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SUMMARY

RNA polymerase II (RNAPII) pausing in early elongation is critical for gene regulation. 

Paused RNAPII can be released into productive elongation by the kinase P-TEFb or targeted 

for premature termination by the Integrator complex. Integrator comprises endonuclease and 

phosphatase activities, driving termination by cleavage of nascent RNA and removal of 

stimulatory phosphorylation. We generated a degron system for rapid Integrator endonuclease 

(INTS11) depletion to probe the direct consequences of Integrator-mediated RNA cleavage. 

Degradation of INTS11 elicits nearly universal increases in active early elongation complexes. 

However, these RNAPII complexes fail to achieve optimal elongation rates and exhibit persistent 

Integrator phosphatase activity. Thus, only short transcripts are significantly upregulated following 

INTS11 loss, including transcription factors, signaling regulators, and non-coding RNAs. We 

propose a uniform molecular function for INTS11 across all RNAPII-transcribed loci, with 

differential effects on particular genes, pathways, or RNA biotypes reflective of transcript lengths 

rather than specificity of Integrator activity.
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eTOC Blurb:

Stein et al. show that Integrator broadly balances levels of RNAPII pause release with premature 

termination. Acute depletion of Integrator endonuclease allows for increased RNAPII release into 

coding and non-coding RNAs. However, RNAPII elongation is inefficient, and only short RNAs 

are upregulated, including several transcription factors that initiate signaling pathways.

INTRODUCTION

Precise regulation of gene expression is critical for organismal development and cellular 

adaption to the environment. Transcription regulation in metazoans centers on the pausing 

of RNAPII during early elongation (Core and Adelman, 2019), which provides a checkpoint 

for controlling gene activity. Promoter-proximally paused RNAPII, bound by SPT5 and 

the NELF complex (Vos et al., 2018), remains associated with the DNA template and 

nascent RNA while awaiting release into productive elongation (Henriques et al., 2013). 

Pause release involves the kinase P-TEFb, which phosphorylates RNAPII and SPT5 to 

dissociate NELF and promote efficient transcription elongation (Core and Adelman, 2019). 

Alternatively, promoter paused RNAPII can be terminated by the Integrator complex, 

resulting in the removal of RNAPII from the DNA and degradation of the nascent RNA 

(Beckedorff et al., 2020; Elrod et al., 2019; Tatomer et al., 2019).
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Integrator is a metazoan-specific complex with subunits arranged in discrete modules. The 

core of Integrator associates with RNAPII, SPT5, and NELF in the paused elongation 

complex, positioning the Integrator endonuclease near the RNA exit channel to cleave 

nascent RNA (Fianu et al., 2021). INTS11 harbors the active endonuclease and resides 

in a subcomplex with INTS4 and INTS9 (Albrecht et al., 2018; Pfleiderer and Galej, 

2021; Wu et al., 2017). The Integrator phosphatase module includes INTS6 and Protein 

Phosphatase 2A (PP2A) A and C subunits, which associate with the core of Integrator 

through a conserved motif within INTS8 (Huang et al., 2020; Zheng et al., 2020). 

Integrator-bound PP2A removes stimulatory phosphorylation from the RPB1 C-terminal 

domain (CTD) and SPT5 to slow RNAPII elongation and prevent the transition towards 

full elongation competence. Thus, Integrator facilitates promoter-proximal termination using 

both endonuclease and phosphatase activities, raising parallels with the cleavage and 

polyadenylation (CPA) machinery that functions at mRNA 3’ ends (Cortazar et al., 2019; 

Huang et al., 2020; Kamieniarz-Gdula and Proudfoot, 2019; Parua et al., 2018; Vervoort et 

al., 2021; Zheng et al., 2020).

Integrator was first described for its role in 3’ end formation at U-rich snRNAs (Baillat et 

al., 2005), but recent results imply a broader role. Integrator has been shown to act at sets of 

messenger RNAs (mRNA) (Beckedorff et al., 2020; Dasilva et al., 2021; Elrod et al., 2019; 

Gardini et al., 2014; Huang et al., 2020; Skaar et al., 2015; Stadelmayer et al., 2014; Tatomer 

et al., 2019; Yue et al., 2017) and long non-coding RNAs (lncRNA) (Barra et al., 2020; 

Nojima et al., 2018a), as well as upstream antisense RNAs (uaRNAs, or PROMPTs), which 

are short transcripts that originate near active mRNA promoters and are rapidly targeted for 

degradation by the RNA exosome (Liu et al., 2022; Lykke-Andersen et al., 2020; Preker et 

al., 2008; Seila et al., 2008). Similarly, Integrator has been implicated in the biogenesis of 

enhancer RNAs (eRNAs) (Elrod et al., 2019; Lai et al., 2015). The expanded repertoire 

of Integrator targets raises questions about the scope and specificity of the Integrator 

endonuclease and how Integrator localization and cleavage might be controlled. Further, 

Integrator has been suggested to function differently at mRNA genes than at short, unstable 

uaRNAs or eRNAs (Lykke-Andersen et al., 2020) though mechanistic explanations for such 

differences are unknown.

The consequences of Integrator-mediated termination at mRNAs also remains unclear. We 

and others have suggested that Integrator binds paused RNAPII and drives termination to 

prevent polymerase release into gene bodies, thereby attenuating gene activity (Elrod et al., 

2019; Fianu et al., 2021; Huang et al., 2020; Lykke-Andersen et al., 2020). Contrasting 

models assert that Integrator recognizes RNAPII that becomes arrested or ‘stuck’ in early 

elongation. In this model, Integrator removes non-productive RNAPII obstructing the DNA 

template, stimulating gene activity (Beckedorff et al., 2020; Gardini et al., 2014; Yue et al., 

2017). Questions thus remain concerning whether Integrator predominantly represses gene 

expression, stimulates it, or plays a locus-specific role (Kirstein et al., 2021). Interestingly, 

regardless of the species used or approach for Integrator depletion, genes within growth 

and stress-responsive pathways have emerged as recurrent targets of Integrator activity 

(Beckedorff et al., 2020; Dasilva et al., 2021; Elrod et al., 2019; Gardini et al., 2014; Huang 

et al., 2020; Skaar et al., 2015; Stadelmayer et al., 2014; Tatomer et al., 2019; Yue et 

al., 2017). Consistent with the importance of these pathways in cellular homeostasis and 
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disease, Integrator subunits have been implicated in cancer and a number of developmental 

disorders (Rienzo and Casamassimi, 2016), highlighting the importance of understanding 

Integrator function.

Studies of Integrator activity to date have relied on long-term (48–96 h) RNAi-based 

perturbations, such that some observed changes in gene expression might reflect indirect 

or compensatory effects (Jaeger and Winter, 2021). Thus, to dissect Integrator’s direct 

targets and effects, we developed a system to deplete INTS11 rapidly. We fuse a HaloTag 

to endogenous INTS11 in mouse embryonic stem cells (mESCs), enabling the use of 

HaloPROTAC3, a Proteolysis Targeting Chimera (PROTAC) that recruits the E3 ubiquitin 

ligase VHL to HaloTagged proteins for their rapid degradation (Buckley et al., 2015; Caine 

et al., 2020). Using this system, we demonstrate the role of Integrator as a universal 

terminator of promoter-proximal transcription that exerts the same attenuating activity at 

all RNAPII-transcribed loci regardless of biotype. Further, our results highlight the modular 

nature of the Integrator complex and show that endonuclease and phosphatase activities are 

separable, distinct functional units.

RESULTS

Establishment of INTS11 degron line

To interrogate the direct effects of INTS11 loss, we generated and validated a rapid 

INTS11 depletion system in mESCs. A HaloTag was integrated into the N terminus of 

the endogenous INTS11 gene using CRISPR-mediated genome editing (Figure 1A). PCR of 

genomic DNA confirmed homozygous insertion of the HaloTag (Figure S1A), and western 

blotting showed expression of INTS11Halo at levels comparable to untagged INTS11 (Figure 

1B). Tagging of INTS11 did not affect cell viability or the ability of INTS11Halo mESCs 

cells to differentiate to epiblast-like cells (Figure S1B). Furthermore, labeling INTS11Halo 

with a fluorophore confirmed that INTS11Halo is localized primarily in the nucleus (Figure 

S1B) as anticipated, and we observed good agreement between ChIP-seq localization of 

endogenous INTS11 and INTS11Halo (Pearson’s R2=0.95). Homozygous tagging of INTS11 

therefore does not detectably affect cell health or protein localization.

We next characterized the kinetics of INTS11 loss following treatment of INTS11Halo cells 

with a Halo-targeted PROTAC. We observe substantial depletion of INTS11Halo protein 

within 4 h of PROTAC treatment (Figure 1C); thus, this timepoint is used in further 

experiments unless otherwise noted. Due to the modular architecture of the Integrator 

complex, we wondered if other subunits are degraded concomitantly with INTS11. INTS4, 

which interacts with INTS11 in the endonuclease module, is depleted with similar kinetics 

upon PROTAC treatment. However, subunits in the Integrator core (e.g., INTS1) or other 

modules (e.g., INTS10, INTS3) show no notable change in protein levels during PROTAC 

treatment (Figure 1C and S1C) (Albrecht et al., 2018; Pfleiderer and Galej, 2021; Sabath 

et al., 2020). Thus, our experimental system acutely depletes the Integrator endonuclease 

module but not the remaining components of the Integrator complex.

To initially assess the effects of INTS11 loss, we evaluated snRNA 3’ end processing. We 

employed a reporter plasmid encoding GFP downstream of the U7 snRNA. In this system, 
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loss of Integrator causes readthrough of RNAPII into GFP (Ezzeddine et al., 2011; Wu et 

al., 2017). PROTAC treatment of INTS11Halo cells increased GFP RNA and protein levels 

(Figures S1D–F). Furthermore, RT-qPCR reveals significant readthrough at endogenous 

snRNAs in INTS11Halo cells but not in parental cells upon PROTAC treatment (Figure 1D). 

We conclude that PROTAC treatment causes rapid and efficient loss of INTS11 activity.

To more broadly probe the consequences of INTS11 loss on snRNA transcription, we 

performed Transient Transcriptome Sequencing (TT-seq), a measure of recently synthesized 

RNA (Schwalb et al., 2016). INTS11Halo cells isolated after 4 h of DMSO or PROTAC 

treatment were spiked with 4sU-labeled Drosophila cells to enable absolute normalization. 

Analysis of TT-seq read coverage at active snRNA genes shows the anticipated increase 

in readthrough signal beyond the snRNA 3’ end after PROTAC treatment (Figure 1E, 1F). 

Intriguingly, the TT-seq signal is also significantly increased within snRNA gene bodies 

in PROTAC-treated INTS11Halo cells (Figure 1F), suggesting that loss of INTS11 broadly 

increases the transcription of snRNAs.

INTS11 globally attenuates promoter-proximal transcription

To analyze the consequences of acute INTS11 loss on nascent RNA production, we 

monitored actively engaged RNAPII at single-nucleotide resolution using Precision Run-

on Sequencing (PRO-seq) (Kwak et al., 2013). INTS11Halo cells treated with DMSO or 

PROTAC for 4 h were spiked with Drosophila cells before library preparation to allow 

absolute normalization (Reimer et al., 2021). Metagene profiles of PRO-seq reads from 

the transcription start site (TSS) to the transcript end site (TES, where RNA cleavage 

occurs) of all active non-snRNA genes revealed a dramatic increase in promoter-proximal 

RNAPII levels upon PROTAC treatment (Figure 2A). To probe the breadth of this effect, 

we calculated the fold change in PRO-seq reads upon INTS11 degradation and generated 

heatmaps of the difference in signal (Figure 2B). These analyses indicate that INTS11 loss 

causes a global increase in RNAPII near active, annotated TSSs (Figures 2B and S2A). The 

changes observed within gene bodies are more variable: the most highly upregulated genes 

(Figure 2B, top of heatmap) exhibit increased PRO-seq reads across the entire gene body, 

while genes with more modest changes have increased RNAPII levels primarily at the 5’ end 

(Figure 2B).

Acute loss of INTS11 does not impact mRNA 3’ end formation

Studies using RNAi-mediated INTS11 depletion have proposed that Integrator works 

in conjunction with the CPA machinery at specific mRNAs to prevent transcription 

readthrough (Dasilva et al., 2021; Nojima et al., 2018b; Rosa-Mercado et al., 2021). 

However, the above data show no global difference between control and INTS11-degraded 

cells in PRO-seq signal near the TES or downstream (Figures 2A, 2B, and S2A). In 

agreement with this, ChIP-seq localization of INTS11 confirms a substantial peak of 

INTS11 occupancy near promoters, with much lower levels in gene bodies or 3’ ends 

(Figure 2C). Notably, long-term depletion of INTS11 can reduce the expression of CPSF73, 

the endonuclease subunit in the canonical CPA machinery (Dasilva et al., 2021; Davidson 

et al., 2020), suggesting the caveat of indirect effects. To rule out this possibility in our 

system, we confirmed using western blotting that no changes to CPSF73 levels are observed 
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following 4 h of INTS11 depletion (Figure S2B), allowing us to focus on direct targets of the 

Integrator complex.

