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SUMMARY

Transcription elongation has emerged as a regulatory hub in gene expression of metazoans. A major control
point occurs during early elongation before RNA polymerase Il (Pol ll) is released into productive elongation.
Prior research has linked BRD4 with transcription elongation. Here, we use rapid BET protein and BRD4-se-
lective degradation along with quantitative genome-wide approaches to investigate direct functions of BRD4
in Pol Il transcription regulation. Notably, as an immediate consequence of acute BRD4 loss, promoter-prox-
imal pause release is impaired, and transcriptionally engaged Pol Il past this checkpoint undergoes read-
through transcription. An integrated proteome-wide analysis uncovers elongation and 3'-RNA processing
factors as core BRD4 interactors. BRD4 ablation disrupts the recruitment of general 3'-RNA processing fac-
tors at the 5'-control region, which correlates with RNA cleavage and termination defects. These studies, per-
formed in human cells, reveal a BRD4-mediated checkpoint and begin to establish a molecular link between

5’-elongation control and 3'-RNA processing.

INTRODUCTION

Transcription elongation has emerged as a highly regulated phase
in metazoan gene expression (Noe Gonzalez et al., 2021; Mayer
et al., 2017; Zhou et al., 2012). Following transcription initiation,
polymerase Il (Pol Il) pauses in the promoter-proximal region at
the majority of mammalian genes (Jonkers et al., 2014; Laitem
et al., 2015; Mayer et al., 2015; Rahl et al., 2010). The release of
paused Pol Il into productive elongation represents a major con-
trol point (Core and Adelman, 2019; Chen et al., 2018; Wissink
et al., 2019). Much of our knowledge of the mechanisms that un-
derlie pause release is derived from experiments performed
in vitro. The DRB sensitivity-inducing factor (DSIF), composed of
SPT5 and SPT4, and the negative elongation factor (NELF) com-
plex establish the pause with the help of other factors (Vos et al.,
2018b; Yamaguchi et al., 1999; Wada et al., 1998). For pause
release, the positive transcription elongation factor b (P-TEFb) is
required (Peterlin and Price, 2006); it phosphorylates the C-termi-
nal repeat domain (CTD) of Pol Il, SPT5, NELF, and others (Sanso
et al., 2016; Vos et al., 2018a. Recently, the PAF1 complex (PAF)
has also been implicated in pause release Vos et al., 2018a; Yu
etal., 2015; Chen et al., 2015). Our picture of factor-specific func-
tions during this early elongation checkpoint that control nascent
RNA synthesis in cells is still incomplete.

BRD4 has also been ascribed a contributory role in pause
release (Anand et al., 2013; Loven et al., 2013). BRD4 together
with BRD2, BRD3, and BRDT belongs to the bromodomain
and extra-terminal domain (BET) protein family (Belkina and De-
nis, 2012). According to the original view, BRD4 recruits P-TEFb
to paused Pol Il, leading to pause release (Jang et al., 2005; Yang
et al., 2005). Using an optimized BET degrader (dBET6), we pre-
viously uncovered that acute loss of BET proteins led to a
collapse of transcription elongation, but surprisingly was incon-
sequential for the recruitment of P-TEFb (Winter et al., 2017).
These observations questioned the mechanistic role of BRD4
in pause control. Although the general implication of BRD4 in
transcription elongation was recently confirmed (Muhar et al.,
2018), the underlying mechanism and whether BRD4 serves
additional functions in transcription remained unclear.

Upon successful negotiation of the 5'-elongation checkpoint,
Pol Il escapes from potential premature termination (Brannan
et al., 2012; Krebs et al., 2017; Kamieniarz-Gdula et al., 2019)
and enters into processive elongation. At the 3’ end of genes,
Pol Il transcribes through the polyadenylation (pA) site. The pA
signal (PAS) within the nascent RNA is recognized by the cleav-
age and pA specificity factor (CPSF) (Chan et al., 2014). CPSF
contains the endonuclease CPSF73, which cleaves the nascent
RNA (Mandel et al., 2006). PAS sensing and cleavage require
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additional 3’-processing factors including the cleavage stimula-
tion factor (CstF) (Kumar et al., 2019; Sun et al., 2020). Impor-
tantly, Pol Il continues transcribing past the pA site (Anamika
et al., 2013; Mayer et al., 2015; Schwalb et al., 2016). To avoid
transcriptional interference with downstream genes, transcrip-
tion needs to be terminated (Porrua and Libri, 2015; Richard
and Manley, 2009; Proudfoot, 2016). This is accomplished by
RNA cleavage, which creates an entry site for the exonuclease
XRN2, finally releasing Pol Il from the chromatin (West et al.,
2004; Kim et al., 2004; Fong et al., 2015; Eaton et al., 2018). Clear
regulatory links between early transcription elongation and 3'-
RNA processing have remained undefined.

Here, we combined BET protein and BRD4-selective degrada-
tion in human cells with a quantitative multi-omics approach to
uncover direct roles of BRD4 in Pol Il transcription. Quantification
of nascent transcription under conditions where BRD4 function
was impaired uncovers a uniform and global reduction of Pol Il
transcription. Acute loss of BRD4 impairs Pol Il pause release
and surprisingly provokes massive readthrough transcription
and RNA cleavage defects. We show that BRD4 is required for
the recruitment of the 3'-RNA processing machinery during a
5’-elongation control point to enable RNA cleavage and tran-
scription termination. Together, our results identify mechanisms
of BRD4-mediated elongation control and uncover a link be-
tween a general elongation checkpoint and 3'-RNA processing.

RESULTS

BET degradation uniformly decreases nascent
transcription

We previously found that BET proteins play a general role in tran-
scription elongation (Winter et al., 2017). However, the underly-
ing molecular mechanism remained unclear. To uncover the
role of BET proteins in Pol Il transcription, we developed a proto-
col for performing native elongating transcript sequencing
(NET-seq) that relies on spike-in controls, called SI-NET-seq
(Figure 1A). The use of spike-ins allows quantitative comparisons
between conditions and can reveal uniform changes in transcript
abundance and Pol Il occupancy (van de Peppel et al., 2003;
Lovén et al., 2013; Orlando et al., 2014). We applied SI-NET-
seq to determine the immediate consequences of the acute
loss of BET proteins on transcription by treating human MOLT4
cells with the BET degrader dBET6 (Winter et al., 2017). The
high correlation between replicate measurements indicated the
robustness of this approach (Pearson’s correlation r = 0.96; Fig-
ure S1A). SI-NET-seq revealed a strong uniform decrease of
transcriptionally engaged Pol Il upon acute loss of BET proteins
(Figure 1B), which was in contrast to the observations obtained
with standard NET-seq (Figure 1B). This illustrates the impor-
tance of using spike-in methods especially in comparative
nascent transcription studies.

Using the SI-NET-seq data, we found that Pol Il levels were
mainly reduced over the gene-body (Figures 1C and S1B), indi-
cating that BET proteins are required for elongation activation.
We observed this global elongation defect at protein-coding
and long non-coding RNA (IncRNA) genes, but not at histone
genes (Figure 1D). For 80% of active genes, BET degradation
led to a significant reduction of transcription elongation that we
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classified as “BET-sensitive” genes. The other active genes,
called “BET-resistant” genes, showed no significant decrease
in elongation (Figure 1E). We found that BET-sensitive genes
were longer, with a median length of 33 kb compared with 6 kb
for BET-resistant genes (Figure 1F). Although we could not
detect differences in BRD4 binding at different gene length clas-
ses (Figure S1C), we speculated that genes with higher BRD4
levels such as histone genes (Figure S1D) could initially buffer
acute loss of BET proteins. Our observation that BRD4 levels
at BET-resistant genes were not reduced to the same extent
as BET-sensitive genes supported this view (Figure S1E).

SI-NET-seq time-course experiments upon dBET6 exposure
showed that the global decrease in elongation is conserved in
other cellular contexts (human K562 cells; Figures S1F and
S1G) and increased with the treatment time (Figure 1G). This
analysis also uncovered a nascent transcriptional wave that
moved toward the 3’ end of genes corresponding to transcribing
Pol Il that already entered into active elongation at the time of
degrader treatment (Figures 1H and 11). These observations indi-
cate that BET degradation perturbs the transition into productive
elongation.

We conclude that SI-NET-seq allows direct quantitative com-
parisons of nascent transcription between conditions, revealing
a uniform reduction in elongation upon BET degradation.

BRD4-specific degradation impairs Pol Il pause release
Using BET degradation, it remained unknown which of the BET
proteins was responsible for the global elongation defect. Based
on our observation that BET-sensitive genes were more suscep-
tible to a reduction in BRD4 levels and given the emerging impli-
cation of BRD4 in elongation (Jang et al., 2005; Lovén et al.,
2013; Winter et al., 2017; Muhar et al., 2018), we speculated
that BRD4 loss caused the general elongation defect.

To test this hypothesis, we generated a human cell line ex-
pressing an N-terminally degradation-tagged (dTAG) (Nabet
et al., 2018) version of BRD4 from its endogenous locus (Figures
2A and S2A). While dTAG-BRD4 levels were reduced compared
with untagged BRD4 (Figure S2B), as recently also observed for
other tagged proteins (Schick et al., 2021), the dTAG had no
effect on the subcellular distribution and cell doubling time, indi-
cating that the tag was not interfering with BRD4 function (Fig-
ures S2B and S2C). Treating cells with the degrader (dTAG7)
resulted in a fast reduction of both main BRD4 isoforms that
are expressed in K562 cells within 30 min and led to a complete
loss within 2 h (Figure 2B). Degrader-induced BRD4 depletion
was also highly specific, leaving the levels of the other BET pro-
teins, BRD2 and BRDS3, unchanged (Figure S2D; Table S1).
Within this treatment time, cells were viable with no signs of
apoptosis (Figure S2E).

We performed SI-NET-seq upon dTAG7 exposure (Fig-
ure S2F). As observed upon pan-BET degradation, BRD4-spe-
cific depletion led to a strong reduction of productive elongation
at protein-coding and IncRNA genes, but not at histone genes
(Figures 2C-2E). Although the overall reduction of productive
elongation was not as pronounced as for BET degradation (Fig-
ure S2G), it was clearly detectable genome-wide and at single
genes (Figures 2C-2E). Notably, the collapse of elongation was
accompanied by a significant increase of Pol Il levels in the
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Figure 1. SI-NET-seq informs on the mechanisms of BET-mediated transcription control

(A) Schematic view of the SI-NET-seq approach (STAR Methods). *Pol Il occupancy before (dashed lines) and after normalization (solid lines).

(B) Pol Il occupancy changes (RLE normalized) upon 2 h dBET6 treatment and for the DMSO control. Significant (FDR < 0.05) occupancy changes are labeled in
blue and red.

(C-E) Boxplot quantification of log2 fold-change (FC) from spike-in normalized Pol Il occupancy upon 2 h of dBET6 treatment. Significant changes are shown for
the promoter-proximal (transcription start site [TSS] to TSS +300 bp) and gene-body (TSS +300 bp to pA site) regions (C). Pol Il occupancy changes over the
gene-body are indicated for different gene classes (D) and BET-sensitive and -resistant genes (E) (STAR Methods).

(F) Gene length distribution of BET-sensitive and -resistant genes.

(C-F) Wilcoxon rank-sum test; ***p < 5.8e—11; n.s., not significant, p = 0.17.

(G) Boxplot quantification of log2 FC from spike-in normalized Pol Il occupancy (SI-NET-seq) over the gene-body at indicated time points for DMSO and upon
dBET6 treatment.

(H) Schematic view of the back-edge of the receding Pol Il wave determined for each time point (b1 +o) of the SI-NET-seq time-course experiment upon dBET6
exposure.

() Difference profiles of the mean Pol Il occupancy (SI-NET-seq) between dBET6 treatment and DMSO for the indicated time points. Difference profiles were
calculated for long non-overlapping genes (TSS to +300 kb), and 0.1% of the strongest signals was removed.

Data were obtained for human MOLT4 (B-F) and K562 (G-I) cells.

See also Figure S1.

promoter-proximal region (Figures 2C-2E), suggesting that rapid
BRD4-specific degradation impairs pause release of Pol Il. This
observation upon BRD4-specific ablation was a main difference
compared with pan-BET degradation where promoter-proximal
Pol Il levels were slightly decreased (Figure S2G).

Together, these data suggest a general BRD4-mediated elon-
gation checkpoint at the 5’ end of genes.

