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Eukaryotic genomes are extensively transcribed1,2, but unfettered tran-
scription alters gene expression and leads to genome damage through 
several means3. RNA polymerase (Pol) II transcribes functional regula-
tory elements, such as enhancers and super enhancers (SEs). SEs, also 
known as stretch enhancers, are distinguished from enhancers by their 
disproportionate concentration of bound transcriptional and chromatin-
modification machinery, and they appear to be particularly important 
for regulating gene-expression networks and controlling cell state4–6. 
Nearly all active enhancers generate bidirectional transcripts termed 
enhancer RNAs (eRNAs)2, and they are also marked by flanking, phased 
nucleosomes with specific histone modifications7–9. Genome-wide char-
acterization of promoter and enhancer elements has revealed common-
alities between promoters and enhancers, such as divergent transcription 
start site (TSS) pairs, well-phased +1 and −1 nucleosomes flanking the 
TSSs, and a central transcription factor (TF)-binding site10. Notably, 
whereas enhancer transcription is one of the earliest steps of gene activa-
tion11, and some eRNAs are known to participate in gene regulation12,13, 
far less is known about the control of eRNA transcription.

Most previous studies of how polymerases are regulated in vivo have 
focused on protein factors (reviewed in refs. 14,15). However, several 
long noncoding RNAs have enhancer-like activities that can recruit 
transcription-activating complexes and positively regulate genes in cis 
or in trans16. Short Alu-containing RNAs directly bind the preinitiation 
complex in trans and repress Pol II transcription17. Another trans-acting 
RNA, the 7SK snRNA, has been shown to uniquely control Pol II pausing 
at promoters, but its role genome wide has yet to be fully elucidated.

7SK is a highly abundant snRNA (with ~200,000 copies per cell18) 
that serves as a scaffold for Larp7, Hexim1, Mepce and Cdk9–CyclinT1 
(also known as positive transcription elongation factor b (P-TEFb)), 
which together form the canonical 7SK small nuclear ribonucleoprotein 

(snRNP). A key step in RNA Pol II transcription is promoter-proximal 
pausing, which occurs bidirectionally ~25–60 nucleotides downstream 
of TSSs. Promoter-proximal pause release is gated by the P-TEFb–7SK 
snRNA pathway; release from 7SK allows for phosphorylation of Pol II 
by P-TEFb (as well as other kinases19,20) and subsequent elongation21. 
The 7SK snRNP is thought to reside in the nucleoplasm, but it has been 
suggested that 7SK may operate physically on chromatin22–26. Although 
previous studies have focused on the specific functions of the protein 
components of the 7SK snRNP, a comprehensive analysis of the RNA 
component of the 7SK snRNP at chromatin has not been determined.

RNA is ideally suited to control the flow of information in the nucleus 
for several reasons. RNA transcription or occupancy can mark unique 
allele or spatial positions in the nucleus27. Many long noncoding RNAs 
act as RNA scaffolds that bring multiple distinct protein complexes 
into physical proximity and consequently regulate gene expression or 
other functions28. Further, RNA can base-pair with itself, thus forming 
complex secondary and tertiary structures, and an individual RNA 
sequence can adopt multiple physical conformations with similar fold-
ing energies29. To understand how the 7SK snRNA mechanistically 
operates across the mammalian genome, we used an RNA-centric 
approach to identify new functions of 7SK. By combining recently 
described and new RNA-centric technologies, we characterized 7SK’s 
in vivo binding partners, chromatin occupancy sites and RNP-spe-
cific conformations, and revealed a new role for 7SK as an important  
regulator of ATP-dependent chromatin remodeling at enhancers.

RESULTS
Conserved 7SK chromatin occupancy at super enhancers
We mapped the genomic occupancy of 7SK through chromatin isola-
tion by RNA purification and subsequent deep sequencing (ChIRP-seq)  
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7SK-BAF axis controls pervasive transcription at enhancers
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RNA functions at enhancers remain mysterious. Here we show that the 7SK small nuclear RNA (snRNA) inhibits enhancer 
transcription by modulating nucleosome position. 7SK occupies enhancers and super enhancers genome wide in mouse and 
human cells, and it is required to limit enhancer-RNA initiation and synthesis in a manner distinct from promoter pausing. 
Clustered elements at super enhancers uniquely require 7SK to prevent convergent transcription and DNA-damage signaling.  
7SK physically interacts with the BAF chromatin-remodeling complex, recruits BAF to enhancers and inhibits enhancer 
transcription by modulating chromatin structure. In turn, 7SK occupancy at enhancers coincides with that of Brd4 and 
is exquisitely sensitive to the bromodomain inhibitor JQ1. Thus, 7SK uses distinct mechanisms to counteract the diverse 
consequences of pervasive transcription that distinguish super enhancers, enhancers and promoters. 
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in mouse embryonic stem (ES) cells. Using two orthogonal probe 
sets (‘even’ and ‘odd’) targeting 7SK, we recovered most of the cellular  
7SK (Supplementary Fig. 1a,b). Genomic DNA was preferentially 
recovered over other abundant nuclear and cytoplasmic RNAs, and 
it was sensitive to RNase A treatment (Supplementary Fig. 1b). 
Unexpectedly, we observed extensive 7SK occupancy across the entire 
transcribed loci of mRNA genes, in a pattern that mirrored the bind-
ing profile of Pol II (Fig. 1a and Supplementary Fig. 1c) . Outside 
genic regions, 7SK also associated with SE and typical enhancer 
(TE) elements (Fig. 1a–c). At these elements, 7SK overlapped with 
regions bound by Pol II–pausing factors (Nelf-a and Supt5h) and 
by a reader of histone acetylation (Brd4), a Pol II initiation mark 
(TATA-binding protein (TBP)) as well as with open chromatin sites  
(as measured by assay of transposase-accessible chromatin using 
sequencing (ATAC-seq)) (Fig. 1a). The typical pattern of occupancy 
was a focal peak of open chromatin bound by Brd4 and other tran-
scription factors, with 7SK extensively occupying the transcribed 
regions. SEs are recently reported designations for clustered enhancer 
elements4; whether SEs possess distinct biochemical or regulatory 
properties has been debated30. We found that the 7SK ChIRP-seq 
signal was strongly enriched at SEs, similarly to findings for other core  
transcriptional machinery (Fig. 1b,c). These data identified 7SK as 

a chromatin bound noncoding RNA occupying regulatory regions 
actively transcribed by Pol II.

