; n = 3, mean ± SD). Significance in (M) and (N)
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Figure 6. Interfering with RNAPII-TOP1 interaction leads to cell cycle delays

(A) Cells were synchronized with nocodazole, released, and fixed with EtOH.

(B) Cells in G1 phase 45 min after release comparing HCT116WT and HCT116KI (n = 13, mean ± SD). Significance was determined using paired t test.

(C) Cell cycle profiles at 0, 1, 2, and 5 h post-release.

(D) Synchronization of HCT116 cells by S phase block before time-lapse microscopy. The duration from rounding to first observation of cell division was

calculated to determine the time of early mitosis before anaphase for 52–71 cells. Formitotic exit, the time from anaphase to re-attachment of daughter cells to the

surface was calculated for 126–231 cells.

(E) Boxplots showingmitotic timing data from two experiments with 10 and 15min imaging intervals as median with 10th to 90th percentiles. Cells still rounded by

the end of the experiment were excluded. Significance was determined by unpaired t test or Welsh t test (if variances were different).

(legend continued on next page)
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Acute depletion of TOP1 in mitosis prevents RNAPII
spiking at TSS and delays the cell cycle
To assess the long-term effects of deregulatingmitotic transcrip-

tion on cellular proliferation, we used HCT116mAID-TOP1 cells

to rapidly remove TOP1 at the onset of mitosis. We first tested

whether TOP1 is necessary to promote RNAPII spiking in mid

mitosis. We treated nocodazole-synchronized HCT116mAID-

TOP1 cells with auxin + CPT and measured RNAPII occupancy

at genes after nocodazole washout (Figure S7A). TOP1 degrada-

tion caused a reduction in RNAPII binding at the TSS compared

with the auxinole-treated control in both mid and late mitosis

(Figures 7A, 7B, S7B, and S7C), and slowed the transition into

G1 phase (Figures 7C, 7D, and S7D), as previously seen in the

HCT116KI cells. Failure to re-establish a transcriptional program

duringmitotic exit might cause delays not only in the G1 progres-

sion but also subsequently, leading to ‘‘memory’’ issues in the

daughter cells, potentially affecting their growth for several gen-

erations. We treated nocodazole-synchronized HCT116mAID-

TOP1 cells with auxin to deplete TOP1, released them into fresh

medium containing auxinole to allow TOP1 recovery (not shown),

and assessed their growth for �8 days (Figure S7E). Loss of

TOP1 in early mitosis reduced the average growth rate of cells

for at least 3 days after auxin washout, compared with auxi-

nole-treated control cells (relative growth rate of 0.7 on average;

Figures 7E, S7E, and S7F). From day 4 to 6 or day 4 to 7, the

average growth rate of auxin treated and control cells was com-

parable, but auxinole-treated cells reached stationary phase

1 day earlier compared with cells with mitotic TOP1 depletion.

Thus, TOP1 regulation of mitotic transcription seems to be

necessary to ensure efficient cell cycle progression for at least

one generation. It is possible that interfering with the propagation

of transcriptional memory would trigger in the daughter cells a

temporal ‘‘amnesia.’’
DISCUSSION

TOP1 is a mitotic transcription factor
Inheritance of chromosomes during mitosis involves chromatin

compaction, loss of long-range interactions, and marked reduc-

tion of RNA synthesis (Naumova et al., 2013). Despite these dra-

matic changes, daughter cells faithfully re-establish the gene

expression patterns of their parental cells. Early studies using

potassium permanganate showed that accessibility is main-

tained in mitosis at the promoters of genes that were active

before mitosis began (Juan et al., 1996; Michelotti et al., 1997).

Recent work has shown that thousands of genes undergo low

transcription in mitosis (Palozola et al., 2017), providing an

epigenetic mechanism that guarantees transcriptional memory

propagation to the next cycle (Palozola et al., 2019), correct

segregation of sister chromatids (Perea-Resa et al., 2020), and

proper re-establishment of genome architecture (Zhang et al.,
(F) Representative time lapse over 200 min for HCT116WT and HCT116KI. Round

with red asterisks for 1 cell each. Images are cropped for space. Scale bars, 30

(G and H) Immunofluorescence microscopy of asynchronous HCT116WT and H

mean ± SD). Significance was calculated using Mann-Whitney test.

(I) Drug set enrichment analysis of differential sensitivity between HCT116WT an
2019). Upon chromatin compaction (Piskadlo and Oliveira,

2016), transcribing RNAPII encounters higher mechanical forces

opposing its progression and eventually halts. These forces may

be conveyed by barriers, such as nucleosomes (Gilchrist et al.,

2010), chromatin-bound proteins, or when opposing torque

transmitted through the DNA fiber exceeds the stalling force of

RNAPII (Ma et al., 2013). In this ‘‘transcriptionally hostile’’ chro-

mosome environment, the assistance of a highly processive

DNA relaxing enzyme such as TOP1 is important for RNAPII to

ensure basal levels of gene expression. We propose that TOP1

activity duringmitotic transcription is more important than during

interphase to remove supercoiling that would otherwise oppose

RNAPII elongation and clearance before the re-initiation of tran-

scription in mid mitosis (Figure 7F). Interfering with the stimula-

tion of TOP1 by RNAPII (or acute removal of TOP1 in mitosis) in-

creases the torsional tension of chromosomal DNA and leads to

accumulation of supercoiling at stressed regions of the genome

(i.e., promoters or where transcription and replication collide). If

sufficiently intense, supercoiling can also provoke alternative

DNA structures (Kouzine et al., 2017). Compensatory increase

of TOP2A activity may not suffice to resolve the supercoiling or

other non-B DNA structures. Alternatively, elevated supercoiling

might increase TOP2A catenation activity, forcing the enzyme

into aberrant cleavage complexes (Bossaert et al., 2021) and

triggering segregation defects (Bizard and Hickson, 2018; Gem-

ble et al., 2020). Although TOP1 might manifest RNAPII- and

TOP2A-independent effects on chromosome segregation, this

interpretation is compatible with TOP1 serving as a guard in

the control of transcription, topology, and the conformation of

mitotic chromosomes. Therefore, our work places TOP1 among

the factors necessary to facilitate a successful progression

through mitosis and into G1.
RNAPII burst is necessary for the hierarchical program
of transcription reactivation
What governs the massive RNAPII reloading at promoters in mid

mitosis? RNAPII binding at promoters is highly dynamic, and

manyRNAPII-DNA promoter interactions are short and transient,

even when the promoter is open (McSwiggen et al., 2019; Nor-

manno et al., 2015). RNAPII clustering at promoters is associated

with transcriptional output (Cho et al., 2016), and factors that can

increase the length of RNAPII-promoter interactions favor tran-

scriptional bursting (Teves et al., 2016, 2018). For example, dur-

ingmitosis, RNAPII bound toDNAhas a half-life of 3.5 s, but upon

degradation of the key transcription factor TATA binding protein

(TBP), the half-life significantly reduces to 2.3 s (Teves et al.,

2018). The loss of TBP is also associated with reduced transcrip-

tion activation after mitosis. This RNAPII-TBP interaction is also

how we envisage the RNAP-TOP1 interaction. TOP1 was shown

to bind transcription factors TFIID and TFIIA to enhance or

repress transcription in vitro non-catalytically (Merino et al.,
ing, division, and re-attachment to the surface of 2 daughter cells are marked

mm.

