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SUMMARY
Facilitates chromatin transcription (FACT) is a histone chaperone that supports transcription through chro-
matin in vitro, but its functional roles in vivo remain unclear. Here, we analyze the in vivo functions of FACT
with the use of multi-omics analysis after rapid FACT depletion from human cells. We show that FACT deple-
tion destabilizes chromatin and leads to transcriptional defects, including defective promoter-proximal
pausing and elongation, and increased premature termination of RNA polymerase II. Unexpectedly, our anal-
ysis revealed that promoter-proximal pausing depends not only on the negative elongation factor (NELF) but
also on the +1 nucleosome, which is maintained by FACT.
INTRODUCTION

Eukaryotic genomes are organized into nucleosomes, which

consist of 147 base pairs (bp) of DNA that wrap 1.65 times

around a histone octamer composed of one (H3-H4)2 tetramer

and two H2A-H2B dimers.1 The packaging of eukaryotic DNA

into chromatin poses a barrier for transcription since RNA poly-

merase II (RNA Pol II) needs to pass through many nucleosomes

to transcribe a gene. Following transcription initiation, the elon-

gating RNA Pol II often pauses in the promoter-proximal region

of genes, just upstream of the +1 nucleosome. This is thought

to function as an important checkpoint for the assembly of pro-

ductive RNA Pol II elongation complexes (ECs).2–5 The functional

relationship between nucleosome architecture and promoter-

proximal pausing, as well as the mechanisms that drive produc-

tive elongation through nucleosomes remain unclear. In addition,

it remains incompletely understood how chromatin structure is

maintained within actively transcribed regions.

RNA Pol II transcription is supported by chromatin remodelers

and histone chaperones. The histone chaperone facilitates chro-

matin transcription (FACT) was identified and purified from nu-

clear extracts as a factor that stimulates transcription elongation

on a chromatinized DNA template in vitro.6 The human FACT

complex is composed of two subunits: suppressor of Ty 16

(SPT16) and structure-specific recognition protein 1 (SSRP1),7

whereas the yeast complex is composed of Spt16, polymerase

one binding protein 3 (Pob3), and non-histone protein 6
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(Nhp6).8 These subunits form multiple interactions with all his-

tone proteins and the DNA,9 which require partial unwrapping

of the nucleosomal DNA. This has been confirmed in a recent hu-

man FACT structure. This structure shows that FACT straddles

the nucleosome and forms tight interactions with the histone

core and DNA, which would clash with a complete nucleosome

core particle.10 It is therefore thought that FACT is recruited to

actively transcribing genes by binding to nucleosomes that

have been partially unwrapped by RNA Pol II. This is in line

with in vivomapping experiments in yeast11,12 and with high-res-

olution structures of the yeast FACT complex bound to a nucle-

osome of which RNA Pol II has peeled off the first 40 bp of DNA.

These structures show interactions between the FACT subunits

and the partially unwrapped nucleosomes, but no direct interac-

tion with RNA Pol II.13,14

Despite increasingly detailed structural insight, the precise

function of FACT in regulating transcription and maintaining

chromatin structure remains unclear. Biochemical and structural

experiments have shown that FACT facilitates both nucleosome

disassembly and reassembly and prevents loss of H2A-H2B di-

mers during RNA Pol II transcription in vitro.14–20 To achieve this,

it is thought that FACT binds to nucleosomes that have been

partially unwrapped by RNAPol II and facilitates the disassembly

of these nucleosomes. It has been proposed that one H2A-H2B

dimer is tethered to FACT and used for nucleosome reassembly

after RNA Pol II has passed through. As FACT binds to the nucle-

osome, it competes with DNA and thus prevents re-binding of
June 6, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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the unwrapped DNA to the nucleosome.15–20 This model could

therefore explain how FACT can promote the seemingly

opposing processes of nucleosome disassembly during tran-

scription and nucleosome reassembly without loss of H2A-

H2B dimers following transcription (reviewed in Zhou et al.,21

Formosa and Winston,22 Jeronimo and Robert,23 and Gurova

et al.24).

This model fits well with the structural data described above

and is consistent with enrichment of FACT at actively transcribed

genes in both human cells and yeast.11,25,26 However, it is not

supported by functional in vivo studies. Several studies have

shown that FACT perturbation does not lead to a significant

reduction in transcription in eukaryotic cells.26–32 It should be

noted that a few studies have reported more substantive

changes in gene expression following FACT inactivation. How-

ever, since the expression changes include both up- and down-

regulation, do not correlate with changes in FACT occupancy,

and are observed after long-term FACT perturbation, it is likely

that they represent indirect effects.25,33 Although evidence for

a general reduction in transcription is lacking, several studies

have identified more specific transcription defects after FACT

perturbation, including cryptic transcription start site (TSS) se-

lection in yeast34–37 and reduced promoter-proximal pausing in

flies.38 By contrast, there is strong evidence for a central role

for FACT in chromatin maintenance in vivo since several studies

have shown that FACT inactivation leads to mislocalization and

loss of nucleosomes in both yeast and human cells.31,32,36–42 It

has therefore been suggested that FACT primarily functions to

preserve chromatin structure during transcription and does not

have a prominent role in regulating transcription elongation (re-

viewed in Zhou et al.,21 Formosa and Winston,22 Jeronimo and

Robert,23 and Gurova et al.24).

A caveat of these studies addressing the role of FACT in vivo is

that they are based on long-term (R24 h) perturbation of FACT.
Figure 1. Rapid FACT depletion destabilizes chromatin structure

(A) Schematic representation of the edited endogenous SSRP1 gene and dTAG

(B) Western blots of FACT subunits from lysates of cells treated with 500 nM dT

(C)Western blots of dTAGed SSRP1 from nucleoplasm and chromatin fraction of c

are loading controls for nucleoplasmic and chromatin fraction, respectively.
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transcription.

(J) Boxplots depicting changes in nucleosome fuzziness upstream and downstrea

genic transcription.
In addition, most studies use methods with relatively low sensi-

tivity to detect transcription changes and without appropriate

normalization strategies to identify potential global changes in

transcription. To address these limitations, we have character-

ized the direct function of FACT in vivo and in vitro in detail by

combining a multi-omics approach with biochemical experi-

ments. To this end, we have monitored the effects of rapid

FACT depletion on nucleosome structure, higher-order chro-

matin organization, RNA synthesis, and the occupancy of RNA

Pol II and associated factors with a range of orthogonal high-res-

olution genomic techniques. Together, our data reconcile the

currently conflicting roles for FACT that are observed in in vitro

and in vivo experiments. In addition, our data show that RNA

Pol II transcription is directly affected by changes in chromatin

structure and vice versa, thus indicating a direct coupling of

these processes.

RESULTS

Rapid FACT depletion destabilizes chromatin structure
To investigate the role of FACT in vivo, we generated a K562 cell

line inwhich the SSRP1 subunit of FACT can be rapidly degraded

with the use of the degradation tag (dTAG) system43 (Figure 1A).

We observed near-complete SSRP1 depletion following treat-

ment with the dTAG7 ligand for 1 h and could no longer detect

SSRP1 after 4 h of treatment (Figure 1B). SSRP1 is efficiently

depleted from both nucleoplasm and chromatin (Figure 1C),

and prolonged dTAG7 treatment also leads to decreased levels

of the FACT subunit SPT16 (Figure 1B).

To examine the effects of rapid SSRP1 depletion on chromatin

structure, we performed micrococcal nuclease digestion fol-

lowed by deep sequencing (MNase-seq) after 1 and 4 h treat-

ment with the dTAG7 ligand or corresponding control treatment

with solvent only. To visualize nucleosome occupancy in genic
rapid depletion system.

AG7 for the indicated time. Alpha-tubulin is a loading control.

ells treatedwith 500 nMdTAG7 for the indicated time. snRNP70 and histone H3

SRP1 depletion (dSSRP1, dTAG7 treatment) and control treatment, aligned at

ponding shaded area represents the 95% confidence interval of themean. The

G7-treated samples are shown in the respective color. This color code is used

etion of SSRP1 aligned at TSSs of genes (n = 4,681, see STAR Methods) and

,681). The thickened line represents the median fuzziness, the lower and upper

tend to 1.58 times the interquartile range divided by the square root of n (�95%

1.5 times interquartile range from the hinge, outliers are not shown. p values

ated for each treatment time. ns p > 0.05, * p% 0.05, ** p% 0.01, *** p% 0.001,

s. Representations as in (F).

bp, n = 4,681) and untranscribed regions (n = 13,423) upon depletion of SSRP1.

presentations as in (F), except that p values were determined with two-sample

SRP1 depletion at intragenic and intergenic CTCF sites. Metagene profiles are

otifs. Representations as in (D). Gray arrows indicate the direction of genic

m of CTCF sites. Representations as in (F). Gray arrows indicate the direction of
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regions in these four conditions, we generated heatmaps and

metaplots of the smoothed nucleosome dyad signal at constitu-

tive TSSs (Figures 1D, 1E, and S1A), aswell as at�1 nucleosome

positions, pause sites, and +1 nucleosome positions (Fig-

ure S1B). In the control samples, we observed an expected

nucleosome phasing pattern, characterized by a repetitive

peak-valley signal in metagene profiles, which is typical for re-

gions in which nucleosomes are regularly spaced and well-posi-

tioned. Upon SSRP1 depletion, this phasing pattern was less

pronounced, with an initial increase of signal in the valleys after

1 h of depletion, which is combined with a decreased signal at

the peaks after 4 h of depletion (Figures 1D and 1E).

Quantification of the changes in nucleosome position44 shows

that depletion of SSRP1 for 1 h leads to a small increase in the

fuzziness of +1 nucleosomes and a further increase in fuzziness

after 4 h of depletion (Figures 1F and S1C). By contrast, we

observedminimal differences in nucleosome fuzziness in untran-

scribed regions (Figures 1G and S1D). Nucleosome phasing is

stronger for highly expressed genes compared with lowly ex-

pressed genes (Figures 1E and S1E). In line with the observed

increased fuzziness of the +1 nucleosome, FACT depletion

also leads to a loss of phasing in the TSS region, which is

more pronounced after a longer depletion time. To investigate

whether the changes in chromatin structure in transcribed

regions are associated with an enrichment of unwrapped nu-

cleosomes, we quantified subnucleosomal fragments in the

MNase-seq data. These fragments have been shown to corre-

spond to unwrapped nucleosomal intermediates, including hex-

asomes.45 In line with the changes in nucleosome fuzziness, this

analysis shows that SSRP1 depletion leads to accumulation of

unwrapped nucleosomes (which may correspond to hexa-

somes) in transcribed regions but only has a minimal effect on

untranscribed regions (Figure 1H).