ChIRP followed by quantitative PCR (ChIRP-qPCR) and other con-
trols confirmed the specificity of these findings. We selectively recovered 
7SK-bound regions in an RNA-dependent manner (Supplementary 
Fig. 1d). The 7SK ChIRP-seq signal was not simply a result of highly 
active transcription because we observed no enriched 7SK signal at 
the ribosomal DNA locus (transcribed by Pol I and Pol III but not Pol 
II), a result consistent with the exclusion of 7SK from the nucleolus  
(Supplementary Fig. 1e). 7SK is highly conserved at the primary 
sequence level between mice and humans. 7SK ChIRP-seq in human 
ES (H1) and HeLa cells each identified over 5,000 sites with similar dis-
tributions of peaks over genic and enhancer regions (Supplementary  
Fig. 1f–i). These results suggest that 7SK’s role on chromatin is  
conserved across mammalian species and cell types.

We developed ‘factor ratio analysis’ to compare the co-occupancy 
of 7SK with transcriptional and chromatin regulators at promoters, 
SEs and TEs (Supplementary Fig. 2a). Because many factors involved 
in transcriptional initiation occupy both promoters and enhancers10, 
regulatory features that may distinguish these classes of elements  
are actively being sought after. Globally, 7SK associated with actively 
transcribed chromatin and components of the Pol II transcriptional 
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Figure 1 7SK binds transcribed regions and prefers SEs. (a) UCSC genome browser views of the Rpl3 locus (left), Sox2-proximal SE (middle) and 
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(d) Heat map of factor ratio analysis at promoter, SE and TE elements. Colors indicate the log2 fold-change ratio relative to TBP.
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apparatus (Supplementary Fig. 2b). In the 
factor ratio analysis, the chromatin occu-
pancy signal of each factor was normalized 
to TBP, thus allowing the proportion of dif-
ferent factors relative to Pol II initiation per 
base to be determined (Online Methods). We 
used start-site RNA sequencing (Start-seq)31 
data to precisely align experimentally meas-
ured TSSs at promoters, SEs and TEs for all 
analyses (Supplementary Table 1 and Online 
Methods) Further, to directly compare SEs 
and TEs, we used ATAC-seq to identify 
individual peaks of open chromatin in SE 
domains (Supplementary Table 1), which can facilitate the analysis 
of functional regions within SEs32.

Factor ratio analysis revealed that promoters, SEs and TEs each had 
distinct and characteristic ratios of factor occupancy, and compo-
nents of the 7SK snRNP were key distinguishing features (Fig. 1d and 
Supplementary Fig. 2). Promoters were enriched for the pausing fac-
tor Nelf-a and Pol II Ser5p (initiated but paused Pol II). Additionally, 
canonical 7SK snRNP proteins such as Hexim1 and Ddx21 (ref. 33) 
were also biased for promoters. In contrast, SEs and TEs both had 
higher levels of mediator Med1 and histone acetylation reader Brd4, 
and these levels were greater for SEs than TEs. Finally, SEs had dispro-
portionately more 7SK than promoters or TEs, and the 7SK at SEs was 
not associated with proportional levels of pausing (Nelf-a or Supt5h) 
or canonical 7SK snRNP (Hexim1 or Ddx21) factors as promoters 
(Fig. 1d). Factor ratio analysis using two independent TBP data sets 
or the basal transcription factor TAF1 as the denominator yielded 
the same findings, thus confirming the robustness of this approach 
(Supplementary Fig. 2c). The different ratios between 7SK and these 
chromatin factors at promoters and enhancers suggest that 7SK may 
mediate additional new functions at enhancer elements.

An orthogonal analysis interrogating binding patterns revealed that 
7SK and Nelf-a associate with divergently transcribed polymerase com-
plexes at promoters, tracking Pol II and TBP10 (Supplementary Fig. 2d). 
We observed a similar trend at enhancer regions. However, at SEs the 7SK 
binding was broad, more similar to that of Pol II Ser5p (Supplementary 
Fig. 2e and Fig. 1c). To better understand how the colocalization of 
7SK at promoters and enhancers relates to function, we extended 
the factor ratio analysis to 41 genome-wide data sets and performed  
principal component analysis. We found that the first two principal 

components of the factor ratio analysis differentiated promoters, SEs 
and TEs (Supplementary Fig. 2f). Interestingly, we found that SEs 
exhibited a pattern intermediate between those of promoters and TEs, 
but TE and SEs generally clustered together (Supplementary Fig. 2f). 
These data revealed that individual SE peaks are a special class of ele-
ments, which have features of both promoters and enhancers, and that 
SEs attract the most 7SK per Pol II initiation among all three elements. 
Additionally, whereas 7SK marked all three regions, pausing factor ratios  
suggested that Pol II pausing operates differently at enhancer elements.

7SK, ConvT, and DNA-damage signaling at SEs
The 7SK association with different factors at specific elements 
genome wide raised the possibility that 7SK has multiple functions. 
We therefore directly assayed the effects of 7SK on Pol II transcrip-
tion by applying global run-on sequencing (GRO-seq) in mouse  
ES cells. We used antisense oligonucleotides (ASOs)34 that robustly 
depleted 7SK (Supplementary Fig. 3a). Loss of 7SK globally altered 
transcription but with several distinct patterns. At promoters, loss of 
7SK resulted in a reduction in promoter-proximal transcription and a 
gain in gene-body transcription, consistently with Pol II pause release 
(Fig. 2a,b and Supplementary Fig. 3b). In contrast, SEs and TEs 
exhibited consistent increases in both TSS-proximal and TSS-distal 
eRNA transcription (Fig. 2a,b). Quantification of individual elements 
showed over 1,600 enhancers with significantly increased transcrip-
tion: 400 enhancers increased eRNA synthesis by 200% or more  
(131 enhancers at ≥300% and 44 enhancers at ≥400%). In contrast,  
fewer enhancers (243) showed significantly decreased eRNA pro-
duction (Supplementary Fig. 3c). 7SK depletion also caused 
increased formation of trimethylated histone H3 K36 at enhancers, 
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Figure 2 7SK differentially regulates 
transcription at enhancers and promoters, 
controlling convergent transcription and DNA-
damage signaling. (a) UCSC genome browser 
views of the Eef1a1 locus (left), the mir290 
family SEs (middle) and the Zfp36l1 distal 
enhancer (right). Sense (black, control ASO; 
red, 7SK ASO) and antisense (gray, control ASO; 
light red, 7SK ASO) GRO-seq reads, 7SK ChIRP-
seq (orange) and ATAC-seq of open chromatin 
(blue) are shown with enhancer peaks marked as 
in Figure 1. (b) Metagene analysis of GRO-seq 
signals at promoters (left), SEs (middle) and TEs 
(right), centered at each element ±1 kb. Control 
and 7SK ASO conditions are shown in black and 
red, respectively. P values are calculated with 
Hotelling’s t test (n, number of elements).  
(c) Metagene analysis of convergent transcription  
(ConvT) as measured by GRO-seq, plotted as 
in b and scaled to the same ConvT value (y axis).
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Figure 3 7SK prevents DNA damage  
at enhancers and SEs. (a) Left,  
representative immunofluorescence  
images (from a total of ten fields) of 
paraformaldehyde-fixed mouse ES cells. 
Scale bars, 10 µm. DAPI, 4′,6-diamidino-2-
phenylindole. Right, quantification of 105 
individual cells from control ASO– or 7SK  
ASO–treated mouse ES cells. Boxes,  
25th and 75th percentile; center line,  
median values; whiskers, top and bottom 
quartiles. P values were calculated  
with the Kolmogorov-Smirnov test.  
a.u., arbitrary units. (b) Scatter-plot  
analysis of the change in 7SK ASO (KD)/control ASO (Scr) ratio in γ-H2AX ChIP-seq versus log2 change in ConvT at promoters, SEs and TEs. 
Spearman correlation values are noted for each element class.