Rapid BET and BRD4-selective degradation lead to
widespread readthrough transcription

Using SI-NET-seq, we next explored whether BET proteins and
particularly BRD4 serve additional roles in Pol Il transcription.
Strikingly, this analysis uncovered that acute loss of BET pro-
teins (dBET®6 treatment; Figure 3A) induced massive readthrough
transcription of Pol Il at the 3’ end of genes (Figures 3B and 3C).
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Figure 2. Disruption of Pol Il pause release by BRD4-specific degradation

(A) Scheme for BRD4-specific degradation using the PROTAC degrader dTAG7 (Nabet et al., 2018).

(B) Immunoblot for dTAG-BRD4 after dTAG7 (500 nM) treatment and for the non-treated DMSO control shown for the indicated time points. Arrows indicate the
long and short BRD4 isoforms expressed in K562 cells. Histone 2B (H2B) served as a loading control.

(C) Meta-gene profile of the mean spike-in normalized Pol Il occupancy (reference-adjusted reads per million [RRPM], SI-NET-seq) for actively transcribed genes
upon 2 h of dTAG?7 treatment and for the DMSO control. Genes of different lengths were scaled in the region 1 kb downstream of the TSS to the pA site, and 0.1%
of the strongest signals was removed.

(D) Gene tracks of Pol Il occupancy (SI-NET-seq) after 2 h of dTAG7 treatment and for the DMSO control. RRPM values and the genomic position are on the y axis
and x axis, respectively. In (C) and (D), biological replicates were pooled for visualization.

(E) Boxplot quantification of spike-in normalized Pol Il occupancy changes over the promoter-proximal and gene-body regions for different gene classes upon 2 h

of dTAG7 treatment (Wilcoxon rank-sum test; ***p < 2.1e—13; n.s., not significant, p = 0.62).

See also Figure S2 and Table S1.

Such a pronounced transcriptional readthrough was not observ-
able upon BET bromodomain inhibition using the inhibitor JQ1
(Figures 3A-3C).

In order to quantify the impact of BET degradation and inhibi-
tion on the termination zone, the genomic region in which termi-
nation occurs (Fong et al., 2015; Schwalb et al., 2016), we devel-
oped the transcriptional “readthrough index” (RTI; Figure 3D).
The RTI quantifies changes in the average distance between
the pA site and the transcription termination site (Figure 3D).
This analysis revealed strong readthrough transcription (RTI >
5 kb) of Pol Il for 39 and 35% of active genes in human MOLT4
and K562 cells, respectively, upon 2 h of BET degradation. The
median length of the 3’ shift upon BET ablation was 3.2 kb in
MOLT4 (Figure 3E; Table S2) and 3.0 kb in K562 cells (Fig-
ure S3A). Widespread readthrough transcription was clearly
visible already after 40 min of degrader treatment when 40% of
BET proteins were degraded and substantially increased with
longer treatment times (Figure 3F). Exposure to JQ1 led to a
mild but significant readthrough (median RTI = 512 bp; Fig-
ure 3E). A likely explanation for the difference in the extent of
readthrough was that JQ1 treatment led only to an incomplete
dissociation of BRD4 from the chromatin (Figure S3B).

Interestingly, BRD4-specific ablation (ATAG7 treatment; Fig-
ure 3A) phenocopied the transcriptional readthrough upon
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pan-BET degradation (Figures 3G and 3H). The extent of the
readthrough was similar (Figure 3l). Although fewer genes classi-
fied as readthrough genes, they strongly overlapped with those
upon BET degradation (Figure S3C). The readthrough varied be-
tween different genes (Figure 3J) and increased with the distance
between genes (Figure 3K).

Given the accumulating evidence that transcription termina-
tion is controlled differently at distinct gene classes (Porrua
and Libri, 2015; Richard and Manley, 2009), we next analyzed
whether BRD4-specific degradation results in class-specific
termination defects. We observed the strongest termination de-
fects for protein-coding and IncRNA genes (protein-coding
genes: median RTI = 1.5 kb; IncRNA genes: median RTI = 1.2
kb; Figure S3D). We found no evidence for readthrough tran-
scription at gene classes with non-canonical 3'-RNA processing
and termination including histone and small nucleolar RNA
(snoRNA) genes (Figure S3D). Specific Gene Ontology (GO)
terms were not enriched for readthrough genes (dTAG7 and
dBETS6), suggesting that BET proteins and BRD4 in particular
play a general role in transcription termination. Furthermore, no
readthrough was observed for antisense transcription upon
acute BRD4 ablation (Figure S3E).

Together, these data indicate that BRD4 is required for tran-
scription termination at protein-coding and IncRNA genes.
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Readthrough transcription correlates with expression of
downstream genes

We next investigated the functional consequences of the
massive readthrough transcription. We speculated that the
widespread transcriptional readthrough impacts the expression
of downstream genes. To explore this, we re-analyzed our previ-
ous RNA sequencing (RNA-seq) data (Winter et al., 2017), con-
firming that the majority of genes (70%) was downregulated after
dBET®6 treatment but that a subset of genes was significantly up-
regulated (1,591 genes; Figure S4A). Notably, we found that 91%
of upregulated genes were accompanied by upstream read-
through genes (Figure 4A). Readthrough transcription thus pro-
vided a potential explanation for this unexpected upregulation.
Close inspection of these examples revealed that the transcripts
were spliced (Figures 4B and 4C). For convergently oriented
genes, we found that readthrough transcription correlated with
reduced expression of a set of downstream genes (Figure 4D).

We then asked whether readthrough genes were character-
ized by specific features. Interestingly, we found that genes
with higher RTI scores had significantly higher transcript levels
(Figure 4E), increased levels of transcriptionally engaged Pol Il
(Figure 4F), and a longer median length (Figure 4G). Addition-
ally, we found that readthrough genes had a higher AT content
downstream of the pA site, whereas genes without transcrip-
tional readthrough had a higher GC content in this region (Fig-
ure 4H). Readthrough genes also had significantly lower
H3K79me2 levels over the gene-body (Figure S4B). The num-
ber of alternative pA sites and H3K36me3 levels were not
significantly linked to readthrough genes (Figures S4C
and S4D).

Together, these data show that the transcriptional read-
through correlates with changes in the expression state of neigh-
boring genes and that readthrough genes exhibit distinct
features.
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Figure 4. Functional consequences of readthrough transcription for downstream genes

(A) Fraction of differentially upregulated genes associated with readthrough transcription of the upstream gene after 2 and 6 h of dBET6 treatment.

(B) Gene track of total RNA levels (RNA-seq) after 6 h of JQ1 and dBET6 treatment and for the DMSO control. Genes located downstream of FUS were likely
activated by readthrough transcription with new splicing events (>5 reads) as shown by the Sashimi plot. The y axis depicts RNA levels (reads/bp). Biological
replicates were pooled for visualization.

(C) Heatmap of the distribution of spliced RNA molecules per gene across all active genes in DMSO and for readthrough activated genes (STAR Methods) after 2
and 6 h of dBET6 treatment.

(D) Fraction of differentially downregulated genes associated with readthrough transcription of the upstream gene over a convergently oriented downstream gene
after 2 and 6 h of dBET6 treatment.

(E-G) Boxplot quantifications for RTI dependencies on 4-quantiles of total gene expression (transcript per kilobase million [TPM] from RNA-seq) (E), Pol Il oc-
cupancy (reads per kilobase [RPK] from SI-NET-seq) (F), and gene length (kb) (G) upon 2 h of dBET6 treatment.

(H) Boxplot quantification of DNA sequence composition in the genomic region downstream of the pA site of readthrough versus non-readthrough genes. A/T,
adenine and thymine; G/C, guanine and cytosine. Wilcoxon rank-sum test one tailed (E-G) and two tailed (H): ***p < 7.2e—05; **p =2.5e—04; **p =5.4e—03; n.s.,
not significant, p = 0.91.

(A-H) Data were obtained for MOLT4 cells.

See also Figure S4.
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BET and BRD4 degradation provoke 3'-RNA cleavage
defects

Since we observed readthrough transcription upon BET and
BRD4-selective degradation mainly at PAS-containing genes,
we asked whether 3'-RNA cleavage was defected. Application
of an RNA cleavage assay revealed a cleavage defect for two
genes (MBNL1 and PVT1) with strong transcriptional read-
through, but not for a control gene (CDC42) for which no read-
through was detected upon acute loss of BET proteins (Figures
5A and S5A). This cleavage defect was also detected upon
BRD4-specific degradation (Figure S5B).

We next asked whether impaired RNA cleavage occurred
globally at readthrough genes. To address this question, we
used nanopore sequencing to increase the fraction of reads
that span cleavage sites by obtaining long reads. Current proto-
cols for nanopore sequencing only allow the analysis of polyade-
nylated RNAs. Since the readthrough transcripts that we
detected were most likely lacking poly(A) tails due to cleavage
defects, we developed an approach to sequence RNAs through
the nanopore irrespective of the pA status, similarly to a recently
published method (Drexler et al., 2020). Our method, called
nascONT-seq, used a short pulse with the uridine analog 4-thio-
uridine (4sU) to label newly synthesized RNA, chromatin fraction-
ation to enrich for nascent readthrough transcripts, and poly(A)
tailing to also capture RNAs that lack a poly(A) tail (Figure 5B).

The correlation between replicate measurements was high,
indicating the robustness of this approach (Figure S5C). Applica-
tion of nascONT-seq confirmed readthrough transcription at
selected genes (Figure 5C) and genome-wide upon BET degra-
dation (Figure 5D). Notably, we obtained a large fraction of reads
that span cleavage sites, extending our observation that BET
degradation perturbed RNA cleavage (Figure 5E). Interestingly,
the RTI was significantly increased for genes with a reduced
RNA cleavage efficiency (Figure 5F), defined as the ratio of reads
that are cleaved versus all reads spanning the pA site. nascONT-
seq revealed that the median transcript length increased from
689 to 938 bp upon acute loss of BET proteins (Figure 5G). We
could detect extended transcripts originating from 994 genes
representing 76% of detected genes (Figure S5D), with the
most extended transcript (7.5 kb) for CREB3L2 (Figure S5E). It
is likely that the observed increase in transcript length and the
fraction of genes affected were underestimates.

Together, these findings suggest that BET proteins are
required for 3'-RNA processing of PAS-containing genes in hu-
man cells.

Acute loss of BRD4 disrupts the recruitment of the
3’-processing machinery

Previous work showed that a disruption of 3'-processing and
termination factors can cause cleavage defects and readthrough
transcription (Porrua and Libri, 2015; Richard and Manley, 20009).
We therefore tested whether BRD4 degradation perturbed chro-
matin localization of 3'-processing factors. Chromatin mass
spectrometry (chromatin-MS) revealed that of 964 reproducibly
detected proteins, 76 were immediately displaced from the chro-
matin upon acute loss of BRD4 (p value < 0.05; Figures 6A and
S6A; Table S3). Among the strongest hits were factors that
have been implicated in 3'-RNA processing (CPSF and CstF)

¢ CellP’ress

and in transcription elongation including SPT5, SPT6, and PAF
(Figures 6A and 6B; Table S3). Consistently, our GO term anal-
ysis revealed related significant GO terms (Figure 6C). Similar re-
sults were obtained upon pan-BET degradation (Figure S6B).
Other factors that have been implicated in elongation control
including CDK12, Integrator, Mediator, NELF, P-TEFb, and TFIID
were not depleted from the chromatin upon acute BET or BRD4
ablation (Figure S6C; Table S3).

To investigate whether the recruitment of the 3’-processing
machinery was perturbed at readthrough genes, we performed
chromatin immunoprecipitation with reference exogenous
genome (ChIP-Rx) experiments for different subunits of CPSF
(CPSF73 and FIP1) and CstF (CstF64). ChIP-Rx relies on
spike-in controls that allow quantitative comparisons between
samples (Orlando et al., 2014; Winter et al., 2017). This analysis
revealed peak occupancy levels of CPSF and CstF subunits at
the 5’ and 3’ ends of active genes (Figures 6D and S6D). More-
over, the occupancy of CPSF and CstF significantly decreased
over the gene-body upon BRD4-selective ablation, indicating
their presence during elongation (Figure S6E). These findings
suggest that in human cells CPSF and CstF are already recruited
during an early phase of transcription and are in line with previ-
ous observations (Dantonel et al., 1997; Glover-Cutter et al.,
2008; Davidson et al., 2014; Kamieniarz-Gdula et al., 2019).

