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SUMMARY
Accumulation of topological stress in the form of DNA supercoiling is inherent to the advance of RNA poly-
merase II (Pol II) and needs to be resolved by DNA topoisomerases to sustain productive transcriptional elon-
gation. Topoisomerases are therefore considered positive facilitators of transcription. Here, we show that, in
contrast to this general assumption, human topoisomerase IIa (TOP2A) activity at promoters represses tran-
scription of immediate early genes such as c-FOS, maintaining them under basal repressed conditions. Thus,
TOP2A inhibition creates a particular topological context that results in rapid release from promoter-proximal
pausing and transcriptional upregulation, which mimics the typical bursting behavior of these genes in
response to physiological stimulus. We therefore describe the control of promoter-proximal pausing by
TOP2A as a layer for the regulation of gene expression, which can act as amolecular switch to rapidly activate
transcription, possibly by regulating the accumulation of DNA supercoiling at promoter regions.
INTRODUCTION

As originally envisioned by the ‘‘twin-supercoiled-domain’’

model (Liu and Wang, 1987), the advance of RNA polymerase

II (Pol II) during transcription is a torque-generating force that

results in upstream and downstream regions of over- and under-

wound DNA and thus positive (+) and negative (�) DNA super-

coiling, respectively (Kouzine et al., 2014; Ma and Wang,

2016). This supercoiling of template DNA can cause polymerase

stalling (Ma et al., 2013) and therefore needs to be relieved in or-

der to allow productive transcription and gene expression. DNA

topoisomerases are the enzymes that relax this topological

stress by transiently gating DNA passage, in a controlled cut-

and-reseal mechanism that affects either one (type I DNA topoi-

somerases; mainly TOP1 in eukaryotes) or simultaneously both

(type II topoisomerases; TOP2) DNA strands (Pommier et al.,

2016). Hence, they are generally considered important facilita-

tors of transcription, especially for long genes in which the load

of DNA supercoiling can become particularly burdening (Joshi

et al., 2012; King et al., 2013). In this sense, TOP1 and TOP2

have been shown to cooperate to relieve transcription associ-

ated (+) and (�) supercoiling in order to maintain appropriate

levels of gene expression (Pedersen et al., 2012; Sperling

et al., 2011). It is worth noting, however, that DNA supercoiling

can also facilitate transcription under some particular circum-

stances. For example, (�) supercoiling helps duplex melting,
This is an open access article under the CC BY-N
the formation of Pol II open complexes, and the recruitment of

initiation factors (Parvin and Sharp, 1993; Tabuchi et al., 1993).

Furthermore, the accumulation of (+) and (�) supercoiling has

been proposed to facilitate the required nucleosome eviction

ahead and reloading behind Pol II during transcription elongation

(Corless and Gilbert, 2016; Teves and Henikoff, 2014). All this

information suggests that the regulation of supercoiling by topo-

isomerase activity could somehow operate to control transcrip-

tion and gene expression, although the mechanisms by which

this can occur remain largely unknown.

In mammals, TOP1 is essential for efficient transcription elon-

gation, and its activity is induced by direct interactions with the

elongating form of Pol II (Baranello et al., 2016; Dujardin et al.,

2014; King et al., 2013). In contrast, the functions of TOP2 in tran-

scription seem more complex. Although also involved in facili-

tating elongation (King et al., 2013), both the a (TOP2A) and b

(TOP2B) mammalian TOP2 paralogs are enriched at promoters

(Canela et al., 2017; Thakurela et al., 2013; Tiwari et al., 2012),

suggesting relevant regulatory functions. Indeed, TOP2A and

TOP2B control the expression of neuronal differentiation genes

that are essential for proper neural development (Lyu et al.,

2006; Thakurela et al., 2013; Tiwari et al., 2012). Accumulating

evidence also suggests that TOP2B can be essential for the

fast induction of highly regulated genes in response to different

types of stimuli, including hormones (Haffner et al., 2010; Ju

et al., 2006), growth factors (Bunch et al., 2015), and neuronal
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activity (Madabhushi et al., 2015). Immediate early genes (IEGs)

such as c-FOS, which responds with a transient burst in tran-

scription only a fewminutes after cells are stimulated, are a para-

digm of this type of transcriptional response (Healy et al., 2013).

Interestingly, this has been proposed to operate through the

generation of a promoter TOP2-mediated double-strand break

(DSB) that would be directly responsible for locally triggering

transcription (Bunch et al., 2015; Ju et al., 2006; Madabhushi

et al., 2015). As mentioned above, TOP2 enzymes indeed cut

duplex DNA as part of their catalytic cycle, remaining covalently

linked to the ends of the incised fragment in the so-called cleav-

age complex (TOP2cc) (Pommier et al., 2016). These intermedi-

ates, however, are very rare in cells, unless stabilized with TOP2

poisons such as etoposide (Canela et al., 2017; Gittens et al.,

2019; Gothe et al., 2019), and are fully reversible structures

that only result in DSB formation upon interference with cellular

processes and proteasomal degradation (Canela et al., 2019;

Gothe et al., 2019; Sciascia et al., 2020; Zhang et al., 2006). In

addition, there is evidence that DSBs, both in promoter and

gene bodies, are strong inhibitors of transcription in cis, in a pro-

cess that facilitates repair of the lesions and protects genome

integrity (Caron et al., 2019; Hanawalt and Spivak, 2008; Iaco-

voni et al., 2010; Pankotai et al., 2012; Shanbhag et al., 2010).

Alternative hypotheses to explain the function of TOP2 and

DNA supercoiling in the control of gene expression could there-

fore be considered. Although in many cases gene regulation im-

plies changes in the recruitment of Pol II to promoters and

increased transcription initiation, inmammals, themain regulato-

ry level lies at the entry into productive transcription elongation

(Adelman and Lis, 2012). This is exerted through the modulation

of promoter-proximal pausing of Pol II, which stops RNA synthe-

sis shortly after initiation and remains primed for a transition into

elongation upon P-TEFb-mediated Ser2 phosphorylation of its

C-terminal domain (CTD) (Adelman and Lis, 2012; Core and

Adelman, 2019; Li andGilmour, 2011). For this reason, global an-

alyses show that the Pol II signal is concentrated near the tran-

scription-start site (TSS) in a large fraction of genes (Guenther

et al., 2007; Kim et al., 2005). Promoter-proximal pausing is

controlled by specific complexes such as Negative Elongation

Factor (NELF) and DRB (5,6-dichloro-1-beta-D-ribofuranosyl-

benzimidazole) sensitivity inducing factor (DSIF) that decrease

the elongation efficiency of Pol II (Yamaguchi et al., 2013), as

well as by intrinsic features of the template chromatin (Aoi

et al., 2020; Jimeno-González et al., 2015; Kwak et al., 2013).

Interestingly, promoter-proximal pausing has been recently

shown to correlate with TOP2B and spontaneously occurring

DSBs at a genome-wide level (Dellino et al., 2019) and inter-

preted in the context of the TOP2B-mediated DSBmodel of tran-

scriptional regulation.

Here, we unexpectedly find that the main effect of TOP2 cata-

lytic inhibition in human cells is a quick and global release of Pol II

from promoter-proximal pausing that results in a sharp upregula-

tion of immediate early and other highly regulated genes. This is a

result of TOP2A repressive functions in transcriptional regulation

that are tightly interconnected toTOP1activity andcompletely in-

dependent of DSB formation. Instead, these functions require the

topological integrity of promoter regions, where transcription-

associated (�) supercoiling accumulates. Thus, we provide a to-
2 Cell Reports 35, 108977, April 13, 2021
pological framework for the regulation of promoter-proximal

pausing that can explain the typical bursting behavior of IEGs

and, in more general terms, advances our understanding of the

control of human gene expression by DNA topoisomerases.

RESULTS

TOP2 catalytic inhibitors induce expression of IEGs
To study a possible function of TOP2 and DNA supercoiling in

regulating transcription, changes in gene expression profiles

were analyzed in human-telomerase-immortalized retinal pigment

epithelial 1 (RPE-1) cells treated withmerbarone, a drug that cata-

lytically inhibits TOP2 upstream of DNA cleavage (Fortune and

Osheroff, 1998). Cellswere previously arrested inG0/G1 by serum

starvation in order to avoid possible effects of topoisomerase inhi-

bition on other cellular processes such as replication or chromo-

somesegregation.Upona2-h treatment, thecomparisonbetween

RNAsequencing (RNA-seq) profiles ofmerbarone-treated andun-

treated samples revealed that 173 protein-coding genes were

differentially expressed,with148upregulatedandonly25downre-

gulated upon merbarone treatment (Figure 1A; Data S1), pointing

to a mainly repressive role of TOP2 activity on gene expression.

Interestingly, most upregulated genes (UP genes) were related

with cellular responses to different cellular stimuli (Figure S1A). In

fact, there was a clear enrichment of IEGs (Figure S1B), which

are genes that, asmentioned above, are highly regulated and acti-

vated through protein-synthesis-independent rapid bursts of tran-

scription shortly after different types of stimuli (Bahrami and Dra-

bløs, 2016). A paradigm of this pattern of expression is the

c-FOS gene, whose mRNA production peaks at 30–60 min after

stimulation and drops after 90 min (Greenberg and Ziff, 1984).

Therefore, we analyzedRNA-seq samples taken 30min after mer-

barone treatment and found that only 5 genes were upregulated,

namely, c-FOS, FOSB, ATF3, ZFP36, and JUNB; and all of them

are well-established IEGs (Figure 1B; Data S1). TOP2 activity has

been described to be required for the transcription of long genes

(Joshi et al., 2012; King et al., 2013). Consistent with this descrip-

tion, UP genes were significantly shorter than the distribution of all

human genes (Figure S1C).