In line with previous findings,46 we observed that binding sites

of the zinc-finger protein CCCTC-binding factor (CTCF) are also

associated with arrays of well-positioned nucleosomes (Fig-

ure S1F). This observation enabled us to further investigate the

effect of FACT on chromatin structure within genes and untran-

scribed regions. We generated MNase-seq metaplots that are

aligned with the orientations of the motifs contained within

CTCF-binding sites and their orientations relative to RNA Pol II

transcription. This results in an asymmetry in the MNase-seq

pattern, with a more defined position for the nucleosome up-

stream of CTCF compared with the downstream nucleosome

(Figure 1I). The metagene profiles show that depletion of

SSRP1 causes a change in nucleosome positioning specifically

in transcribed regions but hasminimal impact on nucleosome ar-

chitecture at CTCF-binding sites in untranscribed regions (Fig-

ure 1I). The effect of FACT depletion on nucleosome architecture

at CTCF-binding sites is moderate compared with the observed

changes at TSSs, which may reflect that these sites are less

exposed to transcribing polymerases compared with the TSSs

or that nucleosome positioning at CTCF-binding sites is also

dependent on chromatin remodelers, such as imitation switch

(ISWI) complexes.47

We observe that the effects of SSRP1 depletion are depen-

dent on the direction of transcription. At CTCF-binding sites at

which the orientation aligns with the direction of transcription,
4 Molecular Cell 84, 1–17, June 6, 2024
we observed a relatively strong reduction in the nucleosome

phasing pattern upstream of CTCF and a weaker impact on

the nucleosomes downstream; for CTCF-binding sites with an

antisense orientation with respect to transcription, we observed

the opposite effects. These observed asymmetric changes in

metagene profiles are substantiated by asymmetric changes in

nucleosome fuzziness (Figure 1J). This asymmetry could be ex-

plained by differential recruitment of chromatin remodelers to

these upstream and downstream regions as RNA Pol II passes

through. Together, our data confirm an important role for FACT

in maintaining chromatin structure during transcription.21–24

A minor role for FACT in higher-order chromatin
organization
Nucleosomes are further organized into higher-order chromatin

structures, which include topologically associating domains

(TADs) and compartments. TADs are formed by a loop extrusion

process that is dependent on cohesin and CTCF, whereas com-

partments are thought to reflect the phase separation of euchro-

matin and heterochromatin.48 To investigate how the observed

changes in nucleosome positioning that result from SSRP1

depletion influence higher-order chromatin organization, we per-

formed chromosome conformation capture (3C) experiments. To

resolve patterns of genome folding at the level of individual nu-

cleosomes, we utilized the Tiled-Micro-Capture-C technique

(Tiled-MCC), which can generate local contact matrices of

regions of interest at very high resolution.49 We targeted several

regions containing highly expressed genes in K562 cells (STAR

Methods), including a subset of genes associated with previ-

ously characterized super-enhancers,50 in cells treated with

dTAG7 ligand or control for 4 h.

It has previously been shown that local chromatin folding pat-

terns in gene bodies are characterized by fine-scale compart-

mentalization.49 Depletion of SSRP1 leads to a general increase

in interactions within gene bodies, which is indicative of a more

compacted and less organized conformation in absence of

FACT (Figures 2A and S2A). Regions surrounding CTCF-binding

sites are characterized by a grid-like pattern of phased nucleo-

some arrays and strong insulation between the regions upstream

and downstream.49,51 SSRP1 depletion results in a less defined

and fuzzier grid of nucleosomes at CTCF-binding sites contained

within transcribed regions (Figures 2B and S2B). This is associ-

ated with a subtle decrease in local insulation, evident by the

slight increase in interactions between the regions upstream

and downstream of these CTCF-binding sites. Although we

observed these effects at intragenic CTCF-binding sites

throughout the targeted regions, we found that the local struc-

tures of intergenic CTCF-binding sites are not affected by

SSRP1 depletion (Figure 2C).

We next investigated how the observed local changes in 3D

chromatin architecture influence larger-scale features of

genome organization by comparing contact matrices containing

enhancer-dependent genes that are active in K562 cells in con-

trol- and dTAG7-treated cells. In contrast to previous observa-

tions,52 we found that SSRP1 depletion does not lead to strong

changes in the structure of TADs, subTADs, CTCF loops, and

enhancer-promoter interactions (Figures 2D, S2C, and S2D).

Together, this indicates that the role of FACT in maintaining



Figure 2. A minor role for FACT in higher-order chromatin organization

(A) Localized contact matrices (50 bp resolution) derived from Tiled-MCC ligation junctions of theMYC and GATA2 loci in cells treated with solvent only (control,

top) and dTAG7 ligand (dSSRP1, bottom). Gene annotation, DNase I hypersensitive sites (DHSs), and ChIP-seq tracks of H3K27ac and CTCF for wild-type K562

cells are shown at the bottom.

(legend continued on next page)
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nucleosome architecture in transcribed regions contributes to

the 3D organization of gene bodies and to local insulation at

CTCF-binding sites but is not critical for the 3D organization of

the genome at a larger scale.

FACT supports transcription elongation and
processivity
To investigate the role of FACT in transcription, we performed

transient transcriptome sequencing (TT-seq) after SSRP1 deple-

tion. TT-seq combines metabolic RNA labeling with RNA frag-

mentation and isolation of labeled RNA for quantification of

RNA synthesis.53 To enable detection of global changes in

RNA synthesis upon SSRP1 depletion, we used synthetic

spike-ins for data normalization. In contrast to a recent study in

mouse embryonic stem cells that suggests that FACT predomi-

nantly regulates tissue-specific genes,54 we found that depletion

of SSRP1 leads to a global reduction in RNA synthesis after 1 h of

SSRP1 depletion and a further reduction after 4 h of depletion

(Figures 3A and S3A). To further investigate the transcription

defect and examine RNA synthesis within expressed genes,

we generated metagene profiles of the TT-seq signal aligned at

the TSSs and the transcript end sites (TESs) (Figure 3B). These

analyses show that RNA synthesis is reduced throughout the

gene body in the absence of FACT. Differential gene expression

analysis identifies 657 downregulated genes and 54 upregulated

genes after 1 h of SSRP1 depletion, and 3,703 downregulated

genes and 157 upregulated genes after 4 h of SSRP1 depletion

(Figure S3B). We found that depletion of SSRP1 leads to a

decrease in transcription of all gene biotypes except for small

nuclear RNAs (snRNAs) (Figure S3C). These results show that

FACT has a predominantly stimulatory role on transcription in hu-

man cells.

To further investigate the transcription defect induced by

SSRP1 depletion in human cells, we focused on RNA synthesis

in the spatial context of expressed genes. In the TT-seq meta-

gene profiles, we observed a small reduction in RNA synthesis

at the 50 ends of genes and a stronger decrease toward the 30

ends upon 1 h of SSRP1 depletion (Figures 3B and S3D). After

4 h of depletion, RNA synthesis is strongly reduced at the 50

ends of genes and even further decreased toward the 30 ends.
Notably, we observed an increase in the slope of the profile

throughout the gene body for both depletion times. To further

investigate this apparent elongation defect, we divided the ex-

pressed genes into four quantiles based on gene length (Q1–

Q4; Figure 3C). Comparison of the TT-seqmetagene profiles be-

tween these gene subsets uncovers interesting differences in the

effects of SSRP1 depletion. After 1 h of depletion, the TT-seq

signal for the shortest genes (Q1) is decreased, but there is no

change in the shape of the profile. By contrast, we observe a

clear increase in the slopes of the profiles for longer genes

(Q2–Q4). After 4 h of SSRP1 depletion, the decrease in TT-seq

signal across all gene subsets is stronger. In addition, we
(B) Localized contact matrices (20 bp resolution) derived from Tiled-MCC ligatio

(control, top) and dTAG7 ligand (dSSRP1, bottom). Annotation as in (A), includin

(C) Localized contact matrices (20 bp resolution) derived from Tiled-MCC ligatio

(D) Tiled-MCC contact matrices (2 kb resolution) of the Slc25a37 locus in cells tre

left). The region highlighted in magenta indicates Slc25a37 enhancers. Annotatio
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observed a stronger loss of signal toward the 30 ends of long

genes (Q4). To compare how different regions of genes are

affected by FACT depletion, we determined the fold-change in

RNA synthesis in 0.5 kb regions at the beginning (TSS), middle,

and end of genes (Figure 3D). This analysis recapitulated the

changes observed in metagene profiles upon FACT depletion

(Figure 3B), in which the effect of FACT depletion progressively

increases from the 50 end to the 30 end of the metagene profiles.

The same pattern is visible when we separate genes into gene

length subsets, although it is more pronounced in the longer

gene subsets (Figure 3E). RNA synthesis in TSS-proximal re-

gions is least affected by FACT depletion and does not pass

the significance cutoff (p R 0.05). In line with this, we observe

a stronger reduction in RNA synthesis for long genes (Figure S3E)

but also for highly expressed genes (Figure S3F). Taken together,

these effects are similar to the transcription defect that has pre-

viously been described in the context of depletion of the elonga-

tion factor SPT655 and indicate that FACT acts as a positive

regulator of transcription elongation.

To investigate whether the effects of SSRP1 depletion on tran-

scription elongation are accompanied by changes in RNA Pol II

processivity, we examined changes in occupancy of transcrip-

tionally engaged RNA Pol II using mammalian nascent elon-

gating transcript sequencing (mNET-seq) after SSRP1 deple-

tion.56 mNET-seq maps the last nucleotide incorporated into

RNA molecules that are associated with transcribing RNA Pol

II and therefore provides strand-specific information about

RNA Pol II occupancy with single nucleotide resolution. The

mNET-seq data show that depletion of SSRP1 for 1 h leads to

a major redistribution of transcriptionally engaged RNA Pol II in

gene bodies (Figures 3F, S3G, and S3H). In the SSRP1-depleted

cells, themNET-seq signal is increased in the beginning of genes

(�1–3 kbp) and decreased further in the gene bodies. This

pattern is amplified after 4 h of SSRP1 depletion.

The observed accumulation of engaged RNA Pol II in the 50 re-
gions of genes following SSRP1 depletion could be explained by

an increase in transcription in these regions or by a defect in RNA

Pol II progression into gene bodies. These two possibilities can

be distinguished by calculating the elongation velocity of RNA

Pol II. We have previously shown that RNA synthesis per tran-

scribing RNA Pol II, calculated as the ratio of RNA synthesis

(TT-seq) and RNA Pol II occupancy (mNET-seq), can be used

as a proxy for RNA Pol II elongation velocity.55,57 To estimate

changes in elongation velocity after depletion of SSRP1, we tiled

the human genome into 50 bp bins, calculated the TT-seq/

mNET-seq ratio per bin, and generated a heatmap that shows

the changes in this ratio for all expressed genes upon SSRP1

depletion (Figure 3G). This analysis shows that RNA Pol II accu-

mulation in the 50 regions of genes is associated with a reduction

in elongation velocity, indicating a defect in RNA Pol II progres-

sion into gene bodies. Of note, 4 h depletion of SSRP1 leads

to very low mNET-seq signals toward the 30 region of genes
n junctions of intragenic CTCF-binding sites in cells treated with solvent only

g MNase-seq data of the control-treated sample.

n junctions of intergenic CTCF-binding sites. Representations as in (B).

ated with solvent only (control, top right) and dTAG7 ligand (dSSRP1, bottom

n as in (A).
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(Figure S3H), which limits analysis of velocity in promoter-distant

regions (beyond 10 kb from the TSS) of genes.