a mark associated with active Pol II transcription (Supplementary  
Fig. 3d). Importantly, enhancers that gained GRO-seq and trimeth-
ylated histone H3 K36 signals after 7SK knockdown were enriched 
for similar ES-specific gene ontology terms above the background 
of previously defined ES enhancer elements (Supplementary  
Fig. 3e,f and Online Methods). Together, these data suggested that 
7SK represses transcription at enhancers and promoters through  
distinct mechanisms.

One important consequence of unfettered transcription is con-
vergent transcription, in which one region of the genome is tran-
scribed on both the Watson and Crick strands (Supplementary 
Fig. 4a). Convergent transcription (ConvT) can lead to Pol II col-
lisions and activation-induced cytidine deamination–mediated 
DNA damage3; thus, surveillance mechanisms that reduce this 
phenomenon are important for genome stability. Using an estab-
lished metric of ConvT based on GRO-seq data (Online Methods), 
we found that transcribed regions experienced more ConvT than 
did insulator (Ctcf) or random regions, and SEs in particular were 
the most enriched (Supplementary Fig. 4b); these results mirror 
those from recent reports in B-cell lymphoma3. Loss of 7SK caused 
significant increases in ConvT at promoters, SEs and TEs (Fig. 2c 
and Supplementary Fig. 4c). Despite P-TEFb’s previously reported 
activity both downstream and upstream of Pol II complexes35, 
we observed a gain in ConvT signal in the downstream (mRNA) 
direction and loss in the upstream direction (Fig. 2c), These results  
strengthened the notion that promoters experience specific  
directional regulation and suggested that promoter pause release 
results in a more permissive environment for ConvT, possibly  
allowing downstream convergent Pol II complexes36 to initiate and 
transcribe more readily.

At enhancers, elevated ConvT emanated in both directions. Notably, 
in control cells there was approximately eight-fold more ConvT at SEs 
than at TEs, and 7SK depletion resulted in broad increases in ConvT 
(Fig. 2c). Whereas SEs exhibited more transcription than TEs, they 
were particularly enriched in 7SK-dependent ConvT changes even 
when compared with promoters that have higher levels of transcrip-
tion, as judged by GRO-seq (Supplementary Fig. 4d). This effect is 
probably a direct consequence of the clustered arrangement of open 
chromatin sites (each a TSS) within SEs; the peak-to-peak distance 
from one open chromatin site to the next was at least ten-fold shorter 
in SEs than TEs or promoters (Supplementary Fig. 4e). Finally, intra-
genic enhancers, which are located within the mRNA transcriptional 
unit, also experienced more ConvT than did intergenic TEs (median 
ConvT values of 0.067 and 0.025, respectively; Supplementary  
Fig. 4f). Therefore, 7SK has an active role in controlling the balance 
of transcription genome wide.

The observation that 7SK modulates ConvT, especially at SEs, 
raised the possibility that downstream signaling events, such as  
DNA-damage signaling might occur after 7SK loss. We monitored 
levels of S139-phosphorylated γ–histone 2A.X (γ-H2AX) by immun-
ofluorescence and found elevated levels of γ-H2AX at the single-cell 
level after 7SK depletion (Fig. 3a). To gain a higher-resolution picture, 
we performed ChIP-seq of γ-H2AX in mouse ES cells with or without 
7SK depletion. 7SK depletion caused significant increases of γ-H2AX 
at promoters, SEs and TEs (Supplementary Fig. 4g). Notably, there 
was a positive correlation between changes in ConvT and γ-H2AX at 
all three elements (Fig. 3b), and this correlation was strongest for SEs 
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Table 1 Mass spectrometry peptide counts
ChIRP-MS by 7SK and other nuclear noncoding RNAs

Protein 7SK U1 U2 Xist Protein complex

Larp7 1,027 0 0 0 7SK snRNA

Mepce 657 0 0 0 7SK snRNA

Ccnt1 655 0 0 0 7SK snRNA

Cdk9 451 0 0 0 7SK snRNA

Hexim1 342 0 0 0 7SK snRNA

Ddx21 116 77 29 9 7SK snRNA/snoRNP

Ctr9 69 24 29 0 Pol II elongation

Smarcc1/Baf155 69 0 0 0 BAF

Smarca4/Brg1 47 35 35 0 BAF

Brd4 42 0 0 0 7SK snRNA

Smarcd1/Baf60a 27 0 0 0 BAF

Actl6a/Baf53a 15 0 0 0 BAF

Smarcb1/Baf47 8 0 0 0 BAF

Coimmunoprecipitation with IgG control or BAF subunit Arid1aa

Protein IgG     BAF (Arid1a)             Protein complex

Arid1a/Baf250a 0 253 BAF

Smarcc1/Baf155 0 208 BAF

Smarca4/Brg1 0 171 BAF

ActB 37 94 BAF

Smarcd1/Baf60a 0 60 BAF

Actl6a/Baf53a 0 45 BAF

Smarce1/Baf57 0 45 BAF

Smarcb1/Baf47 0 45 BAF

Smarcd2/Baf60b 0 15 BAF

Cdk9 0 2 Canonical 7SK

Ccnt1 0 0 Canonical 7SK

Hexim1 0 2 Canonical 7SK
aFull list of proteins is provided in Supplementary Table 3. SnoRNP, small nucleolar  
ribonucleoprotein. Slashes denote ‘and’.
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(Spearman correlation, ρ = 0.677). Together, these data suggested that 
7SK is important for controlling the directional bias of transcription 
and preventing DNA damage at clustered SE elements.