The changes in expression of c-FOS (used as a representative

model hereafter) andEGR1 (another responsive IEG) under TOP2

inhibition were confirmed by quantitative reverse transcription

PCR (qRT-PCR), with an outstanding increase in mRNA levels

(80- and 10-fold, respectively) 30 min after merbarone treatment

and a subsequent decrease at later time points (Figure 1C) that

mirrored physiological induction with serum (Figure S1D). As

expected, the increased mRNA levels of c-FOS reflected a tran-

scriptional induction, as determined by the analysis of chro-

matin-associated RNA (Figure S1E). Furthermore, increased c-

FOS expression was also observed in the lung carcinoma A549

cell line and in primary mouse embryonic fibroblasts (MEFs) (Fig-

uresS1FandS1G),demonstratingconservationamongcell types

and species, although fold-change inductionswerequantitatively

diversedue toastrongvariability inbasalexpression (FigureS1H).

Importantly, RPE-1 cells treated with ICRF-187, a different TOP2

catalytic inhibitor that targets TOP2 after strand passage and re-

ligation, also showed c-FOS upregulation (Figure 1D). In contrast,

treatment with the paradigmatic TOP2 poison etoposide resulted
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Figure 1. Immediate early genes (IEGs) are

upregulated upon TOP2 catalytic inhibition

(A and B) Volcano plots of transcriptional changes

upon 2 hours (2h) merbarone (Merb; 200 mM)

versus control (untreated) (n = 2) treatment (A) or

30 minutes (30min) Merb (200 mM) versus control

(DMSO) treatment (n = 3) (B) measured by RNA-

seq on serum-starved RPE-1 cells. The x axis

represents fold-induction ratios in a log2 scale,

and the y axis represents p values in a log10 scale.

Genes with an absolute fold change R2 and an

adjusted p % 0.05 are shown in red.

(C) c-FOS (left) and EGR1 (right) mRNA levels, as

measured by qRT-PCR, at the indicated times

following Merb and vehicle (DMSO) treatments

(n = 3). Values were normalized to GAPDH mRNA

levels and signal under untreated conditions. In-

dividual experimental values and mean ± SEM are

shown. Two-way ANOVA test with Bonferroni

post-test.

(D) As in (C) for c-FOS expression upon ICRF-187

(200 mM) treatment.

(E) As in (C) for c-FOS expression upon etoposide

(Etop; 20 mM) treatment.

In all cases, only the p values indicating statisti-

cally significant differences against vehicle treat-

ment are shown.
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in a minor induction of c-FOS expression only at later time points

(Figure 1E), similar to that previously reported in other cell types

(Bunch et al., 2015; Madabhushi et al., 2015), but negligible

compared to theeffects ofmerbaroneor serum.Wecan therefore

conclude that treatment with TOP2 catalytic inhibitors results in a

rapid and robust induction of highly regulated genes, including a

subset of IEGs and c-FOS in particular.

IEG induction is independent of DSBs or stress
The results described above suggest TOP2 inhibition as a poten-

tial molecular mechanism for IEG upregulation, in contrast to

current models of TOP2-mediated promoter DSBs (Bunch

et al., 2015; Madabhushi et al., 2015). There is, however, some

degree of controversy as to whether merbarone can also act

as a TOP2 poison in vivo (Pastor et al., 2012). We therefore

decided to analyze the accumulation of TOP2ccs and DSBs un-

der conditions of c-FOS upregulation. First, we performed ICE

(in vivo complex of enzyme), which measures TOP2ccs by

isolating and detecting covalent protein-DNA complexes accu-

mulated in cells (Nitiss et al., 2012; Subramanian et al., 1995; Fig-

ure S2A). Clearly, neither merbarone nor serum treatments

resulted in a detectable global accumulation of TOP2ccs (Fig-

ure 2A). Second, we monitored the generation of DSBs by the

accumulation of the gH2AXmarker globally, as nuclear foci visu-

alized by immunofluorescence (Kinner et al., 2008), and
specifically at the c-FOS locus by using

chromatin immunoprecipitation (ChIP).

Again, we found that neither merbarone

nor serum produced a significant accu-

mulation of gH2AX (Figures 2B, 2C, and

S2B), despite concomitantly causing a
robust transcriptional upregulation of c-FOS (Figure 2D). In

contrast, treatment with etoposide resulted in the expected

strong induction of global TOP2ccs and gH2AX signal, which

was clearly enriched surrounding the c-FOS gene, without a sig-

nificant induction of transcription (Figures 2A–2D and S2B). The

transcriptional response, therefore, does not correlate with the

appearance of TOP2ccs and DSBs. To further confirm that IEG

induction was independent of DNA damage, we decided to

impair the repair of TOP2-associated DSBs by removing TDP2,

a highly specialized DNA-end unblocking enzyme (Cortes Le-

desma et al., 2009) whose absence significantly delays repair

of this type of DNA lesion (Gómez-Herreros et al., 2013; Schel-

lenberg et al., 2017). As a matter of fact, RPE-1 cells deleted

for TDP2 by CRISPR-Cas9 displayed a kinetics of c-FOS induc-

tion similar to that of wild-type cells, both with merbarone and

serum treatments (Figures S2C and S2D). Altogether, these re-

sults disfavor the involvement of stable TOP2ccs or associated

DSBs in the mechanism of transcriptional upregulation of IEGs.

Interestingly, this finding is not only true for merbarone treatment

but also for physiological stimulation with serum.

Finally, we decided to test whether the transcriptional response

to merbarone could be an indirect cause of some type of cellular

stress or signaling derived from TOP2 inhibition. There are two

main pathways responsible for IEG upregulation in response to

stimulus, as follows: the RAS-mitogen-activated protein kinase
Cell Reports 35, 108977, April 13, 2021 3
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Figure 2. IEG induction is independent of

DSBs or stress

(A) TOP2A and TOP2B covalently bound to

genomic DNA (ICE) under 30 min of vehicle

(DMSO), Merb (200 mM), serum (1%), or Etop

(20 mM) treatments. A representative image is

shown (n = 3).

(B) Quantification of gH2AX foci immunofluores-

cence upon 30min of the indicated conditions (40

cells from each experimental condition were

manually counted, double-blind) (n = 3). Individ-

ual experimental values and mean ± SEM are

shown. One-way ANOVA test with Dunnett’s

post-test.

(C) gH2AX ChIP at the indicated regions of c-FOS

gene in serum-starved RPE-1 cells, as measured

by qPCR, at 30 min following vehicle (DMSO),

Merb (200 mM), serum (1%), or Etop (50 mM)

treatments (n = 3). Individual experimental values

and mean ± SEM are shown. Two-way ANOVA

test with Dunnett’s post-test.

(D) c-FOS mRNA levels upon 30 min of the indi-

cated conditions (n = 3); details as in Figure 1C.

One-way ANOVA test with Dunnett’s post-test.

(E) Quantification of phosphorylated H3S10

(pH3S10) immunofluorescence in serum-starved

RPE-1 cells treated for 30 min with vehicle

(DMSO), Merb (200 mM), or serum (1%) (n = 3).

Individual cellular values and median are shown.

Kruskal-Wallis test with Dunn’s post-test.

(F) Representative image (top) and quantification

(bottom) of p-p38 MAPK (Thr180/Thr182) west-

ern blot upon 30-min incubation with vehicle

(DMSO), Merb (200 mM), and H2O2 (100 mM or

1 mM) (n = 3). Individual experimental values and

mean ± SEM are shown. One-way ANOVA test

with Dunnett’s post-test.

(G) c-FOS mRNA levels upon 30 min of vehicle

(DMSO), Merb (200 mM), or H2O2 (100 mM) (n = 3);

details as in Figure 1C. One-way ANOVA test with

Dunnett’s post-test.

In all cases, only the p values indicating statisti-

cally significant differences against vehicle

treatment are shown.
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(MAPK)pathway that is activatedbygrowth factorsandmitogens,

and the p38-MAPK pathway that is activated by DNA damage or

other types of stress (Healy et al., 2013).Merbarone treatment did

not significantly trigger these pathways, as determined by

increased phosphorylation of histone H3 serine 10 (H3S10) (Fig-

ures 2E andS2E) or p38 (Figure 2F) compared to physiological in-

duction with serum or high-stress-inducing hydrogen peroxide

concentrations (1 mM). Conversely, mild stress caused by lower

hydrogen peroxide exposure (100 mM) did not elicit significant

stimulation of c-FOS transcription, in contrast to what was

observed in the case of merbarone treatment (Figure 2G). Hence,

we conclude that merbarone increases IEG expression directly

and not by eliciting a cellular stress response, althoughwe cannot

fully rule out the involvement of additional signaling pathways.

TOP2A activity at gene promoters represses
transcription of IEGs
To characterize the inhibitory effect of merbarone on TOP2 activ-

ity, ICE experiments were carried out following different times of
4 Cell Reports 35, 108977, April 13, 2021
merbarone treatment and a brief (5 min) incubation with a high

dose (400 mM) of etoposide in order to ‘‘freeze’’ catalytically

engaged enzymes (Figure 3A). In this experimental setup, etopo-

side-mediated TOP2cc induction is used as an estimate of TOP2

activity, which merbarone is expected to reduce by acting up-

stream in the catalytic cycle. Strikingly, at times in which IEG up-

regulation was already evident, merbarone mainly inhibited the

TOP2A paralog, whereas TOP2B activity was mildly affected

only at later time points (Figure 3B). Consistent with this finding,

stable in-pool deletion of TOP2B in RPE-1 cells overexpressing

Cas9 (RPE-1 Cas9) (Figure S3A) did not change c-FOS expres-

sion (neither its basal levels [Figure 3C] nor its induction upon

merbarone or serum treatments [Figure 3D]) compared to cells

transfected with a non-targeting guide RNA(gRNA). Importantly,

these results not only prove that TOP2B is not a target for the

transcriptional response elicited by merbarone but also rule

out the previously proposed requirement for TOP2B-mediated

DSBs in the regulation of c-FOS expression (Bunch et al.,

2015; Madabhushi et al., 2015), at least under our experimental



A B

DC

E F

Figure 3. Merb induces IEGs by inhibiting

TOP2A

(A and B) Diagram of the experimental design (A)

and a representative image (B) of the ICE experi-

ment conducted tomeasure the inhibitory effect of

Merb (200 mM) on TOP2 catalytic activity (n = 3).