The loss of engaged RNA Pol II in the 30 regions of genes

following SSRP1 depletion could be explained by increased

drop-off of RNA Pol II in absence of FACT. To investigate this,

we devised a mathematical model to quantify the drop-off prob-

ability per gene based on the TT-seq signal (Figure 3H; STAR

Methods). We postulate a random negative binomial drop-off

likelihood throughout the gene, based on the assumption that

RNA Pol II can drop off at any position in the gene, and the result-

ing decrease in the TT-seq signal can be expressed in terms of

the length of the gene and the per-base drop-off probability.

We found that the mean drop-off probability per base within a

gene is significantly increased after 1 h of SSRP1 depletion

and further increased after 4 h of depletion (Figure 3I), which is

in line with the observed loss of RNA Pol II occupancy in gene

bodies (Figure 3F). In agreement with the metagene profiles for

different length classes, the depletion of FACT has less effect

on drop-off probability for short genes (bottom 25% of genes

by length) than long genes (top 25% of genes by length), but

the difference is significant for both length classes (Figure S3I).

Taken together, FACT is not only required for RNA Pol II elonga-

tion but also for processivity, preventing RNA Pol II drop-off by

premature termination.

FACT depletion perturbs promoter-proximal
transcription
To explore the molecular mechanism underlying defective RNA

Pol II progression in the 50 regions of genes in the absence of

FACT, we investigated the effects of SSRP1 depletion on tran-

scription in the promoter-proximal region in more detail. To this

end, we first determined the positions of promoter-proximal

RNA Pol II pausing and the +1 nucleosome dyads in control-

treated cells. We find the pause site position distribution peaks

at �45 bp and the +1 nucleosome dyad position distribution

peaks at�120 bp relative to the TSS (Figure 4A). We next gener-

ated heatmaps showing the change in RNA Pol II occupancy

near the TSSs of all paused genes, sorted by the distance be-

tween the pause sites and the TSSs (Figure 4B). Interestingly,

this shows that there is a strong loss of RNA Pol II occupancy

near the TSS, which precedes the notable accumulation of
Figure 3. FACT supports transcription elongation and processivity

(A) Boxplots showing RNA synthesis fold change (TT-seq) of all expressed gene

(B) Scaled metagene profiles of TT-seq signal showing mean signal of expressed

except that the metagene profile is scaled between the TSS and TES and includ

antisense profiles are shown as positive and negative values, respectively.

(C) Scaled metagene profiles of TT-seq signal showing mean signal of expressed

(Q1: 50 bp–11 kbp; Q2: 11–27 kbp; Q3: 27–62 kbp; and Q4: 62–1,113 kbp). Rep

(D) Boxplots showing RNA synthesis fold change (TT-seq) of 0.5 kb gene regio

depletion. Representations as in Figure 1F.

(E) Boxplots showing RNA synthesis fold change (TT-seq) of TSS, mid, and end

(F) Heatmap representations of changes in RNA Pol II occupancy upon depletion o

by gene length. The black line represents the gene end, and bins without signal

(G) Heatmap representations of changes in elongation velocity upon depletion o

(H) Schematic of mathematical modeling of RNA Pol II drop-off probability (p) base

for a gene of length L.

(I) Boxplots showing mean per base probability of RNA Pol II drop-off of expres

resentations as in Figure 1H.
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RNA Pol II downstream of the promoter-proximal pause site

(compare Figure 4B to Figure 3F). In contrast to observations

in yeast,34–37 we did not observe a notable appearance of cryptic

TSSswith 50 cap-seq in the absence of FACT (Figures S4A–S4C).

This finding indicates that the loss of promoter-proximal RNA Pol

II occupancy is not due to defective TSS selection.

To investigate the redistribution of RNA Pol II in the absence of

FACT in detail, we used the determined TSSs, pause sites,

and +1 nucleosome dyad positions within each gene to generate

metagene profiles of RNA Pol II occupancy anchored at the

TSSs, pause sites, and +1 nucleosomes (Figure 4C). These pro-

files show that the occupancy of RNA Pol II as detected by

mNET-seq is highest at the pause sites, which are�45 bp down-

stream of the TSSs. Following both 1 and 4 h SSRP1 depletion,

we observed a strong loss of RNA Pol II at the pause sites

(Figures 4C and 4D). The mNET-seq profiles anchored at the

TSSs and +1 nucleosome positions show that the reduction in

RNA Pol II at the pause sites after SSRP1 depletion is followed

by an increase in signal above control further downstream of

the TSS (�120 bp) in a region within the +1 nucleosome that is

in close proximity to the annotated dyad. This pattern of RNA

Pol II redistribution is the same for 1 and 4 h depletion of

SSRP1, although the changes are more pronounced after 4 h

treatment.

To confirm that the changes in mNET-seq signal reflect a

redistribution of paused RNA Pol II complexes, we examined

the distribution of the negative elongation factor (NELF), which

stabilizes promoter-proximal pausing, and RNA Pol II. We per-

formed chromatin immunoprecipitation sequencing (ChIP-seq)

with antibodies against NELF subunits NELF-C/D and the N ter-

minus of the largest subunit of RNA Pol II (Figures 4E–4G and

S4D–S4I). This shows that loss of SSRP1 leads to a decrease

in ChIP-seq signal for RNA Pol II and NELF at the pause sites

and an increased signal downstream of the pause sites that ex-

tends into the gene bodies. In line with the observed reduction of

transcriptionally engaged RNA Pol II as measured bymNET-seq,

these data show that loss of FACT leads to a reduction of pro-

moter-proximal RNA Pol II pausing in the canonical pausing win-

dow (Figure 4), which is followed by an increase in NELF-associ-

ated RNA Pol II downstream of the pause sites as a result of

defective progression of RNA Pol II into gene bodies (Figure 3).
s (n = 8,965) upon SSRP1 depletion. Representations as in Figure 1F.

genes (n = 8,965) after depletion of SSRP1. Representations as in Figure 1D,

es unscaled regions upstream and downstream of the gene. The sense and

genes (n = 8,965) separated into gene length quartiles after depletion of SSRP1

resentations as in (B), except that only sense profiles are shown.

ns (TSS, mid, and end) of expressed genes longer than 1.5 kb upon SSRP1

regions of genes in gene length subsets from (C). Representations as in (D).

f SSRP1. Expressed gene (n = 8,965) regions are aligned at the TSS and sorted

are shown in light gray.

f SSRP1. Representations as in (F).

d on TT-seq signal in the 50 regions (covi) and the signal in the gene body (covf)

sed genes (L > 3.5 kbp and covi > covf; n = 3,190, see STAR Methods). Rep-



Figure 4. FACT depletion perturbs promoter-proximal transcription

(A) Density plot showing the distribution of the pause positions and +1 nucleosome dyad distances to TSS (see STAR Methods). Values above 250 bp are

not shown.

(B) Heatmap representations of changes in RNA Pol II occupancy of expressed genes with a pause site (n = 4,681). Gene regions are anchored at the TSS and

sorted by the pause position. The black line represents the pause site, and bins lacking signal are shown in light gray.

(C) Metagene profiles aligned at the TSS (left), promoter-proximal pause site (middle), and +1 nucleosome dyad (right) showing mean occupancy of RNA Pol II

(mNET-seq) upon SSRP1 depletion. Representations as in Figure 1D and only sense profiles are shown (n = 4,681). Nucleosome region is shaded dark gray.

(D) Boxplots showing change in RNA Pol II occupancy (fold-change of mNET-seq signal) at the pause site (n = 4,681) upon depletion of SSRP1. Representations

as in Figure 1F.

(legend continued on next page)
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Taken together with the observed reduction in RNA Pol II velocity

in the beginning of genes (Figure 3G), these results indicate that

the observed RNA Pol II accumulation downstream of the pause

site does not represent pause-released, actively elongating RNA

Pol II but represents NELF-bound RNA Pol II corresponding to a

paused EC, which is not accurately paused at the canonical

pause site.

FACT reduces the nucleosome barrier to RNA Pol II
To further investigate how loss of FACT leads to an apparent loss

in promoter-proximal RNAPol II pausing, we devised a biochem-

ical system composed of purified proteins and a DNA template

to analyze promoter-proximal RNA Pol II pausing in vitro. To

this end, we performed RNA elongation assays with the early

EC (composed of RNA Pol II and DRB sensitivity-inducing factor

(DSIF)) and transcription factor IIS (TFIIS) using either a linear

DNA template or a DNA template wrapped around a single

nucleosome (Figures 5A and S5A–S5C). In this setup, we first

tested how the inclusion of NELF in the reaction affects tran-

scription. We observed that the presence of NELF leads to a

decrease in the full-length product transcribed from a linear

DNA template (Figures 5B, 5C, and S5A–S5D), which is in agree-

ment with previous observations.58 The inclusion of a nucleo-

some on the DNA template leads to the appearance of two

distinct intermediate products (�, ��) and a reduction in the pro-

duction of full-length product. The shorter intermediate (�) is 60

nt in length and corresponds to positioning of the RNA Pol II

active site at the edge of the downstream nucleosome. The

longer intermediate (��) corresponds to an RNA Pol II position

at which it has transcribed �6 turns of nucleosomal DNA and

elongated the RNA to 127 nt. This intermediate appears equiva-

lent to the intermediate at the nucleosome dyad generated by

the activated EC.59

Increasing the NELF concentration leads to less formation of

the full-length and the longer intermediate (��) product and a

concomitant increase of the shorter intermediate (�) product

(Figures S5A and S5B). This indicates that there is an increased

nucleosome entry barrier when NELF is included in the reaction

(Figures 5D, S5E, and S5F). The distance of the RNA Pol II active

site for the shorter intermediate (�) relative to the nucleosome

dyad is 75 bp. This closely matches the observed distance be-

tween the RNA Pol II promoter-proximal pause site and the +1

nucleosome dyad in human cells (Figure 4A). These data suggest

that the shorter intermediate (�) product corresponds to the

in vivo RNA Pol II pause site position, at which NELF stabilizes

promoter-proximal pausing in the region upstream of the +1

nucleosome.60 We therefore conclude that RNA Pol II pausing

in vitro is stabilized by both NELF and the +1 nucleosome.

We next used this experimental setup to measure the effect of

FACT on promoter-proximal pausing of RNA Pol II in vitro. We

find that the addition of FACT to the in vitro transcription exper-

iments does not affect RNA production from the linear DNA tem-
(E) Metagene profiles aligned at the pause site showing ChIP-seq signal of RNA

Figure 1D.