Upon BRD4 degradation, we observed a strong decrease of
CPSF and CstF occupancy at the 5 end and downstream of
the pA site of genes (Figures 6E and S6F-S6H). This decrease
at the 5’ region was significantly stronger than the reduction of
Pol Il upon acute loss of BRD4, suggesting that the recruitment
of 3'-processing factors was impaired (Figure 6F). The recruit-
ment defect was more pronounced at genes with perturbed 3'-
RNA cleavage (Figures 6F, S61, and S6J). These findings suggest
impaired recruitment of 3’-processing factors as a likely cause
for the cleavage defect and the transcriptional readthrough.

Given the link between Pol Il CTD serine 2 phosphorylation
(Ser2-P) and 3'-RNA processing (Buratowski, 2009; Bentley,
2014), and the recent observation that BET degradation led to a
reduction of Ser2-P over the gene-body (Winter et al., 2017; Muhar
etal., 2018), we asked whether this decrease may have caused the
recruitment defects. ChIP-Rx of Pol Il Ser2-P upon acute BRD4
ablationrevealed (1) anincrease in Ser2-P levels at promoter-prox-
imal regions similar to BET degradation (Figure S6K), (2) that the
general decrease of Ser2-P levels over the gene-body and the 3
end mainly followed the overall reduction of Pol Il (Figure S6L),
and (3) that readthrough Pol Il was CTD Ser2 phosphorylated (Fig-
ure S6L). Although these findings questioned a direct role of Ser2-
P in the initial recruitment of 3'-processing factors at the 5’ end of
genes, they do not rule out that Ser2-P is required for the mainte-
nance of 3'-processing factors during elongation.

BRD4 interacts with 5'-elongation control and 3'-
processing factors

To gain further insights into how BRD4 mechanistically couples
5’-elongation control with 3'-RNA processing, we first performed
BRD4-specific immunoprecipitation coupled with MS (IP-MS;
Figure S7A) (Mohammed et al., 2016). The IP-MS analysis re-
vealed 379 significant interactors (false discovery rate [FDR] <
0.05) of BRD4 (Figure 7A; Table S4). Apart from known BRD4
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Figure 5. BET degradation perturbs 3'-RNA cleavage at selected genes and genome-wide

(A) Scheme and quantification of 3'-RNA cleavage efficiency at selected readthrough genes and for a control gene showing no transcriptional readthrough upon
2 h dBET®6 treatment using gRT-PCR. The positions of PCR amplicons are indicated above the gene. Error bars show the standard deviation between three
biological replicate measurements.

(B) Schematic view of the main steps of the nascONT-seq approach.

(C) Gene track of nascent RNA levels and of individual transcripts as obtained by nascONT-seq after 2 h of dBET6 treatment and for DMSO. The y axis depicts the
nascent RNA level (reads/bp). Biological replicates were pooled for visualization.

(D) Quantification of nascent RNA levels over the transcription termination zone of active genes after 2 h dBET6 treatment and for DMSO using nascONT-seq.
(E) Individual transcripts (reads) spanning the RBMX gene after 2 h dBET6 treatment and for DMSO. Transcripts spanning the pA site are shown in red. Biological
replicates were pooled for visualization.

(F) Boxplot quantification for RTI values of genes with different cleavage efficiency changes upon 2 h dBET6 treatment (Wilcoxon rank-sum test: ****p < 2.3e—06;
**p = 2.8e—03).

(G) Length distribution of nascent transcripts for DMSO (n = 223,355) and upon 2 h dBET6 treatment (n = 428,195) as determined by nascONT-seq. Biological
replicates were pooled for visualization.

(A-G) Data were obtained for K562 cells.

See also Figure S5.
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Figure 6. BRD4 degradation impairs the recruitment of the 3'-processing machinery

(A) Changes of chromatin composition upon 2 h dTAG7 treatment as determined by quantitative chromatin-MS.

(B) Heatmap of 3'-RNA processing and termination factors detected by chromatin-MS upon dTAG7 treatment ranked by p value. *Threshold of —log10(0.05).
(C) Summary of significant (FDR < 0.01) Gene Ontology (GO) terms for proteins that were significantly depleted from the chromatin after 2 h of dTAG7 exposure.
(D-F) Meta-gene profiles of occupancy levels (ChIP-Rx) for 3'-RNA processing factors at actively transcribed genes after 2 h dTAG7 treatment and for DMSO. The
y axis depicts FC over matched input (D and E) and Pol ll-normalized enrichment (F) values.

See also Figure S6 and Table S3.

binders such as ATAD5, BICRA, CHD4, NSD3 (Rahman et al.,
2011; Zhang et al., 2016), and P-TEFb (CDK9 and Cyclin T1)
(Schroder et al., 2012), other key players of the 5'-elongation
transition including PAF, DSIF, and NELF were among the top-
ranking interacting proteins (Figures 7A and S7B). Notably, we
also detected a set of 3'-RNA processing factors including
several subunits of CPSF and CstF (Figures 7A and S7B) as
BRD4 interactors. Consistently, the GO term analysis revealed
a significant overrepresentation of “mRNA 3’ end processing”

(FDR = 9e—03), “transcription elongation from RNA polymerase
Il promoter” (FDR = 4.3e—05), and related terms (Table S5).
We next integrated our BRD4 IP- and chromatin-MS data to
reveal a core BRD4 interaction network (Figure 7B). This core
network consisted of significant BRD4 interactors (FDR < 0.005)
that were immediately displaced from the chromatin upon BRD4
degradation. Interestingly, it comprised subunits of CPSF
(CPSF160), CstF (CstF77), DSIF (SPT5), and PAF (CDC73; Fig-
ure 7B). The network also included splicing and DNA repair factors
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Figure 7. A BRD4 core interaction network links 5'-elongation control and 3'-RNA processing

(A) Interactome of BRD4 as identified by IP-MS. The significance threshold (FDR < 0.05) is indicated by the dashed line.

(B) Core-interaction network of highly significant BRD4 interaction partners (IP-MS, *FDR < 0.005), which are significantly (chromatin-MS, *p < 0.005) displaced
from the chromatin after 2 h dTAG7 treatment. New and known interactions are marked by red (BRD4 IP-MS) and gray (STRING database) (Szklarczyk et al., 2019)
edges between proteins, respectively.

(C) Meta-gene profiles of input-normalized occupancy levels for BRD4 (ChIP-seq) (Davis et al., 2018) and CPSF and CstF subunits (ChIP-Rx) at actively tran-
scribed genes. The location of occupancy peaks is marked by a red line.

(D) Meta-gene profiles of input-normalized occupancy levels (ChIP-Rx) for PAF1, CstF64, and SPT5 at actively transcribed genes.

(E) Meta-gene profiles of Pol ll-normalized SPT5 and PAF1 occupancy levels (ChIP-RXx) at actively transcribed genes after 2 h of dTAG7 treatment and for DMSO.
(A-E) Data were obtained for K562 cells.

(F) Boxplot quantification for the RTl values (STAR Methods) upon BRD4 degradation and PAF1 and SPT5 depletions. RTls for BRD4 degradation were calculated
from SI-NET-seq data obtained for K562. RTls for PAF1 and SPT5 depletions were calculated from global run-on (GRO)-seq data available for HCT116 and
mouse B cells, respectively (Chen et al., 2015; Fitz et al., 2020).

See also Figure S7 and Tables S4 and S5.

(Figure 7B), which is in line with recent studies linking BET proteins
to splicing and DNA repair (Uppal et al., 2019; Li et al., 2018).

Since the elongation factor SPT6 showed the strongest
consistent reduction upon dBET6 and dTAG7 treatment
(Figures 6A and S6B), but was not reliably detected in IP-MS rep-
licates, we performed native IP experiments for BRD4 and SPT6
to clarify potential interactions. Indeed, both factors co-precipi-
tated reciprocally, suggesting an interaction (Figure S7C).

In agreement with the finding that BRD4 interacts with 3’-RNA
processing and 5'-elongation control factors, we found that
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BRD4 co-localizes with these factors in the 5’-control region
genome-wide (Figures 7C, S1C, and S7D).

Together, these data suggest that BRD4 can link 5’-elongation
and 3’-RNA processing through its functional interactions with
5'- and 3'-control factors.

BRD4 interactors contribute to 3'-processing defects

Despite the evidence that BRD4 recruits 3'-RNA processing fac-
tors during the general 5’-elongation control point, we explored
whether the observed 3’ end defects were partially mediated
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through BRD4 interactors. We focused on PAF (CDC73) and
SPT5 as they appeared as core BRD4 interactors and based
on their emerging roles in 3'-RNA processing in yeast (Nordick
et al., 2008; Nagaike et al., 2011; Ellison et al., 2019; Lindstrom
et al., 2003; Glover-Cutter et al., 2008; Mayer et al., 2012; Baejen
et al., 2017), and of PAF in alternative pA site usage in mammals
(Yang et al., 2016).

We performed ChIP-Rx to investigate whether acute loss of
BRD4 interfered with the recruitment of PAF (PAF1) and DSIF
(SPT5) to transcribing Pol Il. The occupancy profile of PAF1,
but not of SPT5, had striking similarities with profiles of 3'-pro-
cessing factors, with maximal occupancy levels at the pro-
moter-proximal region and downstream of the pA site (Figure 7D).
Are-analysis of data for other PAF subunits confirmed this finding
(Figure S7E). This genome-wide co-localization suggested a po-
tential interaction. Consistently, native IP experiments for several
PAF subunits revealed interactions with 3’-processing factors
(Figure S7F).

Interestingly, when we normalized PAF1 and SPT5 occupancy
signals to the corresponding Pol Il levels, the occupancy of PAF1
was, similarly to 3’-processing factors, more strongly reduced at
the 5’-control region (Figures 7E, S7G, and S7H), indicating that
PAF recruitment was perturbed. For PAF1, the occupancy was
also significantly more reduced over the gene-body and at the
termination zone as compared to Pol Il levels (Figure S7I). For
SPT5, a reduced occupancy could be observed at the termina-
tion zone (Figures 7E, S7G, S7H, and S7J).

We next asked whether the loss of PAF1 or SPT5 could induce
readthrough transcription. To address this question, we re-
analyzed genome-wide Pol Il occupancy data upon PAF1 or
SPT5 knockdown (Chen et al., 2015; Fitz et al., 2020). Indeed,
these analyses revealed readthrough transcription upon both
knockdowns (Figure 7F).

Together, our findings suggest that the observed 3’ defects
are partially mediated through BRD4 interactors.

DISCUSSION

By combining rapid BET and BRD4-specific degradation with a
quantitative multi-omics approach, able to capture the immediate
effects, our integrative analysis provides a comprehensive picture
of BRD4 in the regulation of Pol Il transcription. We show that
BRD4 underlies a general 5'-regulatory hub that controls produc-
tive transcription elongation and has far-reaching consequences
for 3’-RNA processing and transcription termination.
BRD4-selective ablation compared with pan-BET degradation
revealed a main difference in the functional impact on the 5'-
elongation checkpoint. In contrast to BET degradation, acute
loss of BRD4 led to a significant accumulation of Pol Il in the pro-
moter-proximal region indicative for impaired pause release. Our
observation of a nascent transcriptional wave corresponding to
transcribing Pol Il that had passed the 5 checkpoint at the
time of degrader treatment supported this view. The impaired
pause release explained the global collapse in elongation, as
also observed previously (Winter et al., 2017; Muhar et al.,
2018). The differences upon BRD4-specific and pan-BET protein
degradation imply potential roles for BRD2 and BRD3 in 5'-elon-
gation control that are distinct from BRDA4. This is in line with the
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emerging view that BET proteins can have different roles in gene
regulation (Cheung et al., 2017; Hsu et al., 2017; Zheng et al.,
2021). To clarify these roles represents an interesting subject
for future investigations.

Our integrative approach informs on the underlying mecha-
nism of elongation control by BRD4. We identified PAF and
DSIF (SPT5) as core BRD4 interactors. This finding is consistent
with prior work showing that BRD4 co-precipitates with PAF (Yu
etal., 2015) and DSIF (Winter et al., 2017). Notably, we found that
BRD4 is required for the recruitment of PAF during the 5’-elonga-
tion checkpoint. PAF is an integral component of the activated
transcription elongation complex facilitating transcription elon-
gation in vitro and in vivo (Vos et al., 2020; Yu et al., 2015; Hou
et al.,, 2019; Chen et al., 2009; Kim et al., 2010), although an
antagonistic role was also described (Chen et al., 2015). In addi-
tion, we identified an interaction between BRD4 and SPT®6,
another subunit of the activated elongation complex Vos et al.,
2018a; Endoh et al., 2004) essential for elongation (Li et al.,
2021; Nojima et al., 2018). These findings support the view that
BRD4 is required for the assembly of a functional Pol Il elonga-
tion complex capable of elongation.