The 48-h serum-starved (0.1%) RPE-1 cells were

subjected to Merb treatment for the indicated time

with a final 5-min treatment with either vehicle

(DMSO) or Etop (400 mM).

(C) c-FOS mRNA levels in RPE-1 Cas9 cells

following transfection with non-targeting (NT) and

TOP2B-specific (TOP2B) gRNAs (n = 3), according

to the experimental outline illustrated in Fig-

ure S3A. Individual values and mean ± SEM are

shown, one-sample t test (hypothetic value = 1). A

representative western blot image of TOP2B and

TOP2A levels in wild-type (WT) and TOP2B�/�

RPE-1 cells is shown (right) (n = 3).

(D) c-FOS mRNA levels in cells described in (C)

following the indicated times ofMerb (left) or serum

(right) treatments (n = 3); details as in Figure 1C.

Individual experimental values and mean ± SEM

are shown. Two-way ANOVA test with Bonferroni

post-test.

(E) As in (C) for TOP2A-specific (TOP2A) gRNAs

(n = 3). Experimental outline in Figure S3B.

(F) As in (D) for TOP2A-specific (TOP2A) gRNAs

(n = 3).

In all cases, only the p values indicating statistically

significant differences are shown.
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conditions. In order to check the involvement of TOP2A, an

essential protein for cell cycle progression, we performed acute

TOP2A deletion under conditions of serum starvation by the

transfection of an appropriate gRNA in RPE-1 Cas9 cells (Fig-

ure S3B). Despite these technical limitations, we achieved sub-

stantial levels (>90%) of TOP2A protein depletion (Figure 3E),

which were sufficient to cause a significant increase in the basal

levels of c-FOS expression compared to cells transfected with a

non-targeting gRNA (Figure 3E). Treatment of these control cells

with merbarone or serum triggered substantial c-FOS upregula-

tion (Figure 3F), although higher basal c-FOS expression caused

by the transient-transfection conditions (Figure S3C) resulted in

a lower fold induction. In TOP2A-deleted cells, however, merbar-

one-mediated c-FOS induction was completely abolished, and

interestingly, stimulation with serum was potently enhanced

(Figure 3F). These results strongly support inhibition of TOP2A

as the direct cause of c-FOS upregulation in response tomerbar-

one treatment, ruling out potential off-target effects of the drug.

Furthermore, the de-repression observed in TOP2A�/� cells,

both in terms of basal expression levels and upon serum stimu-

lation, suggests that merbarone mainly operates through a

reduction in TOP2A activity and not by indirect effects caused

by the trapping of the enzyme on chromatin.

Direct transcriptional roles of TOP2A are somewhat unex-

pected, as they have been traditionally assigned to TOP2B

(Austin et al., 2018). However, TOP2A has been reported to

physically interact with Pol II (Mondal and Parvin, 2001)
and to accumulate at promoters and nucleosome-free regions

(Canela et al., 2017; Thakurela et al., 2013; Yu et al., 2017),

similarly to TOP2B. ChIP sequencing (ChIP-seq) in G0/G1-ar-

rested RPE-1 cells confirmed this enrichment at promoters

and enhancers under our experimental conditions (Figure 4A).

In fact, the distribution of TOP2A strongly correlated with Pol

II and marks of active chromatin like H3K4me3 and H3K27ac

at these regions (Figure S4A). Interestingly, average TOP2A

levels around the TSS were notably higher in the 148 genes up-

regulated at the mRNA level after 2-h merbarone treatment (UP

genes) than in the same number of randomly selected genes

(Figure 4B), with similar expression levels (Figure S4B), or

also when compared to all human genes (Figure S4C). This

result is consistent with a direct involvement of TOP2A in tran-

scriptional repression of these genes under basal conditions.

TOP2A profiles in c-FOS and EGR1, as positive examples,

and LDLR, an IEG not upregulated upon merbarone treatment

(Data S1), illustrate these differences (Figure 4C). To further

link TOP2A activity to transcriptional repression, we decided

to determine whether TOP2A present at the c-FOS promoter

was catalytically active. To do so, we performed TOP2A ICE-

IP (Álvarez-Quilón et al., 2020), a technique in which accumu-

lated TOP2ccs were immunoprecipitated from ICE extracts

with specific antibodies against TOP2A, and the associated

DNA was subsequently amplified by qPCR with pairs of primers

in the c-FOS gene (Figures S2A and 4D). Interestingly, etopo-

side treatment strongly increased the amount of covalently
Cell Reports 35, 108977, April 13, 2021 5
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Figure 4. TOP2A activity at gene promoters

represses transcription

(A) Genome-wide distribution of TOP2A peaks

compared with the general distribution of human

mappable genomic regions.

(B) Average TOP2A ChIP-seq enrichment around

the TSS of UP genes and an equal number of

randomly selected genes.

(C) Genome browser tracks for TOP2A ChIP-seq at

c-FOS,EGR1, and LDLRgenes in untreated serum-

starved RPE-1 cells. The y axis represents Reads

Per Kilobase Million (RPKM).

(D) TOP2A ICE-IP under vehicle (DMSO), Merb

(200 mM), serum (1%), or Etop (400 mM) treatment

for 5 min, at the indicated regions in serum-starved

RPE-1 cells (see Figure S2A) (n = 3). Individual

experimental values and mean ± SEM are shown.

One-way ANOVA test with Dunnett’s post-test.

Only the p values indicating statistically significant

differences against vehicle treatment are shown.
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bound TOP2A at the c-FOS promoter (Figure 4D, left), which is

indicative of its strong catalytic engagement at this region.

Increased signal, although not reaching statistical significance,

was also observed in the gene body (Figure 4D, right). TOP2A

is, therefore, not only present but also active at c-FOS under

basal expression conditions, which is in agreement with a

repressive role in the transcriptional regulation of this gene.

Furthermore, in contrast to what was observed upon etoposide

treatment, ICE-IP signal in c-FOS was not increased in the

presence of merbarone or serum (Figure 4D), further confirming

that the transcriptional effects observed are independent of

TOP2Acc stabilization. We therefore conclude that TOP2A

plays a major role in the basal constitutive repression of c-

FOS, which is overcome upon inhibition of its catalytic activity,

leading to a sharp transcriptional upregulation.

TOP2Acatalytic inhibition releasesPol II frompromoter-
proximal pausing
In order to understand the transcriptional effect of TOP2A inhi-

bition in detail, we used ChIP-seq to compare the distribution

of Pol II under control conditions and following 30 and 60 min

of merbarone treatment. An analysis of differential Pol II gene

body occupancy showed a repression of only 4 genes, whereas

48 genes were induced at 60 min of merbarone treatment, with

19 of them (18%) coinciding with the genes upregulated at the

mRNA level (UP genes) (Figures S5A and S5B). In fact, Pol II

occupancy at the body of UP genes was significantly increased

upon merbarone treatment (Figure 5A), confirming that the ef-

fect of TOP2A inhibition on gene expression was exerted at

the level of transcriptional upregulation. This effect could be

clearly observed in c-FOS and EGR1 as representative exam-

ples but not in the irresponsive LDLR IEG (Figure 5B). Strikingly

however, Pol II occupancy did not increase in the region sur-
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rounding the TSS of UP genes, where it

was even reduced, although it did not

reach statistical significance (Figure 5A).

Although this trend was not observed in
strongly induced genes, such as c-FOS, in which the Pol II

ChIP-seq signal increased throughout the gene (Figure 5B),

the ratio of gene-body-bound (at the +1916 region) versus

TSS-bound (at the �17 region) polymerase, as determined by

ChIP-qPCR, increased significantly upon merbarone treatment

(Figure S5C). These transcriptional phenotypes, which can be

visualized in the profile of Pol II occupancy (Figure 5C), are

consistent with an increased release from promoter-proximal

pausing, accompanied in some cases such as c-FOS and

EGR1 by a concomitant stimulation of transcription initiation.

To quantify the global changes in Pol II distribution, two gene

body/promoter ratios were calculated, namely, pause release

ratio (PRR) (Chen et al., 2015) and pausing index (PI) (Core

et al., 2008; Day et al., 2016), which are positive and negative

indicators of pause release, respectively. Merbarone treatment

significantly increased PRR (Figure 5C) and decreased PI (Fig-

ure S5D) of UP genes, suggesting that TOP2A inhibition leads

to gene upregulation through the release of Pol II from the

pause site. We then decided to extend our analysis to all

(n = 10,471) active genes, as determined by the presence of

Pol II at the promoter under control conditions. Again, although

more mildly, average Pol II gene occupancy showed a general

shift from the TSS to proximal coding regions and significant in-

creases in PRR (Figure 5D) and decreases in PI (Figure S5E)

under TOP2A inhibition. Finally, we also evaluated the

genome-wide effect of merbarone treatment on promoter-prox-

imal pausing by using an empirical cumulative distribution func-

tion (ECDF) of PRR, which resulted in a shift toward pause

release (Figure 5E). We therefore conclude that TOP2A inhibi-

tion leads to an increase in the release of Pol II from pro-

moter-proximal pausing that can be observed globally,

although only a subset of genes becomes significantly upregu-

lated at the mRNA level.
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Figure 5. Merb releases Pol ll from pro-

moter-proximal pausing

(A) Box-plot distribution of Pol II/IgG ChIP-seq

reads (RPKM) at the gene body (+0.5 to +2.5 kb;

left) and the TSS (�0.5 to +0.5; right) in UP genes

following the indicated times of Merb treatment.