(F) Heatmap representations of changes in RNA Pol II ChIP-seq signal of expresse

site and sorted by RNA Pol II signal at the pause site. Bins lacking signal are sho

(G) Heatmap representations of changes in NELF-C/D ChIP-seq. Representation

10 Molecular Cell 84, 1–17, June 6, 2024
plate (Figures 5E and S5D). By contrast, inclusion of FACT in an

in vitro transcription reaction in which the DNA is wrapped

around a histone octamer leads to an increase in the full-length

product due to a decrease of the dyad barrier (Figures 5E, 5F,

S5D, and S5G). Interestingly, we observe that the addition of

FACT to reactions with a nucleosome template does not affect

RNA Pol II accumulation at the pause site (�) and the nucleosome

entry barrier (Figures 5E and 5G). Taken together, these observa-

tions suggest that FACT stimulates transcription of the early EC

by lowering the barrier at the dyad of the nucleosome but does

not release paused RNA Pol II.

To test how the NELF-containing paused EC transcribes a

hexasome-containing template, we performed in vitro tran-

scription reactions in the presence and absence of both

NELF and FACT with a DNA template wrapped around a his-

tone hexamer (Figures 5B, 5E, and S5C–S5G). Notably, we

observed less production of the pausing intermediate (�) at

the edge of the hexasome compared with the edge of the com-

plete nucleosome, which indicates that the presence of a com-

plete histone octamer leads to more RNA Pol II pausing

compared with a hexamer (Figures 5D and S5F). As for the

complete histone octamer, the entry barrier is further stabilized

by NELF. In line with the experiments with the nucleosome-

containing template, the addition of FACT to the hexasome-

containing template increases the yield of full-length product

and decreases the production of the longer intermediate (��),
which suggests that FACT also stimulates the progression of

PoI II through hexasomes. This indicates that FACT does not

only stimulate transcription by destabilization of H2A/H2B di-

mers, as has been suggested,21 but also by other mechanisms.

In summary, the differences between transcription through a

hexasome or a nucleosome in vitro indicate that the observed

enrichment of subnucleosomal fragments (which may corre-

spond to hexasomes) in expressed genes near the TSSs

upon SSRP1 depletion (Figure 1H) could explain the observed

pausing defect and leakage of paused ECs into the genes (Fig-

ure 4) in cells in the absence of FACT.

DISCUSSION

In this study, we have generated a human cell line that allows for

rapid depletion of FACT. We have used a combination of high-

resolution genomic approaches in these cells, together with

biochemical in vitro experiments, to provide detailed insight

into the role of FACT in regulating chromatin structure and tran-

scription (Figures 6A and 6B).

Our analyses of chromatin architecture following FACT deple-

tion show that FACT regulates nucleosome integrity in tran-

scribed regions, thus confirming an important role for FACT in

maintaining chromatin structure during transcription.21–24

In contrast to a recent report showing a function for FACT in

the regulation of interactions between gene promoters and
Pol II and NELF-C/D upon SSRP1 depletion (n = 4,681). Representations as in

d genes with a pause site (n = 4,681). Gene regions are anchored at the pause

wn in light gray.

s as in (F).



Figure 5. FACT reduces the nucleosome barrier to RNA Pol II

(A) Schematic of the in vitro RNA elongation assay with an early elongation complex (EC) and additional factors. The assay was performed with three DNA

templates and a fluorescently labeled RNA primer (red).

(B) Denaturing polyacrylamide gel electrophoresis (PAGE) separation of RNA elongation assay products showing the effect of NELF on in vitro transcription of

three templates. Templates are linear DNA (DNA), DNA wrapped around a complete histone octamer (Nuc), or histone hexamer (Hex). First lane shows product

without addition of CTP and ATP. The schematics of RNA Pol II and the nucleosome depict the corresponding states. Results are representative of 3 independent

experiments. Non-specific product is marked (*). Selected lanes from Figures S5A–S5C are shown, and dashed lines mark cropped lanes.

(C) Bar chart showing quantification of the full-length product of RNA elongation assays shown in (B). The mean normalized intensities per condition are shown

with error bars (±SD) and points for each measured value. Point shapes represent the independent experiments. The effect of NELF addition was tested with

paired t test (n = 3; ns p > 0.05, * p % 0.05, ** p % 0.01, *** p % 0.001, **** p % 0.0001).

(D) Bar chart showing quantification of the entry barrier of RNA elongation assays shown in (B) (see Figure S5D and STAR Methods). Representations as in (C).

(E) Denaturing PAGE of RNA elongation assay products showing the effect of FACT on transcription by EC in the presence of NELF. Representations as in (B).

(F) Bar chart showing quantification of the dyad barrier of RNA elongation assays shown in (E). Representations as in (C).

(G) Bar chart showing quantification of the entry barrier of RNA elongation assays shown in (E). Representations as in (C).

ll
OPEN ACCESSArticle

Please cite this article in press as: �Zumer et al., FACT maintains chromatin architecture and thereby stimulates RNA polymerase II pausing during tran-
scription in vivo, Molecular Cell (2024), https://doi.org/10.1016/j.molcel.2024.05.003
enhancers,52 we did not observe clear changes in enhancer-pro-

moter interactions. This discrepancy may be explained by differ-

ences in depletion times, namely, 24 h compared with 4 h in

our study.

By investigating the effects of rapid FACT depletion on tran-

scription, we demonstrate that FACT plays a critical role in pro-

moting transcription through chromatin in vivo. These observa-

tions are in contrast with previous reports (reviewed in Zhou
et al.,21 Formosa and Winston,22 Jeronimo and Robert,23 and

Gurova et al.24). We believe that these differences can be ex-

plained by three factors. First, we have used a rapid perturbation

system and have investigated the impact of FACT loss after a

depletion time of only 1 and 4 h. This is especially important

when studying a multifaceted protein like FACT because it is

possible that the requirement for FACT tomodulate transcription

through chromatin is difficult to detect in a context in which
Molecular Cell 84, 1–17, June 6, 2024 11



Figure 6. Model summary of the effect of FACT loss on RNA Pol II transcription

(A) Schematic representation of RNA Pol II complexes of promoter-proximal transcription and a visual representation of the energy barriers of transcription by

RNA Pol II. The shading represents transcription cycle phases and corresponding RNA Pol II complexes: pre-initiation complex (PIC, white), paused-elongation

complex (PEC, yellow), and activated elongation complex (EC*, teal).

(B) Schematic summary of the effect of FACT depletion on transcription.
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chromatin structure has been severely perturbed due to long-

term loss of FACT. Second, we used a combination of highly sen-

sitivemethods tomeasure nascent RNA rather than steady-state

RNA, which enabled us to directly measure the synthesis of RNA

instead of its accumulation in the cell. Third, we used spike-ins

for data normalization, which is critical for accurate data anal-

ysis, since data normalization based on read counts can obscure

the global reduction in transcription that results from loss

of FACT.

To deconvolute the complex transcriptional defect that results

from FACT depletion in vivo, we integrated biochemical in vitro

transcription assays in our study. These experiments suggest

that NELF stabilizes RNA Pol II pausing at the nucleosome

border, which is consistent with a previous study that has shown

that NELF depletion leads to a reduction in RNAPol II occupancy

at the pause site just upstream of the nucleosome border.60

Notably, our in vivo data suggest that FACT is a pausing factor.

However, our biochemical experiments clearly indicate that
12 Molecular Cell 84, 1–17, June 6, 2024
FACT does not function mechanistically as a pausing factor,

since we did not observe an increase in pausing when FACT is

included in the in vitro transcription assays. Of note, a previous

study reported a pausing defect in Drosophila S2 cells after

FACT knockdown and ascribed the defect to loss of histone

modifications associated with active transcription.38 However,

because this study was based on long-term FACT perturbation,

it is likely that these observations are secondary to the cumula-

tive loss of chromatin structure in the absence of FACT.

Based on our data, recent work by others, and the assump-

tions that the exchange of RNA Pol II-bound factors and each

encounter between early ECs and a nucleosome represent an

energy barrier for transcription, we propose a new mechanistic

model for the early elongation stages of RNA Pol II transcription

(Figure 6A). In this model, NELF is recruited to the RNA Pol II

complex early upon promoter escape and throttles RNA Pol II

down. However, NELF alone is not sufficient to halt the tran-

scribing RNA Pol II. It therefore needs an additional barrier,
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the +1 nucleosome, to induce RNA Pol II pausing. At the same

time, the effect of NELF binding on elongation speed effectively

increases the barrier that the +1 nucleosome poses for produc-

tive elongation. In this model, promoter-proximal pausing is

therefore dependent on cooperativity between NELF and the

nucleosome barrier, whereas the pause position is determined

by the position of the +1 nucleosome. Based on the relative posi-

tioning of pause sites and nucleosomes, a functional relationship

between the +1 nucleosome and promoter-proximal pausing

has been suggested previously.4 Depletion of FACT has pro-

vided us with a powerful perturbation to prove this model since

it allows for destabilization of nucleosomes without affecting

RNA Pol II complexes directly. This separation of function in vivo,

in combination with our in vitro experiments, has enabled us to

provide direct evidence for the requirement of an intact +1 nucle-

osome to establish effective promoter-proximal pausing of RNA

Pol II. This likely acts in concert with other regulators of pausing,

such as DNA sequence4 and histone modifications.61 The pro-

posed delay in elongation factor recruitment in the absence of

FACT is based on the mutual exclusiveness of NELF and

PAF62 (Figure 6B).

In summary, by combining highly sensitive in vivo genomic ex-

periments with in vitro transcription assays, we demonstrate the

importance of FACT for transcription of chromatin and reconcile

previously inconsistent observations of in vivo and in vitro

studies. We show that FACT facilitates the passage of RNA Pol

II through nucleosomes while also mediating retention of com-

plete nucleosomes in the wake of transcribing RNA Pol II mole-

cules. FACT thereby stabilizes the chromatin structure near the

TSS, including +1 nucleosome integrity. This, in turn, regulates

promoter-proximal pausing in subsequent transcription cycles.

By facilitating nucleosome passage, FACT also supports tran-

scription elongation and prevents premature termination. Taken

together, our work provides important mechanistic insight into

the seemingly contradictory role of FACT in maintaining chro-

matin structure and regulating transcription through nucleo-

somes, as well as into the general interplay between chromatin

structure and transcription.

Limitations of the study
Most of our conclusions are based on experiments using rapid

dTAG-mediated depletion of SSRP1 in the K562 cell line, which

is a human-immortalized myelogenous leukemia cell line. The

dTAG7 ligand that we used to induce SSRP1 depletion was dis-

solved in DMSO.We controlled for potential secondary effects of

DMSO by comparing the samples that were treated with the

dTAG7 ligand to samples that were treated with DMSO for the

same duration. Although protein depletion with the dTAG system

is fast, we cannot entirely exclude secondary effects on chro-

matin structure and transcription. In addition, we cannot rule

out redundancy with or compensation by other proteins (e.g.,

chromatin remodelers) that may mask the role of FACT in chro-

matin architecture and transcription. It is also possible that

FACT depletion leads to changes in CTCF and/or cohesin occu-

pancy that may influence chromatin architecture. Furthermore, it

is important to note that histone modifications may affect the

function of FACT63 and that the effects of FACT depletion may

differ across cell types.
MNase-seq and 50 cap-seq are dependent on enzymatic reac-

tions for DNA digestion and RNA decapping, respectively, that

may be affected by possible sequence biases of the enzymes.