Unexpectedly, BET and BRD4-selective degradation impaired
3’-RNA cleavage and transcription termination. As a potential
underlying mechanism, we identified the perturbed recruitment
of integral components of the general 3'-RNA processing ma-
chinery (CPSF and CstF) upon acute loss of BRD4. These alter-
ations likely disrupted PAS sensing and RNA cleavage and as a
consequence may have perturbed the entry of the torpedo termi-
nation factor XRN2 (Fong et al., 2015; Eaton et al., 2018),
inducing widespread readthrough transcription. Our model is
also consistent with the observation that CPSF depletion pro-
vokes widespread transcriptional readthrough (Nojima et al.,
2015; Eaton et al., 2020; Lykke-Andersen et al., 2021) and with
the previous finding that RNA cleavage is a requirement for effi-
cient transcription termination at PAS-containing genes (Eaton
and West, 2020).

Mechanistically, our data suggest that BRD4 links 3'-RNA pro-
cessing to the 5'-elongation checkpoint through the assembly
and release of a 3'-processing competent elongation complex.
Several lines of evidence suggest a direct role of BRD4. First,
the recruitment of 3'-processing factors to the 5’ end of target
genes is impaired upon BRD4 degradation. Second, acute loss
of BRD4 provokes an immediate dissociation of 3'-processing
and selected elongation factors from the chromatin. Third,
BRD4 interacts with 3'-processing and 5’-elongation control fac-
tors. Finally, BRD4 co-localizes with 3'-RNA processing and
pausing factors at promoter-proximal regions genome-wide.

Despite a direct link between BRD4 and 3'-RNA processing
we also found that the impact of BRD4 on 3'-processing and
termination can partially be mediated through its interactors.
Multiple lines of evidence suggest a contributory role of PAF.
First, the genome-wide occupancy of PAF (PAF1 and
CDC73) is strikingly similar to the profiles of 3'-processing fac-
tors. Second, PAF depletion provokes widespread read-
through transcription. Third, PAF interacts with CPSF and
CstF. Fourth, the recruitment of 3'-RNA processing factors
to transcribing Pol Il is impaired upon PAF depletion (Rozen-
blatt-Rosen et al., 2009). Moreover, our data also suggest
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contributory roles of SPT5 and splicing factors, which ap-
peared as core BRD4 interactors and have been implicated
in 3’-RNA processing and termination (Kyburz et al., 2006; Da-
vidson and West, 2013; Mayer et al., 2012; Cortazar et al.,
2019; Parua et al., 2020).

This study identifies BRD4 as the BET protein that acts as a
key regulator of Pol Il transcription underlying the general
5’-elongation control point to ensure productive elongation, 3'-
RNA processing, and transcription termination. Given the impli-
cation of BRD4 in human malignancies (Shi and Vakoc, 2014;
Valent and Zuber, 2014), investigating how alterations of the
link between the elongation checkpoint and 3'-RNA processing
contribute to disease phenotypes will be an interesting future
direction.

Limitations of the study

First, in this study, we have used immortalized human cell lines
(K562 and MOLT4). Therefore, our conclusions cannot directly
be transferred to other cell types or whole organisms. Second,
our data suggest that the observed defects were partially medi-
ated through BRD4 interactors including PAF and SPT5. To
clarify their direct role, it requires specific perturbations of these
factors in the same cell line and at a similar high kinetic resolution
as applied in this study. Third, identified gene fractions are likely
incomplete as NET-seq data generally suffers from low
sequencing coverage due to stringent removal of artifacts that
commonly arise from current library preparation methods (Gajos
etal., 2021). Fourth, dTAG-BRD4 levels were lower than those of
untagged BRD4. We cannot rule out that the reduced BRD4
levels caused cellular adaptations that may have contributed
to less pronounced transcriptional defects observed upon
BRD4-specific degradation. And fifth, based on our data, it re-
mains unclear whether BRD4 physically binds to the identified
interaction partners. Although our data suggest direct interac-
tions, this needs further investigation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit polyclonal anti-BRD4 Bethyl Labs Cat#A301-985A50; RRID: AB_2631449
Rabbit polyclonal anti-CASP3 Cell Signaling Technology Cat#9662; RRID: AB_331439

Rabbit polyclonal anti-CDC73 Bethyl Labs Cat#A300-170A; RRID: AB_309449
Rabbit polyclonal anti-CPSF30 Bethyl Labs Cat#301-584A; RRID: AB_1078872
Rabbit polyclonal anti-CPSF73 Bethyl Labs Cat#A301-091A; RRID: AB_2084528
Rabbit polyclonal anti-CstF64 Bethyl Labs Cat#A301-092A; RRID: AB_873014
Rabbit polyclonal anti-CstF77 Sigma Cat#C0249; RRID: AB_10607433
Rabbit polyclonal anti-FIP1 Bethyl Labs Cat#A301-461A; RRID: AB_999564

Mouse monoclonal anti-H2B

Rabbit monoclonal anti-HA tag

Rabbit polyclonal anti-PAF1

Rat monoclonal anti-RPB1 CTD Ser2-P
Rabbit polyclonal anti-RPB2

Rabbit polyclonal anti-RTF1

Mouse monoclonal anti-SPT5

Rabbit polyclonal anti-SPT6

Santa Cruz Biotechnology
Cell Signaling Technology
Abcam

Active Motif

Genetex

Bethyl Labs

Santa Cruz Biotechnology
Novus Biologicals

Cat#Sc-515808; RRID: N/A

Cat#3724; RRID: AB_1549585
Cat#Ab20662; RRID: AB_2159769
Cat#61083; RRID: AB_2687450
Cat#TX102535; RRID: AB_1951313
Cat#A300-179A; RRID:RRID: AB_2185963
Cat#Sc-133217; RRID: AB_2196394
Cat#NB100-2582; RRID: AB_2196402

Rabbit polyclonal anti-a-tubulin abcam Cat#ab18251; RRID: AB_2210057
Goat polyclonal anti-mouse IgG LI-COR Cat#926-32211; RRID: AB_621842
Goat polyclonal anti-rabbit IgG LI-COR Cat#926-32211; RRID: AB_621843
Chemicals, peptides, and recombinant proteins

dBET6 MedChemExpress Cat#HY-112588

dTAG7 Nabet et al., 2018/Georg Winter lab N/A

Benzonase nuclease EMD Millipore Cat#E1014

Complete proteinase inhibitor cocktail Roche Cat#04693159001

PhosSTOP phosphatase inhibitor cocktail Roche Cat#04906845001

Superase.In Invitrogen Cat#AM2696

a-amanitin Sigma-Aldrich Cat#A2263

RNA fragmentation solution NEB Cat#E6150S

T4 RNA Ligase 2, truncated NEB Cat#M0242S

SuperScript Il Reverse Transcriptase Invitrogen Cat#18080093

CircLigase ssDNA Ligase Lucigen Cat#CL4111K

Phusion HF DNA Polymerase NEB Cat#MO0530S

TURBO DNase Thermo Fisher Scientific Cat#AM2238

E. coli poly(A) polymerase NEB Cat#M0276S

MTSEA biotin-XX linker Biotinum Cat#90066

Critical commercial assays

NEBNext Ultra Il DNA Library Prep Kit for NEB Cat#E7645S

lllumina

NEBNext Multiplex Oligos for lllumina NEB Cat#E7335S

ProteoExtract Protein Precipitation kit Merck Millipore Cat#539180

QuantiTect Reverse Transcription kit QIAGEN Cat#205311

Direct cDNA Sequencing Kit
R9.4.1 flow cell

Oxford Nanopore Technologies
Oxford Nanopore Technologies

Cat#SQK-DCS109
Cat#FLO-MIN106D
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

total RNA-seq MOLT4, DMSO 2 h, DMSO 6
h, dBET6 2 h, dBET6 6 h, JQ1 6 h

total RNA-seq K562

RNA-seq NIH 3T3

RNA-seq HelLa

RNA-seq mouse primary activated splenic
B lymphocytes WT

RNA-seq HCT116
nascONT-seq K562, DMSO 2 h, dBET6 2 h
SI-NET-seq MOLT4, DMSO 2h, dBET6 2h

SI-NET-seq K562 dTAG-BRD4, DMSO 2 h,
dBET6 2 h, dTAG7 2 h, DMSO 40 min,
DMSO 50 min, dBET6 40 min,

dBET6 50 min

NET-seq MOLT4, DMSO, JQ1
GRO-seq HCT116, shSCR, shPAF1

GRO-seq mouse primary activated splenic
B lymphocytes, WT, SPT5 depletion

ChIP-RX-seq MOLT4 for BRD4 and Ser2-P,
2h DMSO, 2h dBETS6, 2h JQ1

ChlIP-RX-seq K564 dTAG-BRD4 DMSO 2h
dTAG7 2h for CPSF73, CstF64, FIP1, PAF1,
Pol Il Rpb2, Pol Il Ser2-P, SPT5, Input

ChlP-seq K562 BRD4

ChlP-seq K562 H3K36me3

ChIP-seq K562 H3K79me2

ChlP-seq THP1 for LEO1, CDC73,
PAF1, CTR9

ChlIP-seq C2C12 for LEO1, CDC73, PAF1,
CTR9, RTF1, WDR61

chromatin-MS K562 dTAG-BRD4, DMSO 2
h, dTAG7 2 h, see Table S3

IP-MS K562 dTAG-BRD4, HA-BRD4,
untreated, see Table S4

total cell-MS, K562 dTAG-BRD4, dTAG7 2
h, DMSO 2 h, seeTable S1

GENCODE Human v28, v29; Mouse
M18, M22

HUGO Gene Nomenclature

polyA_DB v3.2

RefSeq Release 109

miRBase v22.1

UCSC’s RepeatMasker Version 02/24/10
GtRNAdb v2.0

rDNA/RNA Mouse and Human

Winter et al., 2017

ENCODE Project Consortium

ENCODE Project Consortium

ENCODE Project Consortium

Fitz et al., 2020

Chen et al., 2017
This study
This study
This study

Winter et al., 2017
Chen et al., 2015
Fitz et al., 2020

Winter et al., 2017

This study

ENCODE Project Consortium

ENCODE Project Consortium

ENCODE Project Consortium

Yu et al., 2015

Yang et al., 2016

This study

This study

This study

Frankish et al., 2019

Wain et al., 2002
Wang et al., 2018
O’Leary et al., 2016
Kozomara et al., 2019

Chan and Lowe, 2016
Benson et al., 2013

GEO: GSE79253

ENCODE: ENCSR109IQO (lab of Brenton
Graveley)

ENCODE: ENCSRO00CLW (lab of John
Stamatoyannopoulos)

ENCODE: ENCSRO00CPR (lab of Thomas
Gingeras)
GEO: GSE132029

GEO: GSE97527

GEO: GSE158964
GEO: GSE158963
GEO: GSE158963

GEO: GSE79271
GEO: GSE70408
GEO: GSE132029

GEO: GSE79288

GEO: GSE158965

ENCODE: ENCSR583ACG (lab of Bradley
Bernstein)

ENCODE: ENCSRO00AKR (lab of Bradley
Bernstein)

ENCODE: ENCSRO00APD (lab of Bradley
Bernstein)

GEO: GSE62171

GEO: GSE72574

N/A

N/A

N/A

https://www.gencodegenes.org/

https://www.genenames.org/
https://exon.apps.wistar.org/polya_db/v3/
https://www.ncbi.nim.nih.gov/refseq/
ftp://mirbase.org

http://repeatmasker.org
http://gtrnadb.ucsc.edu/

GenBank: U13369.1, U67616.1, X82564.1,
GU372691.1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

MOLT4 ATCC Cat#CRL-1582
K562 ATCC Cat#CCL-243
K562 dTAG-BRD4 This study N/A

NIH 3T3 ATCC Cat#CRL-1658
Oligonucleotides

primers for MBNL1, PVT1, CDC42, see This study N/A

Table S7

sgPITCh: GCATCGTACGCGTACGTGTT Sakuma et al., 2016 N/A

sgBRD4: Nabet et al., 2018/Georg Winter lab N/A
ATGTCTGCGGAGAGCGGCCCTGG

tag-N-gF3: GACCTTACCCCTACGACGTG This study N/A
BRD4-F-new: This study N/A
CTTGGAGACCACAGCCAGAG