Wilcoxon rank-sum test.

(B) Genome browser tracks for Pol II ChIP-seq

(top) following the indicated times of Merb treat-

ment at c-FOS, EGR1, and LDLR genes. The y axis

represents RPKM.

(C) Average Pol II ChIP-seq distribution around the

TSS (left) and box-plot distribution of PRR (right) in

UP genes following the indicated times of Merb

treatment. Wilcoxon rank-sum test.

(D) As in (C) for all (10,471) transcriptionally active

genes, determined by Pol II or H3K4me3 ChIP-seq

signal at the TSS.

(E) Empirical cumulative distribution function

(ECDF) of PRR following the indicated times of

Merb treatment.

(F) Correlation between TOP2A levels at the TSS

and PI. Genes were stratified in quintiles (Q1 to Q5)

regarding their TOP2A levels at the TSS, as

measuredbyTOP2AChIP-seqcounts,and thebox-

plot distribution of PI in each quintile is represented.

(G) Proximity ligation assay (PLA) quantification and

representative image (inset) of TOP2A and NELFE

interaction inU2OScells. The antibodyused in each

condition is indicated on the y axis (40 cells; n = 3).

Individual cells and median are shown. Kruskal

Wallis test with Dunn’s post-test.

(H) NELFE ChIP at the indicated regions of the c-

FOS gene in serum-starved RPE-1 cells, as

measured by qPCR, at 30 min following vehicle

(DMSO), Merb (200 mM), or serum (1%) treatment

(n = 3). Individual experimental values and mean ±

SEM are shown. Two-way ANOVA test with Dun-

nett’s post-test.

In all cases, only the p values indicating statistically

significant differences are shown.
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To further link TOP2A to the regulation of promoter-proximal

pausing, genes were categorized in quintiles regarding their

TOP2A density at promoters, and their average PI and PRR

were determined. Interestingly, TOP2A positively correlated

with PI (Figure 5F) and negatively with PRR (Figure S5F), indi-

cating a positive association of TOP2A with promoter-proximal

pausing. Furthermore, we found that TOP2A was in close prox-

imity to NELF, as determined by a proximity-ligation assay

(PLA) against its RNA-binding subunit NELFE (Figure 5G). The

specificity of this signal was confirmed by the reduction of PLA

foci under NELFE downregulation (Figure S5G). Furthermore,

both merbarone and serum treatments caused a mild but signif-

icant reduction in TOP2A-NELFE proximity, together with a
reduction in NELFE ChIP signal at the c-

FOS TSS (Figures 5H and S5H). These re-

sults, together with the general pause

release and transcriptional upregulation

effects observed under merbarone treat-

ment, strongly suggest that TOP2A is an
important repressor of transcription that operates by a stimula-

tion of promoter-proximal pausing.

c-FOS expression is affected by DNA supercoiling
TOP2 and TOP1 have been shown to collaborate in the removal

of transcription-associated supercoiling (Pedersen et al., 2012;

Sperling et al., 2011). We therefore decided to monitor changes

in TOP1 activity during c-FOS upregulation by using TOP1 ICE-

IP as described above for TOP2A but with a pulse of the TOP1

poison camptothecin (CPT) (Figure S2A). Because merbarone

has been reported to partially inhibit TOP1 activity at high con-

centrations in vitro (Drake et al., 1989), we first checked the effect

of merbarone and serum treatments on CPT-induced ICE signal,
Cell Reports 35, 108977, April 13, 2021 7
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Figure 6. c-FOS expression is regulated by

DNA supercoiling

(A) TOP1cc levels, as determined by TOP1 ICE-IP,

at the indicated regions of the c-FOS gene (see

experimental set up in Figure S2A) following 30-

min vehicle (DMSO), Merb (200 mM), or serum (1%)

treatments. Under all conditions, TOP1ccs were

induced by a 5-min incubation with camptothecin

(CPT; 10 mM) (n = 4). Individual experimental

values and mean ± SEM are shown. Two-way

ANOVA test with Dunnett’s post-test.

(B) c-FOS mRNA levels in RPE-1 cells upon

treatment with Merb (200 mM), CPT (10 mM), or

their combination, as indicated (n = 3), details as in

Figure 1C. Individual experimental values and

mean ± SEM are shown. Two-way ANOVA test

with Bonferroni post-test.

(C) Biotin-psoralen (bio-psoralen) incorporation,

expressed as enrichment after pull-down at the

indicated positions of the c-FOS gene and

normalized to a non-transcribed intergenic region

as an internal control, in serum-starved RPE-1

cells after 10-min treatments with vehicle (DMSO),

Merb (200 mM), or serum (1%) (n = 3). Individual

experimental values and mean ± SEM are shown;

two-way ANOVA test with Bonferroni post-test.

(D) c-FOS mRNA levels in RPE-1 Cas9 cells 2 h

after transfection with the indicated gRNA and at

different times following induction with Merb

(200 mM) (top) or serum (1%) (bottom) (n = 3); other

details as in (B).

(E) As in (D) but in RPE-1 Cas9 D10A cells and

including 30-min pretreatment with PARP1 inhib-

itor PJ34 as indicated (PARPi; 10 mM; right).

In all cases, only the p values indicating statisti-

cally significant differences are shown.
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globally (Figure S6A) and specifically at a control expressed gene

such asGAPDH (Figure S6B). Neither treatment caused a signif-

icant change in the accumulation of TOP1ccs, suggesting that

they do not significantly affect TOP1 cleavage in cells, which val-

idates the use of this technique to monitor TOP1 activity during

c-FOS induction. TOP1 had basal activity at the c-FOS promoter

and gene body, as shown by a clear CPT-dependent TOP1cc

accumulation (Figure S6C). This activity was strongly increased,

specially within the gene body (4- and 12-fold at promoter and

gene body, respectively), when transcription was induced with

serum (Figure 6A), consistent with the reported tight link between

TOP1 activity and transcription elongation (Baranello et al.,

2016). Upon merbarone treatment, however, despite the dra-

matic transcriptional stimulation (Figure 1C), TOP1 activity in

the c-FOS promoter and gene body remained at basal levels

(Figure 6A). Thus, TOP2A inhibition completely bypasses the

need of TOP1 for transcription elongation, which is a result that

supports a topological nature for merbarone-induced gene upre-

gulation. Conversely, TOP1 inhibition with CPT strongly sup-

pressed c-FOS upregulation upon merbarone treatment (Fig-

ure 6B). We can conclude that TOP2A and TOP1, rather than
8 Cell Reports 35, 108977, April 13, 2021
operating redundantly, are negative and

positive transcriptional effectors, respec-

tively. The fact that an acute transcrip-

tional response can be achieved without
an accompanying increase in topoisomerase activity is

remarkable.

The involvement of two opposing topoisomerase activities

strongly suggests a central role for DNA topology, and likely

DNA supercoiling, in the regulation of c-FOS expression. We

therefore decided tomonitor changes in the incorporation of bio-

tinylated psoralen (bio-psoralen) (Figure S6D), a compound that

preferentially intercalates into negatively supercoiled (�) DNA

(Bermúdez et al., 2010). Limiting concentrations of bio-psoralen

that resulted in a measurable level of transcription-dependent

intercalation were selected and experimentally tested in order

to minimize the contribution of other variables such as chromatin

structure (Figures S6E and S6F). Under these conditions, the

stimulation of c-FOS transcription by serum resulted in

increased incorporation of bio-psoralen at the promoter and

gene body (Figure 6C), consistent with (�) supercoiling accumu-

lation as a result of transcriptional activity (Bermúdez et al., 2010;

Kouzine et al., 2013; Naughton et al., 2013). In contrast, merbar-

one treatment resulted in a specific increase of (�) supercoiling

at the promoter that was not observed within the body of the

gene (Figure 6C). These results, together with the unchanged
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TOP1 activity, highlight the particular topological context of mer-

barone-mediated stimulation of c-FOS transcription.

Based on these results, we considered the possibility that the

accumulation of (�) supercoiling at the promoter region could

play an active role in the regulation of transcription. In order to

tackle this question, we decided to disrupt local promoter super-

coiling by the induction of DNA breaks. We individually trans-

fected two different gRNAs in serum-starved RPE-1 Cas9 cells

to target a DSB to the c-FOS promoter region and analyzed

changes in gene expression with merbarone or serum. Interest-

ingly, in both cases, c-FOS induction was strongly disrupted

upon transfection with the targeting gRNAs and not when a

non-targeting control was used (Figure 6D). These results further

argue against the DSB model of transcriptional stimulation and

suggest, instead, that the topological integrity of the promoter

region is an essential factor to allow gene expression. One

caveat for these experiments, however, is that DSBs are well

known in cis repressors of transcription through a canonical

gH2AX-dependent DNA damage response (Caron et al., 2019)

and could therefore indirectly limit c-FOS expression. We there-

fore decided to alternatively target a CRISPR-Cas9 D10A nick-

ase that generates single-strand breaks (SSBs) (Chiang et al.,

2016), which have not been reported to locally inhibit transcrip-

tion. Indeed, although transfection with a c-FOS-targeting

gRNA in Cas9-expressing cells resulted in a significant increase

in the percentage of cells harboring two gH2AX foci, this was not

the case in cells expressing the Cas9 D10A variant (Figure S6G).