CT116KI cells stained with DAPI and anti-53BP1 (G) or anti-gH2AX (H) (n = 3,

d HCT116KI cells toward drugs targeting mTOR (q < 0.001).

Molecular Cell 81, 5007–5024, December 16, 2021 5019



(legend on next page)

ll
OPEN ACCESS Article

5020 Molecular Cell 81, 5007–5024, December 16, 2021



ll
OPEN ACCESSArticle
1993;Shykind et al., 1997). As TBP, a key component of TFIID, re-

mains bound to active promoters during mitosis (Giunta et al.,

2010; Teves et al., 2018), it might stabilize TOP1 near TSSs,

thus providing an open promoter conformation and facilitating

the association with RNAPII. If RNAPII and TOP1 are able to

interact with each other, this will increase the probability that

RNAPII will bind promoters of mitotic genes at the precise

moment when activation needs to occur to facilitate progression

throughmitosis. TheRNAPII-TOP1 association helps TOP1over-

come the supercoiling opposing transcription as RNAPII elon-

gates and preserves negative supercoiling that assists promoter

melting at TSSs (Baranello et al., 2016; Kouzine et al., 2013).

Therefore, the RNAPII-TOP1 system is important during mitosis

to keep promoters negatively supercoiled and to stabilize the

RNAPII at TSSs. Stable RNAPII will further promote tri-methyl-

ation of H3K4 (Soares et al., 2017), thus triggering a positive feed-

back loop that sustains transcriptional reactivation. Interfering

with TOP1 regulation (HCT116KI cells) leads to higher sensitivity

to drugs targeting themTORpathway (Figure 6I), which iswell un-

derstood to control the metabolic program in the G1 phase.

It is apparent that controlling the topological state of DNA

during mitosis is necessary to promote an efficient restart of

transcription.

Transcriptional profiles are specific to a given cell type, and

hence the presence of transcriptional memory during cell divi-

sion is critical to preserve cell identity. Our data and previous

reports (Palozola et al., 2019) indicate that the re-establish-

ment of the interphase transcriptome during mitotic exit likely

lies in how promoters control their transcription during

mitosis. Information about post-mitotic gene reactivation can

provide insights into mechanisms of developmental cell fate

establishment. Cancer cells depend on deregulated prolifera-

tion and suppression of cell differentiation, which was sug-

gested to be maintained by bookmarking oncogenes during

mitosis (Zaidi et al., 2018). The physiological role of TOP1 in

mitotic transcription and transcriptional memory preservation,

which we have shown here, might be hijacked by cancer cells

to sustain accelerated cellular growth. Targeting the memory

propagation of cancer cells by inhibiting TOP1 and mitotic

transcription might therefore serve as a promising new tool

to combat cancer.

Limitations of the study
Although we know that the mutation in TOP1 (HCT116KI cells)

used to disrupt the RNAPII-TOP1 interaction does not affect
Figure 7. Depletion of TOP1 in mitosis affects RNAPII spike at TSS an

(A and B) RNAPII occupancy along genes in auxinole-treated control (A) and (B)

(C) TOP1 intensities (left) and cell cycle profiles (right) obtained using flow cytom

nocodazole. Cells without TOP1 antibody staining served as control.

(D) Quantification of cells in G1 phase 90 min after nocodazole release (n = 5, m

(E) Growth curve of cells after TOP1 depletion by auxin in early mitosis followed b

representative experiment with one biological replicate for TOP1 depletion and tw

in Figure S7F.

(F) Model: TOP1 favors mitosis-G1 progression. In early mitosis, RNAPII-TOP1

scription before sister chromatids separation. In mid mitosis, TOP1 and RNAPII a

ensures correct chromosome segregation and hierarchical transcriptional react

patter with ‘‘intermediate’’ (red) genes transcribed first and ‘‘late’’ (blue) genes tr

scription leading to loss of transcriptional program and ‘‘temporal amnesia’’ in d
TOP1 activity or nuclear localization (Figures 3I and S2A), we

cannot completely exclude the possibility that TOP1 facilitates

mitotic progression independently of RNAPII through an un-

known process that is also affected by the HCT116KI muta-

tion. Second, the mechanism underlying higher sensitivity of

HCT116KI cells to G1 signaling inhibitors remains uncharacter-

ized, though sensitivity toward targeting PI3K and AKT, as well

as mTOR, would suggest the specific involvement of the

MTORC2 pathway (Sarbassov et al., 2005). Last, although useful

to understand broad changes in protein chromatin binding, tech-

niques such as ChIP-seq do not provide temporal or positional

resolution to comprehend the dynamics of protein recruitment

and stabilization. Further characterization of the mechanism of

TOP1-dependent RNAPII stabilization at genes would require

the development of systems using single-molecule tracking

super-resolution microscopy to determine RNAPII promoter

binding with or without functional TOP1.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-TOP2A Abcam Cat # ab52934; RRID: AB_883143

anti-TOP1 Abcam Cat# ab109374, RRID: AB_10861978

Anti-RNA polymerase II CTD repeat

YSPTSPS (phospho S5)

Abcam Cat# ab5408, RRID: AB_304868

Anti-Histone H3 antibody - Nuclear Marker

and ChIP Grade

Abcam Cat# ab1791, RRID: AB_302613

Cy3-AffiniPure Donkey Anti-Rabbit

IgG (H+L)

Jackson immunoresearch Cat# 711-165-152; RRID: AB_2307443

Alexa Fluor 488 AffiniPure Donkey Anti-

Mouse IgG (H+L)

Jackson immunoresearch Cat# 715-545-150; RRID: AB_2340846

Mouse Anti-Rabbit IgG, light chain specific Jackson Immunoresearch Cat# 211-032-171; RRID: AB_2339149

anti-PICH, clone 14226-3 Merck Millipore Cat# 04-1540; RRID: AB_10616795

Anti-phospho-Histone H2A.X (Ser139) Merck Millipore Cat# 05-636: RRID: AB_309864

Anti-phospho-Histone H3 (Ser10) Merck Millipore Cat #06-570; RRID: AB_310177

anti-H3K4me3 Merck Millipore Cat# 04-745;RRID: AB_1163444

anti-53BP1 Novus Cat# NB100-304; RRID: AB_10003037

anti-TOP2A Santa Cruz Cat# sc-166934, RRID: AB_10611755

Normal mouse IgG Santa Cruz Cat# sc-2025, RRID: AB_737182

Alexa Fluor 488 Goat anti-Rabbit Thermo Fisher Cat #A-11008; RRID: AB_143165

Alexa Fluor 555 Donkey anti-Mouse

IgG (H+L)

Thermo Fisher Cat# A-31570; RRID: AB_2536180

Alexa Fluor Plus 488 Donkey anti-Rabbit Thermo Fisher Cat# A32790; RRID: AB_2762833