We calculated Readthrough Index (RI) for mRNA genes as a ratio of TT-seq reads 

downstream of the TES to reads upstream (Figure 2D). To avoid changes in gene body RNA 

synthesis from biasing our analysis, we focused on mRNAs with no significant changes 

in TT-seq signal 2 kb upstream of the TES (Figure 2D, STAR methods). Comparing RI 

in control and INTS11-degraded cells revealed very few genes with increased readthrough 

upon INTS11 loss (<3%), with similarly few genes showing decreased readthrough (<1%, 

Figure 2D, S2C). These findings are consistent with recent work indicating that similarly 

small proportions of genes displayed altered readthrough upon Integrator depletion (Lykke-

Andersen et al., 2020). Furthermore, the modest changes we observed did not persist more 

than 2 kb downstream of TESs (Figure 2D, S2C), contrasting with observations following 

acute depletion of CPSF73, where readthrough continues for >10 kb (Eaton et al., 2020). 

Of note, even in the subset of genes where INTS11 loss affects TT-seq signal upstream 

of the TES (e.g., at upregulated genes), the signal downstream of the TES is the same 

in DMSO and PROTAC conditions (Figure S2D). We conclude that rapid degradation 

of INTS11 does not cause substantial defects in canonical RNA cleavage or termination 

near mRNA 3’ ends. Taken together, our assays of nascent transcription following rapid 

INTS11 degradation indicate that Integrator affects promoter-proximal polymerase at nearly 

all RNAPII-transcribed loci but has minimal effects around TESs.

Universal increase in early elongation complexes upon INTS11 degradation

As noted above, it remains unclear whether Integrator drives termination of actively engaged 

but paused RNAPII to attenuate gene transcription, or removes non-productive, arrested 

RNAPII to enable new initiation and successful transcription elongation (Beckedorff et al., 

2020; Dasilva et al., 2021; Elrod et al., 2019; Gardini et al., 2014; Huang et al., 2020; 

Lykke-Andersen et al., 2020; Skaar et al., 2015; Stadelmayer et al., 2014; Tatomer et al., 

2019; Yue et al., 2017). Importantly, these models make opposing predictions concerning the 

levels of actively engaged RNAPII capable of running-on in the PRO-seq assay following 

INTS11 loss. If Integrator-mediated termination removes active transcription complexes, 

then INTS11 depletion should increase PRO-seq signal near mRNA promoters. If, by 

contrast, INTS11 removes inactive RNAPII to make way for active polymerase, then 

INTS11 depletion should decrease PRO-seq signal near mRNA promoters and across gene 

bodies.

To address these questions, we first investigated the activity of INTS11 at protein-coding 

genes. Metagene plots of PRO-seq signal around mRNA promoters revealed a significant 

increase in actively engaged RNAPII upon PROTAC treatment (Figure 3A). Heatmaps of 

the difference in signal at all active mRNAs (Figure 3B) demonstrated that PRO-seq read 

densities were broadly and significantly increased upon PROTAC treatment in both promoter 

regions (TSS to +150 nt downstream) and early gene bodies (+250 to +2250 nt downstream) 

(Figure 3C). The promoter-proximal increase in signal upon INTS11 degradation occurs at 

94% of genes, strongly supporting models wherein termination of RNAPII by Integrator 

reduces actively engaged RNAPII available to enter gene bodies. Notably, the increase in 
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early elongation complexes and transcribing RNAPII upon PROTAC treatment persists for 

the first several kb of genes, but control and INTS11-degraded PRO-seq signals converge ~5 

kb downstream of the TSS (Figure 3A). Heatmaps rank-ordered by gene length indicate that 

this pattern is consistent across protein-coding genes regardless of length (Figure 3B).

We next determined how INTS11 loss affected engaged RNAPII at promoters of active, 

annotated lncRNAs. Metagene profiles of PRO-seq signal show a substantial increase in 

RNAPII near lncRNA promoters upon INTS11 degradation, with elevated levels of RNAPII 

entering these genes (Figure 3D). Heatmaps reflecting the difference in PRO-seq signal upon 

PROTAC treatment reveal a widespread increase in RNAPII elongating into lncRNA genes 

(Figure 3E). The breadth of this effect is confirmed by quantitative analysis of PRO-seq 

reads in the promoter and early gene body windows (Figure 3F). Overall, no significant 

differences were observed in the effect of INTS11 loss on lncRNAs as compared to mRNAs.

As noted above, Integrator has been reported to act on short, unstable transcripts including 

upstream antisense RNAs (uaRNAs) and enhancer RNAs (eRNAs) (Lai et al., 2015; Lykke-

Andersen et al., 2020). To extend our analyses to these unannotated RNA species, we 

identified TSSs for uaRNAs using our PRO-seq data (see STAR Methods, Figure S3A) and 

generated similar metagene plots, heatmaps, and quantitation of PRO-seq signal at these 

loci. These analyses demonstrated that RNAPII transcribing uaRNAs (Figure 3G–I) was 

affected by INTS11 loss in a manner that is indistinguishable from that seen at mRNAs. We 

next identified putative enhancers using PRO-seq data and the dREG algorithm (Danko et 

al., 2015) and found these sites to be enriched in features of active regulatory regions (Figure 

S3B). These sites, too, were broadly upregulated by INTS11 degradation (Figure 3J–L). 

Although these unannotated RNA loci do not have defined gene bodies, we nonetheless 

observe a significant and widespread increase of RNAPII within the downstream region that 

is comparable to that observed at annotated RNA species (Figures 3I, 3L).

These results strongly argue that INTS11 functions similarly at all RNAPII-transcribed 

RNA biotypes, serving as a promoter-proximal termination complex that restricts the level 

of paused RNAPII that escapes into the transcript body. We observed no differences in 

the behavior of RNAPII following acute depletion of INTS11 between protein-coding vs. 

non-coding loci or between loci that produce stable vs. unstable RNAs. The consistent 

observation at all loci investigated is that INTS11 degradation allows more RNAPII to 

actively elongate downstream.

RNAPII released into elongation upon INTS11 degradation fails to achieve full productivity

We next probed the fate of RNAPII that enters gene bodies in the absence of INTS11-

mediated termination, focusing on mRNAs. We stratified genes >10 kb in length into four 

intervals and calculated the fold change in PRO-seq signal upon PROTAC treatment in each 

window (Figure 4A). As anticipated, the most significant increase in PRO-seq occurs near 

the promoter, and each subsequent gene region shows a diminished effect, with the window 

representing the most TES-proximal region exhibiting no substantive change in PRO-seq 

signal. These results suggest that RNAPII released into gene bodies upon depletion of 

INTS11 is competent to transcribe a short distance but fails to productively elongate across 

longer intervals. Inspection of both PRO-seq and TT-seq data at individual genes supports 
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this model, with increased signal extending across the short gene Gstt2 (Figure 4B, top). In 

contrast, the longer gene Lrriq3 shows an elevated signal only within the 5’ region (Figure 

4B, bottom).

The above data predict that acute INTS11 loss would specifically upregulate short genes 

but that longer transcripts would display diminished effects. To test this idea, we separated 

active mRNA genes into quartiles by length and graphed the fold change in gene body 

PRO-seq signal for each quartile (Figure 4C, from TSS+250 to TES; see Figure S4A for 

TSS to TES). As anticipated, we find that short genes are the most highly upregulated by 

INTS11 loss, with longer length quartiles showing reduced effects. To confirm this result, 

we evaluated TT-seq signal upon INTS11 loss across the gene length quartiles (Figure 4D). 

These data reveal a pattern similar to PRO-seq.

To stringently define a set of transcripts significantly affected in PROTAC-treated cells, 

we used PRO-seq data to define differentially expressed genes. We identified 736 strongly 

upregulated genes and zero downregulated genes upon INTS11 degradation (Figure 4E), 

underscoring that Integrator serves primarily to repress gene transcription. Importantly, 

significantly upregulated genes are much shorter than typical mRNA genes (Figure 4F). We 

find that Gene Ontology (GO) terms enriched in upregulated genes are often comprised 

of particularly short genes compared to all active mRNAs (Figure S4C). Moreover, within 

these GO categories, genes upregulated upon INTS11 degradation are significantly shorter 

than the median of the category. Taken together, our data suggest that the genes rapidly 

and directly affected by INTS11 loss might be impacted because of their short gene length, 

rather than sequence or epigenetic features.

Enriched GO terms among genes upregulated following acute degradation of INTS11 

include pathways widely accepted to be regulated by Integrator based on long-term 

depletion studies (Kirstein et al., 2021) (Figure S4B). These results suggest that signaling 

molecules that contribute to the activation of these pathways (e.g., transcription factors, 

kinases) might be encoded by short transcripts. To test this idea, we performed GO analysis 

on genes in the shortest length quartile. This analysis reveals a striking enrichment in factors 

that bind DNA and RNA (Figure S4D). Accordingly, we found 48 transcription factors 

(TFs) among the short transcripts upregulated by INTS11 loss, including master regulators 

of several distinct pathways (Table S1). Upregulated TFs include multiple targets of the 

MAPK pathway, such as FOS, JUN, and MYC (Wagner and Nebreda, 2009; Whitmarsh and 

Davis, 1996). These data imply that TFs and regulators encoded by short genes activated 

upon rapid INTS11 degradation could initiate signaling cascades that are perpetuated across 

longer experimental time scales.

Effects on gene activity of short-term vs. long-term INTS11 depletion are different

To probe the connection between the short transcripts upregulated upon rapid loss of 

INTS11 with the gene expression changes observed following long-term depletion of 

INTS11, we knocked down INTS11 in mESCs using siRNA. INTS11 was effectively 

depleted by 48 h of siRNA treatment (Figure 5A) compared to a non-targeting control 

siRNA (siNT). The loss of INTS11 results in lower levels of INTS4, which is also in the 

endonuclease module, but not core Integrator subunits or members of other modules (Figure 
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5A). Cells harvested at this time point were spiked to allow absolute normalization, and 

total RNA-seq performed. Differential expression analysis of mRNA genes identified 1,694 

genes upregulated and 1,681 genes downregulated in cells treated with INTS11 siRNA 

compared to siNT (Figure 5B). The equivalent number of upregulated and downregulated 

genes observed following siINTS11 is consistent with previous mammalian cell culture 

studies using long-term depletion strategies (Beckedorff et al., 2020; Huang et al., 2020), but 

differs markedly from our results using acute INTS11 degradation (Figure 4E). Examination 

of individual loci indicates that many genes affected during long-term depletion of INTS11 

are unaffected in shorter-term degradation experiments (e.g., Lif, Figure 5C, top), suggesting 

the potential for indirect effects in our siRNA experiments. In agreement with this, 

gene expression changes following short-term and long-term loss of INTS11 show little 

overall correlation (Pearson’s r2=0.03), with no meaningful overlap of genes downregulated 

following INTS11 siRNA with genes affected by INTS11 degradation (Figure 5D, P=0.9). 

However, there was a modest overlap between genes upregulated following short-term vs. 

long-term loss of INTS11 (Figure 5D, P=1.74 × 10−05; e.g., Id2, Figure 5C, bottom), 

suggesting a connection between the rapid gene activation observed in our degron system 

and the longer-term effects of INTS11 loss.

To understand how increased transcription of a set of short mRNAs might lead to the 

entire repertoire of gene expression changes observed using RNAi strategies, we considered 

that the TFs, RNA binding proteins, and kinases upregulated rapidly after INTS11 protein 

loss might initiate cellular responses that lead to enduring pathway activation. In this 

manner, the GO categories associated with genes upregulated within 4 h of INTS11 

depletion might remain enriched among genes with elevated expression in siINTS11-treated 

cells. To evaluate this possibility, we determined GO term enrichment of the 1,694 genes 

upregulated in cells following siINTS11 (Figure 5E), using the same parameters for analysis 

of PRO-seq data from INTS11Halo cells. Of the eight GO categories with significant 

enrichment among genes upregulated following siINTS11, five are also enriched upon acute 

INTS11 degradation (Figure 5E, compared to S4B), including the p53, TNF-α/NFκb, and 

hypoxia pathways, apoptosis, and UV response. Additionally, five GO terms with significant 

enrichment among genes downregulated upon siINTS11 were enriched after acute INTS11 

loss (Figure S5A). Notably, many of these pathways show little basal activity in wildtype 

ESCs, suggesting that loss of INTS11 causes aberrant activation of signaling networks. 

For example, we find evidence of estrogen signaling in ESCs treated with siINTS11, in 

agreement with an elevated synthesis of FOS, JUN, HES1, MYC, and ARID5A upon rapid 

loss of INTS11 (Figure S5B, S5C, S5D).