Under these conditions, despite this lack of DDR signaling, we

observed a disruption of merbarone-mediated c-FOS induction,

which was further enhanced and reached statistical significance

when the PARP1 inhibitor PJ34 was used to impair SSB repair

(Figure 6E). We conclude that the topological state of the

promoter region is important for the transcriptional response of

c-FOS. Altogether, our results support the disruption of DNA to-

pology as a key factor driving merbarone-induced transcription

upregulation and suggest a tight interdependence between

TOP2A and TOP1 activities in order to maintain supercoiling ho-

meostasis and transcriptional control.

DISCUSSION

A model of supercoiling-mediated regulation of
promoter-proximal pausing
The results presented here suggest that the removal of (�) super-

coiling from gene promoters by TOP2A facilitates promoter-

proximal pausing of Pol II and that this is essential to maintain

c-FOS and other IEGs under basal repressed conditions. It

may seem counterintuitive that a topoisomerase, which relieves

torsional stress, acts to negatively regulate transcription. One

must bear in mind however that (�) supercoiling is a well-estab-

lished stimulator of transcription initiation, at least in vitro and in

prokaryotic models (Chong et al., 2014; Kim et al., 2019; Parvin

and Sharp, 1993; Revyakin et al., 2004; Tabuchi et al., 1993),

and has been proposed to operate similarly in yeast and

mammalian cells (Baranello et al., 2016; Bermúdez et al.,

2010). Thus, (�) supercoiling at promoter regions facilitates tran-

scription initiation by allowing promoter melting and the forma-

tion of Pol II open complexes. In this same line, although
upstream (�) supercoiling can stall bacterial RNA polymerase

(Ma et al., 2013), when encountered downstream, it can favor

transcriptional elongation by cancelling the (+) supercoiling

generated (Kim et al., 2019). Furthermore, supercoiling has

been shown to affect the turnover rate of nucleosomes, binding

of chromatin factors, and even the formation of non-B DNA

structures with regulatory potential (Dykhuizen et al., 2013;

Kaczmarczyk et al., 2020; Kouzine et al., 2004, 2008; Sperling

et al., 2011; Teves and Henikoff, 2014), providing different mech-

anisms by which supercoiling-mediated transcriptional regula-

tion could operate.

However, the fact that merbarone induces transcription

without a concomitant increase in TOP1 activity is more consis-

tent with a direct topological connection. In this context, we pro-

pose that by removing (�) supercoiling generated behind

advancing Pol II complexes, TOP2A might limit initiation and

processivity of subsequent transcriptional cycles, imposing a

strong requirement for TOP1-mediated removal of (+) supercoil-

ing ahead of each elongating polymerase (Figure 7). This should

bemore relevant in the vicinity of the TSS, where TOP1 activity is

reduced (Baranello et al., 2016) (Figure 6A), favoring the forma-

tion of a (+) topological barrier that reinforces promoter-proximal

pausing and maintains transcription under repressed and

controlled conditions. Disrupting this balance, either in a regu-

lated manner or by inhibiting TOP2A, would lead to a transcrip-

tion-dependent accumulation of (�) supercoiling in a topological

feedback loop (transcription increases supercoiling and super-

coiling increases transcription) that could result in strong tran-

scriptional bursts. In fact, the balance between Top I and gyrase

activities in removing (�) and (+) supercoils, respectively, has

been shown to regulate transcriptional bursting in bacteria

(Chong et al., 2014). It would be extremely relevant to find phys-

iological scenarios in which human cells use this mechanism and

control TOP2 activity to regulate transcriptional outbursts.

It is worth noting that, mechanistically, under conditions of ab-

sent or limited TOP2A-mediated (�) supercoiling removal, multi-

ple Pol II complexes could advance in tandem, taking advantage

of (+) and (�) supercoiling cancellation, as recently reported in

bacteria (Kim et al., 2019), in ‘‘trains’’ of polymerases in which

only the ‘‘engine’’ encounters topological constraints. This

way, upregulation of transcription could be achieved by simply

adding more ‘‘wagons’’ without additional topological cost.

Interestingly, the inherent preference of eukaryotic topoiso-

merases for removing (+) over (�) supercoils (Fernández et al.,

2014; Frøhlich et al., 2007) could extend the supercoiling cancel-

lation effect to favor a cooperative advance of polymerase com-

plexes also during transcription elongation. In any case, the

accumulation of (�) supercoiling at promoter regions seems to

be a widespread characteristic of eukaryotic gene organization

(Bermúdez et al., 2010; Kouzine et al., 2013; Matsumoto and Hir-

ose, 2004; Naughton et al., 2013; Teves and Henikoff, 2014) and

could serve additional functions such as, for example, providing

an appropriate 3D conformation to favor interaction with regula-

tory elements (Liu et al., 2001; Racko et al., 2019) or as a means

to isolate and maintain the topology of the transcriptional unit

(Achar et al., 2020).

It is perhaps difficult to explain that despite a general release

from promoter-proximal pausing upon merbarone treatment,
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Figure 7. Amodel of supercoiling-mediated

regulation of promoter-proximal pausing

Proposed model for transcription regulation

through DNA supercoiling. Under basal tran-

scription conditions in the presence of active

TOP2A (left), Pol II early elongation generates (+)

DNA supercoiling ahead and (�) DNA supercoiling

behind. TOP1 removes (+) DNA supercoiling to

favor Pol II release from promoter-proximal

pausing, and TOP2A removes (�) DNA super-

coiling at the promoter, so the topological context

is reset for the following initiating polymerase,

maintaining transcription under controlled condi-

tions. If TOP2A is inactive (right), (�) DNA super-

coiling accumulates at the promoter region and

counteracts the (+) DNA supercoiling generated

ahead of the next initiating Pol II complex. This

supercoiling cancelation allows TOP1-indepen-

dent advance of Pol II bypassing promotor-prox-

imal pausing. This can be accompanied by

increased transcription initiation and/or other

modifications at the promoter region that, alto-

gether, increase transcription.
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similar to that caused by depletion of pausing factors (Chen

et al., 2015; Core et al., 2012; Rahl et al., 2010), only a relatively

small number of genes is upregulated (Figure 1A). One should

bear in mind, however, that pausing of Pol II has been demon-

strated to be a necessary step for optimal transcription. In fact,

upon depletion of promoter-proximal pausing factors, tran-

scriptional upregulation is not widespread but instead mainly

restricted to rapidly inducible genes, like heat-shock or, inter-

estingly, immediate-early genes (Fujita et al., 2009; Gilchrist

et al., 2008; Schaukowitch et al., 2014). In this sense, pro-

moter-proximal pausing also indirectly regulates Pol II recruit-

ment to promoters by inhibiting transcription re-initiation

(Shao and Zeitlinger, 2017). This might be especially relevant

for those highly regulated genes that are characterized by fast

and synchronous changes in gene expression under stimula-

tion, in which not only elongation but also initiation has to be

rapidly increased. TOP2A inhibition may therefore operate in a

similar fashion, with expression levels being significantly altered

only in genes, such as IEGs, that are poised for transcription

stimulation and lack other repressive mechanisms of regulation.

This is in agreement with the increase in promoter occupancy

that accompanies c-FOS and EGR1 induction upon merbarone

treatment (Figure 5B). The length of the transcriptional unit may

also contribute significantly to the effect of TOP2A inhibition on

gene expression. Long genes have been reported to be partic-

ularly sensitive to the loss of TOP2 activity (Joshi et al., 2012;

King et al., 2013). Therefore, the effect of merbarone on stimu-

lating expression might not be observed in long genes that

further require TOP2A for efficient transcription elongation. In

agreement with this idea, genes upregulated at the mRNA level

are significantly shorter than expected (Figure S1C). In sum-

mary, we understand that DNA supercoiling is a relevant aspect

contributing to transcriptional regulation and may also affect the

process at additional levels in addition to promoter-proximal
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pausing. The relative contribution and interaction between

these factors would shape the variable response of individual

genes, cell types, and tissues.

TOP2-mediated DSBs and transcription regulation:
cause or consequence?
Our model changes the current view of IEG stimulation through

the physiological induction of TOP2B-mediated DSBs at gene

promoters (Bunch et al., 2015; Madabhushi et al., 2015), an

idea that was originally put forward for the regulation of hormone

responsive genes (Ju et al., 2006). In contrast, we provide an

alternative possibility by which IEG expression is stimulated by

(�) DNA supercoiling and actually repressed by the action of

TOP2A. Indeed, we present solid evidence demonstrating that

neither TOP2A- nor TOP2B-mediated DSBs are necessary for

IEG expression. First, we are unable to detect TOP2ccs or

DSBs upon merbarone or serum stimulation, neither globally

nor specifically at the affected genes, despite a concomitant

strong induction of transcription. Second, we show that c-FOS

stimulation does not change in cells deleted for the highly

TOP2-specialized repair enzyme TDP2. Although alternative

TDP2-independent pathways to repair TOP2-induced DSBs

exist in cells, they operate at a slower rate and seriously compro-

mise genome integrity (Álvarez-Quilón et al., 2014; Gómez-Her-

reros et al., 2013) andwould therefore inevitably affect the extent

and/or kinetics of putative DSB-dependent gene expression.

Third, neither TOP2A nor TOP2B deletion reduce c-FOS expres-

sion or stimulation with serum, demonstrating the complete

dispensability of their activity. As a matter of fact, TOP2A-

deleted cells display higher basal c-FOS expression and a

more accused serum response, in agreement with its repressive

functions. Finally, we show that DSBs targeted to the c-FOS pro-

moter abolish, rather than stimulate, its capacity to respond to

merbarone or serum treatments.
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Conciliatingly, however, although it is difficult for us to fully

explain some of the results that support the TOP2-DSB model,

some key observations are actually completely compatible.