Chemicals, peptides, and recombinant proteins

MG-132 Enzo Cat# BML-PI102-0005

Protein A Invitrogen Cat# 10002D

GlycoBlue Invitrogen Cat# AM9516

Trizol Invitrogen Cat# 15596018

Hygromycin B Gold Invitrogen Cat# ant-hg-5

Auxinole MedChemexpress Cat# HY-111444

Pierce Protein A/G Magnetic Beads Thermo Fisher Cat# 88803

CellTiter-Glo 2.0 Cell Viability Reagent Promega Cat# G9242

cOmplete, EDTA-free Protease Inhibitor

Cocktail

Roche Cat# 4693132001

RNase, DNase-free Roche Cat# 11119915001

(S)-(+)-Camptothecin (CPT) Sigma Cat# C9911

MG-132 Sigma Cat# 474787

3-Indoleacetic acid (auxin) Sigma Cat# I3750

Thymidine Sigma Cat# T9250

Nocodazole Sigma Cat# M1404

RO-3306 Sigma Cat# SML0569

Formaldehyde solution (PFA) Sigma Cat# 25254-9

Propidium iodide Sigma Cat# 81845-25MG

Benzonase� Nuclease, ultrapure Sigma Cat# E8263

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Phenol:chloroform:isoamylalcohol

mix (25:24:1)

Sigma Cat# 77617

Puromycin Dihydrochloride, GIBCO Thermo Fisher Cat# A11138-03

Hygromycin B, GIBCO Thermo Fisher Cat# 10687010

Proteinase K Solution (20 mg/mL),

RNA grade

Thermo Fisher Cat# 25530049

DMEM, high glucose, GlutaMAX

supplement

Thermo Fisher Cat# 61965059

Leibovitz’s L-15 medium, GIBCO Thermo Fisher Cat# 11415049

ProLong Diamond Antifade Mountant with

DAPI, Invitrogen

Thermo Fisher Cat# P36966

ProLong Gold Antifade Mountant Thermo Fisher Cat# P10144

Thermo Scientific EZ-Link

Psoralen-PEG3-Biotin

Thermo Fisher Cat# 29986

MyOne Streptavidin T1 Dynabeads Thermo Fisher Cat# 65601

TetraSpeck Microspheres, 0.1 mm Thermo Fisher Cat# T7279

Ethanol absolute VWR Cat# 437435L

Hoechst 33342, Trihydrochloride,

Trihydrate

Thermo Fisher Cat# H3570

Pierce DSG, No-Weigh Format Thermo Fisher Cat# A35392

DPBS, no calcium,

no magnesium, GIBCO

Thermo Fisher Cat# 14190250

Glycine Sigma Cat# 50046

AMPure XP Beckman Cat# A63880

Fetal Bovine Serum,GIBCO Thermo Fisher Cat# 10270106

16% Formaldehyde (w/v), Methanol-free VWR Cat# 43368.9M

Critical commercial assays

Agilent RNA 6000 Nano Kit Agilent Cat# 5067-1511

Agilent High Sensitivity DNA Kit Agilent Cat# 5067-4626

NextSeq 500/550 High Output Kit v2.5

(75 Cycles)

Illumina Cat# 20024906

QuantSeq 30 mRNA-Seq Library Prep

Kit (FWD)

Lexogen Cat# 015.24

SLAMseq Kinetics Kit – Anabolic Kinetics

Module

Lexogen Cat# 061.24

QIAquick PCR Purification Kit QIAquick

PCR Purification Kit

QIAGEN Cat# 28106

ThruPLEX DNA-seq kit Takara Cat# R400676

Click-iT EdU Cell Proliferation Kit for

Imaging, Alexa Fluor 647 dye

Thermo Fisher Cat# C10340

Click-iT RNA Alexa Fluor 488 Imaging Kit Thermo Fisher Cat# C10329

Qubit 1X dsDNA HS Assay Kit Thermo Fisher Cat# Q33230

NextSeq 500/550 High Output Kit v2.5 (150

Cycles)

Illumina Cat# 20024907

Deposited data

Raw and processed sequencing data This paper GEO: GSE171134

Previously published RNA sequencing data

and RNAPII ChIP-seq data from

HCT116 cells

Baranello et al., 2016 GEO: GSE57628

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HCT116 ATCC CCL-247

HCT116KI Laboratory of Dr. David L. Levens Baranello et al., 2016

HCT116mAID-TOP1 This paper N/A

Oligonucleotides

List of primers This paper Table S3

Recombinant DNA

pX330-U6-Chimeric_BB-CBh-hSpCas9 Cong et al., 2013,

PMID: 23287718

Cat#: 42230(Addgene); RRID:

Addgene_42230

Software and algorithms

Image-Lab version 6.0.1 Bio-Rad https://www.bio-rad.com/en-us/product/

image-lab-software?ID=KRE6P5E8Z;

RRID: SCR_014210

Prism 9 version 9.2.0 GraphPad https://www.graphpad.com/

scientific-software/prism/; RRID:

SCR_002798

CellProfiler version 3.1.9 McQuin et al., 2018 https://cellprofiler.org; RRID: SCR_007358

Huygens Professional v17.04 Scientific Volume Imaging https://svi.nl/Huygens-Professional; RRID:

SCR_014237

Bowtie2 2.3.5.1 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml; RRID: SCR_016368

Deeptools 2.5.0 Ramı́rez et al., 2014 https://deeptools.readthedocs.io/

en/develop/; RRID: SCR_016366

FastQC 0.11.9 https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

https://github.com/s-andrews/FastQC;

RRID: SCR_014583

MultiQC 1.10 Ewels et al., 2016 https://multiqc.info/; RRID: SCR_014982

Picard tools 2.10.3 Broad Institute https://broadinstitute.github.io/picard/;

RRID: SCR_006525

Samtools 1.8 Li et al., 2009 http://www.htslib.org/; RRID: SCR_002105

R 4.1.0 R Core Team (2021). R: A language and

environment for statistical computing.

R Foundation for Statistical Computing,

Vienna, Austria.

http://www.r-project.org/;

RRID: SCR_001905

Bioconductor Huber et al., 2015 https://www.bioconductor.org/; RRID:

SCR_006442

Cutadapt 3.1 http://journal.embnet.org/index.php/

embnetjournal/article/view/200

https://cutadapt.readthedocs.io/en/stable/;

RRID: SCR_011841

UCSC Genome Browser Kent et al., 2002 http://genome.ucsc.edu/; RRID:

SCR_005780

Python 2.7.18 G. van Rossum, Python tutorial, Technical

Report CS-R9526, Centrum voor Wiskunde

en Informatica (CWI), Amsterdam,

May 1995.

https://www.python.org/; RRID:

SCR_008394

PIC 1.0 Day et al., 2016 https://github.com/MiMiroot/PIC

ggplot2 Wickham, 2011 https://cran.r-project.org/web/packages/

ggplot2/index.html; RRID: SCR_014601

EnrichedHeatmap 1.22.0 Gu et al., 2018 https://bioconductor.org/packages/

release/bioc/html/EnrichedHeatmap.html

ngsplot 2.61 Shen et al., 2014 https://github.com/shenlab-sinai/ngsplot;

RRID: SCR_011795

SlamDunk v0.2.4 Neumann et al., 2019 https://github.com/t-neumann/slamdunk

(Continued on next page)
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DESeq2 Bioconductor package 1.26.0 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html; RRID:

SCR_015687

ShinyGO v0.61 Ge et al., 2020 http://bioinformatics.sdstate.edu/go/;

RRID: SCR_019213

FlowJo v10.7 BD Biosciences https://www.flowjo.com/solutions/flowjo;

RRID: SCR_008520

Fiji Schindelin et al., 2012 https://fiji.sc/; RRID:SCR_002285
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Laura

Baranello (laura.baranello@ki.se).

