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Gene transcription by RNA polymerase Il (Pol II) is under control of promoters
and distal regulatory elements known as enhancers. Enhancers are themselves
transcribed by Pol Il correlating with their activity. How enhancer transcription
is regulated and coordinated with transcription at target genes has remained
unclear. Here, we developed a high-sensitive native elongating transcript
sequencing approach, called HiS-NET-seq, to provide an extended high-
resolution view on transcription, especially at lowly transcribed regions such
as enhancers. HiS-NET-seq uncovers new transcribed enhancers in human
cells. A multi-omics analysis shows that genome-wide enhancer transcription
depends on the BET family protein BRD4. Specifically, BRD4 co-localizes to
enhancer and promoter-proximal gene regions, and is required for elongation
activation at enhancers and their genes. BRD4 keeps a set of enhancers and
genes in proximity through long-range contacts. From these studies BRD4
emerges as a general regulator of enhancer transcription that may link tran-

scription at enhancers and genes.

Metazoan genomes are pervasively transcribed by RNA polymerase Il
(Pol 1), Pol Il transcription is not restricted to genes but also occurs in
extragenic regions”. A main source of extragenic transcription is
antisense transcription that originates in the opposite direction of a
gene giving rise to non-coding transcripts®. Although antisense tran-
scription from divergent promoters is widespread in mammalian
cells”, it can also arise within genes®'® leading to complex tran-
scriptional architectures. A complete picture of the Pol Il transcrip-
tional landscape, especially at non-coding parts of the genome, has not
yet emerged.

Gene transcription is under the control of proximal promoter and
distal control elements such as enhancers, and is usually divided into
different main phases. Following transcription initiation, the nascent
RNA is produced during the elongation phase before transcription

terminates at the termination zone™ . Early transcription elongation
has emerged as a regulatory hub when Pol Il pauses in the promoter-
proximal region at the majority of genes in mammalian cells** .
Enhancers are required for the activated transcription of their target
genes” and are often located within the same local chromatin inter-
action domain, termed topologically associating domain (TAD)"®".
Due to the sometimes large distance between enhancers and their
cognate targets, mechanisms exist that bring them into physical
proximity’® % Enhancers can be located between genes or within
genes. The systematic identification of intragenic enhancers has been
challenging due to the overlap with their host genes and our knowl-
edge of these enhancers is incomplete.

Enhancers are transcribed by Pol 1I** and enhancer transcription
has been linked with enhancer activity’®*’. Enhancer transcription
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shares many features with Pol Il transcription at genes including the
formation of a pre-initiation complex prior to transcription
initiation?**°* and Pol Il pausing shortly after transcription initiation*.
Similar to genes, enhancers are often divergently transcribed by Pol
117¢?733* The mechanisms of how enhancer transcription is regulated
and coordinated with Pol Il transcription at the corresponding target
gene have remained unclear.

According to the current view, transcription factors transmit sig-
nals between enhancers and their target genes®. Despite our incom-
plete knowledge of these factors and the molecular mechanisms of
enhancer-target gene communication, the BET family protein BRD4,
which has been implicated in a range of human diseases and emerged
as a therapeutic target®*, is of particular interest in this context since
it co-localizes to both target gene and enhancer regions®**. At target
genes, BRD4 helps to activate transcription elongation in mammalian
cells*™** whereas its function in enhancer transcription is less well
understood. Although it has been suggested that BRD4 is involved in
enhancer RNA synthesis, its specific implication is still unclear mainly
because studies have used pan-BET inhibition which can’t discriminate
between individual BET proteins*®**~, Furthermore, BRD4 is thought
to participate in higher-order genome organization and enhancer-
promoter interactions®>> although a recent study found that BET
proteins are dispensable for enhancer-promoter contacts”. Direct
BRD4-specific roles in enhancer function have remained elusive.

Here, we developed a high-sensitive NET-seq approach to provide
an extended high-resolution view on the genome-wide density of
engaged RNA polymerase, including lowly transcribed enhancers. HiS-
NET-seq identified thousands of new Pol Il transcribed putative
enhancers also within active genes of human cells. Using integrative
functional multi-omics, this study reveals a direct and general role of
BRD4 in enhancer transcription. The findings indicate that BRD4 is
required for elongation activation at enhancers, similar to its role at
cognate genes, and for maintaining proximity between transcribed
enhancers and a set of target genes. This work is in line with the
hypothesis of coordinated Pol Il transcription at enhancers and their
associated genes by BRD4 and its selected interactors.

Results

A high-sensitive NET-seq approach for mammalian cells
Current methods to profile the genomic position of transcriptionally
engaged Pol Il with nucleotide precision, such as native elongating
transcript sequencing (NET-seq)’*®, often suffer from low sensitivity.
To overcome this main limitation and to reveal the fine structure of the
Pol II density also at lowly transcribed genomic locations, we devel-
oped a high-sensitive NET-seq approach, called HiS-NET-seq. This
approach includes short optimized labeling (10 min) of nascent RNA
with the nucleotide analog 4-thiouridine (4sU) prior to chromatin
isolation (Fig. 1a and Supplementary Fig. 1a-1f). 4sU labeling of RNA
has been successfully used for the analysis of transcript abundance®
and transcription>*%¢, In HiS-NET-seq, labeled nascent chromatin-
associated RNA is affinity-enriched and converted into a NET-seq
library (Fig. 1a and Supplementary Fig. 1a°>); The position of tran-
scribing RNA polymerase is revealed with nucleotide and DNA strand
resolution by sequencing the regions corresponding to the 3’-ends of
the original nascent RNA. HiS-NET-seq also uses spike-ins which allows
quantitative comparisons between conditions.

HiS-NET-seq replicates correlated well (r=0.99) indicating the
robustness of this approach (Fig. 1b and Supplementary Fig. 1g). In
contrast to standard NET-seq, HiS-NET-seq obtained a substantial
9-fold increase of informative Pol Il reads, mainly due to a strong
reduction of chromatin-bound mature RNAs such as sn/snoRNAs
(Fig. 1c). Furthermore, the complexity of HiS-NET-seq libraries was
higher as compared to previous NET-seq libraries (Supplementary
Fig. 1h) indicating that a broader spectrum of transcribing Pol Il was
captured. The high sensitivity resulted in an overall strong increase in

coverage (Fig. 1d, Supplementary Fig. 1i and Supplementary Fig. 1j)
revealing the Pol Il density at a significantly larger fraction of tran-
scribed genes, enhancers and antisense transcription units (ATUs)
(Fig. 1e and Supplementary Fig. 1k). HiS-NET-seq maps Pol Il densities
at 6,598 more genes, 1787 more enhancers and 4,999 more ATUs in
human cells as compared to NET-seq (Fig. le and Supplementary
Fig. 1k). A comparison of HiS-NET-seq with genome-wide methods that
have been used to identify actively transcribed genes and enhancers is
given in Supplementary Table 1.

HiS-NET-seq data strongly correlated with data obtained by the
other single-nucleotide resolution Pol II profiling method precision
nuclear run-on sequencing (r=0.85; PRO-seq®’) (Supplementary
Fig. 2a). The fraction of informative reads was higher in HiS-NET-seq as
compared to PRO-seq and comparable to qPRO-seq® (Supplementary
Fig. 2b). We observed the main difference between HiS-NET-seq and
PRO-seq data in the promoter-proximal region of genes. HiS-NET-seq
captured significantly more transcriptionally engaged Pol Il in the
promoter-proximal region and more engaged Pol Il closer to the TSS as
compared to PRO-seq and its variants (Fig. 1f and Supplementary
Fig. 2c). Consistently, the correlation of the promoter-proximal Pol Il
density was lowest between HiS-NET-seq and PRO-seq, and highest
between HiS-NET-seq and conventional NET-seq (Supplementary
Fig. 2d). Taken together, HiS-NET-seq is a robust high-resolution RNA
polymerase profiling approach well suited for the analysis of lower
transcribed genomic regions that captures more engaged Pol Il in
promoter-proximal gene regions as compared to other approaches.

HiS-NET-seq uncovers new transcribed putative enhancers
With the high sensitivity for enhancer transcription detection (Fig. 1e),
we reasoned that HiS-NET-seq could uncover new transcribed enhan-
cers. We first focused on extragenic regions. This analysis revealed bi-
and uni-directional Pol Il transcription in extragenic locations that did
not overlap with annotated FANTOM5°® enhancers or genes in human
K562 cells. 1870 and 3957 of extragenic bi- or uni-directional tran-
scriptional sites contained the known enhancer chromatin marks
H3K27ac and H3K4mel suggesting that they are putative transcribed
enhancers (Fig. 2a; Supplementary Data 1).

For the identification of transcribed intragenic enhancers, we
made use of widespread antisense transcription at genes detected
by HiS-NET-seq (Supplementary Fig. 1i and Supplementary Fig. 1k;
Methods). We classified gene-associated Pol Il antisense transcrip-
tion into convergent antisense (CAT) and divergent antisense
transcription (DAT) (Fig. 2b, c; Supplementary Data 2). We excluded
ATUs associated with alternative host gene promoters or over-
lapping genes. An integrative analysis with data obtained by GRO-
cap, an approach that detects transcription start sites (TSSs) at
nucleotide and DNA-strand resolution®® (Supplementary Table 1)
revealed that TSSs are enriched at the 5-end of ATUs (Fig. 2d). In
most cases, the TSS upstream of a CAT site was accompanied by a
second TSS downstream and on the opposite strand (Fig. 2d). This
observation indicates bidirectional intragenic transcription that
was not associated with the host gene promoter or overlapping
genes (Fig. 2e). HiS-NET-seq also detected CATs for which a reliable
GRO-cap signal was absent, further illustrating the high sensitivity
of the approach (Supplementary Fig. 2e). 5634 (48%) CAT sites
overlapped with H3K27ac and H3K4mel chromatin marks (Figs. 2f
and 2g; Supplementary Data 3). Furthermore, no considerable sig-
nal from total RNA-seq was detected at CAT sites, supporting the
view that they represent putative enhancers rather than alternative
promoters of the host gene (Fig. 2g). Overall, we identified 11,007
putative Pol Il transcribed enhancers that did not overlap with
annotated FANTOMS enhancers in human K562 cells.

At genes, sense transcription was usually accompanied by
divergent antisense transcription originating upstream and in the
opposite direction of the genic TSS (Fig. 2b—d), which is in line with
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Fig. 1| HiS-NET-seq provides a more complete view on transcriptionally
engaged RNA polymerase. a Schematic view of the main steps of the HiS-NET-seq
approach. The sequencing primer is indicated as black arrow (right panel). 4sU:
4-thiouridine (4sU, red); unique molecular identifier (UMI, blue). b Pearson’s cor-
relation analysis of Pol Il occupancy per active gene for two biological replicate
measurements of HiS-NET-seq (r= 0.99). Human gene counts were RLE-normalized
(see Methods), and 0.5 pseudo counts were added. ¢ Barplot shows the fraction of
sequencing reads that mapped to Pol Il transcribed regions (described in Methods)
and sn/snoRNA genes. Unmapped sequencing reads and reads of masked regions
are not shown. Fractions are indicated for HiS-NET-seq (top) and NET-seq (lower
panel) data. d RPM normalized Pol Il occupancy for individual nucleotides at
indicated regions. Excluded were signal outliers above the 99.99- or 99.9-quantile

in HiS-NET-seq or NET-seq data, respectively. Pol Il density at transcription start
sites (TSSs) and polyadenylation (pA) sites was masked. TSSs and transcription
directions are indicated by black arrows. Enhancers without Pol Il signal in either
HiS-NET-seq or NET-seq are not shown. kb: kilobase. e Quantification of Pol Il
occupancy measured by HiS-NET-seq and NET-seq, respectively. Element types as
described in the Methods section include active genes (n =9454) and FANTOMS
enhancers (n = 6313). Percent of transcribed elements with indicated TPM thresh-
old or higher. f Pol Il occupancy for individual nucleotides at gene regions
(n=11,303). Excluded were signal outliers above the 99.99-quantile in all datasets.
The region from the TSS + 1.5 kb to the polyA site was scaled to 0.5 kb (gray).
b-d, f Mean HiS-NET-seq values from two biological replicate measurements are
shown. b-f Data were obtained for human K562 cells.
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Fig. 2 | Identification of new putative extra- and intragenic enhancers. a Three  transcriptional complexity (third row) caused by the transcription of an intragenic
putative extragenic enhancers with bi-directional Pol Il transcription measured by  enhancer (second row) within a transcribed host gene (first row). f Two gene
HiS-NET-seq at indicated genomic loci. Elements overlap with enhancer marks such ~ examples with putative intragenic enhancers indicated by convergent antisense