7SK forms a new snRNP with the BAF complex
To discover how 7SK might functionally discriminate promoters 
from enhancers, we used ChIRP–mass spectrometry (ChIRP-MS) to 
identify new in vivo protein partners of the 7SK snRNA37. Canonical 
7SK snRNP factors were highly enriched, including Larp7, Mepce, 
Ccnt1, Cdk9, Hexim1, Ddx21 and Brd4 (Table 1). Notably, 7SK 
retrieved five BAF-complex subunits, including the central ATPase 
subunit, Brg1, as well as Baf155, Baf60a, Baf53a and Baf47 (Table 1). 
The number of peptides of BAF subunits was comparable to that of 
a known 7SK snRNP partner (Brd4), and four of five BAF subunits 
were retrieved only by 7SK but not by three other nuclear noncoding 
RNAs (U1, U2 or Xist; Table 1). BAF is a mammalian ATP-dependent  
nucleosome-remodeling complex that has been linked to major 
human diseases, including in cancer and autism38,39. In mouse  
ES cells, BAF has recently been shown to regulate nucleosome occu-
pancy and to inhibit eRNA synthesis at enhancers40, thus making BAF 
an attractive partner for 7SK action. Moreover, recent reports have 

suggested that specific noncoding RNAs can impart locus-specific  
control of the BAF complex41,42.

ChIP-seq analysis of Baf155 and other 7SK partners revealed that 7SK 
resides in two distinct complexes. Enhancer-bound 7SK coassociated 
with Baf155 and Brd4, whereas promoter-bound 7SK associated with 
Hexim1 and Ddx21, as exemplified by the Klf4 locus (Fig. 4a). Global 
analysis of 7SK ChIRP-seq data revealed that ChIP-seq peaks of Baf155 
and Brd4 clustered together and away from those of Hexim1 ChIP-seq 
(Fig. 4b). To further characterize these factors at the peak level, we 
analyzed the intersection of 7SK, Baf155 and Hexim1 peaks across the 
genome (Supplementary Table 2). We found that most enhancers had 
BAF occupancy (84%) but no HEXIM occupancy. Conversely, most 
promoters (73%) had HEXIM occupancy but no BAF occupancy. We 
next characterized these complexes biochemically: we separately immu-
noprecipitated BAF and Hexim1. By analyzing the BAF-enriched pro-
teome by MS, we robustly recovered subunits of the BAF complex (range 
14–253 peptides per protein; Table 1 and Supplementary Table 3).  
However, we observed little Hexim1 or P-TEFb (Table 1). Western blot 
analysis of Hexim1-enriched proteins confirmed the lack of associa-
tion between BAF and Hexim1 (Supplementary Fig. 5a). Despite the 
poor co-recovery between BAF and HEXIM, we found that both com-
plexes separately pulled down 7SK. Native RNA immunoprecipitation 
(RIP) of Hexim1 or BAF subunit Arid1a recovered ~65% and ~6% of 
the cellular 7SK, respectively (Supplementary Fig. 5b). Given 7SK’s 
high abundance, estimated at ~200,000 copies per cell18, the 7SK–BAF 
complex may exist at more than 10,000 copies per cell and thus may 
potentially regulate thousands of loci across the genome.

We discovered that 7SK exists in two mutually exclusive RNA struc-
tures in association with BAF versus Hexim1. We determined the sec-
ondary structure of endogenous 7SK in association with either Hexim1 
or BAF RNP complexes by using in vivo click selective 2′-hydroxyl 
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acylation and profiling experiment (icSHAPE)43. We treated immu-
noprecipitated Hexim1 or BAF complexes with the icSHAPE probe to 
obtain a snapshot of the 7SK structure in each RNP context. We found 
many single-nucleotide reactivity differences in stem-loops 1 and 2, as 
well as large contiguous differences between BAF- and Hexim1-associ-
ated structures in stem-loop 3 (Fig. 5a and Supplementary Table 4). By 
subtracting the icSHAPE values in BAF from Hexim1, we observed that 
nucleotides 219–250 of 7SK were substantially more reactive (single-
stranded) in association with BAF, whereas nucleotides 284–300 were 
more reactive in association with Hexim1 (Fig. 5b). Mapping these 
reactivities onto the predicted secondary structure of 7SK’s stem-loops 
3 and 4 (Fig. 5c) further confirmed the distinct regional differences 
in BAF- and Hexim1-associated 7SK structural profiles. Altogether, 
ChIP-seq, biochemical purification and RNA structural data suggested 
that 7SK exists in two separable complexes: a 7SK–Hexim1 complex at 
promoters and a 7SK–BAF complex at enhancers.

7SK facilitates BAF action at enhancers
We next characterized the stepwise interplay of the 7SK–BAF com-
plex and enhancer chromatin. Because transcription occurs on a 

nucleosomal template, and 7SK associates with the BAF complex at 
enhancers (Fig. 6), we hypothesized that 7SK might change chro-
matin organization. By using ATAC-seq, we inferred nucleosome 
positions in mouse ES cells (Online Methods) and obtained high-
quality nucleosome positioning data at promoter and enhancer ele-
ments (Supplementary Fig. 2c,d). The organization and density of 
nucleosomes was nearly unchanged at promoters after the loss of 7SK  
(Fig. 6a). In contrast, at TE and SE elements, 7SK depletion caused 
stronger central nucleosome positioning (Fig. 6b). Histone H3 ChIP-seq  
revealed little change in histone occupancy at enhancers and promot-
ers after the loss of 7SK (Supplementary Fig. 5c,d). Thus, 7SK affects 
relative nucleosome positioning but not occupancy.

Because 7SK is an RNA component of BAF, we hypothesized that 
it might bridge interactions important for the BAF complex’s activity. 
Glycerol gradient analysis showed that 7SK depletion led to decom-
position of the canonical 7SK snRNP (Cdk9, Ccnt1 and Hexim1) into 
fractions of lower molecular weight (Supplementary Fig. 6a), thus 
serving as positive control44. Importantly, 7SK depletion also shifted 
both Pol II and BAF complex subunits (Brg1, Arid1a and Baf155) 
toward lower-molecular-weight fractions (Supplementary Fig. 6b). 