Materials availability
The HCT116mAID-TOP1 cell line generated in this study is available upon request from the Lead Contact.

Data and code availability
ChIP-seq and SLAM-seq data reported in this paper were deposited in the GEO database and are publicly available as of the date of

publication. Previously published RNA-seq data and RNAPII ChIP-seq data from HCT116 cells (Baranello et al., 2016) are publicly

available in GEO. Accession numbers of all aforementioned datasets are listed in the key resource table. This paper does not report

original code since it is based on implementation of publicly available software. The original code is available from the lead contact

upon request. Published software used in this study are listed in the Key resource table. Any additional information required to re-

analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures
Human colon carcinoma HCT116WT cells (ATCC, CCL-247) and their derived clone HCT116KI cells (Baranello et al., 2016) were

grown in high glucose (4.5g/L) DMEM (Thermo Fisher, 61965059) containing 10%FBS (Thermo Fisher, 10270106) in a 37�C incubator

supplied with 5% CO2. HCT116CMVOsTIR1mAIDTop1 (HCT116mAID-TOP1) were grown in media containing 1 mg/ml puromycin

(Thermo Fisher, A11138-03) and 125 mg/ml hygromycin B (Thermo Fisher, 10687010). Camptothecin (CPT, Sigma, C9911) treatment

was performed for the indicated times at 37�Cwith a final concentration of 10 mM (chromosome spreads) or 20 mM (RADAR, ChIP-seq

and flow cytometry). MG132 (Enzo, BML-PI102-0005 or Sigma, 474787) treatment occurred at 37�Cat a final concentration of 10 mM.

For TOP1-degradation, cells were incubated in the presence of 500 mMauxin (Sigma, I3750) at 37�C. To suppress basal degradation

of TOP1, auxinole (MedChemexpress, HY-111444) treatment (final concentration of 100 mM) was used as a control for the auxin ex-

periments. Different synchronization strategies were applied for enrichment of mitotic cells. Cells were blocked in S phase by addition

of 2.5 mM thymidine (Sigma, T9250) for 19-24 h and, after washing with fresh medium, cells were either transferred in fresh medium

containing 400 ng/ml nocodazole (Sigma, M1404) (standard synchronization) or released in fresh medium without drugs (for time-

laps microscopy) and allowed to progress to mitosis. Alternatively, 4-6 h incubation in medium with 9 mM RO-3306 (Sigma,

SML0569) was applied to block cells at the G2/M border. Cells were released to mitosis by incubating them thrice in fresh medium

for 5 min at 37�C and allowed to progress to the desired mitotic phase. To assess growth over several days, cells were seeded in 24

well plates (20,000 cells per well in triplicates) and at the indicated days cells were collected by trypsinization and counted manually

using a B€urker chamber. The growth rate was calculated as follows: m = (ln N1- ln N0)/t1-t0 .

Generation of the HCT116 CMV-OsTIR1 mAID-TOP1
Plasmid construction. To insert mAID at the N terminus of the TOP1 gene using CRISPR/Cas, the sgRNA sequence (50-CCCCAC
TCATGTCGGCCCGG-30) targeting near the start codon of the gene was inserted into pX330-U6-Chimeric_BB-CBh-hSpCas9

(Addgene, 42230 (Cong et al., 2013)) to give pX330-TOP1-N. The donor plasmid was constructed as described previously (Yesbo-

latova et al., 2019). Briefly, the homology arm sequence was cloned into pBluescript II after being amplified from genomic DNA using

the following primer set: TOP1-N_HA_50_SacI 50-ATGCgagctcGTTCCGAGAAAAAGCGTCTGGAGAG-30 and TOP1-N_HA_30_KpnI
50-ATGCggtaccCCTTCCCTCTCTGGTGAAGTATGTG-30. Using this plasmid as a template, inverse PCR was performed using the
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following primer set: TOP1-N_HA_INV_F_BamHI 50-ATGCggatccATGAGTGGGGACCACCTCCACAACG-30 and TOP1-N_HA_INV_

R_EcoRV 50-ATGCAgatatcGTCGGCCCGGAGGGACGAGC-30. The EcoRV-BamHI fragment containing Hygro-P2A-mAID was

excised from pMK344 and ligated to the above inverse PCR product to give Hygro-P2A-mAID-TOP1 donor. HCT116 cells

expressing OsTIR1 under control of the CMV promoter from the AAVS1 locus was described previously (Natsume et al., 2016).

HCT116mAID-TOP1 cells were generated by co-transfecting HCT116 CMV-OsTIR1 cells with pX330-TOP1-N and Hygro-P2A-

mAID-TOP1 donor using FuGENE HD (Promega). After selection with 100 mg/ml Hygromycin B Gold (Invivogen, ant-hg-5), single col-

onieswere isolated and homologous recombinationmediated knock-in ofmAID at both TOP1 alleleswas confirmed by genomic PCR

and western blotting. The detailed protocol is described in (Yesbolatova et al., 2019).

METHOD DETAILS

Chromatin immunoprecipitation (ChIP)
ChIP samples were prepared fromHCT116 cells as described in (Baranello et al., 2016) withminor changes. Briefly 2.5x106 cells were

crosslinked with 2 mMDSG (Thermo Fisher, A35392) in PBS (Thermo Fisher, 14190250) for 50 min with gentle agitation, washed with

PBS and incubated in PBS-1% FA for 5 min. Cross-linking was stopped by the addition of 125 mM glycine (Sigma, 50046) and cells

were washed twice with cold PBS. After harvesting cells, the pellet was washed once with PBS plus 0.5% BSA and resuspended in

TE-SDS 0.1% (10mMTris-HCl pH 8.0, 1mMEDTA pH 8.0, SDS 0.1%) supplemented with complete protease inhibitor tablet (Roche)

to a final concentration of 2.5x106 cells/ml. Samples were sonicated for 20minwith CovarisME220 sonicator using the 1mLHigh Cell

protocol (Peak power: 75, Duty % factor: 15, Cycles/Burst: 1000, Average power: 11.25) to produce chromatin fragments of 200-

400 bp on average. After clarification by centrifugation, sonicated extracts were adjusted to the conditions of RIPA buffer (10mM

Tris pH 8.0, 1mM EDTA pH 8.0, 1% Triton X-100, 0.1% SDS, 200 mM NaCl, Na Deoxycholate 0.1%). 2 mg of anti-RNAPII

(ab5408), anti-TOP1 (ab109374), anti-H3K4me3 (Millipore, 04-745) or IgG (sc2025) were mixed with 30 ml of Dynabeads Protein A

(Invitrogen, 10002D) and incubated at 4�C for 6 h with rotation. Chromatin from 2.53 106 cells was added to the Protein A-antibody

complexes and incubated overnight at 4�C with rotation. Immunoprecipitates were washed twice with RIPA buffer (10 mM Tris-HCl

pH 8.0, 1mMEDTA pH 8.0, 1%Triton X-100, 0.1%Na-Deoxycholate, 0.1%SDS, 200mMNaCl); twice with RIPA buffer plus 300mM

NaCl; twice with LiCl buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 0.5% NP40, 0.5% Na-Deoxycholate); and

twice with TE. The beads were then resuspended in 100 ml TE plus 0.25% SDS supplemented with proteinase K (500 mg/ml, Thermo

Fisher 25530049) and incubated overnight at 65�C. The DNA was recovered from the eluate by phenol chloroform (Sigma, 77617)

extraction followed by ethanol (VWR, 437435L) precipitation in the presence of 20 mg of GlycoBlue (Invitrogen, AM9516) and

dissolved in Tris-HCl pH 8.5. All ChIP-seq experiments were performed in duplicates.