In addition, it is possible that deeper sequencing of the

MNase-seq libraries would uncover further details with respect

to the role of FACT in nucleosome architecture. Residual

contamination in TT-seq libraries with unlabeled RNA cannot

be entirely excluded, despite stringent washes during the pro-

cedure. mNET-seq involves immunoprecipitation with an anti-

RNA-Pol-II C-terminal domain (CTD) antibody that may bind

differently depending on the CTD phosphorylation status. The

resolution of ChIP-seq and differences in IP efficiency preclude

direct comparisons of different ChIPs and conclusions on posi-

tional differences between factors for positions that are closer

than the mean length of ChIP-ed DNA fragments. For most as-

says, we used ectopic spike-ins to allow for detection of global

changes in transcription and occupancy, but we cannot exclude

minor normalization biases due to cell counting or pipetting er-

rors that may influence the spike-in scaling factors. Finally, elon-

gation velocity analyses are limited by the assumption that TT-

seq captures output of elongating RNA Pol II, which does not

hold in regions of high drop-off.
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ESF 921 Expression Systems 96-001-01
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TURBO DNA-free DNAse Thermo Fisher Scientific AM1907
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T4 PNK NEB M0201S
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Proteinase K Thermo Fisher Scientific AM2546
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NEBNext Magnesium RNA Fragmentation Module NEB E6150S
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T4 DNA Ligase NEB M0202T
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Klenow Fragment (3’-5’ exo-) NEB M0212S

NEBNext End Repair Module NEB E6050S

dATP Solution NEB N0440S
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Cap-Clip Acid Pyrophosphatase CELLSCRIPT C-CC15011H

Deoxynucleotide Solution Mix NEB N0447S

TURBO DNA-free Kit Thermo Fisher Scientific AM1907

Superscript II Reverse Transcriptase Thermo Fisher Scientific 18064022

Random Primers Thermo Fisher Scientific 48190011

Dynabeads M-280 Streptavidin Thermo Fisher Scientific 11205D

Phenol:chloroform:isoamyl Alcohol 25:24:1 Sigma-Aldrich P3803

Qiazol Qiagen 79306

Phusion� HF Buffer New England Biolabs B0518S

Phusion DNA Polymerase In house N/A

TspRI New England Biolabs R0582S

NTP Set Thermo Fischer R0481

Micrococcal nuclease (MNase) NEB Cat# M0247

EGTA Sigma-Aldrich Cat# E3889

DNA polymerase I large (Klenow) fragment NEB Cat# M0210

T4 DNA ligase Thermo Scientific Cat# EL0013

DNA ligase buffer Thermo Scientific Cat# B69

dNTP mix NEB Cat# N0447

AMPure XP beads Beckman Coulter Cat# A63881

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2438-10ML

Formaldehyde 16% concentrate stock methanol-free Thermo Fisher Scientific 28908

PhosSTOP Sigma-Aldrich 4906837001

Protease Inhibitor Cocktail Sigma-Aldrich P8340-5ML

Dynabeads� Protein G for Immunoprecipitation Invitrogen 10004D

Critical commercial assays

NEBNext Ultra II DNA Library Prep Kit for Illumina NEB E7645S

MEGAscript T7 Transcription Kit Thermo Fisher Scientific AM1333

Small RNA library kit Illumina RS-200-0012

Illumina Stranded Total RNA Prep, Ligation kit with

Ribo-Zero Plus

Illumina 20040525

Dynabeads mRNA Purification kit Thermo Fisher Scientific 61006

Monarch kit NEB T1030S

miRNeasy Micro kit Qiagen 217084

Quick-RNA microPrep + Zymo-Spin IC Columns ZYMO R1050 + C1004-50

mMACS Streptavidin Kit Miltenyi 130-074-101

DNeasy blood and tissue kit Qiagen Cat# 69504

NEBNext � Ultra � II DNA Library Prep Kit for Illumina NEB Cat# E7645

Twist Hybridization and Wash Kit Twist Bioscience Cat# 101025

Deposited data

1 h dTAG7/DMSO control TT-seq SSRP1-dTAG K562 This study GEO GSE242374

1 h dTAG7/DMSO control mNETseq SSRP1-dTAG K562 This study GEO GSE242376

4 h dTAG7/DMSO control TT-seq SSRP1-dTAG K562 This study GEO GSE242374

4 h dTAG7/DMSO control mNETseq SSRP1-dTAG K562 This study GEO GSE242376

1 h dTAG7/DMSO control MNase-seq SSRP1-dTAG K562 This study GEO GSE242379

1 h dTAG7/DMSO control 5cap-seq SSRP1-dTAG K562 This study GEO GSE242378

4 h dTAG7/DMSO control MNase-seq SSRP1-dTAG K562 This study GEO GSE242379

4 h dTAG7/DMSO control 5cap-seq SSRP1-dTAG K562 This study GEO GSE242378

1 h dTAG7/DMSO control RNA Pol II

ChIP-seq SSRP1-dTAG K562

This study GEO GSE242380
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REAGENT or RESOURCE SOURCE IDENTIFIER

4 h dTAG7/DMSO control RNA Pol II

ChIP-seq SSRP1-dTAG K562

This study GEO GSE242380

1 h dTAG7/DMSO control Th1L

ChIP-seq SSRP1-dTAG K562

This study GEO GSE242380

4 h dTAG7/DMSO control Th1L

ChIP-seq SSRP1-dTAG K562

This study GEO GSE242380

4 h dTAG7/DMSO control Tiled-MCC This study GEO GSE241421

MNase-seq K562 Kundaje et al.64 GEO GSM920557 ENCODE

DNase I Hypersensitivity ENCODE GEO GSM736566

H3K27ac ChIP-seq ENCODE GEO GSM733656

CTCF ChIP-seq ENCODE GEO GSM733719

Human reference genome NCBI

build 38, GRCh38

Genome Reference

Consortium

http://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

Experimental models: Cell lines

K562 DSMZ ACC 10

K562 SSRP1-dTAG clone N1C10 This study N/A

Experimental models: Organisms/strains

S. cerevisiae strain BY4741 Euroscarf ACC-Y00000

D. melanogaster S2 cell line DSMZ ACC 130

Oligonucleotides

Table S1 This study N/A

Recombinant DNA

pET1B_Hs_H2A Dodonova et al.65 Internal ID: 3695

pET22b_Hs_H2B Dodonova et al.65 Internal ID: 3696

pET22b _Hs_H3 Dodonova et al.65 Internal ID: 3697

pET3a_H4_fl Farnung et al.66 Internal ID: 3323

pIDTSmartKan_OchmannConstruct_

extendedRunUp_Widom601

This paper Internal ID: 4213

438A_Hs_NHis6-TEV_NELFC_NELFA_NELFB_NELFE Vos et al.58 Internal ID: 2961

pKSUMO_10xHis-3C-SPT4_SPT5 Bernecky et al.67 Internal ID: 2439

438C_Hs_NHis6-MBP-N10-TEV_SPT16_SSRP1_FACT This paper Internal ID: 3417

1C_NHis6-MBP-N10-TEV-TFIIS_H Farnung et al.59 Internal ID: 3619

Software and algorithms

ImageJ2 – Fiji (version 2.3) Schindelin et al.68 https://imagej.net/software/fiji/

GraphPad Prism (version 9.3.1) Swift69 https://www.graphpad.com/

scientific-software/prism/

R 4.2.3 R Core Team70 https://www.r-project.org/

RStudio Version 2023.09.1 R Studio Team71 http://www.rstudio.com/

Bioconductor 3.16 Gentleman et al.72;

Huber et al.73
https://www.bioconductor.org/

FastQC v0.11.5 Babraham-Institute https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

Cutadapt 1.9.1 Martin74 https://cutadapt.readthedocs.io/en/stable/

STAR 2.5.2b Dobin et al.75 https://github.com/alexdobin/STAR

Picard 2.9.2 Broad Institute, MIT https://broadinstitute.github.io/picard/

tidyverse (R package collection) Wickham et al.76 https://www.tidyverse.org/

UMI-tools Smith et al.77 https://github.com/CGATOxford/UMI-tools

Bowtie2 2.3.4.1 Langmead and Salzberg78 https://bowtie-bio.sourceforge.

net/bowtie2/index.shtml
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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, Kristina
�Zumer (kristina.zumer@mpinat.mpg.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
d Datasets generated in this study have been deposited in NCBI’s Gene Expression Omnibus database (GEO) and are accessible

through GEO Series accession numbers GSE242380 and GSE241421.

d The study does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture
We obtained K562 cells and D. melanogaster S2 cells from the DSMZ-German Collection of Microorganisms and Cell Cultures

GmbH. K562 cells were subcultured in RPMImedium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo

Fisher Scientific) and 1x GlutaMax (Thermo Fisher Scientific) maintained at 37 �C and 5 % CO2. They were maintained at densities

between 1x105 and 7x105 cells/ml. Genome edited cell lines were cultured in the same conditions. The cells in culture were checked

for mycoplasma quarterly with the PlasmoTest kit (InvivoGen) kit and are mycoplasma negative. Depletions of dTAGed proteins were

performed by supplementing the growth medium with 500 nM dTAG7 ligand dissolved in DMSO or DMSO only for the control treat-

ment for the specified times. Both treatments were at 1:20000 dilution of DMSO.

S2 cells were subcultured in Schneider’s Drosophila Medium supplemented with 10 % FBS and maintained at 27�C in a non-hu-

midified incubator.

Yeast (S. cerevisiae, BY4741 strain) for spike-in RNA were streaked onto a fresh plate. A single colony was used to inoculate 50 ml

yeast medium (YP + 2 % glucose) and cultured overnight at 30 �C. Cells were harvested the next day when OD reached 0.8 (absor-

bance at 595 nm).