Thus, a mild (�2-fold) induction of c-FOS and other IEGs was

found at late times of etoposide treatment in neurons (Madab-

hushi et al., 2015). Indeed, here, we observe a very similar

behavior in RPE-1 cells (Figure 1E), but the fact that a much

higher and faster induction is observed upon catalytic inhibition

(Figures 1C and 1D) strongly suggests the reduction in activity,

which also occurs upon etoposide treatment, rather than the

generation of TOP2ccs or DSBs, as the molecular trigger of the

transcriptional response. Furthermore, the association between

transcription and DNA damage is clear and well documented

(Gaillard and Aguilera, 2016), and it is plausible that at least

part of this can be caused by accidental topoisomerase-medi-

ated DNA breaks (Sun et al., 2020). We therefore favor a scenario

in which TOP2-induced DSBs are accidental and a conse-

quence, rather than the cause, of transcriptional upregulation.

In support for this scenario, chemical inhibition of transcription

elongation dramatically reduces the accumulation of sponta-

neous DSBs that normally colocalize with TOP2B and Pol II at

gene promoters (Dellino et al., 2019).

Conclusions
Our results uncover a layer of transcriptional regulation that op-

erates at the level of promoter-proximal pausing and depends on

canonical functions of TOP2A. In addition, our discoveries pro-

vide a molecular explanation for the typical bursting behavior

of immediate early and potentially other highly regulated genes.

Interestingly, this topological control operates at a high hierarchi-

cal level and is sufficient to trigger gene expression and over-

come other regulatory steps such as signaling cascades,

chromatin remodeling, or the recruitment of specific factors.

Furthermore, our findings place the functions of TOP2 in tran-

scriptional regulation in a context that, in contrast to previous

models based on DSB formation (Ju et al., 2006; Madabhushi

et al., 2015), do not entail a risk for genome integrity. Inmore gen-

eral terms, this study constitutes a step to understand how TOP2

activity may be used to modulate biological processes in

mammalian cells. Future work should be devoted to study the

regulation of topoisomerase function and DNA supercoiling in

this and other relevant physiological scenarios and how they

converge with different aspects of chromatin dynamics to shape

genome function, organization, and stability.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rpb1 NTD (D8L4Y) antibody Cell Signaling Tech. Cat# 14958; RRID:AB_2687876

Rabbit monoclonal antibody against

Topoisomerase II Alpha (Topo

IIa)(EP1102Y)

Abcam Cat# ab52934; RRID:AB_2240762

Anti-Topo IIalpha (F-12) antibody Santa Cruz Biotech. Cat# sc-365916; RRID:AB_10842059

TOP2B antibody Proteintech Cat# 20549-1-AP; RRID:AB_10700004

Topoisomerase I antibody - ChIP Grade Abcam Cat# ab3825; RRID:AB_304095

Topoisomerase I antibody [EPR5375] Abcam Cat# ab109374; RRID:AB_10861978

Anti-p38 MAPK, phospho (Thr180 / Tyr182)

Antibody, Unconjugated

Cell Signaling Tech. Cat# 9211; RRID:AB_331641

Anti-a-Tubulin antibody Sigma-Aldrich Cat# T9026; RRID:AB_477593

Mouse Anti-Histone H2A.X, phospho

(Ser139) Monoclonal antibody,

Unconjugated, Clone jbw301

Millipore Cat# 05-636; RRID:AB_309864

Rabbit Anti-Histone H3, phospho (Ser10)

Mitosismarker Polyclonal antibody,

Unconjugated

Millipore Cat# 06-570; RRID:AB_310177

NELF-E (H-140) antibody Santa Cruz Biotech. Cat# sc-32912; RRID:AB_2177858

Bacterial and virus strains

e. coli: stbl3 competent cells This paper N/A

e. coli: DH5a competent cells This paper N/A

Chemicals, peptides, and recombinant proteins

EZ-Link Psoralen-PEG3-Biotin Thermo Fisher Cat# 29986

Digitonin Sigma-Aldrich Cat# D141

Tn5A Enzyme CABD N/A

s.p. Cas9 Nuclease 3NLS Integrated DNA Tech. Cat# 1074181

Merbarone Sigma-Aldrich Cat# M2070

Etoposide Sigma-Aldrich Cat# E1383

ICRF-187 Sigma-Aldrich Cat# D1446

Camptothecin Sigma-Aldrich Cat# C9911

Triptolide Sigma-Aldrich Cat#T3652

Critical commercial assays

DuoLink PLA Kit Sigma-Aldrich Cat# DUO92008100RXN

RNeasy KIT QIAGEN Cat# 74106

TruSeq Stranded mRNA lllumina Cat# 20020594

Deposited data

RNA sequencing Data This paper GEO: GSE141800

ChIP-seq data of TOP2A This paper GEO: GSE141800

ChIP-seq data of POL2 This paper GEO: GSE141800

CTCF ChIP-seq ENCODE Project Consortium, 2012 https://www.encodeproject.org/

experiments/ENCSR000DVI/

H3K4me3 ChIP-seq ENCODE Project Consortium, 2012 https://www.encodeproject.org/

experiments/ENCSR000DVK/

H3K27ac ChIP-seq Sánchez et al., 2018 https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSM2865066

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human reference genome, NCBI build 37,

GRCh37/hg19

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/human

Unprocessed and uncompressed imaging

data (microscopy and blots)

This paper Mendeley Data at: http://dx.doi.org/10.

17632/r69w5y36w2.1

Experimental models: Cell lines

hTERT-RPE-1 cells ATCC CRL-4000

Cas9-overexpressing hTERT RPE-1 Kindly provided byDr. Durocher Lab N/A

A549 ATCC CCL-185

HEK293T ATCC CRL-1573

U2OS ATCC HTB-96

Mouse Embryonic Fibroblast (MEFs) This paper N/A

Oligonucleotides

Primers for qPCR, see Table S1 This paper N/A

siRNA targeting sequence: NELFE:

GGCAUUGCUGGCUCUGAAGUU

Aiyar et al., 2004 N/A

siRNA targeting sequence: LUC:

CGUACGCGGAAUACUUCGA

Jimeno-González et al., 2015 N/A

CRISPR-Cas9 tracrRNA Integrated DNA Tech. Cat# 1072532

crRNAs targeting sequence:

TOP2A:CTCCGCCCAGACACCTACAT

This paper N/A

crRNAs targeting sequence:TOP2B:

CTTCGTCCTGATACATATAT

This paper N/A

crRNAs targeting sequence:

TDP2:CTTGCTGAGTATCTTCAGAT

This paper N/A

crRNAs targeting sequence: FOS

1#:ACTAGCACTGTTCCTGCGTT

This paper N/A

crRNAs targeting sequence: FOS

2#:CCCTAATTCAGTGCAAAGCG

This paper N/A

crRNAs targeting sequence: Non-targeting Integrated DNA Tech. Cat# 1072544

Recombinant DNA

lentiCas9n(D10A)-Blast plasmid Sanjana et al., 2014 Addgene Plasmid #63593

Software and algorithms

GraphPad Prism 8 GraphPad N/A

R version 3.5.0 R Core Team, 2018 https://www.R-project.org/

FASTQC Andrews, 2010 https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Bowtie version 1.2.0 Langmead et al., 2009 http://bowtie-bio.sourceforge.net/index.

shtml

MACS2 version 2.1 Zhang et al., 2008 https://github.com/macs3-project/MACS

DESeq2 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by LeadContact, Felipe Cortés-

Ledesma (fcortes@cnio.es).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.
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Data and code availability
Data are available in the main text, supplementary materials and auxiliary files. The accession number for all the sequencing data

generated in this manuscript is GEO: GSE141800.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and bacterial strains
hTERT RPE-1 cells (ATCC), a near-diploid human cell line of female origin, were cultured in Dubelcco’s Modified Eagle’s Medium

(DMEM) F-12 (Sigma) supplemented with 50 units ml-1 penicillin, 50 units ml-1 streptomycin and 10% Fetal Bovine Serum (FBS)

(Sigma) at 37�C in 5% CO2 atmosphere. RPE-1 cells were serum starved by 48h incubation in the same medium, but with reduced

0.1% FBS content. Primary MEFs were isolated at day 13 p.c. and cultured in DMEMwith 50 units ml-1 penicillin, 50 units ml-1 strep-

tomycin, 15% FBS and non-essential amino acids at 37�C in 5% CO2 and 3% O2 atmosphere. HEK293T, U2OS and A549 were

cultured in DMEM with 50 units ml-1 penicillin, 50 units ml-1 streptomycin and 10% FBS at 37�C in 5% CO2 atmosphere. For the

generation of knockout cell lines, Cas9-overexpressing hTERT RPE-1 cell line (kindly provided by Dr. Durocher) was used. Cas9

D10A-overexpressing hTERT RPE-1 cell line was generated using lentiviral particles encoding the Cas9 D10A gene, previously pro-

duced by calcium phosphate transfection as describe (Salmon and Trono, 2006). In brief, HEK293T were transfected with a 3:2:1

mixture composed of lentiCas9n(D10A)-Blast plasmid (Addgene # 63593), p8.91 and pVSVG (Packaging plasmids), using 128 mM

CaCl and 1xHBS. After 48 hours, the medium was filtered through a 0.45 mm polyvinylidene difluoride (PVDF) filter (SLHV035RS, Mil-

lex-HV, Millipore). Then, viral particles were concentrated by centrifugation for 90 minutes at 22000 rpm at 4�C and stored at�80�C.
The presence of mycoplasma was routinely checked with MycoAlert PLUS Mycoplasma Detection Kit (Lonza). E.coli strains (DH5a

and Stlb3) were grown in Luria-Bertani (LB) media with corresponding antibiotics at 37�C.