Library preparation of ChIP samples and sequencing
DNA from ChIP was quantified with the Qubit dsDNA HS Assay Kit. Sequencing libraries were created according to the ThruPLEX

DNA-seq kit protocol (Takara, R400676). Size selection was performed in the range of 200-700 bp with AMPure XP beads (Beckman,

A63880) and confirmed using the Agilent High Sensitivity DNAKit (Agilent, 5067-4626) on the Agilent 2100Bioanalyzer. Libraries were

pooled and sequenced using the NextSeq 500/550 High Output Kit v2.5 (Illumina, 20024906). The sequencing run was Single End

and Dual Index with 75 bp reads.

SLAM-seq
SLAM-seq (Herzog et al., 2017) was used to detect nascent and steady state RNAs in mitotic and asynchronous cells. 3x106 mitotic

cells were resuspended in fresh medium and either directly treated with 100 mMS4U for 45 min in the dark (in duplicates) or released

for 40 min before addition of S4U (in duplicates). Cells in the supernatant were collected by centrifugation, while attached cells were

scraped in 1 mL Trizol (Invitrogen, 15596018) and combined with the cell pellet. For SLAM-seq of asynchronous cells, cells were

grown to 80% confluence (1.3x106 cells) and the medium was replaced with fresh medium containing 100 mM S4U. After 45 min in-

cubation, the supernatant was removed and attached cells were scraped in 1 mL Trizol. After storage at �80�C, RNA isolation was

performed in the dark, following instructions in the SLAM-seq Kinetics Kit – Anabolic Kinetics Module (Lexogen, 061.24) with the

following modifications: frozen samples were heated for 5 min at 65�C and, after addition of 200 ml chloroform:isoamylalcohol mix

(24:1), further incubated for 15 min at 65�C under vigorous shaking and repeated vortexing. The aqueous phase was separated

by centrifugation and RNA was precipitated overnight at �20�C. Washing of the RNA pellet was performed twice with 1 mL and

0.18 mL 75% EtOH (plus reducing agent), respectively. For resuspension in H2O, RNA was incubated for 15 min at 55�C and

10 min on ice and repeatedly pipetted up and down. RNA concentration and quality was determined by capillary electrophoresis us-

ing the RNA 6000 nano kit (Agilent, 5067-1511) and Bioanalyzer (Agilent). 4.5 mg RNA was alkylated by addition of Iodoacetamide

following the manufacturer’s instructions, but enhancing solubilization of the purified RNA by 15 min incubation at 55�C. After quality
control via capillary electrophoresis (RNA 6000 nano kit, cDNA libraries were prepared from 500 ng RNA using the QuantSeq 3’

mRNA-Seq Library Prep Kit for Illumina (FWD) (Lexogen, 015.24) and 16 PCR cycles for library amplification. DNA concentration

and molarity were determined using the Qubit dsDNA HS Assay Kit (Thermo Fisher, Q33230) and Bioanalyzer High Sensitivity

DNA Kit (5067-4626), respectively. 4 nM Libraries were pooled and sequenced using the NextSeq 500/550 High Output Kit v2.5 (Il-

lumina, 20024907) performing single end sequencing with 150 bp reads.
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Data analysis
The generated fastq files were quality controlled with FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and

MultiQC (Ewels et al., 2016), trimmed with cutadapt (http://journal.embnet.org/index.php/embnetjournal/article/view/200/479),

aligned to hg38 reference genome with bowtie2 (Langmead and Salzberg, 2012), deduplicated, sorted and indexed using Samtools

(Li et al., 2009) and Picard (http://broadinstitute.github.io/picard). BigWig files were generated with bamCoverage (Ramı́rez et al.,

2014) and visualized using UCSC genome browser (Kent et al., 2002). Reads per million (RPM) values were calculated around the

TSSs and around protein coding genes. The heatmaps and the profiles of short reads’ average distribution near TSSs and along

normalized gene bodies and gene deserts were generated by ngs.plot (Shen et al., 2014) and the Enriched Heatmap package (Gu

et al., 2018) in R/Bioconductor (Huber et al., 2015). Only the protein coding genes from Ensembl #76 database (Flicek et al.,

2014) were used for generating profiles and heatmaps. In the heatmaps, genes were ranked by their occupancy of RNAPII around

TSS in asynchronous HCT116WT cells. The profiles were smoothed using the sliding window algorithm. Boxplots were generated

with ggplot2 (Wickham, 2011) package in R. Pausing index calculations were performed in python with custom scripts based on

modified PIC (Day et al., 2016) software and in R. Merged duplicates were used for analysis and visualization.

Pausing index (PI) of RNAPII
RNAPII pausing index was introduced independently by Zeitlinger et al. (Zeitlinger et al., 2007) and Muse et al. (Muse et al., 2007) to

classify genes according to RNAPII recruitment. Briefly, the pausing index represents the ratio of RNAPII reads density at the TSS

over the average reads density in the gene body. Rather than presence or absence of transcription, the pausing index reflects the

dynamics of RNAPII assembly and promoter clearance. At genes where the rate of promoter proximal clearance is similar to the

rate of initiation, the PI is close to 1. At genes where promoter proximal clearance is lower than the initiation rate, the PI is much higher

than 1. The definition and thresholds used in this work were as described by Schones et al. (Schones et al., 2008).

Quantification of background/gene desert regions signal
In general, comparisons of different ChIP-seq datasets in the context of global changes in binding require that changes in normalized

read counts accurately reflect absolute changes in binding. Our data present a relatively large proportion of reads mapping to inter-

genic regions that represent non-specific background (Figures S1, S3, S4, and S7). This background serves as an internal calibration

across sequencing libraries, enabling inferences of changes in RNAPII occupancy on an absolute scale. Gene deserts were defined

as 1 kb regions 100 kb away from TSS of any gene and at least 100 kb away from transcription end site (TES) of any gene.

SLAM-seq data analysis
For processing of the SLAM-seq data, we merged the fastq files of technical replicates and executed the SlamDunk v0.2.4 (https://

github.com/t-neumann/slamdunk) (Neumann et al., 2019) pipeline with the all function with default arguments, that is aligning to the

human genome (hg38), trimming 12 bp from the 50 end, using up to 100 alignments for multi-mapper and activating the multi-mapper

retention strategy, filtering variants with 0.2 variant fraction and cutting-off ofR 27 for filtering the base-quality. Gene and GRCh38 30

UTR annotations were obtained from the UCSU table browser (https://genome.ucsc.edu/cgi-bin/hgTables, GRCh38/hg38, Ref-Seq

Curated) in bed format. The T > C reads were filtered for having R 2 T > C transitions.