These data suggested that 7SK functions to 
connect BAF to the transcriptional apparatus. 
In immunoprecipitation (IP) experiments 
with BAF subunit Arid1a, 7SK depletion 
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reproducibly decreased Pol II co-IP with the BAF complex but did not 
affect the mutual co-IP of BAF subunits (for example, Baf47; Fig. 6c). 
These data supported 7SK’s role in scaffolding BAF and Pol II, thereby 
facilitating a chromatin state compatible with transcribed loci.

Our biochemical data raised the possibility that 7SK might facilitate the 
in vivo recruitment to, or stabilization of, BAF on chromatin. To determine  
in vivo roles of 7SK and BAF, we depleted cells of 7SK and performed 
Baf155 ChIP-seq. Loss of 7SK resulted in global reduction of Baf155 
occupancy at enhancers (Fig. 6d and Supplementary Fig. 6c,d).  
ChIP-qPCR validated Baf155 occupancy at multiple mouse ES SEs in 
a 7SK-dependent manner (Fig. 6e). Enhancers with 7SK-dependent  
BAF occupancy were enriched for selective activity during early 
embryogenesis, thus indicating relevance to ES-cell biology 
(Supplementary Fig. 6e). The identification of BAF, a known player 
in genome stability45, as a 7SK-enhancer partner also adds to the 
mechanism of 7SK-mediated protection from DNA-damage signaling. 
Multivariate regression analysis showed that 7SK-dependent control 
of enhancer transcription, convergent transcription and BAF recruit-
ment each independently and significantly diminished DNA damage 
(Supplementary Fig. 6f). The ConvT signal provided additional pre-
dictive power beyond the GRO-seq data, despite being derived from 
the GRO-seq data (Supplementary Fig. 6f), thus suggesting that over-
lapping read density is indeed important for γ-H2AX deposition.

Nucleosome positioning can modulate genomic TF binding46, 
and ChIP-seq analysis of Oct4 (also known as Pou5f1) in mouse  
ES cells revealed that 7SK depletion also led to loss of Oct4 occupancy 
(Supplementary Fig. 7a–e). Analysis of TF footprints through ATAC-
seq and the bioinformatics tool PIQ47 (Online Methods) also showed 
that binding of Oct4 and Sox2, but not that of Ctcf, was dependent 
on 7SK (Supplementary Fig. 7f–h). To directly compare 7SK loss to 
BAF loss, we analyzed RNA-seq data collected after Brg1 depletion40. 
Loss of Brg1 or 7SK resulted in strongly concordant changes in eRNA 
synthesis at the same SE elements (281 of 349 SEs; P = 1.85 × 10−17 by 
Fisher’s exact test) and TE elements (2,210 of 3,739 TEs; P = 2.75 ×  
10−15 by one-tailed Fisher’s exact test). Thus, 7SK depletion mimics 
BAF loss. These results suggested that 7SK is important in the recruit-
ment of BAF, a known inhibitor of eRNA transcription40, to enhancers 
across the genome.

In turn, 7SK–BAF is targeted to enhancers via Brd4 bromodomain 
interaction. JQ1 is a small-molecule bromodomain inhibitor and a 
promising anticancer drug candidate48. We found that brief treat-
ment (1 h) with JQ1 dissociated 7SK but not Pol II from enhancer 
chromatin genome wide, as measured by ChIRP-seq and ChIP-seq 
(Supplementary Fig. 8). We did not observe any compensatory 
expression of 7SK snRNP factors under these JQ1 treatment condi-
tions (Supplementary Fig. 8b). At the Nanog promoter and associ-
ated SEs, Pol II’s chromatin occupancy was largely stable, except for a 
loss at the 3′ end of the Nanog locus, thus suggesting that JQ1 indeed 
led to promoter-proximal pausing of Pol II (Fig. 7a). We observed 
globally increased Pol II pausing at genes (Supplementary Fig. 8c,d). 
Quantitative analysis of 7SK occupancy, normalized for changes of Pol 
II association after JQ1 treatment, revealed that 7SK occupancy was 
most sensitive to JQ1 at SEs compared to TEs and promoters (Fig. 7b 
and Supplementary Fig. 8c–f). This result is consistent with Brd4’s rel-
atively higher enrichment at SEs and TEs than promoters (Fig. 1d).

DISCUSSION
Our results revealed the distinct control mechanisms and conse-
quences of pervasive transcription at enhancers versus promoters, 
notably distinguishing SEs. Enhancers are the earliest transcriptional 
responders to cellular differentiation and stress, and therefore are 

critical for orchestrated gene expression11. 7SK, a chromatin-bound 
noncoding RNA, represses transcription at enhancers via BAF chro-
matin remodeling and at promoters via Pol II pause release (Fig. 7c).  
Enhancer-specific linkage of 7SK to BAF allows cells to focally 
inhibit eRNA production and to resolve undesired consequences 
of enhancer transcription, such as convergent transcription at SEs. 
Thus, manipulation of 7SK may affect diseases including cancer and 
autism, in which BAF and enhancer dysfunction have important 
roles. Enhancers and promoters are often in proximity during gene 
expression, yet distinct mechanisms and small-molecule sensitivities 
(for example, to JQ1) control each element’s transcription and other 
post-transcriptional features49. 7SK may potentially serve as a single 
integrator that globally regulates transcription. Future work will need 
to decipher how the cell discriminates among these elements and the 
roles of 7SK or other noncoding RNAs in this choice.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Sequencing data have been deposited in the Gene 
Expression Omnibus database under accession code GSE69143.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Cell culture and antisense-oligonucleotide knockdown of 7SK. V6.5 mouse 
ES cells (a kind gift from P.A. Sharp) were cultured on gelatinized plates with 
serum and LIF as previously described35. H1 human ES cells (a kind gift from  
V. Sebastiano) were cultured in mTeSR1 on Matrigel-coated dishes. All cells were 
negative for mycoplasma contamination. Cells were passaged as single cells with 
Accutase. HeLa cells were cultured in DMEM, 10% FBS, and 1% penicillin- 
streptomycin. To deplete mouse ES cells of 7SK, chimeric DNA–2′-O-methyl-
ated RNA oligonucleotides were used as previously described34 (Supplementary 
Table 5). Briefly, cells were trypsinzed and nucleofected with an Amaxa mES cell 
kit (Lonza) with 1 nmol of ASO per 2 million mouse ES cells. After nucleofection, 
cells were grown for 2–24 h and used for downstream analysis.