Signaling pathways directly activated upon rapid INTS11 degradation instigate changes in 
gene expression observed during longer-term INTS11 depletion

We propose that the constellation of genes affected by long-term depletion of INTS11 

includes both direct targets of Integrator and indirect effects arising from aberrant 

activation of signaling pathways. To test this model further, we performed total RNA-

seq on INTS11Halo cells subjected to PROTAC treatment for an extended time (16 h). 

This time frame allows the persistent effects of INTS11 PROTAC to accumulate and 

functionally affect steady-state RNA levels. Differential expression analysis demonstrates 
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that hundreds of genes are upregulated and downregulated under these conditions (Figure 

6A). Importantly, the genes encoding TFs FOS and JUN remain upregulated (Figure 6B), 

indicating that INTS11 loss causes prolonged activation of these TFs. Accordingly, western 

blots for FOS and JUN proteins in cells depleted of INTS11 by extended PROTAC treatment 

(24 h, Figure 6C) showed marked increases in expression.

To address whether gene expression changes in INTS11-depleted cells might reflect the 

increased activity of FOS and/or JUN proteins we evaluated RNA-seq data from mESCs 

after the ectopic overexpression of Jun (Liu et al., 2015). Greater than half of genes 

upregulated by ectopic Jun expression are also upregulated in INTS11 depleted cells. 

Moreover, more than 75% of genes downregulated by ectopic Jun activity are downregulated 

in INTS11 depleted cells (Figure 6D). These findings imply that a substantial portion of 

gene expression changes following prolonged INTS11 loss, especially gene repression, is a 

consequence of JUN activation.

Since FOS and JUN often affect gene activity by binding at distal enhancers, we asked 

whether changes in enhancer transcription in PRO-seq (after 4 h of PROTAC treatment) 

might reflect increased FOS/JUN binding. We searched for enriched TF motifs at the most 

upregulated enhancers, as determined by PRO-seq signal for eRNA synthesis (Figure 6E). 

Notably, at the highly activated enhancers following INTS11 PROTAC, the most enriched 

motif was for a FOS/JUN heterodimer (Figure 6F). Thus, our data support a prominent role 

for these TFs in shaping the transcriptional landscape in cells depleted of INTS11.

Loss of INTS11 causes reduced RNAPII elongation rate

A key feature of the transcriptional response to rapid INTS11 degradation is an increase of 

active RNAPII in the promoter-proximal region and the release of RNAPII into gene bodies 

(Figure 7A). However, increased levels of RNAPII entering genes in the absence of INTS11 

are not sustained to the end of long genes, suggesting defects in processive elongation. First, 

we evaluated if Integrator facilitates RNAPII passage through the first (+1) nucleosome 

(Beckedorff et al., 2020). We identified the position of nucleosomes using MNase-seq 

data, yielding high confidence localization of the +1 nucleosome at 11,214 active mRNA 

genes (Figure 7B). We plotted the PRO-seq signal from DMSO- and PROTAC-treated 

INTS11Halo cells aligned around these TSSs (Figure 7A) or the +1 nucleosome dyad (Figure 

7B). Despite substantially more early elongation complexes in PROTAC-treated cells than 

in control cells, the peak of paused RNAPII is at the same position with respect to the 

TSS (Figure 7A) and differs only by 1 nt with respect to the +1 dyad (Figure 7B). Thus, 

acute depletion of INTS11 does not alter the predominant position of RNAPII pausing or 

the profile of transcription into the first nucleosome. To measure whether INTS11 affects 

the ability of RNAPII to traverse the +1 nucleosome, we calculated a Passage Index as 

the ratio of PRO-seq signal downstream of the +1 dyad to signal upstream (Figure S7A). 

As suggested qualitatively by the metagene plots (Figure 7B), this analysis reveals no 

quantitative difference in Passage Index between control and INTS11-degraded conditions 

(Figure S7A), indicating that Integrator does not play a central role in enabling passage of 

RNAPII through the first nucleosome.
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To probe other possibilities for the defect in elongation observed in INTS11-depleted cells, 

we investigated the nature of the decline in PRO-seq reads observed across early gene bodies 

(Figure 3A). The reduction in PRO-seq signal within this region, seen in both DMSO- and 

PROTAC-treated cells (Figure S7B, bottom), is often attributed to premature termination 

(Kamieniarz-Gdula and Proudfoot, 2019). However, a lower PRO-seq signal at each position 

could also reflect faster elongation rates achieved as RNAPII transitions to productive 

elongation (Vos et al., 2018). We used our TT-seq data to measure RNA output in control 

and INTS11-degraded cells to discriminate between these possibilities, focusing on genes 

>5 kb in length. Interestingly, we found that TT-seq read coverage was comparable between 

control and INTS11-depleted cells across the first 5kb of average genes (Figures S7B and 

S7C, top), suggesting that similar amounts of RNA were synthesized across this window. 

This result is not consistent with high termination levels in either PROTAC or DMSO 

conditions and instead suggests that RNAPII elongation rate increases across the first several 

kb of the gene body in both conditions.

To derive a proxy for RNAPII elongation rate, we calculated the ratio of TT-seq signal (RNA 

synthesis) to PRO-seq signal (RNAPII occupancy) as described previously (Caizzi et al., 

2021; Žumer et al., 2021). We find that the RNAPII elongation rate increases substantially 

over the first 2 kb in control cells, reaching a plateau after this position (Figure 7C). In 

INTS11-degraded cells, however, the elongation rate starts lower and increases more slowly, 

failing to reach a plateau within 5 kb (Figure 7C). Indeed, the overall RNAPII elongation 

rate in INTS11-degraded cells is significantly lower than in control cells (Figure S7D). To 

confirm the breadth of this effect, we generated a heatmap of the fold change in elongation 

rate upon INTS11 loss for all active mRNAs. We find that the RNAPII elongation rate 

is broadly lower in PROTAC-treated cells (Figure 7D) in the promoter-proximal region 

and early gene body, independent of gene length. These data imply that the increase 

in RNAPII elongation rate that generally accompanies the transition from pausing to 

productive elongation fails to occur in cells lacking INTS11, rendering RNAPII less efficient 

at RNA synthesis.

Rapid degradation of INTS11 does not dissociate other Integrator subunits from RNAPII

To probe why RNAPII would fail to achieve productive RNA synthesis upon loss of 

INTS11, we considered that Integrator contains at least two catalytic activities to reduce 

RNAPII processivity and elongation: the endonuclease and the phosphatase. We wondered 

whether these Integrator modules might be functionally independent. In support of this idea, 

recent studies demonstrated that depletion of different Integrator subunits yields distinct 

transcriptional outcomes (Pan et al., 2022; Replogle et al., 2022). Indeed, while degradation 

of INTS11 reduces levels of INTS4 within the endonuclease module (Figure 1C), several 

other INT proteins are not sensitive to INTS11 loss (e.g., INTS3, INTS1, Figure S1C). Thus, 

to gain insight into the localization and action of remaining Integrator subunits following 

INTS11 depletion, we performed spike normalized ChIP-seq for INTS3, a subunit that 

associates with INTS6 in the phosphatase module (with which it also participates in the 

SOSS1 complex, Fianu et al., 2021; Jia et al., 2021; Li et al., 2021). INTS3 ChIP-seq 

signal around mRNA TSSs shows a peak in occupancy near the TSSs of mRNA genes 

and the nearby upstream antisense RNA (Figure 7E), as observed for INTS11 (Figure 2C). 

Stein et al. Page 11

Mol Cell. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, we observed an increase, rather than a decrease, in the INTS3 ChIP signal in 

PROTAC-treated cells (Figure 7E), suggesting that INTS3 remains associated with RNAPII. 

To account for the increase in RNAPII levels observed in INTS11 PROTAC cells, we 

calculated the ratio of INTS3 and INTS11 ChIP-seq signals near promoters to the PRO-seq 

levels in this region for DMSO and PROTAC conditions. This confirms a large reduction of 

INTS11 signal upon PROTAC treatment with a significantly smaller effect on INTS3 (Figure 

S7E). Thus, we conclude that INTS3, and by extension, other subunits of the Integrator 

complex, can continue to associate with RNAPII even after INTS11 is lost.

Since INTS3 localizes to promoters in INTS11-degraded cells, we wondered if the Integrator 

phosphatase module might also remain associated and retain its activity on polymerases that 

would otherwise be targeted for Integrator-mediated termination. Previous reports showed 

that Integrator-associated PP2A dephosphorylates the elongation factor SPT5 and RNAPII 

CTD (Huang et al., 2020; Vervoort et al., 2021; Zheng et al., 2020), removing stimulatory 

phosphate groups added by transcriptional kinases. We could not obtain antibodies against 

mouse INTS6 or INTS8 that worked reliably. Therefore, as a proxy for the activity of 

PP2A on early elongation complexes, we tested whether INTS11 degradation alters the 

phosphorylation status of SPT5 and the RNAPII CTD using western blots. Strikingly, 

despite increased levels of paused RNAPII released into genes upon PROTAC treatment, 

we observed no concomitant increases in phosphorylated SPT5 or RNAPII CTD (Figure 

7F). In agreement with this, ChIP-seq revealed no increase in the levels of Ser5P RNAPII 

around mRNA TSSs after INTS11 loss (Figures 7G and S7F). These findings imply that 

the Integrator phosphatase module interacts with RNAPII and is functional even in the 

absence of the endonuclease. Consequently, without appropriate phosphorylation on SPT5 

and the CTD, the RNAPII complexes released into gene bodies by loss of INTS11 would 

fail to associate with factors such as SPT6 (Chun et al., 2019), preventing fully productive 

elongation (Narain et al., 2021; Žumer et al., 2021).

DISCUSSION

Using acute protein degradation, we demonstrate that INTS11 attenuates promoter-proximal 

transcription at nearly all RNAPII-transcribed loci, driving premature transcription 

termination to suppress release of paused RNAPII into productive RNA synthesis. While our 

data are consistent with aspects of previous work using long-term depletion or perturbation 

strategies, our use of a rapid depletion system has yielded new insights, as detailed below. 

First, long-term loss of Integrator subunits leads to both up- and downregulation of mRNA 

genes (Figure 5B), suggesting both inhibitory and activating functions (Beckedorff et al., 

2020; Gardini et al., 2014; Huang et al., 2020; Lykke-Andersen et al., 2020; Stadelmayer et 

al., 2014; Vervoort et al., 2021). In contrast, our rapid depletion of INTS11 exclusively 

causes upregulation of transcription (Figure 4E), indicating that the direct function of 

INTS11 in this system is to repress, rather than facilitate, transcription.

Second, it has been suggested that specific mRNA genes, such as stress and signal-

responsive genes, are selective Integrator targets, despite a lack of evidence for gene-specific 

Integrator recruitment (Gardini et al., 2014; Huang et al., 2020; Kirstein et al., 2021). 

Our results confirm that rapid degradation of INTS11 upregulates many TFs, kinases, 
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and regulators of signal responses. However, rather than this upregulation reflecting gene-

specific activities of Integrator, increased transcription levels are a general feature of short 

genes. Thus, we posit that the apparent selectivity of Integrator for particular signaling 

pathways is primarily due to gene length. In support of this model, we find that there is 

a genomic bias for rapidly inducible and stress-responsive factors to be encoded by short 

transcripts with short introns (Lopes et al., 2021, Figure S4D). Notably, we demonstrate 

that much of the downregulation of transcription observed upon long-term INTS11 depletion 

could be an indirect consequence of activation of JUN.

Third, current models suggest that Integrator activity is guided by interactions with 

sequence-specific TFs and motifs in nascent RNA. These models stem from early work 

on Integrator at snRNAs, where it was proposed that the complex is recruited by the TF 

SNAPc and INTS11 cleavage activated by the 3’ box motif in RNA (Baillat and Wagner, 

2015; Baillat et al., 2005). However, sequences resembling the 3’ box could not be detected 

near most Integrator target genes (Lykke-Andersen et al., 2020) and recent structural studies 

found no evidence of this specificity (Fianu et al., 2021; Sabath et al., 2020). Furthermore, 

Integrator does not form contacts with DNA in the structures, and modelling of RNA does 

not provide evidence for an RNA sequence-specific recognition element near the RNAPII 

exit channel (Fianu et al., 2021). Integrator forms stable complexes in vitro with purified 

paused RNAPII including SPT5 and NELF, and additional interactions with TFs would 

be sterically challenging to accommodate. Together with our findings that Integrator acts 

globally at RNAPII loci, these data imply that no specific association with TFs, DNA, or 

RNA elements is required for Integrator recruitment. Instead, we suggest that Integrator 

is broadly recruited to paused RNAPII as a mechanism to prevent pause release and limit 

the transition to productive elongation. Importantly, this suggests that gene activation could 

involve mechanisms to prevent Integrator activity and promote pause release. In agreement 

with this model, recent work reveals that proteins that bind m6A-modified RNA can prohibit 

Integrator-mediated termination (Xu et al., 2022).