Proteins and nucleic acid for in vitro RNA elongation assays
H. sapiens DSIF, TFIIS, NELF and S. scrofa RNA Pol II were purified as previously described.58 H. sapiens FACT (SPT16 and SSRP1)

was expressed in Trichoplusia ni (Hi5 insect cells). Cells were collected and resuspended in lysis buffer (300 mM NaCl, 20 mM Na-

HEPES, pH 7.4, 30 mM imidiazole, 10% (v/v) glycerol, 1 mM DTT, 0.284 mg ml�1 leupeptin, 1.37 mg ml�l pepstatin A, 0.17 mg ml�1

PMSF and 0.33mgml�1 benzamidine), flash-frozen in liquid nitrogen and stored at�70�C. FACTwas purified from 1 L of Hi5 lysate at

4�C. The cells were thawed, lysed by sonication and cleared by centrifugation and filtration through 0.8 mmsyringe filters. The clarified

cell lysate was applied to two 5mLHisTrap HP columns (Cytivia) equilibratedwith lysis buffer. The columnwaswashedwith 3 column

volumes of lysis buffer, high salt buffer (1 M NaCl, 20 mM Na-HEPES, pH 7.4, 30 mM imidazole, 10% (v/v) glycerol, 1 mM DTT,

0.284 mg ml�1 leupeptin, 1.37 mg ml�l pepstatin A, 0.17 mg ml�1 PMSF and 0.33 mg ml�1 benzamidine) and lysis buffer. FACT

was eluted from the column with a ten-column volume gradient of nickel elution buffer (500 mM NaCl, 20 mM Na-HEPES, pH 7.4,

500 mM imidazole, 10% (v/v) glycerol, 1 mM DTT, 0.284 mg ml�1 leupeptin, 1.37 mg ml�l pepstatin A, 0.17 mg ml�1 PMSF and

0.33 mg ml�1 benzamidine). Elution fractions were analyzed by denaturing polyacrylamide gel electrophoresis (SDS-PAGE). Frac-

tions containing FACT were pooled, mixed with TEV protease and dialyzed against dialysis buffer (500 mM NaCl, 20 mM Na-

HEPES, pH 7.4, 30 mM imidiazole, 10% (v/v) glycerol, 1 mM DTT, 0.284 mg ml�
1

leupeptin, 1.37 mg ml�l pepstatin A, 0.17 mg

ml�1 PMSF and 0.33 mg ml�1 benzamidine). The dialyzed sample was diluted to 300 mM NaCl and applied to two 5 mL HisTrap

HP followed by one HiTrap Q column (Cytivia). The columns were washed with one column volume of lysis buffer. The HisTrap col-

umnswere removed and the proteins were eluted from the HiTrap Q columnwith ten-column volume buffer with a salt gradient. Frac-

tions containing FACT were pooled, concentrated in a 50 kDa MWCO Amicon Ultra Centrifugal Filter (Merck) and applied to HiLoad

S200 16/600 pg column equilibrated with gel filtration buffer (300 mM NaCl, 20 mM Na-HEPES, pH 7.4, 10% (v/v) glycerol, 1 mM

DTT). Peak fractions were assessed by SDS-PAGE analysis. FACT fractions were pooled, concentrated in a 50 kDa MWCO Amicon

Ultra Centrifugal Filter (Merck), aliquoted, flash frozen in liquid nitrogen and stored at �70�C.
H. sapiens histones (H2A, H2B, H3, H4) were expressed, purified and reconstituted to an octamer, tetramer and dimer as

described.65,79,80 The template DNA for in vitro transcription assays containing a TspRI restriction site 52 bp upstream of the Widom

601 sequence and was amplified by PCR, as described previously.59,81 PCR product purification by anion exchange, TspRI digest

and nucleosome reconstitution were performed as described previously.13 Hexasomes were reconstituted as described.80
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Reconstituted hexasomes and nucleosomes were verified on a native 2% agarose gel and quantified by spectrophotometry at

280 nm based on the molar extinction coefficients of DNA and histones at this wavelength.

METHOD DETAILS

Genome editing with CRIPSR/Cas9
Cloning and endogenous knock-in of dTAG cassettes was performed as previously described.55 See Table S1 for oligo sequences.

Clones were characterized by western blot against the dTAG-HA epitope or gene-specific antibodies (see key resources table) and

Sanger-sequencing of PCR amplicons surrounding the genomic integration site.

In vitro RNA elongation assays
RNA elongation assays were performed on a single DNA sequence containing the Widom 601 nucleosome positioning sequence

preceded by a 52 bp sequence, where the first 15 bp of the template strand contain only A or C nucleotides (see sequence in

Table S1). The DNA template was either reconstituted to a nucleosome, to a hexasome or used as linear DNA. RNA extension of

a 5’-Cy5 labeled RNA primer to determine elongation products was performed as previously described.13,59 Concentrations refer

to the final concentrations in the assay. In vitro transcription assays with the early elongation complex (EC ± NELF ± FACT) were

set up by first incubating RNA primer (480 nM) with a transcription template (240 nM) for 10 min on ice. S. scrofa RNA Pol II

(300 nM) was added and the reactions were incubated for 10 min on ice. DSIF (600 nM), TFIIS (180 nM) and water were added. Initial

transcription was started with the addition of GTP and UTP (0.5 mM each). The initial transcription reactions were incubated for

15 min at 30�C. FACT (600 nM) or buffer only was added to the stalled transcription reactions. Transcription was resumedwith simul-

taneous addition of ATP, CTP (0.5 mM each) and NELF (0, 150, 300, 600, 3000 nM). The final reactions consisted of 10 mL at 100 mM

NaCl, 20 mM Na-HEPES, pH 7.4 at 20 �C, 5 mM MgCl2, 1 mM DTT, and 4% glycerol. After 60 min at 30�C, 5 mL sample from the

transcription reaction was quenched with 5 mL 2x Stop buffer (6.4 M urea, 50 mM EDTA, pH 8.0, 2x TBE buffer).

Quenched RNA extension reactions were treated with 40 mg proteinase K for 30 min at 37�C followed by denaturation at 95�C for

10 min. Six microliters of sample were loaded and separated on a 12% denaturing gel (8 M urea, 1x TBE buffer, 12% acrylamide:bis-

acrylamide 19:1 gel, run for 42min at 300 V in 0.5x TBE buffer) running for 42min in 0.5x TBE buffer at 300 V. RNA products containing

the fluorescent 5’-Cy5 were visualized with a Typhoon 9500 FLA imager (GE Healthcare Life Sciences).

Western Blotting
To perform whole cell Western blot analyses, we lysed the cells in RIPA buffer (25 mM Tris pH 7.6, 150 mMNaCl, 1%NP40, 1%Na-

deoxycholate, 0.1 % SDS) and incubated on ice for 15 min. Lysates were cleared of insoluble material by centrifugation at

15,000 rpm. We determined the protein concentration by Bradford assays and loaded 15 mg of total protein per sample. To perform

subcellular fraction Western blot analyses, we collected aliquots for each fraction and loaded equivalent amounts for each fraction

(see mNET-seq methods section for fractionation protocol). Denatured proteins were separated by denaturing gradient gel electro-

phoresis (4-20 %, Life technologies) and transferred to a nitrocellulose membrane (GE Healthcare Life Sciences). Western blotting

was performed with standard protocols. Antibodies used for detection of proteins in the lysates are listed in the key resources table.

TT-seq
Weperformed TT-seq as previously,55,82 described here in brief. We treated 30million cells per biological replicate sample. Following

treatment, we metabolically labeled the cells for 5 min with 500 mM 4-thiouridine (4sU). The cells were then pelleted and lysed in Qia-

zol (Qiagen). The lysates were spiked-in with three 4sU-labeled and three 4sU-unlabelled synthetic RNAs. Total cellular RNA was

then isolated according to standard protocols followed by fragmentation, sonication and biotinylation of the 4sU-containing RNA.

Two biotinylation reactions were set up per sample (150 mg fragmented total RNA, 10 mM Tris pH 7.5, 1 mM EDTA pH 8.0,

200 mg/ml HPDP-biotin, 40 % DMSO) and pooled following purification with the mMACS Streptavidin Kit (Miltenyi). The 4sU-labeled

RNA, eluted with 100 mM DTT, was purified and concentrated with the miRNeasy Micro kit (Qiagen). 100 mg of the purified 4sU-

labeled RNA was used as input for the Stranded Total RNA Prep with Ribo-Zero Plus (Illumina). The libraries were checked on the

Fragment Analyzer before pooling and paired-end sequencing with 75 cycles on a NextSeq 550 (Illumina).

mNET-seq
We performed mNET-seq as previously,55 described here in brief. We treated 50 million cells per biological replicate sample. To

isolate the chromatin, we followed the protocol as described by Nojima et al.56 The chromatin pellets were then washed with MNase

buffer and digested with MNase (NEB) for 2 minutes at 37 �C. The reactions were then centrifuged to remove insoluble debris. To

prevent co-precipitation of splicing intermediates or other co-transcriptional processing products, we included empigen (Sigma)

in the binding and washing buffers.83 The supernatant was diluted with 1:10 NET-2E buffer (50 mM Tris-HCl (pH 7.4, 150 mM

NaCl, 0.05 % (vol/vol) NP-40 and 1 % Empigen BB). We added 75 ml of antibody-conjugated beads (Dynabeads M-280 Sheep

Anti-Mouse IgG prebound with 7.5 mg anti-CTD antibody (Diagenode)) and incubated in the cold room for 1.5 h. The beads were

washed 6 times with NET-2E buffer and the RNA was phosphorylated at 5’ RNA ends with T4 PNK 3’ phosphatase minus (NEB).

We eluted the RNA with RNA extraction buffer (ZYMO Quick-RNA microPrep kit). S. cerevisae mRNA spike-ins were prepared as
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previously described.55 We added 100 pg of fragmented spike-in to the extraction buffer. Next, short immunoprecipitated RNA

fragments were size selected (< 200 nt) and purified from the eluates according to the manufacturers protocol (ZYMO Quick-RNA

microPrep kit) and eluted in 7.5 ml nuclease-free water. We took 1 ml to check the RNA quality with Fragment Analyzer (Agilent)

and proceeded to the NGS library preparation with Truseq small RNA library preparation kit (Illumina). We purified the DNA with

the Monarch kit (NEB) and separated the DNA on a 4 % E-Gel (HR, Invitrogen) and performed library size-selection to 150 - 230

nt. NGS libraries were quality checked and quantified with the Fragment Analyzer (NGS kit). The samples were pooled and

sequenced paired-end with 43 cycles on the NextSeq 550 (Illumina).

MNase-seq
WeperformedMNase-seqwith 1million K562 cells per biological replicate. After centrifugation andwashing the cells with cold DPBS

we resuspended the cells in 120 ml hypotonic buffer (10 mM HEPES pH 7.4, 2 mM MgCl2 and 0.5 % NP40; supplemented with pro-

tease inhibitor cocktail (Sigma)) on ice and incubated 5 minutes. Next we added 0.4 ml micrococcal nuclease (2,000,000 gel units/ml,

NEB), heated up to 37 �C, added CaCl2 to a final concentration of 2 mM and incubated at 37 �C for 4 minutes before adding one

volume of 2x Stop solution containing 20 mM Tris–HCl pH 8, 4 mM MgCl2, 300 mM NaCl, 20 mM EDTA, 3 mM EGTA, 2 % SDS,

0.2 mg/mL RNase A, and 3 ng/ml D.melanogaster mononucleosomes (spike-in DNA). The samples were then incubated at 37 �C
for 30 minutes, followed by addition of 200 mg proteinase K (Thermo Scientific) and 15 minutes of incubation at 55 �C. The DNA frag-

ments were then purified by phenol:chloroform:IAA extraction and precipitation with isopropanol. The digestion time was optimized

beforehand to yield�80%mononucleosomes and�20% dinucleosomes. The spike-ins were prepared with the same protocol us-

ing 5min digestion of 50 million S2 cells with 0.25 ml of micrococcal nuclease. Spike-in mononuclesomes were purified by separating

the fragments on a 4%E-Gel (HR, Invitrogen) and performed size-selection by excising the smear between 90 – 200 nt. NGS libraries

were prepared with the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB) according to manufacturer’s instructions. The NGS

libraries were quality checked and quantified with the Fragment Analyzer (NGS kit) and pooled for sequencing paired-end with 43

cycles on the Illumina NextSeq 550.