as H3K27ac and H3K4mel, but not with annotated K562 FANTOMS enhancers transcription (shaded regions). Elements overlap enhancer marks such as H3K27ac
symbolized by the red label. b Scheme of convergent (CAT) and divergent antisense  and H3K4mel, but not with FANTOMS enhancers (red labels). g Heat map repre-
transcription (DAT). Antisense and sense transcription are in red or purple, sentations of signals of different histone marks (fold enrichment (FE) over matched
respectively. TSSs and transcription directions are indicated by arrows. ¢ Gene input control; ChIP-seq) and of total RNA levels (raw; RNA-seq) at CAT and DAT
track of transcriptionally engaged Pol Il as determined by HiS-NET-seq at a repre-  units. Selected units overlapped with H3K27ac and H3K4mel chromatin marks.
sentative gene. Same color code as in (b). d RPM normalized GRO-cap data® at a, d, f, g Chromatin marks were extracted from the ENCODE database'®. a-g Data

identified CAT and DAT units overlapping with H3K27ac and H3K4mel chromatin ~ were obtained for human K562 cells. a, ¢, fHiS-NET-seq profiles are shown from two
marks. The indicated center marks the identified 5-end of CAT and DAT regions, merged biological replicate measurements.
respectively. Same color code as in (b, c). e Schematic representation of the
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Fig. 3 | Putative enhancer regions have characteristic enhancer features and
activity. a Heat map representation of RPM normalized Pol Il occupancy measured
by HiS-NET-seq for individual nucleotides at putative enhancer regions. Signal
outliers above the 99.99-quantile were excluded. b Distribution of transcriptional
activity at putative enhancers for two biological HiS-NET-seq replicate measure-
ments. ¢ Spearman’s correlation analysis of Pol Il occupancy per putative enhancer
for HiS-NET-seq and ENCODE’s H3K27ac data ('*; p = 0.6). d Quantification of TPM
normalized Pol Il occupancy measured by HiS-NET-seq at putative enhancer
(n=12,637, described in Methods) and promoter regions (n = 9454, two-sided
Wilcoxon rank sum test; ***p < 2.2e-16). The boxplot shows the median values as
the center. The box is defined by the first to the third interquartile range. The
whiskers extend this interquartile range by a factor of 1.5, not exceeding the
minimum or maximum values. Outlier measurements that exceed the whiskers are
not shown. e Schematic view of the enhancer assay. The putative enhancer

sequence was tested in sense (S) and antisense (AS) orientation for its ability to
increase the expression of the Firefly luciferase (Luc) compared to the control. As a
negative control, an early SV40 promoter (P) driven luciferase reporter was used.
f Luciferase reporter assay measuring enhancer activity in K562 cells. Putative
enhancer sequences were tested in sense (S)- and antisense (AS) directions. Luci-
ferase (Luc) activity was normalized to that of a co-transfected Renilla luciferase
and further normalized to the negative control. The HS2 minimal enhancer
sequence served as a positive control. Mean fold change +/- standard deviation
was calculated and statistical significance was determined using a two-sided ¢-test
(**p < 0.001, *p <0.002, *p < 0.033, ns: 0.12, ns: not significant). All constructs
were tested in biological triplicate, except control construct HS2 S, #2, #3, #5, #6,
#8, and #9S were tested in biological quadruplicate. Source data are provided as a
Source Data file. a-f Data were obtained for human K562 cells. a, ¢, d Mean HiS-NET-
seq signals from two biological replicate measurements are shown.

previous observations®®. DAT sites overlapped with H3K27ac,
H3K4mel and also with H3K4me3 marks (Fig. 2f, g). H3K4me3 was
significantly enriched at DAT locations as compared to CAT sites,
representing a main difference between both classes of antisense
transcription (Supplementary Fig. 2f). Annotation files of identified
antisense transcription units and putative enhancer regions are
provided and can be directly loaded into the genome browser
(Supplementary Data 1-3).

Together, HiS-NET-seq provides a more complete view on the
enhancer transcription landscape and especially on enhancers within
transcribed genes.

Identified putative enhancers show classic enhancer features
and activity

Since HiS-NET-seq not only detects transcribed enhancers but at the
same time discloses the density of engaged Pol Il at these sites, we next
investigated the fine structure of transcribed putative enhancers. The
nucleotide and DNA strand resolution of HiS-NET-seq clearly resolved
Pol Il transcriptional activities that originated within close proximity
such as divergent transcription at the majority of enhancers (Fig. 3a),
extending previous observations**”. The signal intensity was similar
for sense and antisense transcription at most enhancers. At a set of

Nature Communications | (2023)14:4971



Article

https://doi.org/10.1038/s41467-023-40633-y

enhancers (36%) the intensity was higher on one strand. When the
signal at the opposite strand dropped below the detection threshold,
enhancers appeared as uni-directionally transcribed (Fig. 3a and Sup-
plementary Fig. 3). The signal intensity varied strongly between
enhancers (Fig. 3b). Enhancer transcription correlated with H3K27ac
(Fig. 3¢), a histone mark that has been linked to enhancer activity®”*’.
The median HiS-NET-seq signal at enhancers was 4.6 times lower as
compared to bidirectional transcription at gene promoters indicating
that enhancers are generally less transcribed (Fig. 3d).

We next analyzed if these newly identified potential regulatory
regions possess enhancer activity. We tested this for 10 selected
putative extragenic and intragenic enhancers identified by HiS-NET-
seq (Supplementary Data 4) using a dual reporter assay (Fig. 3e). All
tested intragenic enhancers included CAT elements. Notably, out of
the 10 putative regulatory regions, 8 led to a higher reporter gene
expression irrespective of their orientation as compared to the nega-
tive control, indicating enhancer activity (Fig. 3f). The other two
putative regulatory elements (Fig. 3f, #3 and #8) showed a significant
increase in reporter gene expression only in one orientation and
therefore it remained unclear whether they serve as potential enhan-
cers or promoters. We conclude that HiS-NET-seq can reveal active
enhancers opening a new avenue for the identification of intra- and
extragenic enhancers in cells.

BRD4 regulates enhancer transcription genome-wide

Despite the more complete view on enhancer transcription, the reg-
ulatory mechanisms remained unclear. To gain insights into the reg-
ulation of enhancer transcription, we focused on BRD4 because of its
general implications in Pol Il transcription and emerging role in
enhancer-target gene communication®®, In order to uncover poten-
tial direct functions of BRD4 in enhancer and target gene transcription,
we first determined the genomic binding sites of BRD4 using chro-
matin immunoprecipitation with reference exogenous genome (ChIP-
Rx)*7°, This analysis showed that BRD4 predominantly localized to
putative enhancer and promoter-proximal gene regions (Fig. 4a and
Supplementary Fig. 4a). The peak occupancy of BRD4 was 160 nt
downstream of the TSS at genes and spanned a region +/- 100 nt from
enhancer centers (Supplementary Fig. 4b). The binding intensity of
BRD4 was similar at extragenic and intragenic enhancers (Fig. 4a, b).
Interestingly, BRD4 also co-localized to the majority (61%) of putative
enhancers (Supplementary Fig. 4c).

Integration of BRD4 ChIP-Rx and HiS-NET-seq data revealed
that BRD4 occupancy correlated with enhancer transcription
(Supplementary Fig. 4d), where enhancers with higher BRD4 bind-
ing showed significantly more enhancer transcription compared to
enhancers with lower BRD4 levels (Fig. 4c). BRD4 was also enriched
at CAT units (Supplementary Fig. 4e). Moreover, H3K27ac,
H3K4mel and H3K4me3 were enriched at genomic BRD4 binding
sites (Supplementary Fig. 4f).

To further elucidate a direct and causal role of BRD4 in wide-
spread enhancer transcription, we used a human cell line in which a
degradation-tagged version of BRD4 is expressed from the endogen-
ous locus®. The degradation tag (dTAG) allows rapid BRD4-selective
degradation in cells upon exposure to the degrader (Fig. 4d). Degrader
treatment led to an immediate reduction of BRD4 isoforms by more
than 95% within <2h (Fig. 4e). As an immediate consequence and
consistent with our previous work*, acute BRD4 ablation led to a
strong decrease of nascent transcription at active genes (Fig. 4f). HiS-
NET-seq captured a reduction in Pol Il transcription at 6088 (2.7 times)
more genes as compared to conventional NET-seq providing a more
complete view of the effect (Fig. 4f). Strikingly, the higher sensitivity
now also detected an immediate and strong reduction of transcription
at extragenic and intragenic enhancers upon BRD4-specific degrada-
tion (Fig. 4g). Notably, the decrease in transcription was strongest at
enhancers with a significant reduction of BRD4 binding after 2h of

treatment, defined as BRD4-sensitive enhancers (Fig. 4h). Taken
together, these studies suggest a direct role of BRD4 in the regulation
of genome-wide enhancer transcription in human cells.

BRD4 ablation synchronously attenuates elongation at enhan-
cers and target genes

Given the immediate collapse of enhancer transcription upon BRD4-
selective degradation, we analyzed potential consequences on target
gene expression. A reduction of transcription at annotated target
genes of affected FANTOMS enhancers was clearly visible at individual
genes including MYC (Fig. 5a). To investigate this on a global scale, we
performed H3K27ac HiChIP”" which measures 3D contact frequencies
between different genomic loci that are associated, in this case, with
H3K27ac. We used the identified 3D contacts to assign putative
enhancers to target genes based on evidence that enhancers are in
close 3D proximity to their cognate genes in the cell nucleus'®***, This
analysis revealed that a collapse of enhancer transcription upon BRD4
loss was accompanied by an immediate reduction in Pol II transcrip-
tion of the corresponding target gene (Fig. 5b). Interestingly, the
reduction was stronger at target genes with two or more assigned
BRD4-responsive enhancers (Fig. 5b).

How was target gene expression impaired upon BRD4 loss? Acute
BRD4 loss led mainly to an accumulation of Pol Il in the promoter-
proximal region of genes accompanied by a collapse of productive
elongation at gene-body regions (Fig. 5¢c and Supplementary Fig. 5a).
Both findings are indicative for a disruption of Pol Il pause release and
were in line with our previous observations*’. Notably, with HiS-NET-
seq we now detected an elongation defect at 95% of actively tran-
scribed genes as compared to 44% in the previous study, strongly
extending recent observations (Fig. 5c).

To further increase the temporal resolution, we performed HiS-
NET-seq at an earlier time point (40 min; Supplementary Fig. 5b) after
degrader treatment at which the first robust reduction of cellular BRD4
levels was detected (Fig. 4e). Consistent with the 2 h time point, the
shorter treatment provoked a strong reduction of enhancer tran-
scription and also of productive elongation at genes (Fig. 5d). Inter-
estingly, at this early time point, the impact was similarly strong at
enhancers and genes (Supplementary Fig. 5c). Although this finding
suggested a synchronous reduction of transcription at both sites, we
cannot rule out the possibility of subtle differences in response times
below the 40 min time point.

The high resolution of HiS-NET-seq further revealed that similar to
genes, Pol Il transcription was predominantly reduced at the enhancer
distal region suggesting a collapse of elongation at enhancers (Fig. 5d,
Supplementary Fig. 5a and Supplementary Fig. 5c¢). This effect
increased with the time of dTAG7 exposure (Fig. 5d and Supplemen-
tary Fig. 5c). To gain additional insights into the temporal order of
events, we next performed ChIP-Rx experiments of BRD4 at this earlier
time point (40 min) after dTAG7 treatment (Supplementary Fig. 5d).
We found that BRD4 occupancy was strongly reduced after 40 min ata
large set of extragenic and intragenic enhancer, and promoter-
proximal gene regions (Fig. 5e). The decrease of BRD4 occupancy
was similar upon 40 min and 2 h of degrader treatment indicating a
uniform and concurrent reduction of BRD4 at enhancers and genes
(Fig. 5f). Together, these results suggest that acute BRD4 loss rapidly
and synchronously impairs transcription elongation at both enhancers
and genes.