Fourth, Integrator was suggested to function differently at distinct RNA biotypes although 

the mechanisms underlying such differences were elusive (Gardini et al., 2014; Lai et al., 

2015; Lykke-Andersen et al., 2020). However, our data support a unified Integrator function 

across all RNA species transcribed by RNAPII (Figure 3). In this regard, we note that even 

snRNA genes show a similar transcriptional response to INTS11 degradation as other genes, 

with an increase in transcription near promoters that continues across gene bodies (Figure 

1E, 1F). Furthermore, TT-seq from INTS11-degraded cells shows evidence of accurate RNA 

cleavage at the snRNA TES, consistent with recent work demonstrating that snRNA 3’ end 

formation is not as reliant on Integrator as previously assumed (Davidson et al., 2020). 

Further work is warranted to clarify the role of INTS11 in snRNA biogenesis.

Finally, our data support the emerging concept that Integrator displays functional and 

physical modularity (Pan et al., 2022; Replogle et al., 2022). We find that RNAPII released 

into elongation in the absence of INTS11 activity fails to accumulate phosphorylation on 

RNAPII and SPT5 or transition to productive elongation. This is in stark contrast to the 

depletion of the Integrator phosphatase module, which leads to hyperphosphorylation of 

RNAPII and SPT5 and facilitated elongation (Hu et al., 2021; Huang et al., 2020; Vervoort 
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et al., 2021; Zheng et al., 2020). More work will be required to understand the assembly of 

different Integrator modules and how their activities are coordinated. We envision that in the 

absence of stimulatory phosphate groups, elongation factors like SPT6 or PAF1 are unable 

to associate with RNAPII, reducing RNAPII elongation potential. Indeed, recent reports 

suggest a physical and functional connection between Integrator and the PAF complex, 

though the exact nature of such interactions remains unclear (Fianu et al., 2021; Liu et 

al., 2022; Wang et al., 2022). We note that the kinetic competition between elongation and 

termination could render the slowly elongating, hypo-phosphorylated RNAPII susceptible to 

termination by other factors, for example the CPA machinery (Davidson et al., 2020).

In summary, our work reveals Integrator as a central regulator of promoter-proximal 

transcription, governing the balance between pause release and premature termination 

to tune gene activity. Its role is consistent across RNAPII-transcribed loci, although the 

outcome of this activity on each RNA species may differ. For example, INTS11 activity at 

mRNAs and lncRNAs attenuates the synthesis of these long transcripts, allowing Integrator 

to repress expression of these genes. In contrast, inherently short transcripts such uaRNAs 

and eRNAs may be impacted differently by promoter-proximal termination, with Integrator 

potentially stimulating transcription re-initiation at these loci. As clearer roles for such non-

coding RNA species emerge, a better understanding the role of INTS11 in the biogenesis of 

these RNAs will be an important area of study.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Karen Adelman 

(Karen_Adelman@hms.harvard.edu).

Materials Availability—Unique and stable reagents generated in this study are available 

upon request.

Data and Code Availability

• All genomic datasets generated in this manuscript have been deposited to GEO 

under accession GSE200702.

• Original scripts described have been deposited to Zenodo and DOIs are provided 

in the Key Resources Table.

• Further information required for reanalysis of data reported here will be available 

upon request.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

INTS1 Bethyl Labs RRID: AB 2127258; Cat # A300–361A
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REAGENT or RESOURCE SOURCE IDENTIFIER

INTS3 Bethyl Labs RRID: AB 2127274; Cat # A302–051A

INTS4 Bethyl Labs RRID: AB 937909; Cat # A301–296A

INTS10 Proteintech RRID: AB 2127260; Cat # 15271–1-
AP

INTS11 Sigma RRID: AB 10600425; Cat # 
HPA029025

HaloTag Promega RRID: AB 2688011; Cat # G9211

CPSF73 Bethyl Labs RRID: AB 2084528; Cat # A301–091A

c-Jun (60A8) Cell Signaling Technology RRID: AB 2130165; Cat # 9165

c-Fos (9F6) Cell Signaling Technology RRID: AB 2247211; Cat # 2250

RNA Pol II CTD Ser2-p (3E10) Millipore RRID: AB 10627998; Cat # 04–1571

RNA Pol II CTD Ser5P (3E8) (for 
Western)

Active Motif RRID: AB 2687451; Cat # 61085

RNA Pol II CTD Ser5P (for ChIP-seq) Abcam RRID: AB 449369; Cat # AB5131

Spt5-Ser664P (Huang et al., 2020) N/A

Histone H3 Abcam RRID: AB 302613; Cat # AB1791

GAPDH Proteintech RRID: AB 2263076; Cat # 10494–1-
AP

Vinculin (EPR8158) Abcam RRID: AB 11144129; Cat # AB129002

Chemicals, Peptides, and Recombinant Proteins

LIF Cell Guidance Systems Cat # GFM200

PD0325901 Reprocell Cat # 04–0006

CHIR99021 Reprocell Cat # 04–0004

Fibronectin Millipore Cat # FC010

bFGF PeproTech Cat # 100–18B

Biotin-11-NTPs Perkin Elmer Cat # NEL54(2/3/4/5)001

4-thiouridine Tocris Cat # 37005

HaloPROTAC3 Promega Cat # GA3110

Janelia Fluor 646 Gift from Talley Lambert 
(HMS)

N/A

Janelia Fluor X549 Gift from Stephen Blacklow 
(HMS)

N/A

Phosphatase Inhibitor Cocktail 2 Sigma Cat # P5726

Phosphatase Inhibitor Cocktail 3 Sigma Cat # P0044

Critical Commercial Assays

Illumina TruSeq Stranded Total RNA 
Library Prep Gold

Illumina Cat # 20020598

NEB Next Ultra II DNA library kit NEB Cat # E7103S

Deposited Data

Raw and analyzed data This paper GEO: GSE200702

MNase-seq (Henriques et al., 2018) GEO: GSE85191
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REAGENT or RESOURCE SOURCE IDENTIFIER

H3K27Ac ChIP-seq (Vlaming et al., 2022) GEO: GSE178230

H3K4me3 ChIP-seq (Vlaming et al., 2022) GEO: GSE178230

H3K4me1 ChIP-seq (Buecker et al., 2014) GEO: GSE56098

Experimental Models: Cell Lines

F121–9 Jaenisch/Gribnau labs 4DNSRMG5APUM

INTS11Halo This paper N/A

Experimental Models: Organisms/
Strains

Oligonucleotides

Table S2 This paper N/A

siGENOME Non-Targeting siRNA #2 Dharmacon D-001210-02-05

siGENOME Mouse INTS11 Dharmacon MQ-062233-01-0002

Recombinant DNA

pGEM-3Z N-terminal HaloTag Gift from Danette Daniels and 
Elizabeth Caine (Promega)

N/A

pGEM-3Z-mINTS11-CAST This paper N/A

pGEM-3Z-mINTS11–129 This paper N/A

pUC-U7-GFP (Albrecht and Wagner, 2012) N/A

pCAG-eCas9-GFP-U6-gRNA Addgene 79145

pCAG-eCas9-GFP-U6-mINTS11-
gRNA

This paper N/A

Software and Algorithms

bowtie 1.2.2 (Langmead et al., 2009) N/A

STAR 2.7.3a (Dobin et al., 2013) N/A

R www.r-project.org N/A

Rstudio www.rstudio.com N/A

featureCounts (Liao et al., 2014) N/A

DESeq2 (Love et al., 2014) N/A

rMATS (Shen et al., 2014) N/A

Prism GraphPad N/A

Partek Genomics Suite www.partek.com N/A

get_gene_annotations.sh DOI 10.5281/zenodo.5519927 N/A

make_heatmap DOI 10.5281/zenodo.5519914 N/A

trim_and_filter_PE.pl DOI 10.5281/zenodo.5519914 N/A

bowtie2stdBedGraph.pl DOI 10.5281/zenodo.5519914 N/A

bedgraphs2stdBedGraph DOI 10.5281/zenodo.5519914 N/A

cutadapt DOI:10.14806/ej.17.1.200 N/A

samtools (Li et al., 2009) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

bedtools (Quinlan and Hall, 2010) N/A

UCSCtools (Kent et al., 2010) N/A

Enrichr (Kuleshov et al., 2016) N/A

ImageJ (Schneider et al., 2012) N/A

dREG (Danko et al., 2015) N/A

Enhancer annotation pipeline: dRIP-
Filter, CoGENT, TSScentR

DOI 10.5281/zenodo.6654472 N/A

DANPOS (Chen et al., 2013) N/A

MEME Suite (Bailey et al., 2015) N/A

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—For routine maintenance, F121–9 mouse embryonic stem cells (mESCs) 

(CASTx129 hybrid, female) were cultured at 37°C with 5% CO2 on gelatinized plates in 

serum free ES media (SFES) + 2i+LIF media (Neurobasal and DMEM F/12 supplemented 

with 0.5x N2, 0.5x B27, 2mM L-Glutamine, 0.05% BSA, 0.15 mM 1-thioglycerol, 1000 

U/mL LIF, 1 μM PD0325901, and 3 μM CHIR99021).

Prior to genome editing, cells were grown in KO-DMEM containing 15% Knock-Out Serum 

Replacement (KOSR), 1 mM Sodium Pyruvate, 1x GlutaMAX, 1x Penicillin-Streptomycin, 

1x non-essential amino acids, 1% 2-mercaptoethanol, 1000 U/mL LIF, 1 μM PD0325901, 

and 3μM CHIR99021. Single cell sorting was performed into 96-well plates coated with 5 

μg/mL fibronectin in PBS. INTS11Halo cells were then adapted to and maintained in SFES + 

2i+LIF media.

Cultures were routinely checked for mycoplasma contamination.

HaloPROTAC3 (referred to as PROTAC throughout the manuscript) was obtained from 

Promega (GA3110) and used at a final concentration of 500 nM in all experiments. Unless 

otherwise noted, treatments lasted four hours.

METHOD DETAILS

Generation of INTS11Halo mESC cells—To generate repair templates for CRISPR, 

homology arms corresponding to genomic regions surrounding the INTS11 start codon 

were cloned into pGEM-3Z (a gift of Danette Daniels and Elizabeth Caine, Promega) 

using Gibson assembly. To reflect the hybrid genome of F121–9, two repair templates were 

generated, one for each allele. These were assembled into pGEM-3Z to make pGEM-3Z-

mINTS11-CAST and pGEM-3Z-mINS11–129. A synonymous mutation at the PAM site 

was introduced to avoid re-cleavage by Cas9. Oligos containing an sgRNA sequence 

cleaving 10 bp downstream of the INTS11 start codon were annealed and phosphorylated, 

then ligated into BbsI-digested pCAG-eCas9-GFP-U6-gRNA (Addgene #79145) to generate 

pCAG-eCas9-GFP-U6-mINTS11-gRNA. See Table S2 for oligonucleotide sequences used.
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Using Lipofectamine 2000 (ThermoFisher #11668019), 2 × 105 F121–9 cells were 

cotransfected with 875 ng of each repair template and 750 ng of the eCas9-GFP/sgRNA-

containing vector. Two days later, GFP-positive were isolated using fluorescence-activated 

cell sorting (FACS). To enrich for cells that integrated the repair template in least one allele, 

the following week, cells were labeled with Janelia Fluor 646 HaloTag ligand (a gift of 

Talley Lambert, Nikon Imaging Core at HMS) by adding it to cells at a final concentration 

of 200 nM for 20 minutes. Excess ligand was removed by washing cells once with PBS. 

FACS was then used to collect cells that were positive for the ligand. After expanding 

single-cell clones, homozygous integration was confirmed using PCR of genomic DNA 

(Table S2) and Western blotting. Multiple clones were obtained, and experiments presented 

in this work focused on one. Cells were passaged in SFES for at least two passages before 

using for other experiments.

RNA interference—A pool of four INTS11-targeting siRNAs were diluted to 10 μM 

each in water; non-targeting siRNA was also diluted to 10 μM in water. 10 μL of 10 μM 

siRNA was added to 200 μL SFES media. 9 μL RNAiMax (ThermoFisher #13778150) 

reagent was diluted into 200 μL SFES media and allowed to incubate at room temperature 

for 2–3 minutes. The siRNA and RNAiMax dilutions were combined and incubated at 

room temperature for 20 minutes. 4 × 105 mESCs were seeded into gelatin-coated 6-well 

plates and the INTS11 or nontargeting siRNA mixes were added to the wells and mixed by 

pipetting. siRNAs were present at a final concentration of 40 nM (10 nM each in the case of 

siINTS11). At 24 hours post-transfection, cells were rinsed with PBS and fed new media. At 

48 hours post-transfection, cells were harvested for protein lysates and RNA preparation.