5’cap-seq
We performed sequencing of 5’ ends of capped mRNAs (5’cap-seq) as described previously55 with modifications. Described here in

brief, we treated 25 million cells per samples for 1 or 4 h with dTAG7 or solvent only (DMSO). Next, we spiked the samples with

D. melanogaster S2 cells (1:10) and performed subcellular fractionation as for mNET-seq. The chromatin pellets were treated with

DNase I for 10 min before lysis in Qiazol (Qiagen). For each biological sample, 5 mg of RNA were treated with 5 U of Turbo DNase

(Ambion) for 20min at 37 �C. The RNA samples were then treated with 1 U of Terminator 5’-Phosphate-Dependent Exonuclease (Epi-

centre) for 60 min at 30 �C and purified by phenol:choroform:IAA extraction. rRNA-depleted RNA was treated with 30 U of quick CIP

(NEB) for 30 min at 37 �C and purified by double-phenol extraction and phenol:choroform:IAA extraction. CIP-treated RNA was then

incubated with 5 U of Cap-CLIP acid pyrophosphatase (Cellscript) for 60min at 37 �C. Decapped-RNA samples were then purified by

phenol:choroform:IAA extraction and ligated overnight at 16 �Cwith an RNA adapter (10 mM) containing an 8-mer molecular barcode

(UMI), 1 ml of T4 RNA ligase 1 and ATP (1 mM) for ligation to the 5’ ends of RNA. The following day, the samples were purified with 2X

volume of RNAclean XP beads (Beckman Coulter) according to the manufacturer’s instructions followed by RNA fragmentation with

NEBNext MagnesiumRNA Fragmentation Module (NEB) for 5min at 80 �C, and immediately transferred on ice. Fragmented samples

were purified with 3.5X volume of RNAclean XP beads and then incubated with random hexamers (Invitrogen) and dNTPs for 5 min at

65 �C, followed by incubation on ice. The RNA was reverse transcribed with Superscript II (Invitrogen) (25 �C for 10 min, 42 �C for

50 minutes, inactivation at 70 �C for 15 minutes). cDNA samples were purified with Ampure XP beads (Beckman Coulter). cDNA sec-

ond-strand was synthesized with 0.5 mL of 5 mM biotinylated primer and Phusion High-Fidelity PCR Master Mix with HF Buffer (NEB)

(1 min at 98 �C, 2 min at 50 �C and 15 min at 72 �C), followed by purification using Ampure XP beads.

The library preparation was performed as previously described.55,84,85 The obtained libraries were analyzed with the Fragment

Analyzer (NGS kit). Followed by pooling and size-selection with Ampure XP beads to obtain fragments between 200 and 700 bp.

The NGS libraries were sequenced on the Illumina NextSeq 550 to generate 75-bp single-end reads.

ChIP-seq
We performed sequencing of chromatin immunoprecipitation sequencing (ChIP-seq) as described previously57 with minor changes.

180 million cells from 2 biological replicates were treated with DMSO or dTAG7 ligand for 1 or 4 h, before they were crosslinked with

1% formaldehyde for 8 min. 125 mMGlycine was added to quench the reaction and samples were incubated for 5 min at room tem-

perature. Cells were washed twice with ice-cold DPBS. A pellet containing 30 million cells was lysed with 5 mL of lysis buffer (5 mM

Pipes pH 8.0, 85mMKCl, 0.5%NP-40, 1x protease inhibitor (Sigma-Aldrich), 1x phosphatase inhibitor (Sigma-Aldrich)) for 10 min on

ice. Samples were centrifuged at 1,700 g for 5 min at 4 �C and washed once with ice-cold DPBS. Nuclei pellet was resuspended with

1 mL of sonication buffer (10 mM Tris-HCl pH 7.5, 1mM EDTA, 0.4% SDS, 1x protease inhibitor, 1x phosphatase inhibitor) and incu-

bated on ice for 10 min. Samples were transferred to AFA milliTubes and chromatin shearing was done using S220 Focused-

Ultrasonicator (Covaris) with following settings: duty cycle 5%, peak incident power 140W, cycle per burst 200, processing time

900 sec, bath temperature 6 �C, degassing mode continuous, water level (Run) 8. Sonicated chromatin was centrifuged at

10,000 g for 15 min at 4 �C. Each chromatin sample was checked for size distribution using 1% agarose gel electrophoresis.
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50 mL of Th1L (NELF-C/D) antibody (Cell Signaling Technology), 20 mL of Rpb1 NTD antibody (Cell Signaling Technology) were

coupled to Dynabeads Protein G (Invitrogen) together with 2 mL of histone H2Av antibody (Active Motif). Samples containing

100 mg of chromatin were mixed with 600 ng of sheared chromatin from D. melanogaster S2 cells, and 1:8 diluted with immunopre-

cipitation (IP) buffer (56.25 mM Tris-HCl pH 7.5, 157.5 mM NaCl, 1 mM EDTA, 1.125% Triton X-100, 0.1125% Na-deoxycholate, 1x

protease inhibitor, 1x phosphatase inhibitor). Before dilution, 1% of samples was taken for input control samples and stored at 4 �C.
The diluted IP samples were incubated with bead-coupled antibodies overnight at 4 �C on a rotating wheel. The following day the

beads were washed 5 times with LiCl wash buffer (100 mM Tris-HCl pH 7.5, 500 mM LiCl, 1% NP-40, 1% Na-deoxycholate) and

once with TE buffer (10 mM Tris-Hcl pH 8.0, 1 mM EDTA). Elution of immunoprecipitated chromatin was performed twice with

100 mL of elution buffer (100 mM NaHCO3, 1% SDS) at 70 �C for 10 min. Elution buffer was added to input samples to adjust the

volume to 200 mL. IP and input samples were reverse crosslinked overnight at 65 �C. Samples were treated with RNase A for

1.5 h at 37 �C and with proteinase K for 2 h at 45 �C. DNA extraction was performed using 1 volume of phenol:chloroform:isoamyl

alcohol 25:24:1 and Phase Lock Gel tubes. DNA was precipitated overnight at -20 �C by addition of 200 mM NaCl, 1 mL of Glycogen

and 2.5 volumes of 100% ethanol. DNA pellets were washed with 70% ethanol and resuspended in 30 mL of H2O. DNA library prep-

aration was performed according to NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB). Quality of the library and size distribution

was checked on Fragment Analyzer. Samples were pooled and paired-end sequenced with 43 cycles.

Tiled-MCC
Tiled-MCC libraries were generated as previously described.49 Briefly, 203 106 cells per biological replicate were crosslinked with 2%

formaldehydeandpermeabilizedwith 0.0025%digitonin (Sigma-Aldrich,D141). The fixedcellswere subsequently digestedwithMicro-

coccal nuclease (MNase,NEB,M0247) in triplicate titration reactions ranging from50-70KunitzUofMNase in a lowCa2+ reaction buffer

(10 mMTris-HCl pH 7.5, 10mMCaCl2) for 1 h at 37 �C. In preparation for DNA ligation, the digestion reactions were first quenchedwith

5 mMethylene glycol-bis(2-aminoethylether)-N,N,N0,N0-tetraacetic acid (EGTA) (Sigma-Aldrich, E3889), a 10%aliquotwas then further

processed for digestion efficiency; samples with 70-80% of the fragments corresponding to mono-nucleosomes (�180 bp) were

selected for the subsequent steps. DNA end-repair and ligation reactions were performed consecutively in the same tube with 200 U

mL-1 T4 polynucleotide Kinase (NEB, M0201), 100 U mL-1 DNA polymerase I large (Klenow) fragment (NEB, M0210), and 300 U mL-1

T4 DNA ligase (Thermo Scientific, EL0013) in a DNA ligase buffer (Thermo Scientific, B69) supplemented with 0.4 mM dNTP mix

(NEB, N0447) and 2.5 mM EGTA, in a thermomixer using a pre-set program at 37 �C for 2 h followed by 20 �C overnight. The ligated

product was de-crosslinked and purified using DNeasy blood and tissue kit (Qiagen, 69504). To eliminate the un-ligated material,

one-sided size-selection was performed using AMPure XP beads (Beckman Coulter, A63881). The samples were further processed

for sonication to reach an average fragment size of 200 bp, followed by indexing using NEBNext� Ultra� II DNA Library Prep Kit for

Illumina (NEB, E7645). For the tiled enrichment, a custompanel of biotinylatedoligos targeting the regionsof interestwasdesignedusing

a python-based oligo tool86 (https://oligo.readthedocs.io/en/latest/). The biotinylated oligos were resuspended in the hybridization mix

(TwistHybridization andWashKit, Twist Bioscience, 101025) andpooled togetherwith thepre-mixeddriedDNAof the indexedsamples

resuspended in a human-specific blocker solution and universal blockers. The hybridization reaction was incubated for 16 h at 70 �C.
Following streptavidin bead pulldown and severalwashes, the sampleswere subjected for 11 amplification cycles of post-hybridization

PCR. The quality of the PCR-amplified and purified libraries was checked on a Fragment Analyzer (Agilent). The samples

were sequenced using a 150-bp paired-end kit on the NextSeq550 Illumina platform. MCC87 (https://github.com/jojdavies/Micro-

Capture-C) and HiC-Pro88 (https://github.com/nservant/HiC-Pro) pipelines were used for data analysis as previously described.49

QUANTIFICATION AND STATISTICAL ANALYSIS

Sequencing data preprocessing
All sequencing data was demultiplexed with Illumina tools and then quality checked with FastQC (http://www.bioinformatics.

babraham.ac.uk/projects/fastqc/). TT-seq reads were trimmed with Cutadapt74 with options: -f fastq -q 30 -m 25 -O 13 -a AGATCGG

AAGAGCACACGTCTGAACTCCAGTCAC -A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATC

ATT, followed by mapping to the human genome version GRCh38 merged with the synthetic RNA spike-in sequences53 with

the STAR mapper75 with options: –runThreadN 24–readFilesCommand zcat –outFilterType BySJout –outFilterMultimapNmax 1

–alignSJoverhangMin 8 –alignSJDBoverhangMin 1 –outFilterMismatchNmax 999 –outFilterMismatchNoverLmax 0.02 –alignIntronMin

20 –alignIntronMax 1000000 –alignMatesGapMax 1000000 –outSAMtype BAM SortedByCoordinate. Duplicates were marked with

Picard tools (http://broadinstitute.github.io/picard).We then kept only uniquelymapped andproperly paired reads for the downstream

analyses. Thecounts fromspike-inswere thenused togeneratenormalization factors for thehumangenecountsandcoverageprofiles.