METHOD DETAILS

Knock-out cell line generation
Cas9-overexpressing hTERT RPE-1 cell line was transfected with the corresponding gRNAs or non-targeting gRNA as a negative

control (Key resources table), using Lipofectamine RNAiMAX (Thermo Fisher, 13778500), following the protocol provided by the

manufacturer. Editing efficiency of all gRNAs was validated by in-del analysis of PCR sanger sequencing using TIDE (Brinkman

et al., 2014). TOP2B�/� and TOP2A�/� cell lines were generated as a pool. TDP2�/� clones were obtained by limited dilution plating

in a 96-well plate.

Antibodies
For ChIP-seq we have used anti-Rpb1-NTD (Cell Signaling, D8L4Y), anti-TOP2A (Abcam, ab52934). For ICE, anti-TOP2B (Protein-

tech, 20549-1-AP), anti-TOP2A (Santa Cruz, SC-365916), anti-TOP1 (Abcam, ab3825). For ICE-IP, anti-TOP2A (abcam, ab52934),

anti-TOP1 antibody (abcam, ab109374). For western blot analysis, anti-TOP2B (Proteintech, 20549-1-AP), anti-TOP2A (Santa

Cruz, SC-365916), anti-p-p38 (Cell Signaling, 9211) and anti-tubulin (Sigma, T9026), and as secondary antibodies IRDye 680-labeled

anti-mouse (LI-COR Biosciences, 926-68070) and IRDye 800-labeled anti-rabbit (LI-COR BIOSCIENCES, 926-32211).

For immunofluorescence, anti-gH2AX (Millipore, 05-636) and anti-H3S10p (Millipore, 06-570). For PLA, anti-NELF-E (Santa Cruz,

sc32912), anti-TOP2A (Santa Cruz, sc-365916), and as secondary antibodies Alexa Fluor 488 anti-mouse (Jackson, 715-545-150)

and Alexa Fluor 594 anti-rabbit (Jackson, 111-585-003).

RNA analysis and RNA-seq
Serum-starved RPE-1 cells grown on 60mmplates were treated as required and total RNAwas isolatedwith the RNeasy kit (QIAGEN,

74106), following instructions from the manufacturer. Primers used are described in Table S1. Values were normalized to the expres-

sion of GAPDH housekeeping gene. For RNA-seq, total RNA (150ng) cDNA libraries were prepared using TruSeq Stranded mRNA

(lllumina). Library size distribution was analyzed with Bioanalyzer DNA high-sensitive chip and Qubit. 1.4pM of each library was

sequenced in NextSeq 500 HIGH-Output.

Isolation of chromatin-associated RNA
Isolation of chromatin-associated RNA was performed as previously described with minor modifications (Conrad and Ørom, 2017).

Approximately 5x10̂ 6 cells were washed with ice-cold PBS twice and scrapped. The cells were lysed with 400ml ice-cold lysis buffer

(10 mM Tris-Hcl pH 7.5, 150 mM NaCl, 0.15% IGEPAL, 20U/ml SUPERSase-IN, 1x proteinase inhibitor Complete (Roche)) and incu-

bated on ice for 5 min. After the incubation, 1 mL of ice-cold sucrose buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 24% Sucrose,

20U/ml SUPERSase-IN, 1x proteinase inhibitor Complete (Roche)) was under-laid and then the nuclei were collected under 16000 g

centrifuge at 4C for 10 min. Isolated nuclei were resuspended in 250ml of ice-cold glycerol buffer (20 mM Tris-Hcl l pH 7.5, 75mM

NaCl, 0.5 mM EDTA, 20U/ml SUPERSase-IN, 1x proteinase inhibitor Complete (Roche)) followed by 250ml of ice-cold nuclear lysis

buffer (10 mM Tris-Hcl pH 7.5, 7.5 mMMgCl2, 0.2 mM EDTA, 300 mM NaCl, 1 M Urea, 1% IGEPAL, 20U/ml SUPERSase-IN, 1x pro-

teinase inhibitor Complete (Roche)). Two minutes incubation was carried out on ice with mixing by max speed vortex for 5 s every
Cell Reports 35, 108977, April 13, 2021 e3
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minute and then chromatin pellets were precipitated under 13,000 g centrifuge at 4C for 2 min. Chromatin pellets were resuspended

in 1ml of Trizol reagent, and RNA isolation was performed following manufacturer’s instructions.

Western blot analysis
For protein extractions, cell pellets were resuspended in RIPA buffer (20mMTris-HCl (pH 7.5), 150mMNaCl, 1%NP-40 y 1%sodium

deoxycholate) supplemented with protease inhibitors and incubated on ice for 30 min with constant agitation. The lysate was then

centrifuged at 14,000 rpm for 10 min at 4�C. The supernatant was sonicated using a Bioruptor (Diagenode, UCD-200) for 1 cycle of

3minutes (high power, 30 s on, 30 s off). Protein concentrationwas determined byBradford assay (Applied Biochem, A6932). 20 mg of

protein was loaded into home-made 10%polyacrylamide gel with SDS or 4%–20%Mini-PROTEAN tris-Glycine Precast Protein Gels

(Biorad, 4561096) and electroblotted onto Immobilon-FL Transfer Membranes (Millipore), after 5 minutes methanol activation. Mem-

branes were then blocked in Odyssey Blocking Buffer (LI-COR Biosciences, 927-40000) for 1 hour and then probed with required

primary antibodies for 2 hours. Membranes were washed with 0.1% Tween-20 - Odyssey Blocking Buffer and incubated with

corresponding secondary antibodies (conc: 1:10.000) for 1 hour and finally, membranes were washed again with 0.1% Tween-20

- Odyssey Blocking Buffer. Membrane were analyzed using Odyssey CLx and ImageStudio Odyssey CLx Software (LI-COR BIOSCI-

ENCES, Lincoln, NE) according to the manufacturer’s protocols.

Chromatin Immunoprecipitation
Chromatin Immunoprecipitation was performed as previously described (Jimeno-González et al., 2015). Briefly, serum-starved RPE-

1 cells were crosslinked with 1% formaldehyde for 10 minutes at 37�C. Crosslinking reaction was quenched with 125mM glycine for

5 minutes. Cell pellets were resuspended in 2.5 mL lysis buffer A (5 mM Pipes pH 8.0, 85 mM KCl, 0.5% NP40) supplemented with

protease inhibitors and incubated for 10 minutes on ice. Chromatin was obtained by centrifugation at 4000 rpm for 5 minutes at 4�C.
Nuclear fraction was resuspended in 1 mL of lysis buffer B (50 mM Tris HCl pH 8.1, 1% SDS, 10 mM EDTA, 1 mM PMSF) supple-

mented with protease inhibitors. Chromatin was sonicated using a Bioruptor (Diagenode, UCD-200), 10 cycles of 30’’ sonication

(high level) and 30’’ of pause on ice-cold water. 50 mL of sonicated chromatin was reverse-crosslinked using Proteinase K in PK buffer

(0.5%SDS, 50mM Tris-Cl, 100mM NaCl, 1mM EDTA) at 65�C overnight. After phenol chloroform extraction, DNA fragmentation was

analyzed on 1.2% agarose gel. For each inmunoprecipitation, 20 mg of chromatin and 4 mg of the specific antibody was used in IP

buffer (0,1% SDS, 1% TX-100, 2mM EDTA, 20 mM TrisHCl pH8, 150 mMNaCl) at 4�C o/n and then with 40 mL of pre-blocked (1 mg/

ml BSA) Dynabeads protein A (ThermoFisher). Beads were sequentially washed with Wash buffer 1 (20 mM Tris HCl pH 8.1, 0.1%

SDS, 1% Triton x-100, 2 mM EDTA, 150 mM NaC), Wash buffer 2 (20 mM Tris HCl pH 8.1, 0.1% SDS, 1% Triton x-100, 2 mM

EDTA, 500 mM NaCl) Wash buffer 3 (10 mM Tris HCl pH 8.1, 1% NP-40, 1% NaDoc, 1 mM EDTA, 250 mM LiCl), and twice with

TE-buffer (10 mM Tris-HCL pH8, 1 mM EDTA pH8). ChIPmentation was carried out as previously described (Schmidl et al., 2015),

using Tn5A Enzyme provided by the Proteomic Service of CABD (Centro Andaluz de Biologia del Desarrollo). Tagmented DNA

was then eluted with 1% SDS in TE at 65�C for 10 minutes and protein was degraded with Proteinase K for 2 hours at 37�C. DNA
was purified using QIAGEN PCR purification Kit (QIAGEN, 28106). Libraries were amplified for N-1 cycles (being N the optimum

Cq determined by qPCR reaction) using NEBNext High-Fidelity Polymerase (New England Biolabs, M0541). Libraries were purified

with Sera-Mag Select Beads (GE Healthcare, 29343052) and sequenced using Illumina NextSeq 500 and single-end configuration.

In vivo Complex of Enzyme (ICE) and ICE-IP
DNA topoisomerase cleavage complexes were analyzed as previously described (Schellenberg et al., 2017). For the induction of

cleavage complexes, serum-starved RPE-1 cells were treated as required followed by 400 mM Etoposide (Sigma, E1383), 10 mM

Camptothecin (CPT, C9911) (Sigma) or DMSO vehicle (Applichem, A1584) for 5 minutes. Cells were immediately lysed using 1%

(w/v) N-Lauroylsarcosine sodium salt (Sigma-Aldrich, L7414) in TE buffer supplemented with protease inhibitors. After homogeniza-

tion, 0.67 g/ml CsCl (Applichem-Panreac, A1098) was added and lysated were then centrifuged at 57,000 rpm for 20 h at 25�C using

3.3 mL 13 3 33 polyallomer Optiseal tubes (Beckman Coulter) in a TLN100 rotor (Beackman Coulter).