Differential analysis
For downstream analysis, raw reads counts were combined into count matrices of all read counts and read counts bearing T > C

conversions. For the all read count matrix, genes with low read counts were filtered by keeping only genes with row sumR 10 reads.

Differential gene expression calling was performed on both matrices using DESeq2 (Love et al., 2014) with the default settings. The

size factors were estimated based on the total mRNA reads for global normalization. Differentially expressed genes (LFC R 0.7,

adjusted p value 0.1) were selected for further analysis and visualization.

Generation of a list of cell cycle specific genes
To generate a cell cycle specific gene list, we used the low stringency gene list generated by Schade et al. (Schade et al., 2019), which

assigns genes to the cell cycle phase in which they are transcribed as a basis. Since Schade et al. only distinguished between the

terms G1+S and G2+M, we employed the data generated by Palozola et al. (Palozola et al., 2017), to refine the annotation further.

Palozola et al. determined transcriptional waves at several time points after mitosis. We translated the transcripts into gene names

and removed genes associated with several time points from the analysis. Using this information the G1+S and G2+M terms from

Schade et al. could be split further, if the respective gene was present in the Palozola et al. Genes originally labeled as G1+S, but

with transcriptional spike at 80 or 105 min after mitosis according to Palozola et al. were assigned to late M/early G1, while genes

with a transcriptional spike at 165 or 300 min were assigned to late G1. Genes originally labeled as G2+M, but with a transcriptional

spike in asynchronous cells according to Palozola et al. were assigned to G2. Additionally, regardless of assignment by Schade et al.,

genes were assigned toM, when they had the transcriptional spike during (0 min) or 40min after release frommitotic arrest according

to Palozola et al. Genes which were not present in Palozola et al.’s list or where the time point of transcriptional spiking did not allow

for a refinement of the cell cycle phase, were left with their original term (G1+S orG2+M). The generated list was then cross-correlated

with the genes differentially upregulated in HCT116WT or HCT116KI after release from prometaphase (combining all genes with
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differential expression between HCT116WT and HCT116KI after release from nocodazole for 0 min and 40 min) to determine a

pattern of cell cycle specificity for HCT116WT and HCT116KI, respectively. Genes which were already shown to be differentially ex-

pressed between HCT116WT and HCT116KI in asynchronous cells were excluded from this analysis.

Gene Ontology enrichment analysis
Gene ontology enrichment analysis of biological processes was performed using ShinyGO v0.61 (Ge et al., 2020). For presentation,

representative functional categories comprising at least 2 hits in the input gene list were selected based on the hierarchical clustering

tree obtained as an output from ShinyGO.

Time lapse microscopy
Time lapse microscopy after synchronization in S phase was performed as 2 independent experiments. Cells were grown in a 96 well

plate in 10% FBS supplemented DMEM and blocked in S phase by thymidine treatment. Thymidine was washed out and cells were

transferred in Leibovitz’s L-15 medium (Thermo Fisher, 11415049) with 10% FBS for 8.5 or 10.5 h. Time-lapse microscopy at 37�C
was performed using a Leica DM-6000 microscope with an 10x or 20x objective acquiring TF-DLC microscopy images every 10 min

for 14 h or every 15 min for 20 h. For analysis of asynchronous cells, cells were grown in DMEM with 10% FBS and maintained at

37�C, 5% CO2 while imaging every 15 min. Images were processed and analyzed using LASF software (Leica) and Fiji (Schindelin

et al., 2012). Cells were manually followed starting from rounding up to the first time point of cell constriction (anaphase) as well

as from anaphase up to the time when cells were re-attaching to the surface. The time cells spend from rounding to anaphase or

from anaphase to G1 was calculated as follows: Time (min) = images (number) x imaging interval (min) + imaging interval (min)/2.

Chromosome spreads
Mitotic cells were collected, centrifuged for 4 min at 1000 rpm, washed in DPBS plus 400 ng/ml nocodazole and incubated in 75 mM

KCl for 15 min on ice. After centrifugation, cells were homogenized in fresh fixative (MeOH:acetic acid, 3:1 ratio) and fixed for 20 min

at RT or �20�C. Cells were then washed once in fixative and stored at �20�C until spreading. Chromosome spreads were obtained

by dropping 10 ml of cells suspension onto a glass slide. Chromosomes were stained with DAPI and images were acquired using a

Olympus BX-63 microscope (x60 objective). Breaks and gaps were quantified by examination of the images using Fiji (Image) soft-

ware (Schindelin et al., 2012).

Immunofluorescence microscopy of enriched mitotic cells
Immunofluorescence analysis of mitotic cells enriched after a RO-3306 block was performed as described in (Bizard et al., 2018) with

minor modifications. RO-3306 was used instead of nocodazole to not disturb microtubule assembly. Briefly, cells grown on cover-

slips, were washed with PBS (140 mM NaCl, 2.7 mM KCl, 6.5 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.4), and fixed and permea-

bilized for 15 min in a 1:1 mixture of PBS:co-extraction buffer (0.2% Triton, 8% PFA (Sigma, 25254-9), in 20 mM PIPES pH 6.8, 1 mM

MgCl2, 10 mM EGTA). After washing 5 times in PBS, cells were further permeabilized and blocked for at least 1 night in PBSAT (3%

BSA, 0.5% Triton X-100 in PBS) at 4�C. Incubation with primary antibodies in PBSAT (anti-PICH clone 14226-3; Millipore, 04-1540,

dilution 1:50) was performed overnight at 4�C. Cells were washedwith PBSAT, incubated with secondary antibodies in PBSAT (Alexa

Fluor� 488 AffiniPure Donkey Anti-Mouse IgG (H+L) (Jackson immuno research, 715-545-150, dilution 1:100) and/or Cy3 AffiniPure

Donkey Anti-Rabbit IgG (H+L) (Jackson immuno research, 711-165-152) for at least 2 h at RT and washed with PBSAT, PBS, and

H2O. Slides were mounted in ProLong Diamond Antifade Mountant with DAPI (Invitrogen, P36966). For detection of TOP1 on mitotic

chromosomes, cells were either fixed as described above or fixed in 2mMDSG in DPBS for 50min at RT prior to the above described

fixation in co-extraction buffer and immunostaining with anti-TOP1 (Abcam, ab109374, dilution 1:200). Images were acquired as z

stacks with ZEN2010 software controlling a Zeiss LSM700 microscope and maximum intensity projections were analyzed manually

in Fiji (Schindelin et al., 2012). For quantification of anaphase bridges, around 50-150 cells in late anaphase/telophase were analyzed

for 6 replicates and cells displaying at least 1 connecting PICH signal between the separating chromosomes were counted as PICH

positive, including DNA bridges, which were visible after DAPI staining, but additionally coated with PICH.