Acute BRD4 loss reshapes enhancer-target gene contacts

Since BRD4 binds both enhancers and promoter-proximal gene
regions (Fig. 4a, b), we speculated that BRD4 may coordinate enhancer
and target gene transcription through regulatory long-range DNA
contacts. To test this, we performed H3K27ac HiChIP”' upon acute
BRD4 degradation (Supplementary Fig. 6a). H3K27ac levels were not
altered during the short exposure with the degrader (Supplementary
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Fig. 4 | BRD4 is required for genome-wide enhancer transcription. Heatmap (a)
and boxplot quantifications (b) of BRD4 occupancy (FE) at BRD4 peaks associated
with promoter regions, extragenic-, and intragenic enhancers (one-sided Wilcoxon
rank sum test; ***p <2.2e-16, ns: 0.72). ns: not significant. ¢ Quantification of TPM
normalized Pol Il occupancy measured by HiS-NET-seq (two biological replicate
measurements) at putative enhancer regions and FANTOMS enhancers depending
on their respective BRD4 levels. Boxplot shows four quantiles (Q1-Q4), from the
lowest to the strongest BRD4 signal (one-sided Wilcoxon rank sum test; ***p <2.2e
-16). a-c¢ Mean BRD4 ChIP-Rx signals are shown for two biological replicate mea-
surements. b, ¢ See Fig. 3d legend for boxplot definition. d Scheme for BRD4-
specific degradation using the PROTAC degrader dTAG7'%°. E2: ubiquitin-
conjugating enzyme; E3: ubiquitin ligase; Ub: ubiquitin. Created with Bior-
ender.com. e Immunoblot for both BRD4 isoforms upon treatment with 500 nM
dTAG?7 and the DMSO control. An antibody against the HA tag, which was inte-
grated along with the degron tag, was used. GAPDH served as a loading control.
Experiment was performed in duplicate. Source data are provided as a Source Data
file. f-h Pol Il occupancy changes (log2) between 2 h of dTAG7 treatment and the
DMSO control. The significance reports the FDR-adjusted p-values (padj) from the

Wald test calculated by DEseq2 as described in the Method section. The red and
blue data points mark significant changes with an padj smaller than 0.05. The
number of genes or enhancers with decreased or increased Pol Il occupancy are
indicated within blue or red frames, respectively. Data is RLE normalized (see
Methods) to spike-in controls from mouse NIH/3T3 cells. NET-seq data was re-
analyzed from Arnold et al.”’. Analyzed are active genes (n=10,789) (f), extragenic-
(n=5900) and intragenic enhancers (n =4954) (g, h). h The Boxplot distinguishes
between Pol Il occupancy changes (log2; two-sided Wilcoxon rank sum test;

***¥p < 2.2e-16) at putative enhancers with significant (blue, padj <0.05) and non-
significant (gray, padj >0.05) reductions in DNA-bound BRD4 levels measured by
ChIP-Rx upon 40 or 120 min of dTAG7 treatment. The padj values are derived from
Wald tests calculated by DiffBind as described in the Method section. The boxplot
shows the median values as the center. The box is defined by the first to the third
interquartile range. The whiskers extend this interquartile range by a factor of 1.5,
not exceeding the minimum or maximum values. Outlier measurements that
exceed the whiskers are depicted as individual dots. a-h Data were obtained for
human K562 dTAG-BRD4 cells.
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Fig. 5 | BRD4 controls transcription elongation at genes and enhancers.

a Target gene example with two associated FANTOMS enhancers in K562 cells. All
FANTOMS enhancers of MYC are detected as putative enhancers by HiS-NET-seq
and show significant Pol Il occupancy reductions after 2 h of BRD4 degradation
(padj <7.8e-07). HiS-NET-seq profiles are shown from two merged biological
replicate measurements. b Quantification of Pol Il occupancy changes (log2) at
gene-body regions of putative target genes. The Boxplot quantification distin-
guishes between the number of responsive enhancers (significant reduction in Pol Il
occupancy after 2 h dTAG7 treatment, padj <0.05) connected to the corresponding
target gene (one-sided Wilcoxon rank sum test; *p = 0.048; **p = 2.1e-04). See
Fig. 4h legend for boxplot definition. ¢ Pol Il occupancy changes (log2) between 2 h
of dTAG7 treatment and the DMSO control. The significance reports the padj values
from the Wald test calculated by DEseq?2 as described in the Method section. The
red and blue data points mark significant (padj <0.05) changes. Data is RLE nor-
malized (see Methods) to spike-in controls from mouse NIH/3T3 cells. Analyzed are

promoter-proximal regions (n =7324) and gene-body regions (n=9730) of non-
overlapping active genes. d Pausing matrices depict Pol Il occupancy changes
(log2) upon 40 min and 2 h of dTAG7 treatment in distal (x-axis) and proximal
regions (y-axis) of active genes (40 min: n=7090 and 2 h: n=7324) and putative
enhancer regions (40 min: n=1017 and 2 h: n=5422). Red arrows that are repre-
sentatively shown in the first panel mark the figure quadrant associated with
increased Pol Il proximal pausing and decreased elongation at genes. e, f BRD4
ChIP-Rx occupancy changes (log2) at different regions. The significance reports the
padj values from the Wald test calculated by DiffBind as described in the Method
section. e Heatmaps show significant (blue, padj <0.05) and non-significant (gray,
padj >0.05) BRD4 occupancy changes at promoter, extragenic-, and intragenic
enhancer regions after 2 h of dTAG7 treatment. f BRD4 occupancy changes at all
detected BRD4 peaks after 40 min and 2 h of dTAG7 treatment (n=16,233). The
blue and red data points mark significant changes (padj <0.05). a-f Data were
obtained for human K562 dTAG-BRD4 cells.
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a HiChlP interaction frequency changes (log2) at reduced (blue), unchanged (gray,
n=11,891,313) and increased (red) 3D contacts upon 2 h of dTAG 7 treatment. See
Fig. 3d legend for boxplot definition. b Heatmap shows mean occupancy (FE) of
indicated chromatin marks at anchor regions from disrupted (n =2959), unchan-
ged (n=241,897), and increased (n = 3825) contacts. ¢ Depicted are state emission
probabilities (P(emission)) of listed chromatin marks derived by chromHMM"* from
ten states in K562 cells. Annotations were manually assigned as described in the
Methods section. b, ¢ Chromatin marks were extracted from the ENCODE
database'”. d Mean interaction frequency changes (log2) at pairwise contacts
between all indicated regions. e Pol Il occupancy changes (log2) measured by HiS-
NET-seq at anchor regions of disrupted (n =2959), unchanged (n =241,897) and
increased (n=3825) contacts (one-sided Wilcoxon rank sum test *p = 0.03;
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|—> Pol I Pol Ii i
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***p =1.9e-10). See Fig. 3d legend for boxplot definition. f Interactors of BRD4
involved in chromatin organization. Nodes represent significant interactors

(p < 0.05, two-sided two-sample Student’s t-test) identified by IP-MS. The edges
correspond to “high confidence” physical interactions (STRING interaction score
>0.7"). g Heatmap shows mean ChIP-Rx PAF1*” and BRD4 occupancy changes
(log2) upon 40 or 120 min of BRD4 degradation at anchor regions from disrupted
(n=2959), unchanged (n =241,897), and increased (n = 3825) contacts. h Schematic
model proposing the role of BRD4 in the coordination of enhancer and target gene
transcription. Pol I pause release by BRD4 is indicated by black arrows. Tran-
scription start sites are shown by gray arrows. DNA is depicted in gray. Nascent
enhancer and genic RNA are shown in orange or purple, respectively. pA: poly-
adenylation site. Created with Biorender.com. Data were obtained for human (b, ¢)
K562 and (a, d-g) K562 dTAG-BRD4 cells.
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Fig. 6b). We found that rapid BRD4-selective degradation led to an
immediate change in the 3D interaction landscape. A set of contacts
were significantly disrupted or enhanced upon BRD4 loss (Fig. 6a).
Disrupted contacts showed a strong enrichment of chromatin marks
associated with regulatory regions (Fig. 6b). To characterize the type
of altered contacts in more detail, we classified the genome into the
different main categories promoter, enhancer (intragenic, extragenic
and repressed), 3-end, gene-body, repressed, and low-signal, using
common chromatin modification marker and chromHMM'’s”? genome
segmentation algorithm (Fig. 6¢). Due to the limited spatial resolution
of HiChIP data, a clear distinction between the promoter and
promoter-proximal region was not possible and they were assigned to
the same ‘promoter’ group. We found that contacts between enhan-
cers and different regions of their target genes were immediately
disrupted upon BRD4 ablation including contacts with the promoter,
gene-body, and the 3’-end (Fig. 6d). We detected most disruptions for
enhancer-promoter and enhancer-enhancer contacts (Fig. 6d and
Supplementary Fig. 6¢). We found similar disruptions of contacts for
extragenic and intragenic enhancers (Fig. 6d). Interestingly, a stronger
reduction of transcribing Pol Il was detected at genomic regions with
disrupted 3D contacts upon acute BRD4-specific loss (Fig. 6e).

In order to gain additional insights into the mechanism of how
BRD4 maintains regulatory 3D genome contacts, we determined the
BRD4 interactome in human cells. Native BRD4 immunoprecipitation
coupled with mass-spectrometry (IP-MS) analysis identified known
regulators of the 3D chromatin architecture including subunits of the
Cohesin complex (RAD21, SMC1A, STAG2), CTCF, NIPBL, WAPL and
YY1 as significant BRD4 interactors (Fig. 6f and Supplementary Data 5).
Furthermore, BRD4 interacted with factors that have been implicated
in enhancer-promoter communication, including histone acetyl
transferases (EP300, CBP, the NuA4 complex), histone methyl-
transferases (MLL/SET family), the Mediator complex, and the PAF1
complex (PAF) (Fig. 6f and Supplementary Data 5). An integrative
analysis with ChIP-Rx data revealed that at disrupted 3D contacts the
BRD4 and PAF occupancy levels were most strongly reduced (Fig. 6g).
These observations suggest that BRD4 can mediate long-range gen-
ome contacts through interactions with known factors involved in 3D
chromatin regulation.

Together, the results are in line with the hypothesis that BRD4 can
coordinate Pol Il transcription elongation at enhancers and putative
target genes likely through maintaining their proximity (Fig. 6h).

Discussion
The increased sensitivity of HiS-NET-seq, which is mainly achieved by a
two-step enrichment of nascent RNA combined with an efficient state-
of-the-art NET-seq library preparation, provided a more complete view
on transcriptionally engaged Pol Il at genes and non-coding tran-
scription units such as enhancers. This approach uncovered 11,007
new putative enhancers in K562 cells, mainly intragenic and lowly
transcribed extragenic enhancers. Although intragenic enhancers have
been observed and studied before””>”*, the identification of active
enhancers within transcribed genes has been challenging since
enhancer transcription overlaps with coding transcription and histone
marks of the host gene. Here, we provide evidence that convergent
antisense transcription (CAT) is indicative for transcribed intragenic
enhancers and used this knowledge to systematically identify active
enhancers within genes. CAT has been observed in previous
studies®'*362757¢ put its origin and function have remained unclear. In
this study, we found that CAT to a large extent originates from putative
intragenic enhancers suggesting a role in enhancer function. Although
CAT may interfere with the expression of the host gene’>’”/, more work
will be required to clarify its role.