Western blotting—Protein lysates were prepared by resuspending cell pellets in 1× 

Laemmli Sample Buffer (Bio-Rad #1610737) with freshly added β-mercaptoethanol (2.5% 

final concentration). Lysates were boiled for 10 minutes and spun at room temperature at 

maximum speed for 10 minutes. Samples were resolved on 8–16% (Bio-Rad, #4561103; 

c-Fos and phosphoepitopes) or 4–20% (Bio-Rad #4561095; all others) gradient gels. Protein 

was then transferred to a nitrocellulose (Amersham #10600001; all except c-Fos) or PVDF 

membrane (Bio-Rad 1620177; c-Fos). Membranes were blocked and probed in TBS + 

0.1% Tween 20 supplemented with 5% nonfat milk powder (w/v), or in the case of 

phosphoepitopes, TBS + 0.1% Tween 20 supplemented with 5% BSA (w/v). Signal was 

detected using SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher 

#34577) according to the manufacturer’s instructions and blots were imaged using a BioRad 

ChemiDoc.

RT-qPCR—Cell pellets were resuspended in Trizol and RNA was isolated according to 

the manufacturer’s instructions. Genomic DNA was removed with DNase (either RQ1 

[Promega #M6101] or Amplification Grade DNase I [ThermoFisher #18068015]) before 

chloroform extraction. cDNA was synthesized using Superscript IV Reverse Transcriptase 

(ThermoFisher #18090200) according to the manufacturer’s instructions using random 

hexamers. RT-qPCR was performed using homemade SYBR Green master mix (1.7% v/v 

glycerol, 12.76 mM Tris-HCl pH 8, 53.2 mM KCl, 5.32 mM MgCl2, 0.21% v/v Tween 20, 
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212.7 μg/mL BSA [Life Technologies AM2616), 0.71 X SYBR Green [Sigma T8531]) and 

run on a Bio-Rad CFX384. RT-qPCR primer sequences are provided in Table S2.

Chromatin Immunoprecipitation (ChIP)—For ChIP of Integrator subunits, INTS11Halo 

cells were treated with DMSO or 500 nM PROTAC for four hours; F121–9 cells were 

untreated. Room temperature Accutase was added to plates of cells followed by dilution in 

PBS. A single-cell suspension was created by pipetting up and down. Formaldehyde solution 

was added to cells (1% final concentration) and the plate was agitated for 10 minutes at 

room temperature. Glycine was added (0.125 M final concentration) and the plate was 

agitated at room temperature for 5 minutes. Cells were moved to a conical tube and the plate 

was washed with cold PBS. After combining cell mixture and PBS, cells were spun for 5 

minutes at 4°C at 300 × g. The supernatant was discarded, and the pellet was resuspended 

in cold PBS. Cells were counted using an automated cell counter (BioRad TC20), and the 

mixture was spun again for 5 minutes at 4°C at 300 × g. After a second wash with cold 

PBS, the pellet was lysed in Sonication Buffer (20 mM Tris-HCl [pH 8], 2 mM EDTA, 0.5 

mM EGTA, 0.5% w/v SDS, 0.5 mM PMSF, cOmplete EDTA-free protease inhibitor cocktail 

[Sigma #11873580001]) at a concentration of 1 × 108 cells/mL on ice for 10 minutes before 

flash freezing in liquid nitrogen. Chromatin was sheared using the Qsonica Q800R3 system 

(70% power; 15 s ON/45 s OFF cycles; 10 minutes total; 100 μL chromatin per tube). 20% 

input material was set aside for each experiment.

Chromatin was pre-cleared in IP buffer (20 mM Tris-HCl [pH 8], 2 mM EDTA, 0.5% v/v 

Triton X-100, 150 mM NaCl, 10% v/v glycerol) with Protein A agarose beads (Millipore 

16–125) before further dilution in IP buffer and overnight incubation with appropriate 

antibody: 2 independent replicates were carried out with 10 μL (F121–9) or 12.5 μL 

(INTS11Halo) anti-INTS11 per 2.5 × 106 cells (different volumes due to antibody batch) 

and 10 μL anti-INTS3 per 2.5 × 106 cells. Antibody-epitope complexes were allowed to bind 

to Protein A agarose beads for two hours at 4°C. Beads were then washed once with low 

salt buffer (20 mM Tris-HCl [pH 8], 2 mM EDTA, 1% v/v Triton X-100, 150 mM NaCl), 

three times with high salt buffer (20 mM Tris-HCl [pH 8], 2 mM EDTA, 1% v/v Triton 

X-100, 500 mM NaCl), once with LiCl buffer (20 mM Tris-HCl [pH 8], 2 mM EDTA, 1% 

v/v IGEPAL, 250 mM LiCl), and twice with TE. Beads were then eluted twice with elution 

buffer (1% w/v SDS, 100 mM NaHCO3) and crosslinks were reversed overnight at 65°C. 

Immunoprecipitated material was then phenol-chloroform purified.

ChIP of RNA Pol II Ser5P was performed as above with the following modifications: 

Cells were crosslinked for 5 minutes. After the first PBS wash, phosphatase inhibitors 

were included in all buffers (Phosphatase Inhibitor Cocktails 2 and 3, both 1:000). Total 

sonication time was 5 minutes. 10 μL of antibody was used per IP. 0.1% w/v SDS was added 

to low salt buffer and high salt buffer. 1% w/v sodium deoxycholate was added to LiCl 

buffer.

Imaging—For imaging of HaloTag-INTS11, Glass bottom culture dishes (MatTek 

P35G1.514C) were coated with 5 μg/mL fibronectin (Millipore Sigma FC01010MG) in 

PBS at room temperature. 1 × 105 F121–9 or INTS11Halo cells were added to the plates and 

allowed to adhere for two hours. 2i+LIF-containing media was aspirated and Differentiation 
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Media (SFES, 12 ng/mL bFGF, 1% v/v KOSR) was added. Media was changed the next 

day. Prior to imaging, Hoechst 33258 (final concentration 5 μg/mL) and JFX549 (final 

concentration 100 nM) was added to cells for 15 minutes in fresh Differentiation Media. 

Excess label was removed by washing four times with Imaging Media (Fluorobrite DMEM, 

2 mM L-Glutamine, 0.05% BSA, 0.15 mM 1-thioglycerol, 12 ng/mL bFGF, 1% KOSR, 25 

mM HEPES). Images were taken while cells were in Imaging Media on a Nikon Eclipse Ti 

and processed in ImageJ.

For detection of GFP, images were obtained on a Bio-Rad ZOE Fluorescent Cell Imager and 

not processed further.

PRO-seq library preparation and analysis—INTS11Halo cells were plated in 15 cm 

tissue culture dishes one day prior to treatment. The day of treatment, HaloPROTAC3 was 

added to a final concentration of 500 nM to SFES media; an equal volume of DMSO was 

added to media for control treatments.

Cells were permeabilized essentially as in (Reimer et al., 2021). Briefly, cells were washed 

with PBS and detached from the plate with trypsin. Cold DMEM + 10% FBS was used to 

quench the trypsin and the suspension was pipetted up and down to make single cells. Cells 

were pelleted at 400 × g for 4 minutes at 4°C and washed by resuspending in cold PBS. 

After pelleting again, cells were resuspended in 250 μL ice cold Buffer W (10 mM Tris 

HCl [pH 8], 10 mM KCl, 250 mM sucrose, 5 mM MgCl2 1 mM EGTA, 10% v/v glycerol, 

0.5 mM DTT). Permeabilization was performed by slowly adding 10 mL ice cold Buffer P 

(Buffer W supplemented with 0.05% v/v Tween 20 and 0.1% v/v IGEPAL) to the side of 

the tube and incubating on ice for 5 minutes. Cells were spun at 400 × g for 4 minutes at 

4°C. The supernatant was aspirated and the pellet gently resuspended in 10 mL Buffer W. 

Cells were again spun at 400 × g for 4 minutes at 4°C and the pellet was resuspended in 

500 μL ice cold Buffer F (50 mM Tris HCl [pH 8], 5 mM MgCl2, 1.1 mM EDTA, 40% v/v 

glycerol, 0.5 mM DTT, SuperaseIN RNase Inhibitor [ThermoFisher AM2694]). Cells were 

counted and permeabilization efficiency confirmed with trypan blue staining. Permeabilized 

cells were flash frozen and stored until use.

Aliquots of frozen (−80°C) permeabilized cells were thawed on ice and pipetted gently 

to fully resuspend. Aliquots were removed and permeabilized cells were counted using 

a Luna II, Logos Biosystems instrument. For each sample, 1 million permeabilized cells 

were used for nuclear run-on, with 50,000 permeabilized Drosophila S2 cells added to each 

sample for normalization. Nuclear run-on assays and library preparation were performed 

essentially as described in Reimer et al. (Reimer et al., 2021) with modifications noted: 

2X nuclear run-on buffer consisted of (10 mM Tris (pH 8), 10 mM MgCl2, 1 mM 

DTT, 300mM KCl, 40 μM/ea biotin-11-NTPs (Perkin Elmer NEL54(2/3/4/5)001), 0.8U/μL 

SuperaseIN (ThermoFisher AM2694), 1% sarkosyl). Run-on reactions were performed at 

37°C. Adenylated 3’ adapter was prepared using the 5’ DNA adenylation kit (NEB, #E2610) 

and ligated using T4 RNA ligase 2, truncated KQ (NEB # M0373), per manufacturer’s 

instructions with 15% PEG-8000 final) and incubated at 16°C overnight. 180 μL of betaine 

blocking buffer (1.42 g of betaine brought to 10mL with binding buffer supplemented to 

0.6 μM blocking oligo (TCCGACGATCCCACGTTCCCGTGG/3InvdT/)) was mixed with 
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ligations and incubated 5 min at 65°C and 2 min on ice prior to addition of streptavidin 

beads. After T4 polynucleotide kinase (NEB M0201) treatment, beads were washed once 

each with high salt, low salt, and blocking oligo wash (0.25 X T4 RNA ligase buffer 

(NEB B0216), 0.3 μM blocking oligo) solutions and resuspended in 5’ adapter mix (10 

pmol 5’ adapter, 30 pmol blocking oligo, water). 5’ adapter ligation was per Reimer but 

with 15% PEG-8000 final. Eluted cDNA was amplified 5-cycles (NEBNext Ultra II Q5 

master mix (NEB M0544) with Illumina TruSeq PCR primers RP-1 and RPI-X) following 

the manufacturer’s suggested cycling protocol for library construction. A portion of preCR 

was serially diluted and for test amplification to determine optimal amplification of final 

libraries. Pooled libraries were sequenced using the Illumina NovaSeq platform.

All custom scripts described herein are available on the AdelmanLab Github (https://

github.com/AdelmanLab/NIH_scripts). Using a custom script (trim_and_filter_PE.pl), 

FASTQ read pairs were trimmed to 41bp per mate, and read pairs with a minimum average 

base quality score of 20 retained. Read pairs were further trimmed using cutadapt 1.14 to 

remove adapter sequences and low-quality 3’ bases (--match-read-wildcards -m 20 -q 10). 

R1 reads, corresponding to RNA 3’ ends, were then aligned to the spiked in Drosophila 
genome index (dm3) using Bowtie 1.2.2 (-v 2 -p 6 --best --un), with those reads not mapping 

to the spike genome serving as input to the primary genome alignment step (using Bowtie 

1.2.2 options -v 2 --best). Reads mapping to the mm10 reference genome were then sorted 

using samtools 1.3.1 (-n), and subsequently converted to bedGraph format using a custom 

script (bowtie2stdBedGraph.pl). Because R1 in PRO-seq reveals the position of the RNA 

3’ end, the “+” and “-“ strands were swapped to generate bedGraphs representing 3’ end 

position at single nucleotide resolution.

As described, permeabilized Drosophila S2 cells were added to all samples prior to the 

run-on reaction based on cell count. We observed consistent differences in Drosophila reads 

between conditions, with PROTAC-treated samples returning fewer spike reads per mouse 

genomic read across both replicates. The reproducible decrease in spike return in PROTAC-

treated conditions indicates a small global increase in RNA synthesis in these cells. Thus, 

per-sample spike normalization factors were calculated by dividing reads mapped to dm3 by 

1,000,000, as shown below.

Replicate 2 was spiked with a different batch of permeabilized Drosophila cells than 

Replicate 1, and this second batch yielded a 1.33x higher percentage spike reads on average. 

To avoid Replicate 2 being underrepresented in analyses combining the two replicates (e.g. 

bigWigs, metagenes, heatmaps), we divided the Replicate 2 spike factors by 1.33 prior to 

combining the two replicates. The final number of spike-normalized reads for each sample is 

displayed below:
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Sample Total Reads Reads 
Mapping to 
mm10

Reads 
Mapping 
to dm3

Per-sample 
Normalization 
Factor

Normalization 
factor after 
accounting for 
spike batch

Final spike-
normalized 
reads 
mapping to 
mm10

DMSO 
Replicate 1

77,623,395 55,775,379 3,189,566 3.19 3.19 17,486,824

PROTAC 
Replicate 1

70,023,318 52,203,115 2,531,649 2.53 2.53 20,620,202

DMSO 
Replicate 2

123,575,803 74,259,815 5,635,785 5.64 4.25 17,485,191

PROTAC 
Replicate 2

114,975,085 84,886,620 5,597,308 5.60 4.22 20,124,771

BigWigs and bedGraphs used for generating UCSC Genome Browser tracks and metagene 

analyses represent the 3′ end of each mapped read from combined replicates per condition, 

normalized as in the table above.