BRD4-R-new: This study N/A
TTGAGCACCACTCTGAGCAG

CMIP-F: This study N/A
GGCTGTGTTCAGACCATTCTTAGG

CMIP-R: This study N/A
AGTCCTTAACCAGAATCTCAACCC

Random decamer DNA linker: 5'-rApp/ Gajos et al., 2021 N/A
(N)10CTGTAGGCACCATCAAT/3'-ddC

random hexamer oligos Invitrogen Cat#N8080127
Recombinant DNA

pX330A-sgPITCh-sgBRD4 Nabet et al., 2018/Georg Winter lab N/A
pCRIS-PITChv2-dTAG-BRD4-puroR Nabet et al., 2018/Georg Winter lab N/A
pPCRIS-PITChv2-dTAG-BRD4-blastiR Nabet et al., 2018/Georg Winter lab N/A

Software and algorithms

RSEM v1.3.1
STAR 2.5.3a
DEseqg2 v1.25.4

Deeptools 2.0

Bowtie2 v2.3.5.1

IGV v2.8.2

HTSeq v0.11.4
Guppy v3.2.4

Minimap2 v2.17
HMMER v3.3
MACS2 v2.1.2
Samtools v1.10
Bedtools v2.27.1
PANTHER GO-slim
Subread v2.0.0
STRING

PolyA_DB v3.2

Li and Dewey, 2011
Dobin et al., 2013
Love et al., 2014

Ramirez et al., 2014

Langmead and Salzberg, 2012

Robinson et al., 2011

Anders et al., 2015
Oxford Nanopore Technologies

Liet al., 2018

Wheeler and Eddy, 2013
Zhang et al., 2008

Li et al., 2009

Quinlan and Hall, 2010
Mi et al., 2019

Liao et al., 2014
Szklarczyk et al., 2019
Wang et al., 2018
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https://github.com/deweylab/RSEM
https://github.com/alexdobin/STAR

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

https://deeptools.readthedocs.io/en/
develop/

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

http://software.broadinstitute.org/
software/igv/

https://htseq.readthedocs.io/en/master/

https://community.nanoporetech.com/sso/
login?next_url=%2F

https://github.com/Ih3/minimap2
http://hmmer.org/
https://pypi.org/project/ MACS2/
http://samtools.sourceforge.net/
https://bedtools.readthedocs.io/en/latest/
http://geneontology.org/
http://subread.sourceforge.net/
https://string-db.org/
https://exon.apps.wistar.org/PolyA_DB/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NCBI Primer BLAST Yeetal., 2012 https://www.ncbi.nim.nih.gov/tools/

primer-blast/

Primer3 Untergasser et al., 2012 https://primer3.ut.ee/

CRISPOR v4.4 Concordet and Haeussler, 2018 http://crispor.tefor.net

MaxQuant v1.6.0.1 Cox and Mann, 2008 https://www.maxquant.org

Perseus Tyanova et al., 2016 https://www.maxquant.org/perseus/

Cutadapt v2.4 http://journal.embnet.org/index.php/ https://github.com/marcelm/cutadapt
embnetjournal/article/view/200

Starcode v1.1 Zorita et al., 2015 https://github.com/gui11aume/starcode

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andreas
Mayer (mayer@molgen.mpg.de).

Materials availability
The K562 dTAG-BRD4 cell line generated in this study is available on request with completion of MTA.

Data and code availability

All sequencing data (SI-NET-seq, nascONT-seq and ChlIP-Rx) reported in this study are available at GEO: GSE158966.
Computational code that was generated and used in this study is available here:
SI-NET-seq: https://github.molgen.mpg.de/MayerGroup/net-seq-pipeline
nascONT-seq: https://github.molgen.mpg.de/MayerGroup/nascONT-seq-pipeline

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

K562, K562 dTAG-BRD4 and MOLT4 cells were cultured in RPMI containing 10% FBS (Biochrom FBS Superior), 5% penicillin-strep-
tomycin. NIH 3T3 cells were grown in DMEM containing 10% FBS (HyClone Cosmic Calf Serum, GE Healthcare; Bovine Calf Serum,
iron-fortified, Sigma), 5% penicillin-streptomycin. Suspension cells were counted, centrifuged and re-seeded at 5 x 10° cells/ml
every two days. NIH 3T3 were diluted to 2 x 10° cells/T75 flask every two days. Cells were kept in culture for not longer than four
weeks. For quantitative proteomics experiments, K562 cells were cultured in the same way, but in the presence of heavy L-lysine
and L-arginine and dialyzed FBS (see below.)

METHOD DETAILS

CRISPR/Cas9 genome editing

Design

Genome editing was done as described by Sakuma et al. (2016). For targeting the N terminus of BRD4 sgBRD4 (ATGTCTGCGG
AGAGCGGCCCTGG) was expressed from pX330A-sgPITCh-sgBRD4, which also encoded the sgPITCh (GCATCGTACGC
GTACGTGTT) for targeting the donor plasmid and SpCas9. The puroR/blastiR-P2A-2HA-FKBP12F36V tag, flanked by the 5'-micro-
homology arm (AGCATGTCTGCGGAGAGCGGC) and the 3'-microhomology arm (GGCCCTGGGACGAGATTGAGAA) were ex-
pressed from pCRIS-PITChv2-dTAG-BRD4-puroR or pCRIS-PITChv2-dTAG-BRD4-blastiR. CRISPOR (Concordet and Haeussler,
2018) was used to evaluate specificity and efficiency of the guide.

Cell line generation and validation

24 h prior to transfection, K562 cells were seeded at 2 x 10° cell/ml. Using the Nucleofector 2b device and the Amaxa Cell Line Nu-
cleofector Kit V (Lonza), 1 x 10° cell were transfected with 2 ng of pX330A-sgPITCh-sgBRD4 and 1 ug of each pCRIS-PITChv2-
dTAG-BRD4-puroR and pCRIS-PITChv2-dTAG-BRD4-blastiR. Selection with 0.5 ug/ml puromycin and 2.5 pg blasticidin was started
after five days. To generate a monoclonal cell line, single cells were FACS-sorted into 96-well plates and expanded. Correct integra-
tion of the tag and homozygosity were confirmed using the PCR primers tag-N-gF3 (GACCTTACCCCTACGACGTG) and BRD4-R-
new (TTGAGCACCACTCTGAGCAG), and BRD4-R-new and BRD4-F-new (CTTGGAGACCACAGCCAGAG), respectively. Presence
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of unintended mutations flanking the integration site was excluded by amplicon sequencing. A possible off-target site was analyzed
using CMIP-F (GGCTGTGTTCAGACCATTCTTAGG) and CMIP-R (AGTCCTTAACCAGAATCTCAACCC). Correct integration was
additionally confirmed by western blotting.

To determine growth rates, K562 dTAG-BRD4 and unmodified K562 cells were seeded at 3 x 10° cells/ml in six biological repli-
cates. Cell densities were determined after 24, 48 and 72 h using the automated counting system EVE (NanoEntek). Counting was
done in duplicates. Doubling time was calculated using the formula:

In2

Taoubiing = T2-1 in%

Xz

Degrader treatment

Cells reached their exponential growth phase after 48 h and were therefore treated at that time point. K562 cells and K562 dTAG-
BRD4 cells at a concentration of 1 x 10%/ml were treated with 100 nM dBET6 or 500 nM dTAG7. MOLT4 cells were treated with
100 nM dBET6. DMSO was used as a control. Treatment with each degrader at the given concentration resulted in a reduction of
the targeted protein by > 90% after 2 h.

Immunoblotting

Washed pellets of a defined cell number were supplemented with 250-500 U benzonase and protease and phosphatase inhibitors
and incubated on a shaker at 6°C for 15-30 min, followed by addition of 2X SDS buffer (100 mM Tris-HCI pH 7.0, 4% (wt/vol) SDS,
20% glycerol, 10% (vol/vol) B-mercaptoethanol) and heating to 95°C for 5 min. To obtain cytoplasmic, nucleoplasmic and chromatin
samples, 1 x 107 cells were fractionated as described by Mayer and Churchman (2016). For SDS-PAGE, sample volumes were
adjusted. Proteins were electrophoretically resolved on 4%-12% NuPAGE Bis-Tris or 8% Bolt Bis-Tris gels and visualized using
a LI-COR Odyssey CLx imager.

SI-NET-seq

Spike-in procedure and cell fractionation

Spike-in native elongating transcript sequencing (SI-NET-seq) is based on the human NET-seq protocol by Mayer and Churchman
(2016). 1.2 x 107 K562 dTAG-BRD4 cells per sample were treated with dBET6, dTAG7 or DMSO for 40, 50, 60 or 120 min. After treat-
ment, cells were washed twice with ice-cold PBS and 2.4 x 10 mouse NIH 3T3 cells, which were used later for normalization, were
added. Each sample consisting of K562 and NIH 3T3 cells at the ratio of 6:1 were subjected to cell fractionation and isolation of
nascent RNA as described by Mayer and Churchman (2016). RNA was quantified using the Qubit HS RNA kit (Thermo Fisher
Scientific).

SI-NET-seq library preparation

For library preparation, 3 ng RNA were used per sample. A DNA linker containing a random decamer sequence that served as a
unigue molecular identifier (UMI) was ligated to the 3’ end of the nascent RNA (Gajos et al., 2021). Ligated RNA was fragmented
by incubating with NEBNext RNA fragmentation solution at 95°C for 10 min and separated on a 15% TBE/urea gel. Fragments be-
tween 55 and 140 nt were excised. cDNA was synthesized using SuperScriptlll according to the manufacturer’s instructions. The
obtained cDNA was separated on a 10% TBE/urea gel and fragments between 95 to 180 nt were excised. The following steps
were performed as described by Mayer and Churchman (2016). SI-NET-seq libraries were sequenced in SR75 mode on a HiSeq
4000 or in SR100 mode on a NovaSeq 6000.

Masked genomic regions

We masked regions of the human and mouse reference genomes that are transcribed by Pol | and Pol lll, as well as loci of short
chromatin-associated RNAs. This includes: 5S, 7SK, HY1, HY3, HY4, HY5, LSU-rRNA_Hsa, RNase_ MRP_RNA, RNase_P_RNA,
SSU-rRNA_Hsa, U1, U2, U3, U4, U5, U6, U7, U8, U13, U14, U17, Y_RNA, antisense_RNA, guide_RNA, miRNA, misc_RNA, rRNA,
rRNA_pseudogene, sRNA, scRNA, snRNA, snoRNA, tRNA, telomerase_RNA and vaultRNA. We used the annotations of GENCODE (hu-
man: v28 and v29; mouse: M18 and M22), RefSeq release 109 (O’Leary et al., 2016), miRBase v22.1 (Kozomara et al., 2019) and the
UCSC’s RepeatMasker annotation.

SI-NET-seq data processing

Processing of SI-NET-seq data was performed as previously described (Mayer et al., 2015; Gajos et al., 2021) with some modifica-
tions. Briefly, we trimmed adaptor sequences using cutadapt (v2.4) (Martin, 2011) with the following parameters: -a ATCTCG
TATGCCGTCTTCTGCTTG -a AAAAAAAAAAGGGGGGGGGGGGGG -a GGGGGGGGGGGGGGGGGGGGGGEG -m 11 -e 0.2. To
remove PCR duplicates, identical reads with the same unique molecular identifier (UMI) sequence were collapsed to one read using
Starcode (v1.1) (Zorita et al., 2015). The ten 5’ end nucleotides corresponding to the UMI sequence were trimmed, but the sequence
information remained associated with the read using an adapted custom Python script from (Mayer et al., 2015). The obtained reads
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were aligned to the joined reference genome which we assembled from human (GRCh38.p12) and mouse (GRCm38.p6) using the
STAR aligner (v2.5.3a) (Dobin et al., 2013) with the following parameters: -clip3pAdapterSeq ATCTCGTATGCCGTCTTCTGCTTG
—3clip3pAdapterMMp 0.21 -clip3pAfterAdapterNbases 1 -outFilterMultimapNmax 1000000000 -outSJfilterOverhangMin 3 1 1 1
-outSJfilterDistToOtherSJmin 0 0 0 O -alignintronMin 11 -alignEndsType EndToEnd. We included additional rDNA sequences (Gen-
Bank: U13369.1, U67616.1, X82564.1, GU372691.1), and the processed tRNA from human and mouse (GtRNAdb v2.0) (Chan and
Lowe, 2016). For uniquely mapped reads, the position corresponding to the 3’ end of the nascent RNA fragment was recorded with a
custom Python script using the HTSeq package (Anders et al., 2015). Reads that originated from reverse transcription mispriming
were identified as reads for which the UMI sequence was identical with the genomic sequence adjacent to the aligned read and
were excluded. Reads that aligned to the same genomic position and contained an identical UMI sequence were considered as
PCR duplicates and were removed. The 3'-most nucleotide position of introns and exons were masked to avoid any impact from
splicing intermediates as described in detail previously (Mayer et al., 2015). Finally, we also masked regions as described in the pre-
vious section (Masked genomic regions).