HiS-NET-seq data correlates well with PRO-seq but also reveals
differences. The main difference was detected in the promoter-
proximal region of genes where Pol Il usually pauses before it is

released into productive elongation. HiS-NET-seq captures sig-
nificantly more engaged Pol Il in this region as compared to PRO-seq
methods. A potential explanation for this discrepancy could lie in the
labeling of the nascent RNA. HiS-NET-seq uses 4sU labeling of nascent
RNA under natural transcription elongation conditions in intact cells
and likely also captures RNA polymerases that enter into a paused state
or are recovering from a pause/arrest to resume RNA synthesis during
the labeling time. Consistently, the correlation between HiS-NET-seq
and conventional NET-seq data, which does not require labeling of
nascent RNA, was highest especially in promoter-proximal regions of
genes. Nuclear run-on based methods require nuclei isolation or cell
permeabilization and a restart of transcription in the presence of
biotinylated NTPs’®, PRO-seq may miss a subset of paused/arrested
RNA polymerases that may resist a restart of transcription’®”’.

Despite the increased sensitivity of HiS-NET-seq providing a more
complete genomic occupancy profile of transcriptionally engaged Pol
I, a current limitation is the relatively high amount of cells that are
required as an input. This restricts the application of HiS-NET-seq to
cell lines and primary cells at the moment that can be obtained in
greater amounts. Since HiS-NET-seq uses 4sU labeling of nascent RNA
the approach, similarly to other metabolic labeling-based RNA poly-
merase profiling methods, cannot be applied to tissues or whole
multicellular organisms.

Enhancer transcription is regulated by BRD4. The BRD4-specific
function in enhancer transcription has been unclear mainly because
most prior functional studies have used pan-BET protein inhibitors or
degraders disrupting all BET family proteins simultaneously. Here, we
provide several lines of evidence that support a direct and general role
of BRD4 in enhancer transcription. First, BRD4 binds to enhancers
genome-wide. The binding of BRD4 to enhancers is in line with pre-
vious observations in other cellular contexts™*'-**4¢551 Second, BRD4
occupancy at enhancers correlates with enhancer transcription. Third,
enhancer marks such as H3K27ac and H3K4mel are enriched at BRD4
binding sites. Fourth, acute BRD4-specific ablation in cells causes an
immediate collapse of enhancer transcription. Notably, the reduction
of enhancer transcription was strongest at BRD4-sensitive enhancers.
The high temporal resolution of inducible and selective degradation of
transcriptional regulators™*>®, and HiS-NET-seq capturing the direct
impact on Pol Il transcription, before phenotypes are complicated by
secondary effects, reveal a BRD4-specific function in enhancer tran-
scription genome-wide.

BRD4 may link Pol Il transcription at enhancers and their putative
target genes (Fig. 6h). The following main observations support this
view. First, BRD4 localizes to transcribed enhancers and promoter-
proximal regions of active genes. Consistently, acute BRD4 loss leads
to an immediate and similar reduction of BRD4 levels at enhancer and
promoter-proximal regions. Second, BRD4-selective degradation
provokes an instantaneous collapse of transcription elongation at
enhancers and target genes before secondary effects start to accu-
mulate. Third, BRD4 is required for enhancer-promoter proximity at a
set of genes, likely through interactions of BRD4 with key factors that
have been implicated in looping formation including the Cohesin
complex, the Cohesin loading factor NIPBL, and the Mediator
Complex42,52—54,84'

We speculate that a BRD4-mediated link between transcription at
enhancers and their cognate genes can occur at the level of elongation
at a set of genes. Our finding that BRD4 is required for Pol Il pause
release at enhancers and associated genes supports this hypothesis.
Other BRD4 interactors are likely also involved including PAF. PAF is an
integral component of the Pol Il elongation complex that has been
implicated in pause release®® and enhancer function®*.. In this
study, we found that BRD4 and PAF1 occupancy was most strongly
reduced at genomic sites where 3D contacts were disrupted upon
acute BRD4 ablation suggesting that BRD4 and PAF co-function in
enhancer-target gene communication.
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The proposed model on the coordination of enhancer and target
gene transcription (Fig. 6h) is consistent with prior observations that
enhancers associate with paused Pol Il at target genes and with their
implication in the regulation of transcription elongation**°>**, Our
view is also in line with a recently proposed condensate model for
enhancer-promoter communication according to which hubs of tran-
scription factors, coactivators including BRD4, and Pol Il are formed to
connect enhancers and target gene promoters®>®, Despite this evi-
dence in support of the hypothesis that transcription at enhancers and
a set of cognate genes is coordinated, more research will be required
to clarify the links.

The multi-omics approach that we have used can now be applied
to other factors to identify the players and their functions in the
potential co-regulation of enhancer and target gene transcription to
shed new light on enhancer-target gene communication.

Methods

Cell culture

K562 (ATCC, CCL-243) and K562 dTAG-BRD4"’ cells were cultured in
RPMI 1640 (ThermoFischer Scientific, Cat.# 21875-091) containing 10%
FBS Superior (Biochrom, Cat# S0615), 5% penicillin-streptomycin
(ThermoFischer Scientific, Cat.# 15070063). Cells were seeded at
5x10° cells/ml every two days. For Transfections, RPMI with 1x Glu-
taMAX (Cat.# 35050-038) was used. Cells were kept in culture for not
longer than 4 weeks.

NIH/3T3 (ATCC, CRL-1658) cells were grown in DMEM (Thermo-
Fischer Scientific, Cat.# 11995065) containing 10% FBS (Bovine Calf
Serum Iron-Fortified, Sigma), 5% penicillin-streptomycin (Thermo-
Fischer Scientific, Cat.# 15070063). NIH/3T3 were diluted to 2 x10°
cells/T75 flask every two days.

All cell lines were routinely tested for the presence of
mycoplasma.

HiS-NET-seq approach

In vivo 4sU incorporation in suspension cells. 48h before an
experiment, K562 cells were seeded at 5 x 10° cells/ml density in RPMI.
Labeling of K562 was performed at a final concentration of 500 uM 4sU
(Glentham Life Sciences, Cat.# GN6085) and a cell density of 1x10°
cells/ml (1x 108 cells total). For labeling, cells were exposed to 0.5M
4sU for 10 min at 37 °C and 5% CO,. Cells were then placed on ice and
fractionated according to the rapid fractionation procedure as
described below.

Degrader treatment combined with 4sU incorporation
Forty-eight hours prior to an experiment, K562 dTAG-BRD4 cells
were seeded at 5x10° cells/ml in RPMI. For BRD4 depletion or
matching DMSO control experiments 1x10® of K562 dTAG-BRD4
cells were collected and reconstituted at 1 x 10° cells/ml in fresh pre-
warmed RPMI supplemented with 500 nM dTAG7 or an equivalent
volume of DMSO (control). Degrader treatments were performed
for 40 min or 2 h at 37 °C and 5% CO,. For the final 10 min of the
treatment, 4sU was added to a concentration of 500 uM. Next, cells
were placed on ice and fractionated according to the rapid frac-
tionation procedure. Four and two biological replicate measure-
ments were performed for 40 min or 2 h of acute BRD4 degradation,
respectively.

Spike-in cell preparation

Twenty-four hours before the experiment 4 x10° NIH/3T3 cells
were seeded on fresh plates. The total number of cells used per
experiment was -1 x 105, Cells were harvested and reconstituted to
the 1x10° cells/ml in warm and fresh medium supplemented with
4sU (final concentration 500 uM) for 10 min at 37 °C. Cells were
placed on ice and fractionated following the rapid fractionation
procedure.

Rapid fractionation procedure

Unless otherwise indicated, all procedures were performed on ice
(4 °C) with pre-cooled buffers and under low light exposure. Cells were
harvested for 2 min at 1150 x g. The pellet was gently resuspended in
lysis buffer (PBS, 0.15% NP-40, 1x Protease inhibitor cOmplete, 50 U/ml
SUPERaselN, 25pg/ml a-amanitin) and incubated for 2 min. Nuclei
were collected at 500 x g for 3 min. Nuclei were washed with cyto-
plasmic wash buffer (PBS, 0.1% Triton-X, 1mM EDTA, 1x Protease
inhibitor cOmplete, 50 U/ml SUPERaseIN, 25 ug/ml a-amanitin) and
gently resuspended in 750 ul of glycerol nuclei buffer (20 mM Tris-HCI
pH 8, 75mM NaCl, 0.5mM EDTA, 50% glycerol, 0.85mM DTT, 1x
Protease inhibitor cOmplete, 50 U/ml SUPERaselN, 25 pg/ml a-amani-
tin). Chromatin was precipitated by rapid addition of 750 ul of nuclei
lysis buffer (1% NP-40, 20 mM HEPES pH 7.5, 300 mM NacCl, 1M urea,
0.2mM EDTA, 1mM DTT, 1x Protease inhibitor cOmplete, 50 U/ml
SUPERaselN, 25ug/ml a-amanitin), and the sample was vortexed 5
times for 5, and then placed on ice for 2 min. Chromatin-associated
RNA was collected at 18,000 x g for 2 min. The pellet was washed twice
with PBS and dissolved in 1.5 ml QIAzol Lysis Reagent per 5 x 107 cells
(QIAGEN) supplemented with 100 uM DTT and 1 mM EDTA. To dissolve
the pellet completely the sample was incubated at 40 °C for 1h at
1000 rpm and homogenized using QlAshredder (QIAGEN, Cat.#
79654) for 1 min at 20,000 x g. The sample was stored at -80 °C.

RNA extraction

Prior to RNA extraction 4sU-labeled spike-in RNA (in QIAzol) was
added in a 1:8 ratio (NIH/3T3:K562). RNA was obtained by chloroform
extraction using MaXtract High Density Phase-Lock-Gel tubes. RNA
was obtained by isopropanol precipitation for 10 min on ice followed
by centrifugation at 20,000 x g and 4 °C for 20 min. The pellet was
washed twice with 80% ice-cold ethanol, air-dried, and resuspended in
nuclease-free H,O. The samples were treated with TURBO DNase
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. The reaction was stopped by adding EDTA to the final con-
centration of 15 mM. RNA was purified using
phenol:chloroform:isoamyl alcohol (25:24:1) (ROTH, Cat.# A156) and
Phase Lock Gel Heavy tubes (QuantaBio Cat.# 733-2478) by cen-
trifugation for 5min at 12,000 xg. The RNA was collected by iso-
propanol precipitation, washed with 85% ethanol and resuspended in
nuclease-free H,0.

Biotinylation and streptavidin pull-down of 4sU-RNA

100 pg RNA was biotinylated using MTSEA biotin-XX linker (Biotinum,
Cat.# 90066) and purified by pMACS streptavidin MicroBeads (Mil-
tenyi Biotec, 130-092-948) as described by Gregersen et al.®°. with the
following modifications. The uColumn (Miltenyi Biotec, 130-092-948)
was washed three times with 1 ml of 65 °C pre-warmed pull-out wash
buffer (100 mM Tris-HCI pH 7.5,10 mM EDTA, 1 M NaCl, 0.1% TWEEN20
(v/v)), followed by three washes with 1 ml pull-out wash buffer at room
temperature. The eluted RNA was purified using the ZYMO Clean &
Concentrator-5 kit (ZYMO Research, Cat.# R1013).

HiS-NET-seq and NET-seq library preparations
The HiS-NET-seq library preparation was conducted according to the
nested-NET-seq protocol as described by Gajos et al.®2. with the fol-
lowing modification. 2-3 pg of 4sU-labeled and biotinylated RNA was
used as an input for the library preparation.

The conventional NET-seq library preparation were performed as
previously described®® with the following modification. The ‘barcode
DNA oligo’ contained a random decamer sequence.

Dot blot

The dot blot procedure was performed as described previously®® with
the following modifications. First, Hybond®-N+ hybridization mem-
brane (GE Healthcare, Cat.# RPN303B) was used. Second, biotin was
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probed by IRDye® 800CW Streptavidin antibody (LiCOR, Cat.#
925-32230) and visualized using a LI-COR Odyssey CLx imager.