Generation of Transcript Annotations—The Get Gene Annotation pipeline was used 

to generate high-confidence gene annotations based on PRO-seq and RNA-seq (https://

github.com/AdelmanLab/GetGeneAnnotation_GGA; DOI 10.5281/zenodo.5519927). A 

hybrid Ensembl/RefSeq GTF was used as a basis for gene annotations. Unnormalized 

reads from all four PRO-seq samples (n=2 DMSO, n=2 PROTAC) were used to refine 

TSS position for annotated TSSs based on 5’ ends of PRO-seq data, and parental mESC 

RNA-seq was used to define TESs. A minimum 5’ PRO-seq read count of 8 and a search 

window of 1kb was required for a gene to be considered active and for re-alignment of 

the annotated TSS to the position with maximal nascent RNA 5’ end reads. Genes with 

fewer than 30 PRO-seq reads in the TSS-to-150 window using all four samples combined 

(PRO-seq 3’ end reads) were removed. To avoid analyzing low-confidence annotations, the 

following gene biotypes were not considered in downstream analyses: miscRNA, miRNA, 

ribozyme, scaRNA, TEC. Two genes annotated as lncRNAs (ENSMUSG00000097971 and 

ENSMUSG00000098178) that were found to overlap an rRNA locus were removed to 

avoid analyzing RNAPI transcripts. To avoid analyzing potential contamination from highly 

abundant mature RNA species, nucleotide positions were masked that fell within 4 nt of 

an annotated miRNA, miscRNA, snRNA, or snoRNA TES and contained greater than 200 

reads when summed across all four samples.

Differentially expressed genes in PRO-seq—Read counts were calculated per 

gene, in a strand-specific manner, based on the annotations described above, using the 

custom script make_heatmap (available at https://github.com/AdelmanLab/NIH_scripts; 

DOI 10.5281/zenodo.5519914). This quantification procedure includes signal from the 

dominant TSS to TES. Differentially expressed genes were identified using DESeq2 (Love 

et al., 2014). Spike normalization factors were enforced. At an adjusted p value threshold 

of < 0.01 and fold change > 1.5, 1,320 genes (736 mRNAs) were identified as differentially 

expressed upon INTS11 depletion in INTS11Halo cells.
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Enhancer calling, filtering, and analysis—Unnormalized, single-nucleotide PRO-seq 

bedGraphs representing 3’ ends from four datasets (n=2 DMSO, n=2 PROTAC) were 

merged and converted to bigWig files, one representing each strand. These bigWigs were 

uploaded to the dREG server (Danko et al., 2015) and all resulting files were downloaded.

Refinement of enhancer calls was performed with a custom enhancer annotation pipeline 

(DOI 10.5281/zenodo.6654472). dRIP-filter was used to select for high-confidence peaks: 

peaks were filtered for a dREG score of 0.5 and p value of 0.025. To remove dREG 

peaks with low PRO-seq counts, the only peaks with at least 10 reads on each strand 

in at least one sample were considered. For this manuscript, only promoter-distal (>1 kb 

from TSSs), intergenic enhancers were analyzed as determined by the CoGENT annotation 

script. Assignment of peaks to TSSs was performed using TSScentR based on overlap 

between dREG peak coordinates with unannotated TSSs from GGA output. As enhancers 

are typically characterized by the histone modification H3K27Ac, peaks were finally filtered 

to require greater than 40 H3K27Ac ChIP-seq reads in the eTSS +/−1 kb window. A final 

list of 9,571 dREG peak TSSs were used for analysis.

TT-seq library preparation and analysis—INTS11Halo cells were plated in 10 cm 

tissue culture dishes one day prior to treatment. The day of treatment, HaloPROTAC3 was 

added to a final concentration of 500 nM to SFES media; an equal volume of DMSO 

was added to media for control treatments. During the final 20 minutes of the four-hour 

depletion, 4sU was added to each plate to a final concentration of 500 μM. After 20 minutes, 

cells were rinsed with room-temperature PBS and harvested using trypsin and quenched 

with cold DMEM + 10% FBS. After an additional wash with PBS, cells were counted then 

resuspended in 1 mL Trizol.

Prior to addition of chloroform to the lysates, samples were spiked at 5% based on cell 

counts with 4sU-labeled Drosophila S2 Trizol lysate (cells labeled with 4sU for 2 h and 

resuspended a concentration of 10 million cells/mL in Trizol). RNA was then isolated per 

the manufacturer’s protocol. The aqueous phase was precipitated by addition of 2.5 volumes 

of 100% ethanol, incubation at −20°C for 2h. Pellets were collected by centrifugation at 

20,000 × g for 30 min at 4°C and washed twice with 500 μL of 75% ethanol before 

resuspension in 180 μL of nuclease free water. Aliquots were removed for quantification by 

spectrophotometry and analysis of RNA integrity by Agilent TapeStation 4200 using RNA 

high sensitivity tapes. Samples with RIN > 9.0 were used for further processing.

Total RNA from the previous step was treated to remove residual DNA by addition of 

20 μL of 10X DNase I buffer and 2 μL of Amplification Grade DNase I (ThermoFisher 

#18068015), followed by incubation at room temperature for 30min. Reactions were 

transferred to prepared MaXtract High Density gel tubes (Qiagen #129056), shaken with 

equal volume of chloroform:isoamyl alcohol and spun at 12,000 × g at 4°C for 5 min to 

separate phases. The aqueous phase was recovered to fresh tubes, quantified, and analyzed 

by TapeStation as above. 60 μg of RNA was brought to a volume of 80 μL with nuclease-

free water and placed on ice. RNA was then lightly fragmented by addition of 20 μL cold 5X 

fragmentation solution (375 mM Tris-HCl (pH 8.3), 562.5 mM KCl, 22.5 mM MgCl2) and 

incubation at 94°C for 2.5 minutes. At the end of the fragmentation time, RNA was placed 
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immediately on ice and 25 μL of cold 250 mM EDTA was added. RNA was precipitated by 

addition of 1/10 volume of 5 M NaCl, 2.5 volumes of 100% ethanol and incubation at −20°C 

overnight. RNA was pelleted, washed, quantified, and analyzed again as above.

Fragmented RNA was biotinylated essentially as described in (Duffy et al., 2015) with 

the following modifications: the biotinylation reaction was performed in a total volume of 

200 μL and allowed to incubate for 45 min in the dark. Excess biotin was removed using 

chloroform:isoamyl alcohol and MaXtract Heavy gel tubes (Qiagen) were used to separate 

organic and aqueous phases. Biotinylated RNA was resuspended in 100 μL of nuclease-free 

water and aliquots taken to use as the total RNA input fraction. In parallel, Dynabeads 

M-280 Streptavidin (ThermoFisher #11205D) were prepared for binding to render them 

RNase-free: for each sample, 75 μL of beads were used and treated in batch to render 

them RNase free. The beads were incubated 10min in a solution of 100 mM NaOH, 50 

mM NaCl, placed on a magnetic stand, and then washed, resuspending the beads fully for 

each wash, twice with 500 μL of 100 mM NaCl, twice with 1 X TTseq wash solution (100 

mM Tris-HCl (pH 7.5), 10mM EDTA, 1 M NaCl, 0.05% Tween 20 in nuclease free water 

to which 1 μL SuperaseIN RNase Inhibitor (ThermoFisher AM2694) per 5mL solution 

is added prior to use), once in 0.3 X TTseq wash solution, and finally resuspended in 

52 μL/sample of 0.3 X TTseq wash solution + 1 μL/sample SuperaseIn RNase Inhibitor 

(ThermoFisher AM2694).

Biotinylated RNA was heated at 65°C for 5min, placed on ice for 2 min, and mixed with 

50 μL of prepared beads. Samples were rotated at room temperature in the dark for 30 min. 

After binding, the tubes were placed on a magnetic rack and the beads were washed 4 times 

with 500 μL of 1 X TT-seq wash solution to remove unbound RNA, fully resuspending 

for each wash. The wash solution was removed, and the beads resuspended in 50 μL of 

0.1 M DTT (freshly diluted from 1 M stock) and rolled in the dark for 15 min at room 

temp. The eluted RNA was recovered and the elution step repeated with an additional 50 

μL of 0.1 M DTT. The combined eluates were purified using Norgen RNA clean-up and 

concentration microElute kit (Norgen #61000) following the manufacturer’s instructions for 

small RNA enriched samples. Final elution was performed in 14 μL of nuclease-free water 

and the eluate was reapplied to the column for a total of 2 elution steps. A Qubit RNA 

high sensitivity reagent kit was used to quantify the input RNA and enriched RNA. Yields 

of 1–2% were typical. 180 ng of enriched RNA was used for library construction with the 

Illumina TruSeq stranded total RNA kit and Illumina CD index plate. After 5 cycles of PCR, 

samples were removed from the thermal cycler and a test PCR was performed to determine 

the optimal number of final cycles. Libraries were pooled and sequenced paired-end 150 on 

a Novaseq S1 full flowcell.

Sequencing reads were filtered (requiring a mean quality score ≥ 20) and 

trimmed to 100 nt. Reads were first mapped the dm3 version of the 

Drosophila genome using STAR 2.7.31. Reads not mapping to spike were then 

used for alignment to mm10 using parameters --quantMode TranscriptomeSAM 

GeneCounts --outMultimapperOrder Random --outSAMattrIHstart 0 --outFilterType 

BySJout --outFilterMismatchNmax 4 --alignSJoverhangMin 8 --outSAMstrandField 

intronMotif --outFilterIntronMotifs RemoveNoncanonicalUnannotated --alignIntronMin 20 
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--alignIntronMax 1000000 --alignMatesGapMax 1000000 --outFilterScoreMinOverLread 0 

--outFilterMatchNminOverLread 0. Duplicates were also removed using STAR. The total 

number of TT-seq reads aligned in the DMSO- and PROTAC-treated samples is described in 

the table below.

Sample Total Reads Reads Mapping to mm10 Normalization Factor

DMSO Replicate 1 128,058,250 118,852,748 1.10

DMSO Replicate 2 120,172,903 112,316,476 1.00

DMSO Replicate 3 149,250,802 138,820,533 1.48

PROTAC Replicate 1 115,150,827 107,478,313 1.00

PROTAC Replicate 2 134,295,046 124,929,756 1.10

PROTAC Replicate 3 135,521,330 126,130,242 1.31

Samples displayed highly comparable recovery of spike-in reads. Thus, normalization 

based on the DESeq2 size factors (see above) was used for each bedGraph. To determine 

size factors, read counts were calculated per gene, in a strand-specific manner, based on 

annotations described in the transcript annotations section. This quantification procedure 

includes signal from the dominant TSS to TES. Combined bedGraphs were generated by 

summing coverage from all replicates for each condition.

Analysis of readthrough by TT-seq: For analysis of snRNAs in Figure 1 and S1, 

gene body TT-seq signal was determined using featureCounts in the dominant TSS-to-TES 

region and divided by length (in kb) to produce a read density. For readthrough signal, read 

coverage was determined in the same way using the TES-to-1kb region. To remove genes 

where the annotated TES used in our analyses was not efficiently or uniquely recognized 

in control cells, we focused on genes with a Readthrough Index of 0.8 or lower in DMSO 

conditions. Furthermore, to avoid analysis of genes not well-represented in TT-seq, snRNAs 

with fewer than 100 reads/kb in control cells were removed. Finally, to avoid counting signal 

from non-snRNA genes, those that were found to be overlap other active genes by manual 

inspection were removed. This resulted in a final list of 37 high-confidence snRNAs for 

analysis. A pseudocount of one read was added to both upstream and downstream windows 

when calculating Readthrough Index (TES-to-1kb density / TSS-to-TES density) to avoid 

dividing by zero.

For analysis of mRNAs in Figure 2 and S2, only genes longer than 2kb were considered 

(N=12,598). Read counts in the upstream and downstream regions were determined using 

featureCounts. To remove genes not well represented in our TT-seq data, genes with fewer 

than 20 reads in the 2 kb upstream of the TES in DMSO or PROTAC were removed 

(leaving N=11,521). To remove genes where the annotated TES used in our analyses was not 

efficiently or uniquely recognized in control cells, we focused on genes with a Readthrough 

Index of 0.8 or lower in DMSO conditions (N=9,890). To prevent changes in upstream 

TT-seq signal from dominating analysis of readthrough, genes with a log2 fold change 

greater than 0.15 in the 2 kb upstream region upon INTS11 depletion were removed for 

Figure 2D and S2C. However, the TT-seq signal at these genes is depicted in Figure S2D as 
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reference. The final list of mRNAs used in Figure 2D and S2C consisted of the remaining 

7,560 genes. A pseudocount of one read was added to both upstream and downstream 

windows when calculating Readthrough Index (TES-to-2kb / 2kb-to-TES) to avoid dividing 

by zero.