Differential Pol Il occupancy analysis

We statistically tested for changes in the Pol Il occupancy using DEseqg2 v1.25.4 (Love et al., 2014). First, we quantified the Pol Il
occupancy at the promoter-proximal regions (TSS to TSS +300 bp) and the gene-body regions (TSS +300 bp to pA site). We consid-
ered active non-overlapping genes with a minimum gene length of 1 kb which had at least six reads that mapped to the respective
region. Second, we tested for significant changes in the regions of interest between the conditions using DEseg2. For data normal-
ization, we used the RLE normalization with and without spike-ins (see Relative Log Expression (RLE) and RLE with spike-ins).
Changes were considered as significant when the FDR adjusted p value was < 0.05.

BET-sensitive and BET-resistant gene definition

We defined BET-sensitive and BET-resistant genes according to their response upon BET protein degradation. BET-sensitive genes
showed a significant reduction of Pol Il occupancy over their gene-body region (TSS +300 bp to pA site, FDR adjusted p value < 0.05).
On the contrary, BET-resistant genes showed no significant changes in Pol Il occupancy over the gene-body region. We excluded
genes from this analysis that had less than 6 reads mapping to their promoter-proximal region.

Transcriptional Readthrough Index (RTI) calculation

To compare the efficiency of Pol |l transcription termination at a given genej in different conditions, e.g., control versus treatment, we
developed and defined the transcriptional ‘Readthrough Index’ (RTI) as follows:

RTI = ATDj(OCCtreatment) - ATDj(OCCcontrol)

The RTI of a given gene quantifies the shift of the Pol Il occupancy, termed the ‘average transcription termination distance’ (ATD), to
the pA site between two conditions. The ATD summarizes the distribution of Pol Il occupancy in the extended termination zone with
the length / as the weighted distance to the pA site. We defined the ATD as:

ATD,  2i-1%4(1)-Oce(i)
I > _,Occ(i)

fori=1...Ipositions in the extended termination zone, where Occ(j) reports the Pol Il occupancy at observationi and dy4, the distance
to the last active pA site of gene .

The extended termination zone of a gene j describes the variable region downstream of the last active pA site where we assumed
transcription termination of Pol Il to occur. Starting from the last active pA site, we defined the end of the extended termination zone
where the Pol Il signal dropped below the threshold t for the window size W in the control experiment and upon treatment. We calcu-
lated the RTI for SI-NET-seq, standard NET-seq and GRO-seq data with technology adjusted parameter settings. GRO-seq data
were re-analyzed for available data upon PAF1 (Chen et al., 2015) and SPT5 (Fitz et al., 2020) knockdown. For SI-NET-seq and stan-
dard NET-seq, we used a window size W of 5 kb and a minimum signal strength t of 1. For the datasets with higher background noise
levels (GRO-seq), we adjusted the minimum signal strength ¢ to 10 or 100. By definition, the termination zone ends 1.5 kb upstream of
the next active TSS to avoid spillover effects.

For the calculation of the RTI we considered only non-overlapping genes (TSS to pA +5 kb). The length of the termination zone of
each condition had to be > 1 kb with an RPKM > 0.01 or > 0.1 for SI-NET-seq or GRO-seq, respectively. A gene with an RTl of > 5 kb
was defined as a readthrough gene. To determine the RTI for antisense transcription that usually accompanies sense transcription in
the opposite orientation we calculated the ATD s, termed based on the Pol Il occupancy signal from the opposite strand (antisense).
The main difference to the calculation of the standard ATD was that ATDag uses the distance to the TSS instead of to the pA site. For
ATDas calculation we used a window size W of 1 kb for non-overlapping genes (TSS —5 kb to pA).

Nascent RNA analysis by Oxford nanopore sequencing (nascONT-seq)

Treatment, cell fractionation and library preparation

1 x 108 K562 cells were treated with 100 nM dBETS6 or an equivalent volume of DMSO for 1 h 50 min, and for another 10 min in the
presence of 500 M 4-thiouridine (4sU). All steps, which were adapted from Mayer and Churchman (2016), were performed at 4°C or
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onice, if not stated otherwise. K562 cells were transferred into two 50 mL falcon tubes and spun 2 min at 1,650 x g. After removal of
medium cells were resuspended in 1 mL of lysis buffer (1X PBS, 0.15% (vol/vol) NP-40, 25 mM a-amanitin, protease inhibitors, 50 U/
ml SUPERaselN), incubated on ice for 2 min, and nuclei were collected by centrifugation for 3 min at 500 x g. Nuclei pellets were
washed with 3 mL nuclei wash buffer (Mayer and Churchman, 2016) and centrifuged for 3 min at 500 x g. Next, nuclei were gently
resuspended in 750 pl glycerol buffer and 750 pl nuclei lysis buffer were added. The mixture was pulse-vortexed five times for 5 min,
incubated on ice for 2 min and spun at 18,400 x g. Chromatin pellets were dissolved in 1.5 mL Qiazol reagent, 1 MM DTT, 5 mM EDTA
for 1 hat 40°C and 1,000 rpm. For RNA extraction, two chromatin pellets of the same treatment were combined. After addition of 0.2
volumes of chloroform, the RNA-containing phase was separated using MaXtract High Density 15 mL tubes (QIAGEN) according to
the manufacturer’s instructions. RNA was precipitated with 100% isopropanol on ice for 10 min followed by centrifugation for 20 min
at 20,000 x g and 4°C. Next, the pellet was washed twice with 80% ice-cold ethanol and resuspended in nuclease-free H,O. The
samples were treated with TURBO DNase (Thermo Fisher Scientific) according to the manufacturer’s instructions. The reaction
was stopped by adding EDTA to the final concentration of 15 mM. RNA was purified by adding one volume of phenol:chloroform:i-
soamyl alcohol (25:24:1). The aqueous phase was separated using 5PRIME Phase Lock Gel Heavy 2 mL tubes by centrifugation for
5 min at 12,000 x g. The RNA was collected by isopropanol precipitation, washed with 85% ethanol and resuspended in nuclease-
free H,0.

The RNA was biotinylated using MTSEA biotin-XX linker (Biotinum) and purified by nMACS streptavidin MicroBeads as described
by Gregersen et al. (2020) with the following modification: The column was washed three times with 1 mL of 65°C pre-warmed pull-
out wash buffer, followed by three washes with 1 mL pull-out wash buffer at room temperature. Following elution, the RNA was pu-
rified using the ZYMO Clean & Concentrator-5 kit. Next, the nascent RNA was polyA tailed using E. coli polyA polymerase (Takara) for
7 min at 37°C. The reaction was stopped by adding EDTA. The RNA was purified using the Clean & Concentrator-5 kit (Zymo
Research).

The library was prepared using the direct cDNA sequencing (SQK-DCS109) kit (Oxford Nanopore Technologies) according to the
manufacturer’s instructions with the following modification: To capture longer transcripts, reverse transcription and second-strand
synthesis was extended to 2 h and 45 min, respectively. Sequencing was performed on a MinlON sequencer for 48 to 72 h with
—180 mV starting voltage using R9.4.1 FLO-MIN106 flow cells.
nascONT-seq data processing
For base calling we applied Guppy v3.2.4 using the kit and flow cell specific parameters ‘—flowcell FLO-MIN106-kit SQK-DCS109’.
Next, we aligned the reads to the human reference genome GRCh38.p12 using minimap2 v2.17 (Li, 2018) with the parameters ‘-ax
splice -ub -k14-secondary = no -O 12,32—junc-bonus = 19’. We improved the splice site detection using a reference splice junction
set based on the GENCODE v28 gene annotation. The strand information was derived from Minimap2 for spliced reads. The un-
spliced reads remained unclassified. We quantified the transcript abundance of active genes (see Annotation of active genes and
gene types) using featureCounts from the subreads package v2.0.0 (Liao et al., 2014) in the long-read (‘-L’) mode. Furthermore,
we recognized a strong enrichment bias toward polyA- or polyT-rich sequence regions. For comparisons of different genomic re-
gions, we removed the reads which mapped with their 3’ ends directly to stretches of polyA or polyT in the reference genome. Finally,
we masked genomic regions as previously described in Masked regions.

Identification of full-length transcripts from nascONT-seq data

The direct cDNA sequencing (SQK-DCS109) kit by Oxford Nanopore Technologies introduced two primers, VPN and SSP, at the 3'-
and 5 ends of an RNA molecule, respectively. The valid full-length transcript was defined as a region mapped to the reference
genome that is flanked by the VNP and SSP primers in proper orientation. To identify the primers, we built two Hidden Markov Models
based on the primer sequences and iteratively improved them on our data. We used the ‘nhmmscan’ function of the HMMER v3.3
(Potter et al., 2018) software to identify sequences similar to the primers (E-value < 0.1) and added those to the Hidden Markov
Models (two iterations). The optimized Hidden Markov models with the parameters ‘-max -E 10’ were applied for the final primer
search (VNP and SSP) in each sample. Most reads were not full-length transcripts but showed missing primers at the 5'- or 3’
ends (5'- or 3'-truncated). Furthermore, we observed reads lacking primer sequences or fused reads (primary and supplementary
alignments).

We derived the type of a read (full-length transcripts, 3'-truncated, 5'-truncated, no primer, fused read) from:

o the identified primer types (VNP, SSP),
® the primer positions relative to the mapping region in the read, and the mapping strand of the primer alignments (+, -).

These features of a read r were encoded in an ordered sequence
P = {S10,Sr1,---,Sm }
where
se{Start, VNP* VNP~ ,SSP* ,SSP~, Primary, Supplementary,End}
We identified for each read r the vector

Vr =V, Vr2, .5 Vm
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with v, {0, 1} that maximized a score calculated by the function S(P.[V;]). The score S was calculated with the function:

n-1 n n-1
S(P) = ]‘_‘[T(S,'7 S,'+1) (ZW(S,)f(S,) — 201 . d(S/,S/+1)>

where

Start VNP* VNP~ SSP* SSP~ Primary Supplementary End
0 1 0 1 0 1 1 0 Start
0 0 0 0 0 1 0 0 VNP*
0 0 0 0 0 0 0 1 VNP~

T=1|0 0 0 0 0 0 1 0 SSP*
0 0 0 1 0 0 0 1 SSP~
0 0 0 0 1 0 0 1 Primary
0 0 1 0 0 0 0 1 Supplementary
0 0 0 0 0 0 0 0 End

w(s) = 0.5, |if se Primary, Supplementary
") 0.4, |otherwise

fs) = { 0, |if se Start, End .
Alignment score, |otherwise

and with d(s;, s;+ 1) as a function of two states, reporting the distance between both states in percent of the read length. We derived
the Alignment score from the result table of minimap2 and HMMER. Finally, we use P;,[V;] to define the read type as described in
Table S6.
Calculation of pA site cleavage efficiency
To determine if the cleavage efficiency was significantly changed upon dBET6 treatment, we first identified actively used pA sites of
active non-overlapping genes (+/—10 kb). For this purpose we used the human polyA_DB v3.2 (Wang et al., 2018) to quantify the
number of 3’ ends of transcripts that mapped precisely to the pA site in the control (DMSO) experiment. For each gene, we selected
the pA sites that had the highest coverage and the highest polyA_DB score. Next, we compared the ratio of transcripts mapping to
the pA site (+/—20 bp) versus transcripts spanning the region between the conditions.

We considered all read types (see Identification of full-length transcripts from nascONT-seq data) as well as reads without strand
classification. The results for each pA site were summarized in a contingency table where we tested for significant changes in cleav-
age efficiency using the one-sided Fisher’s exact test (p < 0.05). Biological replicates were pooled together.

Transcript length analysis
We performed the read length analysis on the full-length transcripts identified as described in Identification of full-length transcripts
from nascONT-seq data. The read length corresponds to the region of the read mapping to the reference genome.