Immunoblotting

To obtain cytoplasmic, nucleoplasmic and chromatin samples, 1x10’
cells were fractionated as described in the rapid fractionation proce-
dure. The buffer volumes were downscaled according to the number of
cells. For the dTAG? time course experiment, whole cell lysates from
2 x10° cells were prepared by incubation with 25-50 U benzonase and
protease inhibitors (Roche, Cat.# 11873580001) in PBS on a shaker. For
the H3K27ac analysis, subcellular fractionation was carried out using
1x107 cells as described in Mayer and Churchman®. For whole cell
extract (WCE) 3 x10° cells were harvested, washed in PBS and lysed in
300 ul RIPA buffer (Sigma) supplemented with 1x protease inhibitor
cocktail (Roche) and 1ul Benzonase (Millipore, Cat.# E1014-25KU). For
histone 2B (H2B) probing, the membrane was stripped for 10 min in
Restore PLUS Western Blot Stripping Buffer (Thermo Fisher, Cat.#
46430), washed and blocked prior to incubation with anti-H2B antibody
(Santa Cruz Biotechnology, Cat.# sc-515808, 1:1000). The following
primary and secondary antibodies were used: Pol Il Ser2-P (3E10) (Active
Motif, Cat# 61083, 1:1000), Histone H2B (A-6) (Santa Cruz Bio-
technology, Cat.# sc-515808, 1:1000), GAPDH (Ambion, Cat.# AM4300,
1:15000), HA tag (Cell Signaling Technology, Cat.# C29F4, 1:1000),
H3K27ac (Abcam, ab4729, 1:1000), Tubulin (Abcam, ab18251, 1:3000),
IRDye® 800CW Goat anti-Mouse IgG Secondary Antibody (LiCOR, Cat.#
926-32210, 1:15,000), IRDye® 800CW Goat anti-Rabbit IgG Secondary
Antibody (LI-COR, Cat.# 925-32211, 1:15,000) and IRDye® 800CW Goat
anti-Rat IgG Secondary Antibody (LiCOR, Cat.# 926-32219, 1:15,000).
The signal was visualized using a LI-COR Odyssey CLx imager.

Processing of NET-seq and HiS-NET-seq data

Data processing steps were applied as described by Gajos et al®..
Briefly, the obtained sequencing reads were trimmed using cutadapt
v3.4°° (-a ATCTCGTATGCCGTCTTCTGCTTG -a AAAAAAAAAAGGGG
GGGGGGGGGG -a GGGGGGGGGGGGGGGGGGGGGGG e 0.2 q 5
--max-n 0.9) to remove sequenced fragments from the primers. Star-
code v1.1°7 collapsed identical fragments (-d 0) with the same UMI
sequence to one consensus read, removing PCR duplicate reads. The
UMI decamer sequences were trimmed from the 5" regions but the
sequence information remained associated. The obtained sequencing
read fragments were aligned to the human reference genome
(GRCh38.p12)”” using the STAR aligner v2.7.3a”® (-clip3pAdapterSeq
ATCTCGTATGCCGTCTTCTGCTTG -clip3pAdapterMMp 0.21 -clip3-
pAfterAdapterNbases 1  -outFilterMultimapNmax 1  -out-
SffilterOverhangMin 3 1 1 1 -outS/filterDistToOtherSjmin 0 0 0 O
-alignintronMin 11 -alignEndsType EndToEnd). Next, a custom python
script removed potential artifacts produced by mispriming of the RT
primer if the UMI sequence corresponded to the genomic sequence
adjacent to the aligned sequencing read. Furthermore, the custom
script masked RNA processing intermediates produced during RNA
splicing and 3’-end RNA cleavage. We excluded sequencing reads
mapping to the 3’ most nucleotide position of annotated introns and
exons, including the polyadenylation site. We masked the same
nucleotide positions in the corresponding metagene visualizations to
avoid artificial signal drops and potential misinterpretations of the
occupancy profiles. Bedtools v2.29.2°° was applied to mask
regions'®', including transcribed regions of Pol I, Pol III, microRNA,
miscellaneous RNA, rRNA, snoRNA, snRNA, tRNA, vault RNA, Y RNA,
and blacklisted regions from ENCODE. Finally, the pipeline derives the
Pol 1l occupancy tracks from the remaining uniquely mapped
sequencing reads. We extracted the single-nucleotide 5-positions
from each sequencing read, corresponding to the 3’-end of the purified
nascent RNA fragment.

Processing of SI-NET-seq and HiS-NET-seq data with spike-in
controls

The standard data processing pipeline for HiS-/NET-seq data,
described in the previous paragraph, was applied to data with
spiked-in control cells from the mouse (NIH/3T3) with the following
adjustments. For mapping the sequencing reads to the reference
genome, a joint reference from the human (GRCh38.p12) and
mouse (GRCm38.p6) genomes was used. Furthermore, splicing and
3-RNA processing intermediates from both species using the
GENCODE v28 and MI8 annotations'”' were removed. Next, RNA
species from Pol I, Pol IlI, microRNA, miscellaneous RNA, rRNA,
snoRNA, snRNA, tRNA, vault RNA, Y RNA, and blacklisted regions
from ENCODE were masked in the human and mouse genomes.
Finally, the sequencing reads mapping to the human genome were
separated from those mapping to the mouse genome, resulting in a
human and mouse Pol Il occupancy data set for each sample. The
Pol Il occupancy in untreated mouse cells was used for data
normalization.

Comparison of HiS-NET-seq, standard NET-seq, PRO-seq, and
qPRO-seq data
The systematic comparison of HiS-NET-seq, standard NET-seq, PRO-
seq, and qPRO-seq data® was performed in two steps. First, all data sets
were processed as described in detail in the ‘Processing of NET-seq and
HiS-NET-seq data’ section with the following adjustments for PRO-seq
and qPRO-seq. We changed the parameter setting of the following
applications to accommodate for the paired-end sequencing mode of
PRO- and gPRO-seq data: cutadapt, starcode, STAR, and custom
scripts. We trimmed PRO-seq-specific adapter sequences (-a
TGGAATTCTCGGGTGCCAAGGAACTCCAGTCAC -A  GATCGTCG-
GACTGTAGAACTCTGAACGTGTAGATCTCGGTGGTCGCCGTATCATT)
and adjusted the UMl sequence length from 10 nt (HiS-NET-seq) to 6 nt
at the forward and reverse strands. Second, we performed correlation
and metagene analysis using DEseq2 v1.25.4'°* and deepTools2
v3.2.1', respectively. Data was normalized using the standard nor-
malization strategies RLE'®* and RPM. Pol Il density right at transcrip-
tion start sites (TSSs) and polyadenylation (pA) sites were masked.
Next, we combined the described processing steps with addi-
tional data downsampling in the performance analysis. We applied
seqtk v1.3-r106'* to randomly select a subset of sequencing reads of
equal size for each sample. The sample with the lowest sequencing
depth served as a reference to estimate the new sample size of
14,556,851 sequencing reads. This step allows the direct comparison of
informative reads between data sets obtained with the different
methods.

Identification of active genes and gene isoforms

This study defined cell line-specific active genes (K562 or NIH/3T3)
as a subset from human v28 or mouse MI18 GENCODE
annotations'”’. A gene was classified as active using both the cor-
responding RNA-seq (ENCSR1091Q0O, ENCSROOOCLW?’) and HiS-
NET-seq data as follows. First, RSEM v1.3.1 113 quantified the num-
ber of transcripts produced by each gene and isoform in the
respective single-end or paired-end mode using the RNA-seq data
and the STAR v2.7.9a 105 alignment tool. Second, the genes with a
TPM =1 were selected. Third, we refined GENCODE’s annotation
based on active gene isoforms by identifying the first and last active
TSS and polyA sites. An active gene isoform contributed at least 10%
to the overall gene activity. Fourth, genes without nascent tran-
scription were removed. We used HOMER’s v4.11.1 114 make-
TagDirectory (flip) and findPeaks functions (-style groseq
-minBodySize 150,500 -tssSize 10) to annotate nascent transcrip-
tion units using HiS-NET-seq data.
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Identification of active FANTOMS enhancers in K562

Actively transcribed enhancer units were identified for the K562 cell
line from annotated FANTOMS enhancers. Data sets were extracted
from the HACER database'”’, which reported cell-type-specific FAN-
TOMS5 enhancer units and initiation sites identified by the NRSA

application'®,

Detection of CAT-, DAT-, and putative enhancer-regions
Convergent antisense transcription (CAT)-, divergent antisense tran-
scription (DAT)-, and putative enhancer regions were derived from
nascent transcripts of HiS-NET-seq data using HOMER v4.11.1'”°, as
described in the previous paragraph ‘Identification of active genes and
gene isoforms’. Antisense transcription units (ATUs), DAT and CAT
units overlapped with annotated genes at the opposite strand relative
to an actively transcribed gene. We distinguished between both types
of antisense transcription units by their location, where DATs originate
upstream (<1000 bp) and CATs downstream from the corresponding
transcription start site of the gene. To eliminate the risk of spill-over
effects from neighboring genes, we removed ATUs originating from
overlapping genes. A transcript originates from an overlapping gene if
either 50% or more overlap, or the transcription unit covers at least
90% of the gene. Finally, we removed transcription units overlapping
the entire antisense gene region, as observed for many short genes.

Assigning CAT and DAT units is more complex if an actively
transcribed gene expresses several transcript isoforms from multiple
active TSSs. We defined active gene isoforms as described in the
paragraph ‘Identification of active genes and gene isoforms’. Some
perceived CAT units originated from bidirectional transcription of
downstream-located alternative TSSs. These sites were considered as
DAT units. Putative intragenic enhancers were defined by the
remaining CAT units that co-localize with the histone marks H3K27ac
and H3K4mel (ENCSROOOAKP and ENCSROOOEWC'®),

Putative extragenic enhancers are defined by transcription units
that are distal to active genes and have the histone marks H3K27ac and
H3K4mel. We excluded transcription units originating from any
GENCODE annotated promoter region, including genes that fail the
activity threshold and are considered inactive. Furthermore, tran-
scription units observed in the termination zone (polyA site +2 kb) of
active genes were removed. We classified divergently transcribed units
as bi-directional and unpaired units as uni-directional enhancers. To
classify as a potential extragenic enhancer, bidirectional transcription
needs to originate within <500 bp.

Differential Pol Il occupancy analysis

We tested for changes in the Pol Il occupancy using DEseq2 v1.25.4'°* in
different regions (Supplementary Fig. 5a), including active genes,
promoter-proximal regions, gene-body regions, enhancer regions,
proximal enhancer regions, and distal enhancer regions. After quan-
tification, genomic regions with less than six sequencing reads across
all samples were excluded. Next, we tested for significant changes
between the conditions using DEseq2 (fitType=local). For data nor-
malization, we applied the calculated scaling factors (relative-log-
expression (RLE)) from the features in the mouse genome to the
human observations, using the ‘controlGenes’ parameter. Significant
changes showed an FDR-adjusted p-value (padj) <0.05.

Enhancer reporter assay

For the Dual-Luciferase Assay potential enhancer DNA sequences were
PCR amplified from K562 cells and cloned in both sense and antisense
direction into the pGL3-promoter vector by either conventional
restriction enzyme cloning using BamHI-HF or Sall-HF (NEB, Cat.#
R3136S and R3138S) or by Gibson Assembly (NEB, Cat.# E2611S). The
primer sequences used for amplification are listed in Supplementary
Data 6. As positive control, the minimal HS2 enhancer sequence was
used™®.

K562 (5 x 10°) cells were transfected with 0.6 ng Renilla luciferase
internal control plasmid (pRL-TK) together with the Firefly luciferase
test plasmid (enhancer construct) in a molar ratio of 1:700. In addition,
4 uM electroporation enhancer (IDT) were added to each transfection
reaction. If necessary, additional electroporation enhancer was added
to ensure an equal amount of total DNA in all transfections. K562 cells
were transfected using SF Cell Line 4D-Nucleofector™ X Kit S and
Amaxa Nucleofector 4D. Cells were harvested 24 h post transfection
and lysates were prepared using 100 ul 1x Passive Lysis Buffer (Pro-
mega, Cat.# E1910).