Analysis of elongation rate—PRO-seq reads were summed (make_heatmap -v t) in 

500 nt bins downstream of annotated mRNA TSSs. TT-seq mean per-nucleotide coverage 

(make_heatmap -v c) was calculated in the same windows, then multiplied by 500 to 

convert to mean coverage across the bin. To avoid analysis of low-confidence regions, bins 

containing 0 reads in any dataset and those that contain the gene TES or are downstream of 

the TES were converted to values of 0. Elongation rate was then calculated as the ratio of 

TT-seq to PRO-seq.

For metagene and boxplot analysis of the early gene body, only genes longer than 5 kb 

were plotted. To avoid analysis of low-confidence regions, only bins that contain at least 10 

reads/kb in all datasets were included. The first bin in a gene was excluded (Schwalb et al. 

2016).

ChIP-seq library preparation and analysis—ChIP material was prepared as described 

above, with two biological replicates per condition. To allow absolute quantification of 

INTS11 and INTS3 in INTS11Halo cells, immunoprecipitated DNA was spiked with a 

constant amount of MNase-digested Drosophila DNA (0.0208 ng) and ChIP-seq libraries 

were prepared using the NEBNext Ultra II DNA library kit (NEB) according to the 

manufacturer’s instructions. Libraries were then pooled and sequenced using a paired-end 80 

bp cycle run on the Illumina NextSeq system for F121–9 and 50 bp cycle run on the Illumina 

NovaSeq system for INTS11Halo samples, all with standard sequencing protocols.

For RNA Pol II Ser5P, a constant amount of Drosophila chromatin was added (100,000 

Drosophila cells to 2.5 million mouse cells) prior to pre-clearing with agarose beads. After 

IP, libraries were then pooled and sequenced using a paired-end 50 bp cycle on the Illumina 

NovaSeq system with standard sequencing protocols.

For all samples, sequences were quality filtered and trimmed to 50bp.

F121–9 samples were immediately aligned against the mm10 version of the mouse genome 

using Bowtie version 1.2.2 (Langmead et al., 2009) with a maximum allowed mismatch of 

2 (-v2 -k1 - X1000 −best). INTS11Halo samples were first mapped to the dm3 version of 

the Drosophila genome and reads not mapping to this were subsequently mapped to mm10 

using the same parameters. The yield of reads mapping to mm10 is listed below.

Due to the difficulty of Integrator ChIP, high background signal was observed. To allow 

for the quantitative comparison of signal rather than background in DMSO and PROTAC-

treated INTS11Halo samples, the following normalization strategy was used: samples were 

first depth normalized using the depth normalization factors listed in the table below. 

Replicates were then merged. Average signal from 15,999 random intergenic regions in 

5 bp bins was calculated and considered genomic background; this value (listed below) was 

subtracted from all 5 bp bins. Finally, due to consistent changes in spike read returns for 
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INTS11Halo-derived samples between PROTAC and DMSO, reads mapping to dm3 were 

used for normalization. Finally, spike normalization factors (listed below) were determined 

by choosing the condition with the fewest Drosophila reads for each antibody and dividing 

each bedGraph by a factor that would cause the samples to have the same number of 

Drosophila reads.

Cell line/
Condition

Antibody Total reads Deduplicated 
reads 
mapping to 
mm10

Reads 
mapping 
to dm3

Depth 
norm. 
factor

Background 
signal

Spike 
norm. 
factor

Agreement 
between 
replicates 
(Pearson’s 
r)

F121–9 
Replicate 1

INTS11 45,087,205 32,978,564 N/A N/A N/A N/A >0.99

F121–9 
Replicate 2

INTS11 52,171,958 38,321,645

INTS11Halo/
DMSO 
Replicate 1

INTS11 131,202,996 62,935,010 41,926 1.16 0.176 1.00 >0.99

INTS11Halo/
DMSO 
Replicate 2

INTS11 109,944,866 56,793,447 38,042 1.05

INTS11Halo/
PROTAC 
Replicate 1

INTS11 143,158,380 69,687,029 60,305 1.28 0.175 1.54 >0.99

INTS11Halo/
PROTAC 
Replicate 2

INTS11 109,126,747 54,239,223 64,980 1.00

INTS11Hato/
DMSO 
Replicate 1

INTS3 145,129,425 72,736,187 39,670 1.71 0.135 1.22 >0.99

INTS11Halo/
DMSO 
Replicate 2 
Replicate 2

INTS3 105,573,272 56,348,152 29,408 1.32

INTS11Halo/
PROTAC 
Replicate 1

INTS3 125,956,094 63,665,886 26,854 1.49 0.136 1.00 >0.99

INTS11Halo/
PROTAC 
Replicate 2

INTS3 79,847,597 42,651,940 19,176 1.00

To calculate the correlation coefficient between endogenous INTS11 and INTS11Halo, reads 

were summed using TSS+/−1kb region for all active genes, and the spike normalized, 

background-subtracted DMSO number was compared to INTS11 from F121–9 cells in this 

same window.

For RNA Pol II Ser5P, samples displayed highly comparable recovery of spike-in reads. 

Thus, normalization based on sequencing depth was used for each sample:
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Condition Total reads Deduplicated reads 
mapping to mm10

Reads 
mapping to 
dm3

Depth 
norm. 
factor

Agreement 
between 
replicates 
(Pearson’s r)

DMSO Replicate 1 38,703,205 21,304,168 348,557 1.41 >0.99

DMSO Replicate 2 39,459,724 21,150,752 323,241 1.40

PROTAC Replicate 1 27,605,528 15,146,174 247,757 1.00 >0.99

PROTAC Replicate 2 30,006,421 16,496,917 233,376 1.09

To calculate the correlation coefficient between replicates, reads were summed using TSS to 

150 bp region for all active genes.

H3K4me3, H3K27Ac, and ChIP-seq were downloaded from GEO and mapped to mm10 

with Bowtie 1.2.2 (-v2 -X1000 −best -k1 for H3K4me3/me1; -v2 -X1000 −best -m1 for 

H3K27Ac).

Mapped reads were converted to bedGraphs representing deduplicated fragment midpoints 

using extract_fragments.pl (DOI 10.5281/zenodo.5519914), which were visually examined 

using the UCSC genome browser after conversion to bigWig format. BedGraphs were used 

for all downstream analysis.

RNA-seq library preparation and analysis—For data to be used for GGA annotation, 

F121–9 cells were harvested in Trizol 48 hours after plating.

For control versus siINTS11 conditions, cells were treated as described in the RNA 

Interference section above. After 48 hours of depletion, cells were harvested using trypsin, 

quenched with cold DMEM + 10% FBS, counted, and equal cell numbers were resuspended 

in Trizol. For DMSO versus PROTAC conditions, cells were treated with media containing 

DMSO or 500 nM PROTAC the day after plating for 16 hours and harvested as above. 

To allow for absolute quantification of changes in transcription, 1 μL of a 1:10 dilution of 

ERCC spike RNAs were added per 1 million cells.

For all samples, RNA was extracted using Direct-zol columns (Zymo Research R2052). 

Genomic DNA was removed with DNase off-column (RQ1 or Amplification Grade DNase 

I), and RNA was re-purified with either a second Direct-zol column or the RNeasy 

Mini clean-up kit (Qiagen #74106). Libraries were prepared using the Illumina TruSeq 

Stranded Total RNA kit with 500 ng of RNA as input. The manufacturer’s instructions 

were followed with two exceptions: SuperScript III was used rather than SuperScript II for 

reverse transcription for RNAi and PROTAC samples, and the number of PCR cycles were 

empirically determined. GGA annotation libraries were sequenced on the Illumina NextSeq 

500; siRNA and PROTAC samples were sequenced on the NovaSeq platform.

Reads were quality filtered (requiring a mean quality score ≥ 20) and trimmed 

(100 nt for siRNA; 50 nt for PROTAC). Reads were first mapped to 

ERCC spike sequences using STAR 2.7.3a. Reads not mapping to spike were 
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used for alignment to mm10 using parameters --quantMode TranscriptomeSAM 

GeneCounts --outMultimapperOrder Random --outSAMattrIHstart 0 --outFilterType 

BySJout --outFilterMismatchNmax 4 --alignSJoverhangMin 8 --outSAMstrandField 

intronMotif --outFilterIntronMotifs RemoveNoncanonicalUnannotated --alignIntronMin 20 

--alignIntronMax 1000000 --alignMatesGapMax 1000000 --outFilterScoreMinOverLread 0 

--outFilterMatchNminOverLread 0. Duplicates were also removed using STAR. The total 

number of RNA-seq reads aligned for siRNA and PROTAC treatments are described in the 

table below.

Samples displayed highly comparable recovery of spike-in reads between conditions (siNT 

compared to siINTS11 and DMSO compared to PROTAC). Thus, normalization based on 

the DESeq2 size factors (see below) were used for each sample. To determine size factors, 

featureCounts was used to calculate coverage over exons for each gene in a strand-specific 

manner based on annotations described in the modified transcript annotations section above 

from get_gene_annotations.sh. Combined bedGraphs were generated by summing coverage 

from all replicates for each condition.

Sample Total Reads Reads Mapping to mm10 Normalization Factor

siNT Replicate 1 85,082,344 72,263,883 1.03

siNT Replicate 2 78,243,589 68,479,194 0.98

siNT Replicate 3 80,597,983 67,888,840 0.98

siINTS11 Replicate 1 77,847,141 65,114,768 0.95

siINTS11 Replicate 2 82,250,852 69,078,801 1.05

siINTS11 Replicate 3 83,996,398 70,556,807 1.07

16 h DMSO Replicate 1 102,106,718 83,305,007 1.39

16 h DMSO Replicate 2 72,949,752 58,503,964 0.90

16 h DMSO Replicate 3 70,398,856 58,278,259 0.91

16 h PROTAC Replicate 1 79,019,627 63,058,019 0.97

16 h PROTAC Replicate 2 76,766,582 62,302,374 1.03

16 h PROTAC Replicate 3 72,362,829 59,376,163 0.89

UCSC Genome Browser tracks representing read coverage were generated from the 

combined replicates in each condition after normalizing using the factors above.

Differentially expressed genes in RNA-seq—Differentially expressed genes were 

identified with DESeq2 (Love et al., 2014) using coverage counts from above. For siNT 

versus siINTS11 and DMSO versus PROTAC comparisons, an adjusted p-value threshold of 

0.01 and fold change > 1.5 was used. Further filtering (see below) was performed before a 

final differentially expressed gene set was determined.

rMATS analysis—To avoid analyzing genes whose splicing patterns were changed 

upon long-term INTS11 depletion as a consequences of snRNA misprocessing, we used 

rMATS (Shen et al., 2014) to quantify splicing events in RNA-seq. SAM files from 
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STAR alignment were converted to BAM files using samtools (v1.9). BAM files for 

control and siINTS11 were input into rMATS as separate groups. The GTF output from 

get_gene_annotations.sh was used for annotation. The following parameters were used for 

running rMATS: -t paired --readLength 100 --libType fr-secondstrand --tstat 5 --novelSS --

variable-read-length. Overlapping events were collapsed, retaining those with the most reads 

per gene (subset_rmats_junctioncountonly.py, available at https://github.com/YeoLab/rbp- 

maps/blob/master/preprocessing_scripts/subset_rmats_junctioncountonly.py). A threshold of 

25 reads, 0.1 change in PSI (corresponding to a 10% change), and FDR of 0.001 was 

applied. 2,184 genes (of which 2,154 were mRNAs) met these criteria and were thus not 

included in analysis. This resulted in a final list of 2,339 upregulated genes (1,694 of which 

were mRNAs) and 1,764 downregulated (1,681 mRNAs) genes after 48 hours of siINTS11 

treatment using the thresholds described above. The same list of filtered genes was used for 

analysis of PROTAC-treated samples.

Gene expression after ectopic Jun expression—Genes differentially expressed after 

ectopic Jun expression in mESCs were downloaded from (Liu et al., 2015). The list of genes 

was overlapped with genes meeting the above criteria based on gene name.

MNase-seq data analysis—MNase-seq FASTQ files corresponding to control 

mESCs were downloaded from GSE85191. The trim_and_filter_PE.pl (DOI 10.5281/

zenodo.5519914) custom script was used to trim FASTQ read pairs to 70nt per mate and 

retain read pairs above a minimum quality threshold of 20. Trimmed and retained read 

pairs were mapped to mm10 using Bowtie 1.2.2 (-m1 -v2 -X1000 -- best -p 5). To retain 

reads corresponding to mono-nucleosome size fragments, read pairs spanning <120bp or 

>180bp were excluded using extract_fragments.pl (DOI 10.5281/zenodo.5519914) (o a -b 

1 -min 120 -max 180). Bedgraphs reporting the fragment center were generated using 

extract_fragments.pl. The bedgraphs2stdBedGraph (DOI 10.5281/zenodo.5519914) custom 

script was used to merge replicate bedgraphs.