ChIP-Rx analysis

Treatments, spike-in procedure and DNA purification

ChIP was performed as described by Baluapuri et al. (2019) with the following modifications: Instead of chromatin mouse cells
were used as spike-ins. For each antibody and condition, two biological replicates were prepared and sequenced. 4 x 107
K562 dTAG-BRD4 cells were treated with dTAG7 or DMSO for 2 h, as described above, washed with PBS and crosslinked
with 1% methanol-free formaldehyde for 5 min at room temperature. Formaldehyde crosslinking was stopped with 250 mM
glycine in PBS for 5 min. Mouse NIH 3T3 cells were crosslinked for 8 min and rinsed with 250 mM glycine. K562 and NIH 3T3
cells were washed with ice-cold PBS and then combined at a ratio of 5:1. After cell lysis as described by Baluapuri et al.
(2019), each sample was into two AFA fiber 1 mL tubes (Covaris) and sheared by sonication using the E220evolution sonicator
(Covaris) for 20 min at 4°C using the following settings: intensity 4, duty cycle 5%, 200 cycles per burst. After pre-clearing,
2.5% of the sample volume was saved as input. For each sample 5-12 nug of antibody were incubated with 80 ul Dynabeads pro-
tein G for 1.5 h at room temperature on a rotating wheel, followed by an incubation for > 5 h at 4°C. Bead-coupled antibodies were
added to the lysates and incubated at 4°C overnight on a rotating wheel. On the next day, beads were washed three times for 45 s
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using the washing buffers described by Baluapuri et al. (2019). DNA fragments were eluted twice in elution buffer (100 mM
NaHCO3, 1% (wt/vol) SDS) at room temperature. ChIP and input samples were incubated for 1 h at 37°C with 4 ng RNase A
and for 2 h at 50°C with 8 pg Proteinase K, before crosslinking was reversed at 65°C for 5 h in the presence of 0.84 M NaCl.
DNA was purified using the ChIP DNA Clean & Concentrator kit (Zymo Research) and quantified using the Qubit dsDNA HS kit
(Thermo Fisher Scientific).
ChIP-Rx library preparation
ChIP-Rx libraries were constructed from 6-30 ng of ChIP or input DNA using the NEBNext Ultra Il DNA kit (NEB) according to the
manufacturer’s instructions. After purification of the ampilified library with one volume AMPure beads (Beckman Coulter), fragments
of 200 to 500 bp were size-selected from an 8% TBE gel (Thermo Fisher Scientific), as described for the SI-NET-seq library prepa-
ration. Samples were sequenced on an lllumina HiSeq 4000 or NovaSeq 6000 sequencer in PE75 or PE100 mode, respectively.
ChIP-Rx data processing
We aligned all reads to their respective reference genome (human/GRCh38.p12 or mouse/GRCm38.p6) using Bowtie2 v2.3.5.1
(Langmead and Salzberg, 2012) in single-end or paired-end mode with ‘-k 1’. We extracted the raw density for the protein of interest
using bedtools (Quinlan and Hall, 2010) in the ‘genomecov -bg’ mode. For data normalization, we calculated the RPM values for be-
tween sample comparisons (see Reads per Million (RPM)) or RPK values for comparisons between genes within one sample (see
Reads per Kilobase (RPK)).

For ChIP-Rx, we aligned the sequencing reads to a joined reference genome which we assembled from human (GRCh38.p12) and
mouse (GRCm38.p6) reference genomes. Following read mapping, we separated the human and mouse tracks to calculate the
RRPM values for quantitative comparisons (see Reference adjusted Reads per Million (RRPM)).

Sequencing data normalization

We used standard normalization techniques to remove effects originating from different sequencing depths, gene lengths, or both.
The main limitation of current standard normalization strategies is the assumption that the majority of observations are not changed
between conditions. To avoid misinterpretation in cases where global changes were expected, we additionally performed normal-
izations on spike-in controls from mouse cells or synthetic ERCC spike-in mixes.

Reads per Million (RPM)

‘Reads per Million’ (RPM) values were corrected for different sequencing depths. The normalization factor a was defined as:

o = N
where N represents the total number of reads (in million) mapping to the reference genome. The RPM values are defined as:
RPM =c -«

where c represents the raw read counts. We applied this strategy for ChIP-Rx, RNA-seq and nascONT-seq data normalization.
Reads per Kilobase (RPK)
‘Reads per Kilobase’ (RPK) values were corrected for different gene lengths. The normalization vector «; is defined as:

forj=1 ... k, where kis the total number of genes and L, the length of the gene  (in kilobases). The RPK value for a genejis defined as:
RP/‘(I = C/' 0y

where c; represents the raw read count of a given gene j. We used this normalization strategy to compare the signal of different genes
within one sample of ChIP-Rx, SI-NET-seq, RNA-seq or nascONT-seq data.

Transcripts per Kilobase Million (TPM)

‘Transcript per Kilobase Million’ (TPM) values were normalized for different sequencing depths and gene lengths. First, we calculated
the RPK values for each gene (see Reads per Kilobase (RPK)). Next, we computed the normalization factor «, which is defined as:

1
CTSF pope 1
Z/'=1F?'DK/'1,000.000
forj=1 ... k, where k is the total number of genes and RPK; the RPK value of gene j. The TPM value for gene j is defined as:
TPM; = RPK;-«
We applied this normalization strategy to compare gene expression levels of RNA-seq and SI-NET-seq datasets.
Relative Log Expression (RLE)

For ‘Relative Log Expression’ normalization we used DESeq?2 (Love et al., 2014). We used this normalization strategy for differential
Pol Il occupancy analysis using SI-NET-seq data.
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RLE with spike-ins
The default configuration of DESeq2 assumes that the majority of observations does not change between conditions. To capture
uniform changes with RLE, we applied spiked-in controls from mouse cells or a synthetic ERCC spike-in mix. We added the expres-
sion values with the ‘controlGenes’ parameter to calculate the ‘size factor’ exclusively on the spiked-in datasets.

We used this normalization strategy for the differential gene expression analysis using RNA-seq data and for the differential Pol Il
occupancy analysis using SI-NET-seq data.
Reference-adjusted Reads Per Million (RRPM)
‘Reference-adjusted Reads Per Million’ (RRPM) were calculated as described by Orlando et al. (2014). The normalization factor ais
defined as:

1

N, spike—in

o =

where Nspike—in represents the total number of reads (in million) mapping to the spiked-in reference genome. The RRPM values are
defined as:

RRPM =c-«

where c represents the raw read counts. We used this normalization strategy for quantitative comparisons between SI-NET-seq
profiles.

Pol lI-based ChIP-Rx normalization

For Pol ll-associated factors, we performed Pol lI-based normalizations where we measured the ChIP-Rx signal in proportion to the
Pol Il ChIP-Rx signal. Instead of providing an input dataset for data normalization, we used total Pol Il ChIP-seq signal. We applied
MACS2 v2.1.2 (Zhang et al., 2008) in ‘bdgcmp’ mode with the parameters ‘-p 1 -m logFE’.

RNA-sequencing

Annotation of active genes and gene types

For gene and isoform quantification, we used RSEM v1.3.1 (Li and Dewey, 2011) in the single-end or paired-end mode with the pa-
rameters ‘—star—calc-pme’, which uses the STAR v2.5.3a mapper (Dobin et al., 2013). We considered genes as actively transcribed
where we observed a total gene expression with a TPM > 1 or steady-state RNA expression with a TPM > 10 (see Transcripts per
Kilobase Million (TPM)). All our analyses were done on the human (GRCh38.p12) or mouse reference genome (GRCm38.p6) using the
annotated transcriptome from GENCODE v28 and GENCODE M18 (Frankish et al., 2019) respectively. Next, we refined the annota-
tion of the active gene set by identifying the first active TSS and the last active pA site. We defined the first active TSS as the most
upstream TSS from the set of transcripts of a given gene accounting for at least 10% of its gene activity. The last active pA site was
defined similarly, with the exception of choosing the most downstream pA site.

Furthermore we used the GENCODE v28 biotype classifications ‘protein-coding’, ‘miRNA’, ‘snRNA’ and ‘snoRNA’ to define gene
classes. For long non-coding RNAs (IncRNAs), we merged the genes listed as biotype ‘lincRNA’ and ‘antisense’. Histone genes are
defined as a subset of protein-coding genes where we used the HUGO Gene Nomenclature (HUGO: 864) (Wain et al., 2002).
Differential gene expression analysis with ERCC RNA spike-in mix
We aligned all RNA-seq data to the combined reference genome of human (GRCh38.p12) and ERCC spike-ins (ERCC92) using STAR
v2.5.3a with default parameters in single-end mode. Next, we quantified the transcript abundance of the ERCC spike-ins and the
annotated genes from GENCODE v28 using HTSeq v0.11.4 (Anders et al., 2015) in ‘union’ mode. For the differential gene expression
analysis we tested for significant changes between the conditions using DESeq2 v1.25.4. For data normalization, we applied the RLE
normalization considering the ERCC spike-ins (see RLE with spike-ins). We defined genes as significantly changed that had an FDR
adjusted p value of < 0.05.

Classification of differentially expressed genes as ‘readthrough-associated’ or ‘-independent’

We defined ‘readthrough-associated’ and ‘independent’ genes to test the potential impact of readthrough transcription on the tran-
scriptional output of neighboring gene units. We classified all differentially expressed genes into one of the two categories. A gene
was considered to be ‘readthrough-associated’ if:

® the gene expression was significantly increased upon treatment, and the gene overlapped (+/—100 bp) with the extended termi-
nation zone of a readthrough gene on the same DNA strand, or

e the gene expression was significantly decreased upon treatment, and the gene overlapped (+/—100 bp) with the extended
termination zone of a readthrough gene on the opposite DNA strand.

The remaining differentially expressed genes are readthrough ‘independent’ genes. The readthrough genes were defined based on
SI-NET-seq data (2 h dBET6, see Transcriptional Readthrough Index (RTI) calculation) and total RNA-seq (2 h and 6 h dBETS) in
MOLT4 cells. For total RNA-seq, we included genes with an increased transcript coverage (> 0.01 RPKM) in the termination zone
compared to the control.
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Splicing analysis

We determined the fraction of spliced RNA molecules per gene to identify the level of post-transcriptional processing from previous
RNA-seq data (Winter et al., 2017). First, reads were mapped to the reference genome (see Differential gene expression analysis with
ERCC RNA spike-in mix). Second, all reads of a gene were considered that span at least one intron-exon or exon-intron boundary.
Next, remaining reads were classified as ‘spliced’ or ‘not spliced’. A ‘spliced’ read maps to a non-contiguous loci of the correspond-
ing gene. Reads mapping to only one contiguous locus are classified as ‘not spliced’. The fraction of spliced RNA molecules per gene
corresponds to the fraction of reads classified as ‘spliced’ reads. In the corresponding analysis we calculated this fraction for all
actively transcribed genes in the control experiments and readthrough activated genes upon treatment. A gene is readthrough acti-
vated if:

o the TPM was < 1 in the control experiment, and
® the gene was classified as ‘readthrough-associated’ (see Classification of differentially expressed genes as readthrough-asso-
ciated or independent genes)

Meta-gene analysis

For nascONT-seq, ChIP-Rx, ChIP-seq and SI-NET-seq data average profiles were calculated using Deeptools 2.0 (Ramirez et al.,
2014) in the ‘reference-point’ mode. Furthermore, we used the ‘scaled-region’ option to adjust genes of different length from the pro-
moter-proximal region (TSS +1 kb) to the pA site or for the entire gene region. Further, we customized the tool to make it applicable for
strand-specific data such as SI-NET-seq and nascONT-seq. Due to the single-nucleotide resolution of SI-NET-seq data, we set the
bin size to 1. We removed 0.1% of the strongest SI-NET-seq signal that we considered as outliers.

3’-RNA cleavage assay

The cleavage assay was designed similarly to an assay by Davidson et al. (2014). The main 3’ end cleavage sites of MBNL1, PVT1 and
CDC42 were extracted from the database PolyA_DB v3.2 (Wang et al., 2018). Primer pairs that span the pA site as well as primer pairs
upstream and downstream of the pA site were designed using Primer3 (Untergasser et al., 2012) and tested for specificity using NCBI
Primer BLAST (Ye et al., 2012). A complete list of primer sequences is given in Table S7. Primer efficiency and specificity were tested
using a template concentration series and by melting curve analysis, respectively.