The reporter assay was performed using the Dual-Luciferase®
Reporter Assay System (Promega) according to the manufacturer’s
protocol using 20 uL cell lysate. The luciferase activity was measured
using the GloMax® Navigator Microplate Luminometer with dual
injector (Promega) in a 96-well plate with following settings: 100 pL of
the Firefly Luciferase Reagent (LAR II) was injected to each sample with
a 2's measurement delay time and measurement of luminescence with
a 10 sec integration time. Subsequently, 100 uL of the Renilla Lucifer-
ase Reagent and Firefly quenching (Stop & Glo) was added with a1s
measurement delay time, and measurement of luminescence with a
10 sec integration time. The data were processed using Excel and
finally represented as the ratio of Firefly to Renilla luciferase activity.
Statistics were performed with Graphpad Prism using a ¢-test.

HiChIP

HiChIP was performed as described by Mumbach et al.”. with the fol-
lowing modifications. Per condition, three biological replicates were
generated. 5x10° K562 dTAG-BRD4 cells*” were treated with 500 nM
dTAG7 or DMSO (control) for 2 h, followed by crosslinking with 1%
methanol-free formaldehyde for 10 min at room temperature. The
partially lysed nuclei were incubated with 375 U Mbol (NEB, Cat.#
RO147M) at 37 °C overnight. After biotin-dATP incorporation, chro-
matin shearing was conducted in a Covaris S220 sonicator for 6 min at
intensity 4, duty cycle 5% and 200 cycles per burst. For IP, 5 g of an
H3K27ac-specific antibody (Abcam, ab4729) coupled to Pierce Protein
A/G (Thermo Fisher Scientific, Cat.# 10004D) were used per sample.
The eluted DNA was heated to 65 °C for 5 h, treated with 80 ug RNase A
(Thermo Fisher Scientific, Cat.# 10753721) for 2h at 37°C and with
200 pg Proteinase K (Carl Roth, Cat.# 3719.2) for 45 min at 50 °C. 50 ng
of the purified DNA was incubated with 2.5ul of Tn5 (Illumina, Cat.#
20034197). NEBNext Q5 master mix (NEB, Cat.# M0544S) was used to
amplify the library by 8 cycles. Lastly, the libraries were size-selected
using AMPure XP beads (Backman Coulter, Cat.# A63881) at a ratio of
0.8 and subsequently 0.5 to enrich fragments of 200-750 bp and
sequenced in PE75 or PEI0O mode on an Illumina HiSeq 4000 or
NovaSeq 6000 sequencer.

Processing, normalization, and comparison of HiChIP data

For HiChIP data processing, we used the HiC-Pro v3.0.0"™ pipeline
where raw interaction frequencies were extracted at a 5 and 10 kb
resolution for the applied restriction enzyme (Mbol: “"GATC) and the
human reference genome (GRCh38.p12)'”". For data normalization, we
applied two alternative normalization approaches implemented by
HiCcompare v1.8.0"2 and FitHiChIP v10.0™",

For quantitative comparisons between conditions, we applied the
global data normalization approach from HiCcompare'™. The appli-
cation removes batch and sequencing depth biases and accounts for
the linear distance between interacting regions. Briefly, we performed
the following steps. First, QDNAseq’s v1.22.0"* build-in get CNV func-
tion identified copy number variations in the K562 dTAG-BRD4 cell line
and excluded the respective regions. Second, low-complexity regions
(blacklisted) annotated by ENCODE'” were excluded. Third, we used
the ‘hic_loess’ and ‘hic_compare’ functions to compute logarithmic
interaction frequency changes, correct for systematic biases, calculate
z-scores and p-values, and to perform multiple test corrections.
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Interactions with an average expression <9 were excluded for com-
parison. Interactions with a minimum distance of 10kb and a padj
value < 0.05 were identified as significant changes between conditions.

Identification of target genes from HiChIP data

For 3D contact identification, we used the FitHiChIP v10.0
application'. Significant 3D interactions were identified using pooled
HiChIP data with 5 kb resolution from the control experiments. FitHi-
ChlIP’s normalization method learns the relationship between coverage
and genomic distance using a regression model. For this background
model, we considered only interactions between H3K27ac genomic
loci derived by ChIP-seq data from ENCODE'®. 3D interactions that
exceeded the expected coverage from the background model were
considered significant, if the corresponding p-value was <0.01 after
multiple test corrections. Target genes from putative enhancers were
assigned by at least one significant 3D interaction.

Segmentation and genome annotation

The human genome was segmented and annotated at a 10 kb resolu-
tion. We applied the chromHMM v1.19 "application to K562-specific
chromatin marks from ENCODE data'®, including H3K27ac

(ENCSROOOAKP), H3K4mel (ENCSROOOEWC), H3K4me3
(ENCSROOOEWA),  H3K27me3  (ENCSROOOEWB),  H3K36me3
(ENCSROOOAKR), and H3K79me2 (ENCSROOOAPD). First, the

chromHMM application divided the human genome into 10 kb bins
using the BinarizeBam function. Second, chromHMM’s LearnModel
function trained a multivariate Hidden Markov Model with ten states
and reported the most likely states for each bin. In the last step, the
resulting states were manually annotated into promoter (including the
promoter-proximal region), enhancer (repressed, intra-, and extra-
genic), 3-end, gene-body, repressed, and low-signal states. The pro-
moter, intragenic-, and extragenic enhancer states showed high levels
of H3K27ac. However, a unique chromatin feature of the promoter
state was the high level of H3K4me3, which is absent or reduced in the
three enhancer states. As described by, we assigned states with
H3K79me2 to gene-body regions, whereas H3K36me3 was more
abundant at the 3’-ends of genes (Supplementary Fig. 6d). Further-
more, we used H3K79me2 and H3K36me3 to distinguish intragenic
from extragenic enhancers. Finally, we used the repressive H3K27me3
histone mark to define repressed genome regions and repressed
enhancers'™. States without significant enrichment of chromatin marks
were annotated as low-signal states.

ChIP-Rx

ChIP-Rx was performed as described by Arnold et al.”’. with the fol-
lowing modifications. Per condition, two biological replicates were
generated. 4 X107 K562 dTAG-BRD4 cells were treated with 500 nM
dTAG7 or DMSO for 40 min or 2 h and after formaldehyde crosslinking
combined with 1 x 107 murine NIH/3T3 cells. For immunoprecipitation,
8 ug of a BRD4-specific antibody (Bethyl, Cat.# A301-985A50) were
used. ChIP-Rx libraries were prepared using the NEBNext Ultra Il DNA
kit (NEB, Cat.# E7645S) according to the manufacturer’s instructions.
Libraries were purified using one volume of AMPure XP beads (Back-
man Coulter, Cat.# A63881) and size-selected (200-500 bp) from an
8% TBE gel (Thermo Fisher Scientific). Sequencing in PE1I00 mode was
done on an Illlumina NovaSeq 6000 sequencer.

Processing of ChIP-Rx data

First, we used Bowtie2 v2.3.5.1"° to align the sequencing reads to a joint
reference which consisted of the human (GRCh38.p12) and mouse
(GRCm38.p6) reference genomes using the paired-end mode with the
parameter -k 1. We extracted the DNA-binding profiles (fold enrich-
ment over matched input control (FE)) of BRD4 using MACS2’s
v2.2.7.1"7 bdgecmp function with the -m FE parameter. As recom-
mended by the MACS2 developers, potential PCR duplicates were

marked using PICARD’s v2.24.2"® markDuplicates function. Finally, the
DNA-binding profiles of BRD4 corresponding to the human genome
were separated from the BRD4 binding sites in the mouse genome.

Differential binding site analysis from ChIP-Rx data

We used DiffBind v3.0.15" to identify differentially bound occupancy
sites. First, DiffBind’s ‘dba.blacklist’ function removed the signal from
blacklisted regions of the human and mouse reference genomes
(blacklist=DBA_BLACKLIST_HG38, blacklist=DBA_BLACKLIST_MMI10).
Second, peaks from all samples were summarized in consensus peaks
and quantified (minOverlap=2, summits=300, bRemoveDuplicates=-
true, bSubControl=true). Third, DiffBind’s ‘dba.normalize’ function
adjusted the human consensus peaks based on the binned mouse
genome (spikein=true, normalize=DBA_NORM_RLE, background=T).
Finally, differential binding sites were identified using the DEseq2
package'®™.

Furthermore, for the visualization of the occupancy changes
(log2), we used the deepTools2’s v3.2.1' bamCompare function with
the parameters -p 20 --ignoreDuplicates --scaleFactorsMethod None.
The previously calculated scaling factors from DiffBind were applied
using the --scaleFactors parameter.

Native immunoprecipitation with mass spectrometry analysis
(IP-MS)

IP-MS experiments were performed as described by Arnold et al.*”.
Briefly, the K562 dTAG-BRD4 cells were lysed in a native IP buffer
(20 mM Tris pH 8.0, 50 mM NaCl, 0.5% (vol/vol) NP-40, 10% (vol/vol)
glycerol, protease inhibitor cocktail (Roche), phosphatase inhibitor
cocktail (Roche) supplemented with benzonase (Millipore, Cat.#
E1014-25KU). Nuclei were isolated by centrifugation and lysed in native
IP buffer supplemented with benzonase (Millipore, Cat.# E1014-25KU).
For IP 10 pg of the BRD4-specific antibody (Bethyl, Cat.# A301-985A50)
or of isotype-matched IgG (Bethyl, Cat.# P120-101) and 1,5 mg Dyna-
beads Protein G (Invitrogen, Cat.# 10004D) were used per sample.
After two washes with the native IP buffer, three washes were per-
formed with a washing buffer (20 mM Tris pH 8.0, 125 mM NacCl, 0.5%
(vol/vol) NP-40). Five biological replicates were performed per con-
dition. Mass spectrometric analysis on a Q-Exactive HF Orbitrap
(Thermo Scientific) and processing of the data was done as described
previously*’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

HiS-NET-seq, standard NET-seq, HiChIP and ChIP-Rx data generated
in this study have been deposited at the Gene Expression Omnibus
(GEO) database under super series accession number GSE214594.
The proteomics data generated in this study have been deposited in
the ProteomeXchange Consortium via the PRIDE partner repository
under accession code PXD04365. Publicly available datasets with the
following accession numbers were used in this study: GSE158963 (SI-
NET-seq K562 dTAG-BRD4, DMSO 2h, dTAG7 2h), GSE150625
(qPRO-seq K562 and PRO-seq K562), GSE60456 (GRO-cap K562),
GSE158965 (ChIP-Rx K562 dTAG-BRD4 PAF1, DMSO 2 h, dTAG7 2 h),
ENCSR1091QO (Total RNA-seq K562), ENCSROOOCLW (RNA-seq NIH/
3T3), ENCSROOOAKP (ChIP-seq K562 H3K27ac), ENCSROOOEWC
(ChIP-seq K562 H3K4mel), ENCSROOOEWA (ChIP-seq K562
H3K4me3), ENCSROOOEWB  (ChIP-seq K562 H3K27me3),
ENCSROOOAKR (ChlIP-seq K562 H3K36me3), ENCSROOOAPD (ChIP-
seq K562 H3K79me2). We used the human and mouse genome
reference (GRCh38.p12; GRCm38.p6) and annotation (v28; M18)
provided by Gencode. K562 enhancer were extracted from
HACER. Source data are provided with this paper.
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Code availability
Computer code generated in this study is available at https://github.
molgen.mpg.de/MayerGroup/HiS-NET-seq_paper_code.git.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Djebali, S. et al. Landscape of transcription in human cells. Nature
489, 101-108 (2012).

Jensen, T. H., Jacquier, A. & Libri, D. Dealing with Pervasive Tran-
scription. Mol. Cell 52, 473-484 (2013).

Natoli, G. & Andrau, J.-C. Noncoding transcription at enhancers:
general principles and functional models. Annu. Rev. Genet. 46,
1-19 (2012).

Pelechano, V. & Steinmetz, L. M. Gene regulation by antisense
transcription. Nat. Rev. Genet. 14, 880-893 (2013).

Preker, P. et al. RNA exosome depletion reveals transcription
upstream of active human promoters. Science 322,

1851-1854 (2008).

Core, L. J., Waterfall, J. J. & Lis, J. T. Nascent RNA sequencing
reveals widespread pausing and divergent initiation at human
promoters. Science 322, 1845-1848 (2008).