Western blotting and antibodies. Cells were lysed in lysis buffer (50 mM HEPES, 
200 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% NP-40, 0.2% Triton X-100, 
and 0.5% N-lauroylsarcosine, supplemented with protease-inhibitor cocktail 
(Roche)), briefly sonicated to solubilize chromatin, and spun for 10 min at 4 °C  
at 13,000 r.p.m. Clarified protein lysates were quantified with a BCA Protein 
Assay Reagent Kit (Pierce). Antibodies specific to the following proteins were 
used: Pol II N-term (Santa Cruz, sc-899), Ccnt1 (Santa Cruz, sc-10750), Cdk9 
(Santa Cruz, sc-484), Brg1 (Santa Cruz, sc-17796), Hexim1 (Abcam, ab25388), 
Baf47 (Santa Cruz, sc-166165), Arid1a (Santa Cruz, sc-32761), and Baf155  
(gift from G. Crabtree). Validation information for commercial antibodies is 
available on the manufacturers’ websites.

Glycerol gradient analysis. Mouse ES cells were depleted of 7SK as described 
above, and biological duplicates (i.e., clonal cell cultures grown and collected on 
different days) of control and 7SK ASO were collected. After 12 h of knockdown, 
cells were lysed in glycerol gradient lysis buffer (10 mM HEPES, 2 mM MgCl2, 
10 mM KCl, 0.5% NP-40, 0.5 mM EDTA, and 150 mM NaCl, supplemented with 
protease-inhibitor cocktail (Roche) and SUPERaseIn (Life Technologies)) on ice 
for 15 min. Insoluble material was pelleted by centrifugation for 10 min at 4 °C  
at 13,200 r.p.m. Whole cell protein lysates were quantified as above, and 400 µg  
of lysate was used for each individual gradient. For each sample, 10 mL of a 
10–30% glycerol gradient solution was mixed, and 400 µg of lysate (in 300 µL)  
was loaded and spun for 16 h at 4 °C at 40,000 r.p.m. in a Beckman SW41Ti rotor. 
After centrifugation and fractionation (300 µL per fraction, 30 fractions, collected 
from the top), samples were analyzed by western blotting.

Start-seq centering of promoters and enhancers. Promoters. 24,064 mm9 genes 
were obtained from RefSeq, and all microRNA and snoRNA genes were removed. 
The most upstream TSS was obtained, and a ±1-kb window was calculated around 
each. For each gene, the 2-kb window was first scanned along the sense strand 
to find the highest Start-seq31 peak. The gene was discarded if it had no posi-
tion with at least five reads on the sense strand. Next, the 2-kb window was 
scanned on the antisense strand to find the highest antisense peak upstream of 
the sense peak. A minimum threshold was not set for finding an antisense peak.  
If no antisense peak was found, the gene was labeled unidirectional. If this anti-
sense peak was the sense peak for another gene, both genes were labeled bidirec-
tional. Otherwise, the gene was labeled divergent. Only genes with unique sense 
peaks were retained, thus resulting in a final list of 14,234 genes with a Start-seq 
signal. Of these 14,234 genes, 2,060 were bidirectional, 1,443 were unidirectional, 
and 10,731 were divergent. We then calculated the distance (TSS-pair width) 
between sense and antisense peaks for all nonunidirectional genes.

Traditional enhancers. 8,563 mm9 enhancers were obtained from enhancer 
calls from White et al.4, and ±1-kb windows were obtained around their centers. 
For each enhancer, the sense and antisense strands were simultaneously scanned 
to find the pair of sense and antisense nucleotides that maximized the sum of the 
Start-seq signal on both strands and where the sense peak was downstream of 
the antisense peak (consistently with divergent transcription). Enhancers were 
discarded if a Start-seq signal was not found on both strands, thus resulting in a 
final list of 5,356 enhancers. As with promoters, we then calculated the distance 
between sense and antisense peaks for all enhancers.

Super enhancers. 231 mm9 SE regions were obtained from White et al.4 SEs 
calls and intersected with peak calls from ATAC-seq chromatin occupancy data, 
thus yielding 415 high-confidence ATAC-seq peaks within SEs regions. All peaks 

(known as SEs peaks) within 1 kb of a RefSeq TSS were removed, thus result-
ing in a list of 361 SEs peaks. The Start-seq centering algorithm that we ran 
with regular enhancers did not result in better-centered peaks, so we used these  
361 SEs peaks in our final list.

ChIRP-seq assay. The ChIRP-seq assay was performed as described previously50. 
Mouse ES cells were cultured as above and treated with dimethyl sulfoxide 
(DMSO) or 500 nM JQ1 (ref. 48) (Gift from J. Bradner) for 1 h at 37 °C. Isolated 
RNA was used in qRT-PCR analysis (Stratagene) to quantify the enrichment 
of 7SK and depletion of other cellular RNAs. Isolated DNA was used for qPCR 
analysis or to make deep-sequencing libraries with an NEBNext DNA Library 
Prep Master Mix Set for Illumina (NEB). Library DNA was sequenced from a 
single end for 75 cycles on an Illumina HiSeq 2500 (summary of all sequencing 
experiments in Supplementary Table 6).

Sequencing reads were first trimmed of adaptors (FASTX Toolkit) and mapped 
with Bowtie to a custom index containing repetitive RNA elements (rRNA, 
snRNAs, and y-RNAs51). Subsequent reads were then mapped to mm9. Mapped 
reads were separately shifted toward the 3′ end with MACS and normalized to 
a total of 10 million reads. Even and odd replicates were merged as described 
previously50 by taking the lower of the two read-density values at each nucle-
otide across the entire genome. The full pipeline is available at http://github.
com/bdo311/chirpseq-analysis/.

ChIRP-seq data analysis. TSS regions were obtained from the RefSeq annota-
tions of genes in the hg19 genome for H1/HeLa ChIRP-seq data. For each type of 
genomic feature (promoters, SEs and TEs), metagene plots were made by plotting 
the column means of an n × p matrix, in which the nth row represents a single 
example of the genomic feature, and the pth column represents the read density at 
position p of the genomic feature. The full pipeline for producing metagene plots 
is available at http://github.com/bdo311/metagene-maker/. 7SK ChIRP-seq peaks 
were called with MACS2 and defined as genic if the center of the peak was within 
1 kb of an annotated gene (and were otherwise defined as intergenic).