For ICE-IP, 40 mg of ICE material was digested overnight with 0.8 U/ml PstI (NEB, R0140). Samples were incubated at 80�C for

20min to inactivate PstI and then diluted 1/10 in IP buffer (0.1% SDS, 1% TX-100, 2mM EDTA, 20 mM TrisHCl pH8, 150 mM

NaCl). Samples were then incubated overnight at 4�C with 4 mg of the required primary antibody and then with 40 mL of pre-blocked

(1 mg/ml BSA) Dynabeads protein A (Thermo Fisher). IPs were incubated for 2 hours at RT. Beads were then washed with Wash so-

lution 1 (20 mM Tris HCl pH 8.1, 0.1% SDS, 1% Triton x-100, 2 mM EDTA, 150 mM NaCl), Wash solution 2 (20 mM Tris HCl pH 8.1,

0.1% SDS, 1% Triton x-100, 2 mM EDTA, 500 mM NaCl), Wash solution 3 (10 mM Tris HCl pH 8.1, 1% NP-40, 1% NaDoc, 1 mM

EDTA, 250 mM LiCl), and finally with TE. DNA was then eluted with 1% SDS in TE at 65�C for 10 minutes and protein was degraded

with Proteinase K for 2 hours at 37�C. Finally, DNAwas purified using QIAGEN PCR purification Kit (28106, QIAGEN) and analyzed by

qPCR.

Immunofluorescence
Serum-starved RPE-1 cells grown on coverslips were fixedwith 4%PFA-PBS for 10minutes at RT. Immunofluorescencewas carried

out as previously described (Álvarez-Quilón et al., 2014). In brief, after permeabilization (2 minutes in PBS-0.2% Triton X-100), cells

were blocked with 5%BSA-PBS for 30 minutes and incubated with the required primary antibodies in 1%BSA-PBS for 1 hour. Cells
e4 Cell Reports 35, 108977, April 13, 2021
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were then washed (three times in PBS-0.1% Tween 20) and incubated with the corresponding AlexaFluor-conjugated secondary an-

tibodies (1/1,000 dilution in 1%BSA-PBS) for 30minutes and washed again. Finally, samples were counterstained with DAPI (Sigma,

D9542) andmounted in Vectashield (Vector Labs). gH2AX foci per cell (40 cells per condition and experimental repeat) weremanually

counted (double-blind). pH3S10 signal was quantified with Metamorph software (100 cells per condition and experimental repeat).

Proximity Ligation Assay (PLA)
U2OS cells were fixed in 4% PFA for 10 min. DuoLink PLA Kit (Sigma-Aldrich, DUO92008100RXN) was used following the protocol

from the manufacturer. Foci per cell (40 cells per condition and experimental repeat) were manually counted (double-blind).

Biotin-Psoralen-incorporation assay
Biotinylated-psoralen (bio-psoralen) incorporation was measured as previously described (Naughton et al., 2013) with minor mod-

ifications. Briefly, serum-starved RPE-1 cells were treated as required for 10 minutes prior to the addition of 20mM EZ-Link Psora-

len-PEG3-Biotin (Thermo, 29986) and 0.01% digitonin (Sigma, D141) for 5 minutes at 37�C in the dark to improve cellular uptake

of bio-psoralen (Aw et al., 2016). Bio-psoralen was cross-linked to DNA with 360 nm UV irradiation for 20 minutes on ice. DNA

was purified using Proteinase K in PK buffer (0.5%SDS, 50mM Tris-Cl, 100mM NaCl, 1mM EDTA) at 65�C overnight, followed by

phenol:chloroform:isoamylalcohol extraction. After RNase treatment and phenol:chloroform:isoamylalcohol extraction, DNA was

fragmented by sonication using Bioruptor (Diagenode, UCD-200), 10 cycles of 30’’ sonication (high level) and 30’’ of pause on

ice-cold water. The Biotinylated-psoralen DNA complex in TE was incubated with avidin conjugated to magnetic beads (Thermo,

6560) for 2 hours at room temperature, and then overnight at 4�C. Beads were washed sequentially for 15minutes each at room tem-

perature with Wash solution 1 (20 mM Tris pH 8.1, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100 and 0.1% SDS), Wash solution 2

(20 mM Tris pH 8.1, 2 mM EDTA, 500 mM NaCl, 1% Triton X-100 and 0.1% SDS) and Wash solution 3 (10 mM Tris pH 8.1,

0.25 M LiCl, 1 mM EDTA, 1% NP40 and 1% deoxycholate). Beads were then washed twice with TE for 15 minutes. To extract

DNA and to release bio-psoralen adducts, samples were treated for 30mins at 90�C in 50 mL 0.1N KOH (Yeung et al., 1988). Samples

were neutralized with 0.5M sodium acetate, pH7, then brought to 500 mL with mQ water and analyzed by qPCR.

High-throughput sequencing analysis
Sequence reads were demultiplexed, quality filtered with FastQC (Andrews, 2010) and mapped to the human genome (hg19) using

Bowtie 1.2 (Langmead et al., 2009). We used option ‘‘-m 1’’ to retain those reads that map only once to the genome. Each individual

sample contributed with the same number of reads in the ChIP-seq final merged sample. For the computation of ChIP-seq binding

sites (peaks), we used MACS2 (Zhang et al., 2008) with option ‘‘-q 0.01.’’ We used the R package DESeq2 (Love et al., 2014) to iden-

tify differentially expressed genes from RNA-seq data following authors guidelines. Only genes with associated adjusted p values%

0.05 and absolute fold change R 2 were considered as differentially expressed.For the identification of Pol II differentially bound

genes, we followed the same approach than for differentially expressed genes, this time by restricting the gene length to the region

stretching 2kb from 500 bp downstream the TSS.

To estimate the level of Pol II recruitment, we used the so-called ‘‘pausing index’’ (PI) and ‘‘pause release ratio’’ (PRR). PI is defined

as the ratio of Pol II enrichment within the promoter to that in the gene body, while PRR is an inverse of PI that restricts the gene body

to the first 2kb downstream the TSS. For the estimation of both parameters, we based our strategies on Chen et al. (2015) and Day

et al. (2016). To calculate PI, the level of Pol II within the promoter was computed as the sum of ChIP-seq reads in 400 bp surrounding

the TSS. The level of Pol II within the gene was computed as the average number of reads in 400 bp windows throughout the gene

body, from 200 bp downstream the TSS. Finally, the PI was estimated as the ratio of both measures. To calculate PRR, Pol II level

within the promoter was estimated as the sum of ChIP-seq reads from 100 bp upstream to 300 bp downstream of the TSS. Gene

body Pol II level was computed as the sum of reads within the region stretching from 300 bp downstream of the TSS to 2 kb down-

stream of the TSS. After normalizing each value by the corresponding window sizes, the PRR was estimated as the level of Pol II

within the gene body divided by the level of Pol II within the promoter.

For Gene-filtering, we started from the whole set of protein-coding transcripts associated to Ensembl-annotated genes (GRCh37,

release 75), from which we kept only those having a peak of Pol II (see peak calling section) overlapping with the region from 0 to

500 bp downstream of the TSS. If several transcripts of the same gene were found to match this condition, the one whose TSS

was closest to the Pol II peak was selected. In order to account for potential false negatives when calling Pol II peaks, some genes

with no associated Pol II peak were also selected if the window from 0 to 500 bp downstream of the TSSwas found to: 1) have a value

of Pol II reads per million (RPM) larger than 0.5, or 2) have a value longer than 0.5 in the difference of H3K4me3 RPM and the cor-

responding input. Finally, genes that were closer than 1kb of another gene or were smaller than 2kb were excluded. We ended up

keeping 9,588 human genes (�42% of total).

Regulatory regions, namely enhancers, promoters, and insulators, were defined as follows. For promoters, the whole set of tran-

scripts associated to Ensembl-annotated genes were considered. Then, promoters were defined as ± 1 kb from the TSSs. Enhancers

were defined as H3K27ac peaks not overlapping with a promoter, and insulators as CTCF peaks not overlapping with promoters and

enhancers.

ChIP-seq averaged reads around TSSs were computed using the R package bamsignals (Mammana and Helmuth, 2019) and

smoothed using a Gaussian smoothing kernel with the R function ksmooth, respectively. To generate the profile of TOP2A ChIP-seq
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signal around randomized genes, the 148 upregulated genes upon 2h of merbarone treatment were first considered. Then, 50 sets of

148 genes were randomly selected from the human genome and TOP2A ChIP-seq reads were counted around the TSSs. Finally, the

median of such read counts was smoothed and plotted.

Publicly available sequencing data used in this study include ChIP-seq of several proteins and post-translational modifications:

CTCF (ENCSR000DVI), H3K4me3 (ENCSR000DVK) and H3K27ac (Sanchez et al., 2018). CTCF and H3K4me3 BAM files (hg19)

were batch-downloaded from ENCODE. H3K27ac and H3K27me3 raw sequencing files were processed as described above (Lang-

mead et al., 2009).

The R package TopGO (Alexa and Rahnenfuhrer, 2019) was used to calculate the significance of Gene Ontology (GO) terms asso-

ciated to differentially expressed genes after merbarone treatment. We computed enrichments using the Fisher’s exact test and the

default algorithm (weight01), which is a hybrid between the ‘elim’ and the ‘weight’ algorithms described (Alexa et al., 2006). To

perform hypergeometric-based tests, there is a need for defining a ‘gene universe’ (which can be conceptualized as the number

of balls in an urn) and a set of ‘interesting genes’ from that universe. To define the gene universe, we started from expressed genes,

which were defined as genes for which the sum of RNA-seq reads (combining the replicates) overlapping exons was larger than 10.

Then, the gene universe was defined as expressed genes mapping to at least one GO term and the set of interesting genes as differ-

entially expressed genes upon merbarone treatment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out using GraphPad prism 8 software. Test methods are described in figure legends. All p values

were two-tailed otherwise indicated, and p < 0.05 was considered significant.
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