Seila, A. C. et al. Divergent transcription from active promoters.
Science 322, 1849-1851 (2008).

Chen, Y. et al. Principles for RNA metabolism and alternative
transcription initiation within closely spaced promoters. Nat.
Genet. 48, 984-994 (2016).

Mayer, A. et al. Native elongating transcript sequencing reveals
human transcriptional activity at nucleotide resolution. Cell 161,
541-554 (2015).

Brown, T. et al. Antisense transcription-dependent chromatin
signature modulates sense transcript dynamics. Mol. Syst. Biol. 14,
e8007 (2018).

Wissink, E. M., Vihervaara, A., Tippens, N. D. & Lis, J. T. Nascent
RNA analyses: tracking transcription and its regulation. Nat. Rev.
Genet. 20, 705-723 (2019).

Fong, N. et al. Effects of transcription elongation rate and Xrn2
exonuclease activity on RNA polymerase Il termination suggest
widespread kinetic competition. Mol. Cell 60, 256-267 (2015).
Schwalb, B. et al. TT-seq maps the human transient transcriptome.
Science 352, 1225-1228 (2016).

Gonzalez, M. N., Blears, D. & Svejstrup, J. Q. Causes and con-
sequences of RNA polymerase |l stalling during transcript elon-
gation. Nat. Rev. Mol. Cell Biol. 22, 3-21 (2021).

Core, L. & Adelman, K. Promoter-proximal pausing of RNA poly-
merase |l: a nexus of gene regulation. Gene. Dev. 33,

960-982 (2019).

Gaertner, B. & Zeitlinger, J. RNA polymerase Il pausing during
development. Development 141, 1179-1183 (2014).

Deng, W. et al. Controlling long-range genomic interactions at a
native locus by targeted tethering of a looping factor. Cell 149,
1233-1244 (2012).

Schoenfelder, S. & Fraser, P. Long-range enhancer-promoter
contacts in gene expression control. Nat. Rev. Genet. 20,
437-455 (2019).

McCord, R. P., Kaplan, N. & Giorgetti, L. Chromosome conforma-
tion capture and beyond: toward an integrative view of chromo-
some structure and function. Mol. Cell 77, 688-708 (2020).
Furlong, E. E. M. & Levine, M. Developmental enhancers and
chromosome topology. Science 361, 1341-1345 (2018).

Hafner, A. & Boettiger, A. The spatial organization of transcrip-
tional control. Nat. Rev. Genet. 24, 1-16 (2022).

Robson, M. I., Ringel, A. R. & Mundlos, S. Regulatory landscaping:
how enhancer-promoter communication is sculpted in 3D. Mol.
Cell 74, 1110-1122 (2019).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Santa, F. D. et al. A large fraction of extragenic RNA Pol Il tran-
scription sites overlap enhancers. PLoS Biol. 8, e1000384
(2010).

Kim, T.-K. et al. Widespread transcription at neuronal activity-
regulated enhancers. Nature 465, 182-187 (2010).

Koch, F. et al. Transcription initiation platforms and GTF recruit-
ment at tissue-specific enhancers and promoters. Nat. Struct. Mol.
Biol. 18, 956-963 (2011).

Core, L. J. et al. Analysis of nascent RNA identifies a unified
architecture of initiation regions at mammalian promoters and
enhancers. Nat. Genet. 46, 1311-1320 (2014).

Andersson, R. et al. An atlas of active enhancers across human cell
types and tissues. Nature 507, 455-461 (2014).

Mikhaylichenko, O. et al. The degree of enhancer or promoter
activity is reflected by the levels and directionality of eRNA tran-
scription. Gene Dev. 32, 42-57 (2018).

Hah, N., Murakami, S., Nagari, A., Danko, C. G. & Kraus, W. L.
Enhancer transcripts mark active estrogen receptor binding sites.
Genome Res. 23, 1210-1223 (2013).

Szutorisz, H., Dillon, N. & Tora, L. The role of enhancers as centres
for general transcription factor recruitment. Trends Biochem. Sci.
30, 593-599 (2005).

Narita, T. et al. Enhancers are activated by p300/CBP activity-
dependent PIC assembly, RNAPII recruitment, and pause release.
Mol. Cell 81, 2166-2182.e6 (2021).

Henriques, T. et al. Widespread transcriptional pausing and elon-
gation control at enhancers. Gene Dev. 32, 26-41 (2018).

Kim, T.-K. & Shiekhattar, R. Architectural and functional com-
monalities between enhancers and promoters. Cell 162,
948-959 (2015).

Lidschreiber, K. et al. Transcriptionally active enhancers in human
cancer cells. Mol. Syst. Biol. 17, €9873 (2021).

Karr, J. P., Ferrie, J. J., Tjian, R. & Darzacq, X. The transcription
factor activity gradient (TAG) model: contemplating a contact-
independent mechanism for enhancer-promoter communication.
Gene Dev. 36, 7-16 (2021).

Shi, J. & Vakoc, C. R. The mechanisms behind the therapeutic
activity of BET bromodomain inhibition. Mol. Cell 54,

728-736 (2014).

Chen, I. P. & Ott, M. Viral hijacking of BET proteins. Viruses 14,
2274 (2022).

Devaiah, B. N., Gegonne, A. & Singer, D. S. Bromodomain 4: a
cellular Swiss army knife. J. Leukoc. Biol. 100, 679-686

(2016).

Winter, G. E. et al. BET bromodomain proteins function as master
transcription elongation factors independent of CDK9 recruit-
ment. Mol. Cell 67, 5-18.e19 (2017).

Kanno, T. et al. BRD4 assists elongation of both coding and
enhancer RNAs by interacting with acetylated histones. Nat.
Struct. Mol. Biol. 21, 1047-1057 (2014).

Rahnamoun, H. et al. RNAs interact with BRD4 to promote
enhanced chromatin engagement and transcription activation.
Nat. Struct. Mol. Biol. 25, 687-697 (2018).

Liu, W. et al. Brd4 and JMJD6-associated anti-pause enhancers in
regulation of transcriptional pause release. Cell 155,

1581-1595 (2013).

Anand, P. et al. BET bromodomains mediate transcriptional pause
release in heart failure. Cell 154, 569-582 (2013).

Zhang, W. et al. Bromodomain-containing protein 4 (BRD4) reg-
ulates RNA polymerase Il serine 2 phosphorylation in human CD4+
T cells. J. Biol. Chem. 287, 43137-43155 (2012).

Muhar, M. et al. SLAM-seq defines direct gene-regulatory func-
tions of the BRD4-MYC axis. Science 360, 800-805 (2018).

Nature Communications | (2023)14:4971

15


https://github.molgen.mpg.de/MayerGroup/HiS-NET-seq_paper_code.git
https://github.molgen.mpg.de/MayerGroup/HiS-NET-seq_paper_code.git

Article

https://doi.org/10.1038/s41467-023-40633-y

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Zheng, B. et al. Acute perturbation strategies in interrogating RNA
polymerase Il elongation factor function in gene expression. Gene
Dev. 35, 273-285 (2021).

Arnold, M., Bressin, A., Jasnovidova, O., Meierhofer, D. & Mayer, A.
A BRD4-mediated elongation control point primes transcribing
RNA polymerase Il for 3'-processing and termination. Mol. Cell 81,
3589-3603.e13 (2021).

Neumayr, C. et al. Differential cofactor dependencies define dis-
tinct types of human enhancers. Nature 606, 406-413

(2022).

Nagarajan, S. et al. Bromodomain protein BRD4 is required for
estrogen receptor-dependent enhancer activation and gene
transcription. Cell Rep. 8, 460-469 (2014).

Lee, J.-E. et al. Brd4 binds to active enhancers to control cell
identity gene induction in adipogenesis and myogenesis. Nat.
Commun. 8, 2217 (2017).

Eischer, N., Arnold, M. & Mayer, A. Emerging roles of BET proteins
in transcription and co-transcriptional RNA processing. Wiley
Interdiscip. Rev. RNA €1734 https://doi.org/10.1002/wrna.

1734 (2023).

Linares-Saldana, R. et al. BRD4 orchestrates genome folding to
promote neural crest differentiation. Nat. Genet. 53,

1480-1492 (2021).

Luna-Pelaez, N. et al. The Cornelia de Lange Syndrome-associated
factor NIPBL interacts with BRD4 ET domain for transcription
control of a common set of genes. Cell Death Dis. 10, 548
(2019).

Olley, G. et al. BRD4 interacts with NIPBL and BRD4 is mutated in a
Cornelia de Lange-like syndrome. Nat. Genet. 50, 329-332
(2018).

Wang, R., Li, Q., Helfer, C. M., Jiao, J. & You, J. Bromodomain
protein Brd4 associated with acetylated chromatin is important for
maintenance of higher-order chromatin structure. J. Biol. Chem.
287, 10738-10752 (2012).

Floyd, S. R. et al. The bromodomain protein Brd4 insulates chro-
matin from DNA damage signalling. Nature 498, 246-250
(2013).

Crump, N. T. et al. BET inhibition disrupts transcription but retains
enhancer-promoter contact. Nat. Commun. 12, 223 (2021).
Nojima, T. et al. Mammalian NET-seq reveals genome-wide nas-
cent transcription coupled to RNA processing. Cell 161,
526-540 (2015).

Herzog, V. A. et al. Thiol-linked alkylation of RNA to assess
expression dynamics. Nat. Methods 14, 1198-1204 (2017).
Gregersen, L. H., Mitter, R. & Svejstrup, J. Q. Using TTchem-seq for
profiling nascent transcription and measuring transcript elonga-
tion. Nat. Protoc. 15, 604-627 (2020).

Drexler, H. L. et al. Revealing nascent RNA processing dynamics
with nano-COP. Nat. Protoc. 16, 1343-1375 (2021).

Gajos, M. et al. Conserved DNA sequence features underlie per-
vasive RNA polymerase pausing. Nucleic Acids Res. 49,
4402-4420 (2021).

Mayer, A. & Churchman, L. S. Genome-wide profiling of RNA
polymerase transcription at nucleotide resolution in human cells
with native elongating transcript sequencing. Nat. Protoc. 11,
813-833 (2016).

Kwak, H., Fuda, N. J., Core, L. J. & Lis, J. T. Precise maps of RNA
polymerase reveal how promoters direct initiation and pausing.
Science 339, 950-953 (2013).

Judd, J. etal. Arapid, sensitive, scalable method for Precision Run-
On sequencing (PRO-seq). Preprint at Biorxiv https://doi.org/10.
1101/2020.05.18.102277 (2020).

Forrest, A. R. R. et al. A promoter-level mammalian expression
atlas. Nature 507, 462-470 (2014).

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Raisner, R. et al. Enhancer activity requires CBP/P300
bromodomain-dependent histone H3K27 acetylation. Cell Rep.
24, 1722-1729 (2018).

Rada-Iglesias, A. et al. A unique chromatin signature uncovers
early developmental enhancers in humans. Nature 470,

279-283 (2011).

Creyghton, M. P. et al. Histone H3K27ac separates active from
poised enhancers and predicts developmental state. Proc. Natl
Acad. Sci. USA 107, 21931-21936 (2010).

Orlando, D. A. et al. Quantitative ChIP-seq normalization reveals
global modulation of the epigenome. Cell Rep. 9,

1163-1170 (2014).

Mumbach, M. R. et al. HiChlIP: efficient and sensitive analysis of
protein-directed genome architecture. Nat. Methods 13,

919-922 (2016).

Ernst, J. & Kellis, M. ChromHMM: automating chromatin-state
discovery and characterization. Nat. Methods 9,

215-216 (2012).

Cinghu, S. et al. Intragenic enhancers attenuate host gene
expression. Mol. Cell 68, 104-117.e6 (2017).

Kowalczyk, M. S. et al. Intragenic enhancers act as alternative
promoters. Mol. Cell 45, 447-458 (2012).

Fenouil, R. et al. CpG islands and GC content dictate nucleosome
depletion in a transcription-independent manner at mammalian
promoters. Genome Res. 22, 2399-2408 (2012).