Global run-on sequencing and data processing. Mouse ES cells were depleted of 
7SK as described above, and biological duplicates of control and 7SK ASO-treated 
cells were collected. GRO-seq was performed as previously described52 with the 
following modifications. After 5-bromouridine–labeled RNA was isolated, deep-
sequencing libraries were constructed as described for FAST-iCLIP51. Libraries 
were sequenced from a single end for 75 cycles on an Illumina HiSeq 2500 or 
NextSeq 500 machine.

For each sample, 3′-adaptor trimming, quality filtering, PCR duplicate col-
lapsing, and 5′-barcode trimming were performed as previously described51. 
Processed reads were then mapped with Bowtie to a custom index containing 
single-copy loci of repetitive RNA elements (rRNA, snRNAs, and y-RNAs51). 
Reads that did not map to the custom index were then mapped to mm9. These 
steps were similar to those in the ChIRP-seq data processing above. Metagenes 
were made with metagene-maker and with a custom Perl script after separation 
of sense from antisense reads. Statistics were calculated in a +500-bp window 
surrounding the center of each element.

To calculate convergent transcription (ConvT) in control and 7SK ASO-treated 
cells, we took the minimum of the sense signal and the antisense-normalized 
GRO-seq read density at each nucleotide, such that if a nucleotide had a GRO-
seq signal on only one strand, ConvT = 0. To calculate the proportion of ConvT 
blocks before and after 7SK knockdown for different regulatory elements, we 
averaged the WT and ASO ConvT tracks at 100-bp intervals. For each treatment, 
we marked each interval as a ConvT interval if its mean ConvT signal exceeded 
the genome-wide mean. The observed versus expected fold change was calculated 
by division of the fraction of ConvT intervals mapping to each regulatory element 
type by the genomic fraction of that element type. Finally, metagene-maker was 
used to quantify average ConvT profiles in control and ASO for each regulatory 
element. Statistics were calculated in a ±1,000-bp window surrounding the center 
of each element. A summary of all changes observed at promoter and enhancers 
can be found in Supplementary Table 7.

To calculate enhancer peak-to-peak distances, we took the distance from 
an enhancer to its closest TE or individual SE peak. Peaks were centered with  
Start-seq signal (TEs) or ATAC-seq signal (SEs) as described previously.
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ATAC sequencing and data processing. ATAC-seq was performed essentially as 
previously described53. Briefly, mouse ES cells were depleted of 7SK as described 
above. Transposition was performed for 30 min at 37 °C, after which cells were 
lysed, and isolated library DNA was sequenced from a single end for 75 cycles 
on an Illumina HiSeq 2500.

ATAC-seq reads were processed as previously described53. Once mapped 
reads were obtained, paired-end ATAC-seq fragments from two length ranges— 
fragments shorter than 100 bp, and fragments between 147 and 180 bp—were iso-
lated for separate analysis. These ranges were previously used by Buenrostro et al.53  
to distinguish transposase insertion into nucleosome-free DNA and insertions 
flanking nucleosomes, respectively. At promoters, TEs and SEs, the number of 
fragment centers (single base pair) overlapping each bin was counted for each 
of the two fragment size ranges. We plotted the average fragment count in each 
bin normalized to the average fragment count in the first five bins to set the 
background signal to one. Statistics were calculated in an ±250-bp window  
surrounding the center of each element.

Transcription factor–footprint detection with PIQ. We used PIQ47 to quantify 
DNA binding of TFs on the basis of ATAC-seq data. To maximize sensitivity, we 
merged ATAC-seq data from replicates. To eliminate detection biases based on 
sequencing depth, we sampled from the higher-depth merged library to achieve 
equal depth from control and 7SK-depleted libraries (resulting in ~89 million single- 
end reads for each condition). Purity thresholds for footprint calls in control 
samples were adjusted to identify 10,000 binding events for each TF.

Immunofluorescence (IF). IF was performed as described previously33. Briefly, 
mouse ES cells were treated with control ASO or 7SK ASO and seeded into 12-
well plates containing 18-mm glass cover slips and cultured for 12 h, after which 
cells were fixed in 4% PFA for 10 min at room temperature and washed 3 × 5 min 
with PBS. Cells were permeabilized in PBS containing 0.3% (v/v) Triton X-100  
for 5 min and blocked overnight at 4 °C in PBT buffer (PBS with 1% BSA, 0.1% 
Triton X-100 (v/v), and 0.05% sodium azide (w/v)). After blocking, cover slips 
were incubated in PBT with a 1:200 dilution of S139-phosphorylated γ-H2AX–
specific antibody (Abcam, ab11174) at room temperature for 2 h. Cover slips were 
washed 3 × 5 min with PBT and incubated with Alexa-Fluor 568 secondary anti-
body (1:1,000; ThermoFisher Scientific, A-11036) for 1 h. Validation information 
for antibodies is available on the manufacturers’ websites. Cells were washed 3 × 
5 min with PBT and 2 × 5 min with PBS, rinsed briefly with water and mounted 
onto glass slides with VECTASHIELD (Vectorlabs, H-1200) mounting medium  
with DAPI. All images were acquired and processed with a Zeiss LSM700  
confocal microscope.

In vivo click SHAPE (icSHAPE). icSHAPE was performed largely as described 
previously43 with the following modifications. Mouse ES cells were grown as 
above, cell lysates were made as for glycerol gradient analysis and quantified, 
and 400 µg of each sample was used for further processing. For Hexim1 enrich-
ment, 30 µL of Protein A Dynabeads (Life Technologies) was prepared over-
night at 4 °C with 8 µg of anti-Hexim1 antibody (Abcam, ab25388). For BAF 
(Arid1a) enrichment, 30 µL of Protein A Dynabeads (Life Technologies) was 
prepared overnight at 4 °C with 5 µg of rabbit anti-mouse secondary antibody 
(ThermoFisher Scientific, 31188) and 8 µg of anti-Arid1a antibody (Santa Cruz, 
sc-32761). Validation information for antibodies is available on the manufac-
turers’ websites. After overnight incubation, beads were washed twice in 1 mL 
of NT2 buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 0.05% 
NP-40) and added to freshly prepared lysate and immunoprecipitated overnight 
at 4 °C. Samples were then washed three times in glycerol gradient lysis buffer 
each for 2 min on ice. After being washed, beads were resuspended in 30 µL  
of icSHAPE reaction buffer (100 mM HEPES, 6 mM MgCl2, 100 mM NaCl,  
1 U SUPERaseIn (Life Technologies), and 50 mM NAI-N3 (or DMSO as mock)), 
and incubated at 37 °C for 12 min. After modification, RNA was immediately 
isolated with TRIzol (Life Technologies), and this was followed by RNA cleanup 
with RNeasy Mini columns (Qiagen). Subsequently, RNA was treated as standard 
DMSO or NAI-N3 samples for standard icSHAPE library preparation43. DNA 
library samples were subjected to deep sequencing on Illumina NextSeq 500 
machines for single-end 75-bp cycle runs.