DANPOS3 (https://github.com/sklasfeld/DANPOS3) was used to identify nucleosome 

positions (start, dyad, and end) found in the control mESC MNase-seq dataset (default 

parameters). To define the +1 nucleosome, bedtools intersect was used to pair identified 

nucleosomes by DANPOS with active gene models in control mESCs. For each gene, the 

start of the DANPOS identified nucleosome was required to be downstream of the dominant 

TSS. The +1 nucleosome was classified as the first identified nucleosome downstream of the 

TSS.

Gene ontology analysis—The Enrichr web platform was used to define enriched gene 

ontology terms (Kuleshov et al., 2016). The ontologies used for each analysis are indicated 

in the figure legend and/or text. An adjusted P value of 0.05 was used as a threshold for 

significantly enriched terms.

To define upregulated transcription factor (TF) genes, a list of Ensembl gene IDs 

representing mouse TFs was downloaded from AnimalTFDB3.0 (Hu et al., 2019), a 

web server that contains annotations of TF genes from animals. 1,623 unique mouse TF 

gene annotations were downloaded. TFs active in INTS11Halo cells were determined by 
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overlapping active genes from GGA with the gene IDs from AnimalTF3.0. Of 13,057 

active mRNA genes, 1,163 were found to be TFs. This list was then overlapped with genes 

upregulated by PRO-seq, resulting in 48 upregulated TFs.

Motif analysis—Distal dREG peaks were rank ordered based on fold change in PRO-

seq in the eTSS to 150 window after four hours of PROTAC treatment. The 500 most 

upregulated peaks were used for motif searches. A list of 1,000 peaks representing the 500 

least upregulated and 500 least downregulated was used as a background set. Sequences 

in the eTSS minus 200 nt window were downloaded from the UCSC genome browser in 

FASTA format and input into the XSTREME module of the MEME Suite (Bailey et al., 

2015). AP-1 was returned as the top hit.

To further refine the most significantly enriched AP-1 motif in the set of 500 most 

upregulated peaks compared to the 1,000 least affected, 39 AP-1 motif logos were 

downloaded from JASPAR (Castro-Mondragon et al., 2022) and input into AME (Buske 

et al., 2010). The top motif is displayed in Figure 6F.

Metagene and heatmap analysis—Count matrices were generated based on the assay 

as described in above sections. Metagene plots were generated by summing reads (PRO-

seq), averaging coverage per nucleotide (TT-seq), or summing fragment centers (ChIP-seq) 

at each indicated position with respect to the indicated loci and dividing by the number 

of loci within each group. Values were graphed across a range of distances as indicated 

in figure legends. Heatmaps were generated using Partek Genomics Suite. To avoid 

interpretation of changes in regions with low signal, bins with 0 reads in either DMSO 

or PROTAC were assigned a value of 0 in unscaled Δ PRO-seq (Figure 3B, 3E, 3H, 3K), fold 

change in elongation rate (Figure 7D), and Δ TT-seq heatmaps (Figure 2D).

Boxplot analysis—Boxes show 25th–75th percentiles and whiskers depict 1.5 times the 

interquartile range. All figures were made in Graphpad Prism.

QUANTIFICATION AND STATISTICAL ANALYSIS

Parametric and nonparametric comparisons were performed in GraphPad Prism using tests 

described in figure legends. The hypergeometric test was performed in R using the phyper 

function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Rapid degradation of INTS11 globally increases early elongation complexes

• In the absence of INTS11, RNAPII released into genes is deficient in 

elongation

• Loss of INTS11 endonuclease does not disrupt Integrator-PP2A phosphatase 

function

• Predominantly short genes and non-coding RNAs are upregulated upon 

INTS11 degradation
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Figure 1. Generation and validation of a rapid INTS11 depletion system in mouse embryonic 
stem cells.
(A) Schematic depicting insertion of a HaloTag at the N terminus of endogenous INTS11 

(top) and the PROTAC system (bottom).

(B) Western blots of INTS11 (67.8 kDa) and HaloTagged-INTS11 (104.3 kDa). Histone H3 

is a loading control.

(C) Western blots of Integrator subunits from lysates of INTS11Halo cells treated with 500 

nM PROTAC for the indicated time. Histone H3 is a loading control.

(D) RT-qPCR of total RNA isolated from cells treated as indicated for 4 h (n=3 per 

condition). Primer pairs amplify regions downstream of the snRNA TES. Bar graphs depict 

averages and standard deviations. P values from paired, two-sided t test. DMSO was set to 1.

(E) Metagene analysis of TT-seq coverage around active snRNA genes (N=37). Samples 

were treated for 4 h (n=2 per condition). Data outside gene bodies are shown as average 

reads per gene in 50 nt bins; bins within gene bodies are scaled to gene length, with 10 

bins/gene.

(F) Boxplots depict TT-seq read density in the indicated regions for snRNAs shown in E. 

Boxes show 25th–75th percentiles and whiskers depict 1.5 times the interquartile range. 

P values from Wilcoxon matched-pairs signed rank test. Gene Body = TSS to TES; 

Readthrough = TES to +1kb downstream.
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Figure 2. Acute loss of INTS11 increases nascent RNA production near TSSs.
(A) Metagene analysis of PRO-seq signal for active annotated genes over 400 nt in length 

(N=16,036, does not include snRNAs) after 4 h of indicated treatment. Data outside gene 

bodies are shown as average reads per gene in 50 nt bins; bins within gene bodies are scaled 

to gene length, with 90 bins/gene.

(B) Heatmap representation of difference in PRO-seq signal after PROTAC treatment (Δ = 

PROTAC - DMSO) for genes shown in A. Genes are ranked by the fold change in PRO-seq 

signal from TSS (arrow) to TES (red octagon). Signal across gene bodies is shown in 90 

bins, while 1 kb upstream and downstream regions are shown in 200 nt bins.

(C) Metagene analysis of INTS11 ChIP-seq signal for active annotated genes. Data outside 

gene bodies are shown as average reads per gene in 50 bp bins; bins within gene bodies are 

scaled to gene length, with 100 bins/gene.
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(D) Readthrough Index (RI) was calculated from TT-seq data as indicated. Heatmaps depict 

normalized TT-seq signals in DMSO and PROTAC treated cells (left and middle) or relative 

difference (right) in 100 nt bins for mRNA genes with no significant differences in TT-seq 

signal in the 2kb window upstream of the TES (N=7,560). Genes with increased RI in 

INTS11-depleted cells are at the top.
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Figure 3. INTS11 loss increases promoter-proximal transcription at all RNAPII-transcribed loci.
(A) Metagene analysis of PRO-seq signal at active mRNA genes (N=13,057) upon 4 h of 

indicated treatment. Data are shown as average reads in 25 nt bins.

(B) Heatmap representation of difference in PRO-seq signal (Δ=PROTAC - DMSO) for 

mRNA genes (N=13,057). TSS is indicated by arrow. Data are shown in 100 nt bins.

(C) Boxplots depict PRO-seq read density in the indicated gene region for mRNAs 

(N=13,057). P values from Wilcoxon matched-pairs signed rank test.

(D-F) Same as A-C, but for 1,855 active, annotated lncRNA genes.

(G-I) Same as A-C, but for 8,284 uaRNA loci.

(J-L) Same as A-C, but for 9,571 intergenic sites of unannotated transcription identified as 

putative enhancers.

Stein et al. Page 41

Mol Cell. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Loss of INTS11 stimulates transcription of short RNAs.
(A) Schematic at top depicts locations of windows across mRNA genes >10 kb (N=9,468) 

with respect to the TSS. Boxplots show the fold change in PRO-seq reads in each window.

(B) Browser shots of example genes that are short (top) or long (bottom).

(C) Shown is the change in gene body (+250 nt to TES) PRO-seq signal after PROTAC 

treatment for mRNAs (N=13,057) divided into length quartiles. P values from Mann-

Whitney test.

(D) The change in gene body TT-seq signal (exonic reads from +250 nt to TES) after 

PROTAC treatment for mRNAs divided into length quartiles as in C. P values from Mann-

Whitney test.

(E) Volcano plot shows fold changes and adjusted P values for active mRNA genes 

(N=13,057), counting PRO-seq reads from TSS to TES. Affected genes are those with fold 

change > 1.5 and P adj < 0.01.
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(F) Boxplots depict the gene lengths of all (N=13,057) or significantly upregulated (N=736) 

mRNAs. P value from Mann-Whitney test.

In A, C, and D, boxes show 25th–75th percentiles and whiskers depict 1.5 times the 

interquartile range.
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Figure 5. Similar pathways affected by acute INTS11 loss and long-term INTS11 depletion.
(A) mESCs were treated with non-targeting (siNT) or INTS11-targeting (siINTS11) siRNA 

for 48 h and harvested for western blots. Histone H3 is a loading control.

(B) Gene expression levels in cells depleted of INTS11 with siRNA as compared to siNT 

using total RNA-seq (n=3 per condition). Volcano plot shows fold changes and adjusted P 

values for active mRNA genes that did not display changes in RNA splicing (N=10,871). 

Affected genes are those with a fold change > 1.5 and P adj < 0.01.

(C) Example browser shots of (top) Lif, which is upregulated in RNA-seq from cells treated 

with INTS11 siRNA (48 h), but not TT-seq following INTS11 PROTAC treatment (4 h), and 

(bottom) Id2, which is upregulated under both conditions.

(D) Venn diagram depicting the overlap of genes affected by acute (4 h) INTS11 degradation 

vs. longer term INTS11 loss (48 h siRNA). P values for overlap were determined by 

hypergeometric test.
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(E) Gene Ontology (GO) analysis of 1,694 mRNA genes upregulated upon siINTS11, as 

defined in B. MSigDB terms with P adj < 0.05 are shown. Terms in red were also found in 

GO analysis of upregulated genes from PRO-seq, as in Figure S4B.
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Figure 6. Sustained upregulation of FOS and JUN transcription factors activates AP-1 
transcriptional program in INTS11 depleted cells.
(A) Gene expression levels in cells depleted of INTS11 with PROTAC for 16 h as compared 

to DMSO, using total RNA-seq (n=3 per condition). Volcano plot shows fold changes and 

adjusted P values for active mRNA genes shown in Figure 5B (N=10,871). Affected genes 

are those with a fold change > 1.5 and P adj < 0.01.

(B) RNA-seq browser shots of Fos and Jun from cells treated with DMSO or PROTAC for 

16 h.

(C) Western blot from lysates of INTS11Halo cells treated with PROTAC or DMSO for 24 h. 

Vinculin and Histone H3 are loading controls.

(D) Boxplots depict fold change in RNA-seq after 48 h of siINTS11 for genes upregulated 

(N=1,000) or downregulated (N=903) by ectopic Jun expression in mESCs (Liu et al. 2015). 

Boxes show 25th–75th percentiles and whiskers depict 1.5 times the interquartile range. P 

value from Wilcoxon signed-rank test using a theoretical median of 0.

(E) Enhancers are rank ordered based on fold change in PRO-seq in the eTSS to +150 nt 

window. Lines at right indicate groups of enhancers used for motif search, comparing the 

500 most upregulated enhancers to 1,000 unaffected enhancers.

(F) The motif most significantly enriched at highly upregulated enhancers after INTS11 

depletion is for AP-1. Sequences 200 bp upstream of each enhancer TSS were used.
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Figure 7. INTS11 depletion reduces elongation rate.
(A and B) Metagene analyses of PRO-seq signal from INTS11Halo cells treated with DMSO 

or PROTAC for 4 h at mRNA genes with well-defined +1 nucleosomes (N=11,214). Data 

are shown as average reads per gene aligned around (A) TSSs or (B) the +1 nucleosome 

dyad, at single nucleotide resolution for PRO-seq and in 5 nt bins for MNase-seq (with 

reads depicted at read center). The peak location of PRO-seq reads, corresponding to (A) the 

position of paused RNAPII or (B) the initial position of stalling in the +1 nucleosome, are 

shown.

(C) Analysis of elongation rate from INTS11Halo cells treated with DMSO or PROTAC for 4 

h. Data are shown as average elongation rate in 500 nt bins.

(D) Heatmap representation of fold change in elongation rate after PROTAC treatment for 

active mRNA genes (N=13,055). TSS is indicated by arrow. Data are shown in 500 nt bins. 

Bins upstream of the TSS and downstream of the TES are shaded in light gray.
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(E) Metagene analysis of average INTS3 ChIP-seq signal around mRNA TSSs (N=13,055), 

from INTS11Halo cells treated with DMSO or PROTAC for 4 h. Data are shown in 25 nt 

bins.

(F) Western blots for phosphorylated forms of the RNAPII CTD (Ser5 or Ser2) and SPT5 

after 4 h DMSO or PROTAC treatment of INTS11Halo cells. GAPDH is a loading control.

(G) Metagene analysis of Ser5P ChIP-seq signal around mRNA TSSs (N=13,055), from 

INTS11Halo cells treated as in (F). Data are shown in 25 nt bins.
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