Tome, J. M., Tippens, N. D. & Lis, J. T. Single-molecule nascent RNA
sequencing identifies regulatory domain architecture at pro-
moters and enhancers. Nat. Genet. 50, 1533-1541 (2018).
Hobson, D. J., Wei, W., Steinmetz, L. M. & Svejstrup, J. Q. RNA
polymerase Il collision interrupts convergent transcription. Mol.
Cell 48, 365-374 (2012).

Mahat, D. B. et al. Base-pair-resolution genome-wide mapping of
active RNA polymerases using precision nuclear run-on (PRO-
seq). Nat. Protoc. 1, 1455-1476 (2016).

Weber, C. M., Ramachandran, S. & Henikoff, S. Nucleosomes are
context-specific, H2A.Z-modulated barriers to RNA polymerase.
Mol. Cell 53, 819-830 (2014).

Bhagwat, A. S. et al. BET bromodomain inhibition releases the
mediator complex from select cis-regulatory elements. Cell Rep.
15, 519-530 (2016).

Flynn, R. A. et al. 7SK-BAF axis controls pervasive transcription at
enhancers. Nat. Struct. Mol. Biol. 23, 231-238 (2016).

Jaeger, M. G. & Winter, G. E. Fast-acting chemical tools to
delineate causality in transcriptional control. Mol. Cell 81,
1617-1630 (2021).

Stengel, K. R., Ellis, J. D., Spielman, C. L., Bomber, M. L. & Hiebert,
S. W. Definition of a small core transcriptional circuit regulated by
AMLI1-ETO. Mol. Cell 81, 530-545.e5 (2021).

Kagey, M. H. et al. Mediator and cohesin connect gene expression
and chromatin architecture. Nature 467, 430-435 (2010).

Vos, S. M. et al. Structure of activated transcription complex Pol
II-DSIF-PAF-SPT6. Nature 560, 607-612 (2018).

Yu, M. et al. RNA polymerase ll-associated factor 1 regulates the
release and phosphorylation of paused RNA polymerase Il. Sci-
ence 350, 1383-1386 (2015).

Chen, F. X. et al. PAF1, a molecular regulator of promoter-proximal
pausing by RNA polymerase Il. Cell 162, 1003-1015

(2015).

Hou, L. et al. Paf1C regulates RNA polymerase Il progression by
modulating elongation rate. Proc. Natl Acad. Sci. USA 116,
14583-14592 (2019).

Chen, F. X. et al. PAF1 regulation of promoter-proximal pause
release via enhancer activation. Science 357, 1294-1298

(2017).

Nature Communications | (2023)14:4971

16


https://doi.org/10.1002/wrna.1734
https://doi.org/10.1002/wrna.1734
https://doi.org/10.1101/2020.05.18.102277
https://doi.org/10.1101/2020.05.18.102277

Article

https://doi.org/10.1038/s41467-023-40633-y

90. Ding, L., Paszkowski-Rogacz, M., Mircetic, J., Chakraborty, D. &
Buchholz, F. The Pafl complex positively regulates enhancer
activity in mouse embryonic stem cells. Life Sci. Alliance 4,
202000792 (2021).

91.  Francette, A. M., Tripplehorn, S. A. & Arndt, K. M. The Paf1 Com-
plex: a keystone of nuclear regulation operating at the interface of
transcription and chromatin. J. Mol. Biol. 433, 166979
(2021).

92. Ghavi-Helm, Y. et al. Enhancer loops appear stable during devel-
opment and are associated with paused polymerase. Nature 512,
96-100 (2014).

93. Lee, K., Hsiung, C. C.-S., Huang, P., Raj, A. & Blobel, G. A. Dynamic
enhancer-gene body contacts during transcription elongation.
Gene Dev. 29, 1992-1997 (2015).

94. Beagrie, R. A. et al. Complex multi-enhancer contacts captured by
genome architecture mapping. Nature 543, 519-524
(2017).

95. Hnisz, D., Shrinivas, K., Young, R. A., Chakraborty, A. K. & Sharp, P.
A. A phase separation model for transcriptional control. Cell 169,
13-23 (2017).

96. Kechin, A., Boyarskikh, U., Kel, A. & Filipenko, M. cutPrimers: a new
tool for accurate cutting of primers from reads of targeted next
generation sequencing. J. Comput. Biol. 24, 1138-1143 (2017).

97. Zorita, E., Cusco, P. & Filion, G. J. Starcode: sequence clustering
based on all-pairs search. Bioinformatics 31, 1913-1919 (2015).

98. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioin-
formatics 29, 15-21 (2013).

99. Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for

comparing genomic features. Bioinformatics 26, 841-842

(2010).

Kozomara, A., Birgaoanu, M. & Griffiths-Jones, S. miRBase: from

microRNA sequences to function. Nucleic Acids Res. 47,

D155-D162 (2018).

101.  Frankish, A. et al. GENCODE reference annotation for the human

and mouse genomes. Nucleic Acids Res. 47, D766-D773

(2018).

Jurka, J. et al. Repbase update, a database of eukaryotic repetitive

elements. Cytogenet. Genome Res. 110, 462-467 (2005).

Dunham, I. et al. An integrated encyclopedia of DNA elements in

the human genome. Nature 489, 57-74 (2012).

Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold

change and dispersion for RNA-seq data with DESeqg2. Genome

Biol. 15, 550 (2014).

Ramirez, F. et al. deepTools2: a next generation web server for

deep-sequencing data analysis. Nucleic Acids Res. 44,

W160-W165 (2016).

seqtk, Toolkit for processing sequences in FASTA/Q formats.

https://github.com/lh3/seqtk.

Wang, J. et al. HACER: an atlas of human active enhancers to

interpret regulatory variants. Nucleic Acids Res. 47,

D106-D112 (2018).

Wang, J. et al. Nascent RNA sequencing analysis provides insights

into enhancer-mediated gene regulation. Bmc Genomics 19,

633 (2018).

Heinz, S. et al. Simple combinations of lineage-determining tran-

scription factors prime cis-regulatory elements required for

macrophage and B cell identities. Mol. Cell 38, 576-589

(2010).

10. Ney, P. A, Sorrentino, B. P., McDonagh, K. T. & Nienhuis, A. W.
Tandem AP-1-binding sites within the human beta-globin domi-
nant control region function as an inducible enhancer in erythroid
cells. Gene Dev. 4, 993-1006 (1990).

1. Servant, N. et al. HiC-Pro: an optimized and flexible pipeline for Hi-
C data processing. Genome Biol. 16, 259 (2015).

100.

102.

103.

104.

105.

106.

107.

108.

109.

112. Stansfield, J. C., Cresswell, K. G., Vladimirov, V. |I. & Dozmorov, M.
G. HiCcompare: an R-package for joint normalization and com-
parison of HI-C datasets. Bmc Bioinforma. 19, 279 (2018).

13. Bhattacharyya, S., Chandra, V., Vijayanand, P. & Ay, F. Identifica-
tion of significant chromatin contacts from HiChlIP data by FitHi-
ChIP. Nat. Commun. 10, 4221 (2019).

14. Scheinin, I. et al. DNA copy number analysis of fresh and formalin-
fixed specimens by shallow whole-genome sequencing with
identification and exclusion of problematic regions in the genome
assembly. Genome Res. 24, 2022-2032 (2014).

15. Gates, L. A., Foulds, C. E. & O'Malley, B. W. Histone marks in the
‘driver’s seat’: functional roles in steering the transcription cycle.
Trends Biochem. Sci. 42, 977-989 (2017).

16. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

1M7. Zhang, Y. et al. Model-based analysis of ChIP-seq (MACS). Gen-
ome Biol. 9, R137 (2008).

18. Auwera, G. A. et al. From FastQ data to high-confidence variant
calls: the genome analysis toolkit best practices pipeline. Curr.
Protoc. Bioinform. 43, 11.10.1-11.10.33 (2013).

19. Stark, R. & Brown, G. DiffBind: differential binding analysis of ChlIP-

Seq peak data. Bioconductor R package version 100.4.3,

(2011).

Nabet, B. et al. The dTAG system for immediate and target-specific

protein degradation. Nat. Chem. Biol. 14, 431-441 (2018).

121.  Szklarczyk, D. et al. The STRING database in 2021: customizable
protein-protein networks, and functional characterization of user-
uploaded gene/measurement sets. Nucleic Acids Res. 49,
D605-D661 (2021).

120.

Acknowledgements

We thank Nicole Eischer and Mario Rubio for their critical com-
ments on the manuscript. We thank Martyna Gajos for the dis-
cussions and Susanne Freier for cell culture support during the
development of HiS-NET-seq. We thank Tugge Aktas for advice
with the enhancer assay. We thank Fiona Douglas for help with
cloning of the enhancer constructs and the MPIMG Sequencing
facility for sequencing. We thank David Meierhofer and the MPIMG
Proteomics facility for MS measurements. Vector backbones for
the enhancer assay were a generous gift from Daniel Ibrahim
(Charité Berlin). This work was funded by the Max Planck Society
(to A.M. and D.H.) and the Deutsche Forschungsgemeinschaft
(DFG, grant no. 418415292 to A.M. and the International Research
Training Group (IRTG) 2403 to A.M. and M.A.). O.J. was supported
by a 2017 FEBS Long-Term Fellowship and D.H. by DFG grants HN
4/1-1, HN 4/3-1.

Author contributions

A.B. and O.J. developed HiS-NET-seq. A.B. performed computa-
tional analyses of HiS-NET-seq, ChIP-Rx and HiChIP data. O.J.
performed HiS-NET-seq experiments. M.A. performed HiS-NET-
seq, ChIP-Rx, HiChIP and proteomics experiments. E.A. designed
and established the enhancer reporter assay, and performed
reporter assay experiments with the help of F.T. E.A. also per-
formed HAT inhibitor and Western blot experiments. T.A.K.
helped with the proteomics analysis. J.E.H. helped analyze HiS-
NET-seq data. D.H. helped with HiChIP experiments. A.M. planned
and designed experiments, and had overall responsibility over
the study. A.M. wrote the manuscript with help of A.B., E.A.,
and M.A.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Nature Communications | (2023)14:4971

17


https://github.com/lh3/seqtk

Article

https://doi.org/10.1038/s41467-023-40633-y

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary
material available at

https://doi.org/10.1038/s41467-023-40633-y.

Correspondence and requests for materials should be addressed to
Andreas Mayer.

Peer review information Nature Communications thanks Jixian Zhai and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:4971

18


https://doi.org/10.1038/s41467-023-40633-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	High-sensitive nascent transcript sequencing reveals BRD4-specific control of widespread enhancer and target gene transcription
	Results
	A high-sensitive NET-seq approach for mammalian cells
	HiS-NET-seq uncovers new transcribed putative enhancers
	Identified putative enhancers show classic enhancer features and activity
	BRD4 regulates enhancer transcription genome-wide
	BRD4 ablation synchronously attenuates elongation at enhancers and target genes
	Acute BRD4 loss reshapes enhancer-target gene contacts

	Discussion
	Methods
	Cell culture
	HiS-NET-seq approach
	In vivo 4sU incorporation in suspension cells
	Degrader treatment combined with 4sU incorporation
	Spike-in cell preparation
	Rapid fractionation procedure
	RNA extraction
	Biotinylation and streptavidin pull-down of 4sU-RNA
	HiS-NET-seq and NET-seq library preparations
	Dot blot
	Immunoblotting
	Processing of NET-seq and HiS-NET-seq data
	Processing of SI-NET-seq and HiS-NET-seq data with spike-in controls
	Comparison of HiS-NET-seq, standard NET-seq, PRO-seq, and qPRO-seq data
	Identification of active genes and gene isoforms
	Identification of active FANTOM5 enhancers in K562
	Detection of CAT-, DAT-, and putative enhancer-regions
	Differential Pol II occupancy analysis
	Enhancer reporter assay
	HiChIP
	Processing, normalization, and comparison of HiChIP data
	Identification of target genes from HiChIP data
	Segmentation and genome annotation
	ChIP-Rx
	Processing of ChIP-Rx data
	Differential binding site analysis from ChIP-Rx data
	Native immunoprecipitation with mass spectrometry analysis (IP-MS)
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