Immunofluorescence microscopy of asynchronous cells
We applied an immunostaining protocol optimized for the detection of nuclear proteins. Briefly, after fixation in 4% PFA (VWR,

43368.9M) for 10 min and quenching in 125 mM Glycine for 5 min at RT, we permeabilized the cells with 0.1% Triton X-100 in PBS

and incubated with the primary antibody diluted in blocking buffer: PBS 0.1% Tween 20 (PBS-T) with 1% BSA for 16 h at 4�C. We

used the following antibodies and dilutions in (blocking buffer): gH2A.X (Millipore, 05-636, 1:1000); 53BP1 (Novus, NB100-304

1:500); TOP2A (Abcam, ab52934 1:100). After incubating the samples with the secondary antibodies (Thermo Fisher, A-11008 1:500

and A-31570 1:500) in blocking buffer for one h at RT, we rinsed the samples twice in PBS-T and washed 10 min at RT in 1 mg/ml

HOECHST 33342 in 1X PBS. We then rinsed the samples twice in PBS before mounting them with ProLong Gold Antifade Mountant

(Thermo Fisher, P10144). We imaged all the samples using a Nikon CFI Plan Fluor 40X 0.75 Phase Microscope Objective mounted

on a custom-built Eclipse Ti-E inverted microscope system (Nikon) controlled by the NIS Elements software (Nikon) and equipped

with an iXONUltra 888EMCCDcamera (Andor Technology).Weacquiredmultiple imagestacksper sample, eachconsisting of 41 focal

planes spaced 0.3 mm apart. We imaged TetraSpeck Microspheres (0.1 mm, fluorescent blue/green/orange and dark red, Thermo
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Fisher Scientific, T7279) before or after each imaging session and used the images to correct for chromatic aberrations and shifts be-

tween channels using custom scripts.

Image processing and counting of gH2A.X foci
We deconvolved all the images using the Huygens Professional v17.04 Software (Scientific Volume Imaging). We generated

maximum intensity projections for each stack and used Fiji macros to quantify foci intensity across the central plane of each image

stack. We segmented nuclei and foci with adaptive Otsu’s thresholding using the identifyPrimaryObjects module in CellProfiler

(McQuin et al., 2018). We measured the intensity of each fluorophore in the segmented regions of interest. We performed all down-

stream processing of the CellProfiler output .csv files using custom scripts in R. To identify mitotic cells in asynchronous cultures,

we assessed the mean intensity of the HOECHST signal per nucleus, its standard deviation and object area. We chose thresholds

based on fluorophore intensity histograms and properties mentioned above and corrected the image segmentation through visual

inspection.

Flow cytometry
Cells were either directly collected by mitotic shake-off or harvested with trypsin (while also collecting cells in suspension) and

washed with DPBS prior to fixation with ice-cold 70% EtOH. Cells were washed with DPBST (DPBS + 0.1% Tween 20) and directly

subjected to DNA staining or probed with antibodies first. For immunostaining, cells were blocked with 2% BSA in DPBST and incu-

bated with anti-phospho Histone H3 (Ser10) (MerckMillipore, 06-570, dilution 1:200) or anti-TOP1 (Abcam, ab109374, dilution 1:100)

in DPBST + 2% BSA at 4�C overnight. After washing with DPBST, secondary antibody incubation was performed (goat-anti rabbit

Alexa Fluor 488 Invitrogen, A-11008, dilution 1:1000, or donkey anti-rabbit Alexa Fluor Plus 488, Thermo Fisher, A32790,dilution

1:1500) in DPBST at RT. DNA was stained with 3.8 mg/ml propidium iodide (Sigma, 81845-25) and RNA was digested by 10 mg/ml

RNase (Roche,11119915001) for at least 40 min at 37�C. Single stained samples served as control. FCS, SSC, PI fluorescence,

and Alexa 488 fluorescence were collected on a BD FACSCalibur (BD Biosciences) or BD Canto II cytometer (BD Biosciences), ad-

justing the flow rate to recordmax 1000 events per second. Acquired data were processed with FlowJo v10.7. Single cells (in G1, S or

G2 phase) and cytokinetic cells were gated based on propidium iodide staining and the percentage of cells in G1 was calculated.

To detect ethynyl-uridine (EU) labeled RNA, mitotic cells were collected by shake-off as described previously and 1x106 cells were

plated in 1 mL media per condition. One h before harvest, EU (Thermo Fisher, C10329) was added at a final concentration of 1 mM.

A negative control sample was created by not adding the EU. After one h, any cells still in suspension were collected and adherent

cells were trypsinized. Cells were combined, washed once with DPBS and fixed in 2% PFA-DPBS for 10 min at 4�C. Cells were

washed twice and resuspended in the provided Click-IT buffer with CuSO4 (Thermo Fisher, C10329) supplemented with picolyl

azide-Alexa Fluor 647 (Thermo Fisher, from C10340). Cells were incubated at RT for 30 min protected from light, then washed

with the provided stop buffer and finally resuspended in PBS + 0.1% Tween 20. Nascent EU content was determined by FCM.

Low EU % was determined as the percentage of cells with < 103 EU signal and plotted for each 200 min sample. To calculate

high EU variance, the width of the high EU peak was measured at 20th percentile of the peak height. To exclude distortion caused

by overlapping peaks with lower average EU signal, the distance was calculated from the midpoint of the peak to the rightmost edge

(Figure 5L). The log10 value of this distance was plotted for each 24 h time point.

Rapid approach to DNA adduct recovery (RADAR)
TOP1cc were purified and quantified applying RADAR assay (Fielden et al., 2020; Kiianitsa and Maizels, 2013). Briefly, mitotic cells

obtained by stepwise thymidine and nocodazole synchronization were collected and 2.4x106 cells were either transferred in fresh

medium with 400 ng/ml nocodazole or in fresh medium without nocodazole and directly treated or allowed to grow for 60 min before

treatment. To inhibit proteasomal degradation, cells were pre-treatedwith 10 mMMG132 for 45min before addition of 20 mMCPT and

further incubation for 15 min to trap TOP1cc. Cells without MG132 and CPT-treatment served as control. Mitotic cells in suspension

were collected by centrifugation and adherent cells were scraped in �0.8 mL of M buffer (9.3 mM Tris-HCl pH 6.5, 18.6 mM EDTA,

5.59 M guanidine thiocyanate, 0.93% DTT, 0.93% Sarcosyl, 3.72% Triton X-100) per 1x106 cells. All cells were combined and briefly

sonicated for 20 s (Bioruptor, medium intensity). 1 mL DNA and bound proteins were precipitated with 0.5 mL EtOH at �20�C and

washed thrice in wash buffer (20 mM Tris-HCl pH7.5, 50 mM NaCl, 1 mM EDTA, 50% EtOH). DNA was resuspended in 8 mM NaOH,

briefly sonicated (Bioruptor, medium intensity, 20 s) and concentration was determined using Qubit dsDNA HS Assay Kit (Thermo

Fisher, Q33230). DNA was digested with �0.05U benzonase (Sigma, E8263) per ng DNA in TBS (100 mM Tris-HCl pH7.5,

150 mM NaCl) + �2 mM MgCl2 at 37
�C. A volume corresponding with 400-1000 ng DNA was diluted in TBS and transferred onto

a PVDF membrane by slot blotting in TBS. TOP1 was detected via immunostaining as described for western blots, using anti-

TOP1 (Abcam, ab109374, 1:15,000). Signals were quantified with ImageLab (Bio-Rad).