The mNET-seq reads were trimmed with Cutadapt74 with options: -f fastq -q 30 -m 20 -O 13 -a TGGAATTCTCGGGTGCCAAGGA

ACTCCAGTCAC -A GATCGTCGGACTGTAGAACTCTGAAC followed by mapping to the human genome version GRCh38 merged

with the yeast genome version SacCer3 with the STAR mapper75 with options: –runThreadN 24–readFilesCommand zcat –outFilter-

Type BySJout –alignEndsType Extend5pOfReads12 –outFilterMatchNminOverLread 0.80 –outFilterMultimapNmax 1 –alignSJover-

hangMin 8 –alignSJDBoverhangMin 1 –outFilterMismatchNmax 999 –outFilterMismatchNoverLmax 0.02 –alignIntronMin 20

–alignIntronMax 1000000 –alignMatesGapMax 1000000 –outSAMtype BAMSortedByCoordinate. Duplicates weremarked with Pic-

ard tools. We kept only uniquely mapped and properly paired reads to identify the last incorporated base (3’ end of the RNA), which is
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the first mapped base in read 2, and used only this position in downstream analyses. The counts for yeast genes were used to

generate normalization factors with DESeq289 to normalize the coverage profiles.

MNase-seq were trimmed with Cutadapt74 with options: -f fastq -q 30 -m 25 -O 13 -a AGATCGGAAGAGCACACGTCTGAACTC

CAGTCAC -A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT, followed by mapping to

the human genome version GRCh38mergedwith theD.melanogaster genome version Dm6with the Bowtie2mapper78 with options:

–no-unal–no-mixed –no-discordant –very-sensitive –seed 123 –threads 24. Duplicates were marked with Picard tools. We then kept

only uniquely mapped and properly paired reads for the downstream analyses. The counts mapping to the spike-in genome were

below 1%andwere therefore not used for normalization.We corrected for differences in library sequencing depth with normalization

factors based on numbers or reads that mapped to non-transcribed regions in the human genome. These normalization factors were

then used for normalization of the human gene counts and coverage profiles. We took the midpoints of the fragments to get the po-

sitions of the putative nucleosome dyads. The dyad positions were then smoothed using normal kernel density smoothing with a

bandwidth of 75 bp. These smoothed dyad coverages were then used to generate metagene profiles. Nucleosome positions

were also determined with the DANPOS tool.44 We utilized the comparative analysis tool to quantify the occupancy and fuzziness

changes for the individual treatment times.

The 5’cap-seq reads were first trimmed of the UMI (first 8 nt of the reads) with UMI-tools77 and then trimmed with Cutadapt74 with

options: -f fastq -q 30 -m25 -O 13 -a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC followed bymapping to the human genome

versionGRCh38mergedwith theD.melanogaster genome versionDm6with the STARmapper75with options: –runThreadN 24 –read-

FilesCommand zcat –outFilterType BySJout –outFilterMultimapNmax 1 –alignEndsType Extend5pOfRead1 –alignSJoverhangMin 8

–alignSJDBoverhangMin 1 –outFilterMismatchNmax 999 –outFilterMismatchNoverLmax 0.05 –alignIntronMin 20 –alignIntronMax

1000000 –alignMatesGapMax 1000000 –outSAMtype BAM SortedByCoordinate. We next deduplicated the mapped data with UMI-

tools to remove any PCR duplicates based on the UMI sequences. We then identified the first transcribed base (5’ end of the RNA)

and used only this position in downstream analyses. The spike-in reads (processed as above) that mapped to the D. melanogaster

genome were too low to be used for robust normalization, so we used reads mapping to human genes to obtain normalization factors

to correct for sequencing depth and therefore refrain from performing expression change analyses for this dataset.

ChIP-seq data was checked for quality using FastQC, and reads were aligned to human hg38 genome assembly merged with

D. melanogaster genome using Bowtie278 with the following parameters: -p 24 –no-discordant –no-mixed –very-sensitive. Dupli-

cates were removed using Picard tools (http://broadinstitute.github.io/picard).

We determined the gene set for downstream analyses by first filtering know-gene RefSeq reference annotation (RefSeq sequence

database90) to remove overlapping genes and then selected genes that had median RPK >10 for all control samples. This yielded

8970 expressed genes, which we used for downstream analyses. Preprocessed data was analyzed in RStudio utilizing R version

4.2.3 and packages from the Bioconductor repository72,73 and Tidyverse.76 All plots were generated with ggplot2.91

Differential gene expression analyses
First we collected the counts per expressed gene for each of the TT-seq samples with the findOverlaps package (Bioconductor72,73)

using options: ignore.strand = FALSE, singleEnd = FALSE, mode = ‘‘IntersectionNotEmpty’’. The sizeFactor parameter was set to the

spike-in normalization factor and differential gene analyses were performed with the DESeq2 package89 with the padj cutoff set to

0.05, which corresponds to 5 % false discovery rate. MA plots were generated with ggplot2.91

Estimation of elongation velocity
To estimate the change in elongation velocity we determined the ratio between RNA synthesis and RNA Pol II occupancy (TT-seq/

mNET-seq) as described previously.55 In brief, to determine the TT-seq/mNET-seq ratio we determined the midpoints of each map-

ped TT-seq read-pair (fragment). These were then transformed to coverage and normalized with the corresponding normalization

factor. We tiled the genome into 50bp-bins and determined the sum of coverage TT-seq fragment-midpoints and mNET-seq

coverage in each bin to then generate the ratio per bin. For visualization of changes in elongation velocity in heatmaps we determined

the ratio of treated to control per bin.

Metagene profiles and heatmaps
Coverages were generated from uniquely mapped and properly paired TT-seq reads or last incorporated base of mNET-seq for each

strand and normalized with their corresponding normalization factor. For MNase-seq the coverage was generated from the

smoothed dyad signal. Replicates of treatment conditions were combined by summing the normalized coverages per nt. Coverage

windows were then collected for the loci of interest. To generate plots aligned at two points, the intervening region was scaled by

binning the coverage into 600 bins and 200 bins for the upstream and downstream flanking regions (±2 kb). We determined the

mean per bp/bin and it’s 0.05 to 0.95 confidence interval (CI) by bootstrap method with 10,000 repetitions. For unscaled metagene

profiles we determined the mean and CI per nucleotide. Metagene profiles were plotted with ggplot2.91

To generate heatmaps we determined changes in signal per bin (50 nt). Bins without coverage in either condition/experiment were

treated asmissingdataandassigned the value ‘‘NA’’.Heatmapswithmeanof the signal per binweregenerated for the indicated range.

Regions with no signal (NA) are show in light gray. The color scale range is indicated, values above and below the range are squished

into the range. Heatmaps showing ratios have log transformed color scales. Heatmaps profiles were plotted with ggplot2.91
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Determination of transcription start sites (TSS), pause sites and +1 nucleosome positions
We determined the TSSs of expressed genes with a constitutive start site. We identified the site of maximum 5’cap-seq signal within

25 bp upstream and 250 bp downstream of the reference annotation start (hg38 NCBI RefsSeq known-genes) for the sense strand of

the 1 h DMSO treated control (SSRP1-dTAG, combined replicates). We obtained 4838 TSSs and used these as the TSS in down-

stream analyses.

We determined the pause sites for RNA Pol II in expressed genes with a constitutive TSS by calling maximum peak of mNET-seq

signal in the window 250 nt downstream of the TSS or the first exon excluding the last bp (exons < 250 nt) for the sense strand of the

1 h DMSO treated control (SSRP1-dTAG, combined replicates). We then retained only pause sites that were above 3 times the me-

dian of non-zero values in the same window to remove low signal sites. With these criteria we obtained 5832 pause sites with a me-

dian distance of 45 bp downstream of the TSS.

To determine the positions of the +1 and -1 nucleosome dyads, we determined nucleosome positions as described in �Zumer

et al.,55 but from the experimentally determined TSSs.We then subset the annotations to genes that had all four positions determined

(n = 4681) and used these for all downstream analyses.

Quantification of subnucleosomal fragments
We quantified subnucleosomal fragments by splitting mapped MNase-seq fragments into subsets by fragment length. The 80 –

120 bp fragments correspond to partially unwrapped nucleosomes and 140 – 180 bp fragments correspond to mono-nucleosomes.

We next determined the number of fragments that map to regions of interest. To control for any biases in fragment size distribution

between the samples we determined size factors based on the total number of the respective fragments per sample, which corrects

also for sequencing depth, and used these size factors to normalize the fragment counts. We report the normalized fragments counts

per genomic region in fragments per kilobase.

Estimation of intragenic drop-off probability p
For a gene of length L, we assumed p is the independent uniform gene-specific probability of drop-off from any base between TSS

and the TES. RNA synthesis signal across the gene body would be constant when there is no drop-off (p=0) of RNA Pol II throughout

the gene. An increase in drop-off would result in lower RNA synthesis (TT-seq) per base towards 3’ ends of genes compared to 5’

ends of genes (first 3 kbp). The loss of the signal can be represented as a negative binomial probability of drop-off which theoretically

scales exponentially with the length of the gene L.

drop-off ratio = ð1 � pÞ
�
L
2
� 1
�

To obtain the drop-off ratio, we determined the ratio of mean per base RNA synthesis (TT-seq) in the gene body (covf, [TSS + 3 kbp,

TES]) and the 5’ end of genes (covi, [first 3 kbp]). We determined the mean RNA synthesis by calculating the mean TT-seq fragment

midpoints per basepair.We use L/2, which corresponds to themidpoint of a gene, in our formula above as a scaling factor instead of L

to account for the use of average RNA synthesis per basepair.

drop-off ratio =
covf
covi

Estimation of p using this method has been done for n=3190 genes, which passed the criterion that covi > covf and L > 3.5 kbp.

Quantification of in vitro RNA elongation assay products and barrier indexes
RNA products (intermediates �, ��, and full-length product) were quantified using Fiji’s integrated density values.92 Raw intensity

values and box sizes are reported in the Table S2. Normalization was performed to control for variations during gel loading and other

external and non-transcription related factors. To normalize RNA product signals, we first subtracted the background signal from

signal intensity from the full-length RNA extension products, followed by normalization against the sum of the transcribed signal

of the respective lane (excluding the excess of RNA primer).

The entry and dyad barrier indices were calculated as visualized in Figure S5D. The RNA extension intermediate product signal (at

the barrier) and the cumulative signal of all RNA products that were extended beyond the barrier (signal above the intermediate RNA

product signal) of the respective lane were normalized by subtracting the background. Next, the normalized RNA extension interme-

diate product signal was divided by the sum of the RNA extension intermediate product signal and the normalized cumulative signal

of all RNA products that were extended beyond the barrier (Figure S5D). Graphs were rendered in Prism 9 (GraphPad Software).

Replicates and statistics
All treatments were performed in two biological replicates to generate sample NGS libraries. Biochemical assays were performed in

triplicate. Numbers of genes/features analyzed and statistical test are indicated in the corresponding figure legends. The error bars,

statistical tests and representations are described in the respective figure legends.
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