Data-processing steps were performed as described previously43 with the fol-
lowing modifications. We generated biological replicates of two IP samples (BAF 

and Hexim1) for DMSO and NAI-N3 modified experiments. Reads were col-
lapsed to remove PCR duplicates, barcodes were removed, and reads were mapped 
specifically to the full-length mouse 7SK snRNA sequence (NCBI GeneID 19817). 
In NAI-N3 libraries, we defined the −1 position of the 5′ mapped reads as RT 
(reverse transcription) stops, corresponding to structure-modified positions. We 
defined RT-stop coverage as the number of times that a base mapped as an RT 
stop. We constructed the background base density profile for 7SK as the sequenc-
ing depth of each base in the DMSO libraries. We defined the reactivity score as 
the value after subtraction of background RT stops (DMSO libraries) from RT 
stops of the modified NAI-N3 libraries, adjusted by the background base density.  
The score was then scaled to the range of [0, 1], after removal of the outliers by 
90% Winsorization (the top fifth percentile was set to 1, and the bottom fifth 
percentile was set to 0).

Native Immunoprecipitation (IP) and RNA-IP. Mouse ES-cell extract was 
prepared for analysis of native protein-protein and RNA-protein interaction 
analysis, as described previously33. Hexim1 (Abcam, ab25388) or BAF (Arid1a, 
Santa Cruz, sc-32761) was enriched with bead-coupled antibodies for 4 h at 4 °C. 
Validation information for antibodies is available on the manufacturers’ websites. 
Enriched samples were washed three times on ice in glycerol gradient lysis buffer. 
Proteins or RNA pulled down with each IP were analyzed by western blotting, 
mass spectrometry, or qRT-PCR.

ChIP-seq. Sample and library preparation. ChIP-seq was performed as  
described previously33. DNA was purified for subsequent qPCR analysis or  
deep-sequencing library construction (as above for ChIRP-seq). Antibodies 
specific to the following proteins were used for ChIP studies: Pou5f1 (Santa 
Cruz, sc-8629), Hexim1 (Abcam, ab25388), Ddx21 (Novus, NB100-1781), 
Baf155 (Gift from G. Crabtree), γ-H2AX (Abcam, ab11174), and Brd4  
(Bethyl, A301-985A). Validation information for commercial antibodies is avail-
able on the manufacturers’ websites.

Factor ratio analysis. For all TE, SE and promoter regions (−1 kb to +1 kb 
around their centers), we calculated a mean read density for all ChIP-seq, ATAC-
seq, and 7SK ChIRP-seq data sets by dividing total coverage by the number of 
nucleotides (2,000) and obtained enrichment values by dividing these values 
by the values of the corresponding input samples. Enrichment values for each 
factor at each region were all normalized by the enrichment of TBP54, TBP55, or 
TAF1 (ref. 55) at that region. To make heat maps, for all factors we averaged these 
TBP- or TAF1-normalized enrichment values across promoters, TEs and SEs, and 
displayed all factors or a subset of factors with R’s pheatmap library. To show that 
promoters, TEs and SEs have different factor ratios as a class, we ran principal 
component analysis on the TBP54-normalized enrichment values for all regions 
with the prcomp function in R and plotted the first two principal components 
with R’s ggplot2 library.

Data analysis. Raw ChIP-seq data were obtained from the Gene Expression 
Omnibus database (Supplementary Table 8). All ChIP-seq data were mapped 
to the genome and normalized to 10 million reads to facilitate comparison with 
ChIRP-seq data. The format of ChIP-seq data was identical to the format of 
ChIRP-seq data: for each factor of interest, each position in the genome had a 
value representing its binding level relative to other positions. Metagenes for 
ChIP-seq data were produced as described above, and statistics were calculated 
in a ±250-bp window surrounding the center of each element.

To assess cobinding of Hexim1, Baf155, and 7SK, we called peaks from two 
Hexim1 and two Baf155 ChIP-seq replicates and even and odd replicates of 7SK 
ChIRP-seq with MACS2 with the following parameters. 7SK parameters were 
–broad–broad-cutoff 0.3 –p 1e–3. We obtained 323,145 overlapping peaks, of 
which 85,230 had signal values within 50% of each other in both data sets. We 
took the top 50,000. Baf155 parameters were –broad–broad-cutoff 0.3 –p 1e–3. 
We obtained 1,006,367 overlapping peaks, of which 959,238 had signal values 
within 50% of each other in both data sets. We took the top 10,000. Hexim1 
parameters were –p 1e-3. We obtained 346,242 overlapping narrow peaks, of 
which 19,634 had IDR <0.01. We took the top 10,000. These peaks were subse-
quently analyzed in two ways. First, each peak was assigned to either a promoter 
or enhancer element.

To derive a linear model to explain the γ-H2AX fold change after 7SK knock-
down, we used log2 ASO/Scr fold change values at TEs and SEs for GRO-seq, 
Baf155 ChIP-seq, γ-H2AX ChIP-seq, and ConvT. We used the R library edgeR to 
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process the GRO-seq and ChIP-seq data and in-house Python scripts to process 
ConvT data. GRO-seq, Baf155, and ConvT values were then regressed onto the 
γ-H2AX fold change one factor at a time with R’s lm function, and the adjusted 
R-squared value was calculated for each regression.

We used edgeR and displayed the data as volcano plots to quantitatively analyze 
the changes in ChIP-seq or GRO-seq signals. Specifically, we counted ChIP-seq 
or GRO-seq reads falling in specified windows around promoters and enhancer 
TSSs and used edgeR with two biological replicates for each condition (scrambled 
or 7SK-targeting ASO) to identify the subset of regions exhibiting significantly 
altered signals in 7SK-depleted cells. Read counts were normalized by library 
size for each sample. We used a threshold of FDR <0.1 to call significantly altered 
regions. Volcano plots represent the log2 fold change for the particular experiment 
(GRO-seq or ChIP-seq), plotted against −log10(FDR).
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