TOP2A RADAR-qPCR
4-8x106 cells were treated (in biological quintuplicates (for early mitosis) or duplicates (for mid and latemitosis)) with 10 mMMG132 for

30 min before addition of 100 mM ETO and further incubation for 6 min to trap TOP2Acc. Cells were lysed in 2 mL of M buffer (see

RADAR) and briefly sonicated with Bandelin probe sonicator at 20% amplitude for 3 cycles with 30 s ON, 30 s OFF. DNA covalent

adducts were precipitated with 50% EtOH at �20�C, centrifuged at 14000 rpm at 4�C and pellets were washed thrice in wash buffer
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(see RADAR). Pellets were dried for 5min and resuspended in TE-SDS 0.1% (10mMTris-HCl pH 8.0, 1mMEDTA pH 8.0, 0.1%SDS).

After at least 30 min incubation by gentle agitation samples were further sonicated with Covaris ME220 sonicator for 10 min at High

Cell protocol in milliTUBE–1 mLwith AFA Fiber to produce fragments less than 1 kb. For the immunoprecipitation, 2 mg 1:1 mixture of

anti-TOP2A (sc166934 and ab52934) antibodies weremixedwith 20 mL Protein A/Gmagnetic beads (Pierce, 88803) and incubated at

4�C for�6 h with rotation. Beads were washed once with ice-cold PBS and DNA covalent adducts from 4-8x106 cells were added to

the Protein A/G-antibody complexes and incubated overnight at 4�Cwith rotation.Washing of beadswas performed as described for

the ChIP protocol but only once with every buffer and always in presence of 0.1% SDS. The beads and the respective input samples

were then resuspended in 100 mL TE plus 0.5% SDS supplemented with proteinase K and incubated for 4 h at 65�C shaking at

1500 rpm. Samples were then purified by PCR purification Kit (QIAGEN). Enrichment of specific DNA loci was determined by

qPCR with the following primers: MYC promoter (GGACTCAGTCTGGGTGGAAGG & AAGGAGGAAAACGATGCCTAGA), DUSP6

promoter (GTCAGTTCACCAGCCCCAACAC & CTTAACCCTCCCCTCCCCCAAC), DUSP6 gene (CTGACCTTGACCGAGACCCC

AA & GGAGTCTTTGGCACAGCCCAAG), SMARCD2 promoter (TCTGAGGTCGGCAGTTAGGGGC & CGCCCGAGTCGAGTTACC

CAGA), SMARCD2 gene (TCTCTCTCAAAGCTGGGCTGCA & AGACTCTGGAACAAGCTCCCGG), JUNB promoter (GCTGACTA

GCGCGGTATAAAGGC & CGATAGCTTTCCTGGCGTCGTT), JUNB gene (CTCCCCTCTCTGCACCGTACTG & ACACACACAAACA

CAAACACGT), KRT19 promoter (GCTCAGATATCCGCCCCTGACA & CCCTCACCTGGCGCCTTTTATG), KRT19 gene (TCTGG

GGCTTCTGCTGTCCTTT & AACGTCCTTCCTCCCTTGGACC) RAD21 promoter (TGACCGTAAACATCCTGCCGAT & AAACAA

GATGGCTGCCGTTACG), RAD21 gene (CAAAGCCCATGTGTTCGAGTGT & TGTCAACATCAAACATACCTTTGGT), intergenic re-

gion 1 on chromosome 3 (TCGACACGCTTTCCCACAAT & GAGGCCCAAGAACAGGTCAA) intergenic region 2 on chromosome

12 (GGTGGCTCAGCTGCAAGATA &AACACAAAGCCCCATGCAAC) (see Table S3). Serial dilution of input (non immunoprecipitated)

material was used for relative normalization of samples.

Psoralen crosslinking
HCT116 cells in early mitosis were enriched by stepwise thymidine and nocodazole incubation as described previously. Mitotic

shake-off was performed in PBS with 400 ng/ml nocodazole and 2x106 cells were resuspended in 1 mL growth media with

400 ng/ml nocodazole for each condition. If required, cells were pre-incubated with 10 mM bleomycin for 5 min at 37�C. Cells
were incubated with 0.01% digitonin and 20 mM EZ-Link Psoralen-PEG3-Biotin (ThermoFisher, 29986) for 5 min at 37�C before

placing on ice and crosslinking with long-wave UV light (365nm) for 8 min. Samples were washed with PBS, resuspended in

0.5 mL TE buffer with 0.5% SDS and 200 mg/ml Proteinase K, and incubated at 55�C for 1 h to lyze the cells and degrade the protein.

Nucleic acids were purified by phenol:chloroform extraction and isopropanol precipitation, before treatment with 5 mg/ml RNase for

30 min at 37�C, a second round of Proteinase K treatment, repurification of DNA by phenol:chloroform extraction and ethanol pre-

cipitation, and resuspension in TE buffer overnight. The DNA samples were sonicated to 200-600 bp fragments before incubation

with MyOne Streptavidin T1 Dynabeads (ThermoFisher, 65601) for 1 hr at RT in TE buffer with 1M NaCl. The beads were washed

with TE+1M NaCl solution twice at 50�C and once at 90�C for 5 min each before decrosslinking one strand of psoralen-bound

DNA and eluting in 50 mL 0.1N KOH for 30 min at 90�C (Shi et al., 1988). The eluted solution was made up to 400 mL with 10 mM

Tris pH 8.0, and the ssDNA was precipitated with ammonium acetate and ethanol. Enrichment of specific DNA loci was determined

by qPCR with primers for the MYC promoter (Kouzine et al., 2013) (GGACTCAGTCTGGGTGGAAGG & AAGGAGGAAAACGATGC

CTAGA) and the SMARCD2 promoter (TCTGAGGTCGGCAGTTAGGGGC & CGCCCGAGTCGAGTTACCCAGA).

Drug screen
HCT116 cells were trypsinized and counted using a Cellometer Vision (Nexcelcom) then plated at 500 cells per well into a 1536 well

plate using a Multidrop Combi dispenser (ThermoScientific) with small cassette in 5 mL volume. 24 h after plating, 23 nL of MIPE

titrated compounds were added to each well using a Kalypsis Pintool. Plates were incubated for 48 h at standard incubator condi-

tions. Following incubation, 3 mL of Cell Titer Glo (Promega) were added to each well and a luminescence reading was taken using a

Viewlux (Perkin Elmer). 2.3 mMBortezomib was used as a positive control for cytotoxicity and DMSO treatment was used a negative

control.

Western blot
Denatured proteins were separated via SDS-PAGE, transferred onto a nitrocellulose membrane, blocked with 5% skimmilk in TBST

(100 mM Tris-HCl pH7.5, 150 mM NaCl, 0.1% Tween) and probed for TOP1 (Abcam, ab109374, dilution 1:10,000) or H3 (Abcam,

ab1791, dilution 1:5,000). After incubation with anti-Rabbit Light chain (Jackson Immunoresearch 211-032-171) and development

with ECL horseradish peroxidase substrates signals were detected using a Chemidoc MP (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical testing
All statistical tests were performed using Graphpad Prism version 8 or 9 using the tests described for each experiment. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001. Detailed information about statistical tests is provided in figure legends for respective figures.
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