After 2 h of treatment with dBET6, dTAG7 or DMSO, K562 cells were fractionated and subjected to chromatin RNA extraction as
described in the ‘SI-NET-seq’ section. cDNA was generated from 500 ng chromatin RNA using the SuperScript Ill kit (Invitrogen)
following the manufacturer’s instructions with one modification. Random hexamer primers were used instead of oligo dT primers.
5 ng cDNA were used for each 10 ul RT-qPCR reaction. Treatment was performed for three (dBET6) or six (dTAG7) biological rep-
licates. gPCR measurements were conducted in technical triplicates or quadruplicates. To minimize normalization artifacts, C; values
were normalized to the C; values obtained for the DMSO control that were obtained for the same primer pairs, or to the C; values of the
most upstream gene-body position. Significance was determined by ANOVA using the GraphPad Prism software.

Proteomics analysis

Sample preparation for immunoprecipitation after formaldehyde crosslinking (IP-MS)

Sample preparation was done as described by Mohammed et al. (2016). Briefly, 5 x 107 K562 dTAG-BRD4 cells were crosslinked in
FBS-free RPMI containing 1% methanol-free formaldehyde at room temperature for 8 min. Quenching was done by adding glycine to
afinal concentration of 250 mM and brief inversion. Cells were washed twice with ice-cold PBS and frozen in liquid nitrogen. Cell lysis
was performed as described by Mohammed et al. (2016). To solubilize the chromatin, the samples were sonicated in TPX tubes
(Diagenode) using five sonication cycles of 30 s on and 60 s off at high intensity, and at 4°C using a Bioruptor Plus sonicator (Dia-
genode). After adding 1/10 volumes Triton X-100, samples were cleared by centrifugation. For each sample, 300 ug magnetic Pierce
protein A/G beads (Thermo Scientific) were blocked with 0.5% BSA/PBS and incubated for 1 h at room temperature with 6.7 nug anti-
body recognizing the HA epitope which is part of the dTAG. Cell lysates were incubated with the bead-coupled antibodies on a rotator
overnight at 4°C. On the next day, beads were washed eight times with modified RIPA (50 mM HEPES, 0.5% (vol/vol) NP-40, 0.4%
sodium deoxycholate, 1 mM EDTA, 300 mM LiCl, 1X protease inhibitor cocktail) and three times with 100 mM ammonium bicarbon-
ate. Five or four biological replicate measurements were performed for K562 dTAG-BRD4 and untagged K562 cells, respectively.
Treatment and cell fractionation for quantitative chromatin mass spectrometry (chromatin-MS)

K562 cells were cultured in RPMI containing 10% dialyzed FBS (GIBCO) and 5% penicillin-streptomycin, to which either '*Cg'°N, L-
lysine-2HCI and '3Cg'°N,4 L-arginine- HCI ‘heavy RPMI’; Thermo Scientific), or L-lysine and L-arginine containing only light isotopes
(light RPMI’), were added. After at least five cell division cycles, the degree of the heavy isotope incorporation was checked as
described by Ong and Mann (2007). For chromatin analysis, four replicates, including two label-swap replicates, were prepared.
5 x 10° SILAC-labeled K562 cells were treated with 500 nM dTAG7 or 100 nM dBET6 or with an equivalent volume of DMSO for
2 h and pooled after one PBS wash. Cell fractionation was performed as described for the SI-NET-seq approach using buffers con-
taining phosphatase and protease inhibitors but no «-amanitin and RNase inhibitor. To solubilize the chromatin pellet, 750 U benzo-
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nase (Sigma) were added, followed by 10 min incubation on ice and 5 min of agitation at room temperature. The solubilized chromatin
was precipitated using the ProteoExtract protein precipitation kit (Merck Millipore) according to the manufacturer’s instructions.
Treatment and cell lysis for quantitative total cell mass spectrometry

After 2 h treatment with dTAG7 or DMSO, 2 x 10° SILAC-labeled K562 dTAG-BRD4 cells were collected, washed with PBS and com-
bined. A label-swap experiment was done in parallel. In total, four replicates were prepared. Each cell pellet was resuspended in
100 pL lysis buffer (8 M urea, 50 mM Tris pH 7.5, protease inhibitor cocktail, phosphatase inhibitor cocktail). The samples were
vigorously shaken on a vortexing rotator for 30 min in the presence of 250 U benzonase. After complete solubilization, the samples
were precipitated using the ProteoExtract kit (Merck Millipore) according to the manufacturer’s instructions and snap-frozen as dry
protein pellets.

Preparation for liquid chromatography mass spectrometry (LC-MS/MS)

For the IP samples, 30 puL of 100 mM ammonium bicarbonate was added to the magnetic beads followed by ‘on-beads’ digestion
with 100 ng trypsin (Roche), shaking at 500 rpm at 37°C for 18 h. A second digest was performed using the same conditions for 4 h.
The enzymatic reaction was stopped by adding formic acid to a final concentration of 5%. Peptide desalting using Pierce C18 tips
(Thermo Scientific) was performed according to the manufacturer’s instructions. Desalted peptides were reconstituted in 5% aceto-
nitrile and 2% formic acid in H,O, briefly vortexed, and sonicated in a water bath for 30 s prior to the injection for nano-LC-MS
measurement.

The chromatin and the total cell samples were lysed under denaturing conditions in 300 pL of a buffer containing 3 M guanidinium
chloride (GdmCI), 5 mM tris(2-carboxyethyl)phosphine, 20 mM chloroacetamide and 50 mM Tris-HCI pH 8.5. Lysates were denatured
at 95°C for 10 min shaking at 1000 rpm in a thermal shaker and sonicated in a water bath for 10 min. A small aliquot of cell lysate was
used for the bicinchoninic acid (BCA) assay to quantify the protein concentration. 30 pg protein of each lysate was diluted with the
dilution buffer (10% acetonitrile, 25 mM Tris-HCI, pH 8.0), to a final concentration of 1 M GdmCI. Next, proteins were digested with
LysC (Roche; enzyme to protein ratio 1:50, MS-grade) shaking at 700 rpm at 37°C for 2 h. The digestion mixture was diluted again
with the same dilution buffer to reach 0.5 M GdmCl, followed by a tryptic digestion (Roche, enzyme to protein ratio 1:50, MS-grade)
and incubation at 37°C overnight in a thermal shaker at 700 rpm. Peptide desalting was performed as above. Desalted peptides were
reconstituted in 0.1% formic acid and 27 ug of the digest was further separated into four fractions by strong cation exchange chro-
matography (SCX, 3M Purification). Eluates were first dried in a SpeedVac, then dissolved in 5% acetonitrile and 2% formic acid in
water, briefly vortexed, and sonicated in a water bath for 30 s prior to injection to nano-LC-MS.

LC-MS/MS instrument settings for shotgun proteome profiling and data analysis

LC—MS/MS was carried out by nanoflow reverse-phase liquid chromatography (Dionex Ultimate 3000, Thermo Scientific) coupled
online to a Q-Exactive HF Orbitrap mass spectrometer (Thermo Scientific). Briefly, LC separation was performed using a PicoFrit
analytical column (75 um ID x 55 cm long, 15 um Tip ID; New Obijectives) packed in-house with 3-um C18 resin (Reprosil-AQ
Pur, Dr. Maisch). Peptides were eluted using a gradient from 3.8 to 40% solvent B in solvent A over 65 min at a 266 nL per minute
flow rate for the IPs and a 2 h gradient per fraction was used for the chromatin samples. Solvent A was 0.1% formic acid, and solvent
B was 79.9% acetonitrile, 20% H20, and 0.1% formic acid. Nanoelectrospray was generated by applying 3.5 kV. A cycle of one full
Fourier transformation scan mass spectrum (300—1750 m/z, resolution of 60,000 at m/z 200, AGC target 1E6) was followed by 12
data-dependent MS/MS scans (resolution of 30,000, AGC target 5E5) with a normalized collision energy of 25 eV. To avoid repeated
sequencing of the same peptides, a dynamic exclusion window of 3 s for the IP and 30 s for the chromatin samples were used. Addi-
tionally, only peptides with charge states between two and eight were sequenced.

Proteomics data processing

Raw MS data were processed using the MaxQuant software (version 1.6.0.1) (Cox and Mann, 2008). All fractions of a sample were
allocated to the corresponding replicate and analyzed jointly and searched against the human proteome database UniProtKB with
21,074 entries, released in 12/2018 for each project. The following parameter settings of MaxQuant were used for database search-
ing: a false discovery rate (FDR) of 0.01 for proteins and peptides, a minimum peptide length of seven amino acids, and a mass toler-
ance of 4.5 ppm for precursor and 20 ppm for fragment ions. A maximum of two missed cleavages was allowed for the tryptic digest.
Cysteine carbamidomethylation was set as a fixed modification, while N-terminal acetylation and methionine oxidation were set as
variable modifications. In addition, the following SILAC labels were used for the chromatin and the total cell samples: *Cg'°N4-argi-
nine and '3C4"°N,-lysine. The obtained output files of MaxQuant, which contained the peptide and protein identifications, accession
numbers, percent sequence coverage of the protein, g-values and label-free quantification (LFQ) intensities or SILAC ratios, can be
found in Table S3.

IP-mass spectrometry samples were analyzed using the Perseus software platform (version 1.6.2.3) (Tyanova et al., 2016). To in-
crease sensitivity, the minimum number of common peptides used for pairwise protein ratio calculation was set to 1, and identifica-
tions were matched between runs. After filtering for potential contaminants, proteins matching the reverse sequence database or
proteins for which only modified peptides were detected, LFQ intensities were log2 transformed and grouped based on the antibody
used. Next, proteins that were not present in at least 70% of the replicates of the same sample type were removed. Missing values
were imputed from a normal distribution of the measured values of each replicate, with the width set to 0.3 and a down-shift of 1.8. A
two-sided two-sample Student’s t test with Benjamini-Hochberg FDR = 0.05 was conducted for the HA IP and the HA control
samples.
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The analysis of the chromatin samples and of the total cell samples to determine specificity of the dTAG7 treatment was carried out
based on normalized SILAC ratios that were calculated based on > 2 common peptides using the Perseus software. To increase
sensitivity, a supplemental analysis was performed based on > 1 common peptide, as indicated. After filtering as described above,
1/x transformation of the ratios of the label-swap replicates and log2 transformation were computed. Proteins for which the corre-
sponding ratios were missing in > 30% of the replicates were excluded from the analysis. Significant changes were identified by a
two-sided one-sample Student’s t test.

Statistical overrepresentation analysis of ‘GO-slim Biological Process’ terms was performed using PANTHER (version 15) (Mi et al.,
2019). Significance was calculated by Fisher’s exact test. Largely overlapping terms were excluded for visualization.

Sample preparation for native immunoprecipitation (IP)

4 x 107 K562 dTAG-BRD4 cells were collected and washed twice with ice-cold PBS. Cell pellets were incubated in 450 pl native IP
buffer (20 mM Tris pH 8.0, 120 mM NacCl, 0.5% (vol/vol) NP-40, protease inhibitor cocktail, phosphatase inhibitor cocktail; antibodies
against the HA-tag and SPT6 required 10% (vol/vol) glycerol, 50 mM NaCl) for 4 min on ice, followed by centrifugation for 10 min at
13,000 rpm and 4°C. Nuclei pellets were resuspended in 410 ul native IP buffer supplemented with 1000 U benzonase, incubated on
ice for 40-120 min with repeated mixing and centrifuged for 10 min at 14,000 x g and 4°C. 10% of the sample volume was saved as
input. 0.8 uM EDTA were added to the lysate. Next, the lysates were incubated with 2-10 pg antibody or isotype-matched pre-im-
mune IgG for 4 h on a rotating wheel at 4°C, and for additional 1.5 h in the presence of 150 pg Protein G Dynabeads. Following the IP,
beads were washed five times with 1 mL native IP buffer and proteins were eluted in 1X SDS buffer (50 mM Tris-HCI pH 7.0, 2% (wt/
vol) SDS, 10% glycerol, 5% B-mercaptoethanol) at room temperature. Immunoblotting was performed as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using built-in R and Perseus statistical tests. Statistical information including n, median and sta-
tistical significance values are indicated in the figure, text or the figure legends. Error bars in the experiments represent standard de-
viation of the mean values from either independent experiments or samples. Boxplot representations show the first quartile, median,
third quartile and whiskers which extend to 1.5X of the interquartile range. Outliers are not shown. Details about experiment quan-
tification can be found in STAR Methods. Unless indicated otherwise, statistical tests were performed two-sided and significance
was defined as p value < 0.05.
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