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Abstract

Efficient release of promoter-proximally paused Pol II into productive elongation is essential for 

gene expression. Recently, we reported that the Integrator complex can bind paused Pol II and 

drive premature transcription termination, potently attenuating the activity of target genes. 

Premature termination requires RNA cleavage by the endonuclease subunit of Integrator, but the 

roles of other Integrator subunits in gene regulation have yet to be elucidated. Here, we report that 

Integrator subunit 8 (IntS8) is critical for transcription repression and is required for association 

with Protein Phosphatase 2A (PP2A). We find that Integrator-bound PP2A dephosphorylates the 

Pol II C-terminal domain and Spt5 and prevents the transition to productive elongation. Blocking 

PP2A association with Integrator thus stimulates pause release and gene activation. These results 

reveal a second catalytic function associated with Integrator-mediated transcription termination 

and suggest a model for the control of productive elongation involving active competition between 

transcriptional kinases and phosphatases.

eTOC blurb

The Integrator Complex binds promoter-proximally paused Pol II and drives premature 

transcription termination. Huang et al. identified a motif within Integrator subunit 8 (INTS8) that 

recruits Protein Phosphatase 2A (PP2A) to Pol II. Integrator-PP2A then dephosphorylates residues 

within Spt5 and the Pol II CTD to inhibit pause release and facilitate termination.
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Graphical Abstract

INTRODUCTION

The assembly of general transcription factors and recruitment of RNA polymerase II (Pol II) 

to promoters allows for the initiation of RNA synthesis (Haberle and Stark, 2018; Sainsbury 

et al., 2015). Pol II then pauses in early elongation, associated with a 25–60 nucleotide (nt) 

long RNA (Core and Adelman, 2019; Zhou et al., 2012). Central to Pol II pausing is the 

association of two protein complexes, Negative Elongation Factor (NELF) and DRB-

sensitivity inducing factor (DSIF), a heterodimer of the Spt5 and Spt4 proteins (Wada et al., 

1998a; Yamaguchi et al., 1999). These factors interact with Pol II and the nascent RNA, 

helping to maintain and stabilize the paused state (Vos et al., 2018b). During pausing, the C-

terminal domain of the Pol II largest subunit, Rpb1, is phosphorylated within a heptameric 

repeat sequence (YS2PTS5PS7) by the Cdk7 kinase (Sainsbury et al., 2015). Cdk7 targets 

Serine residues at positions 5 and 7 within this repeat (hereafter referred to as Ser5P and 

Ser7P) (Akhtar et al., 2009), which stimulates association of the RNA capping enzymes that 

add a protective 7-methylguanosine cap to the nascent RNA 5’ end (Fabrega et al., 2004).

The lifetime of paused Pol II varies significantly from gene to gene (Henriques et al., 2013; 

Krebs et al., 2017). Notably, paused Pol II can either be released into productive elongation 

to form a functional mRNA, or it can be subjected to promoter-proximal termination, which 

prevents gene expression (Brannan et al., 2012; Ehrensberger et al., 2013; Henriques et al., 

2013; Jonkers et al., 2014). Pol II pause release is mediated by the positive transcription 

elongation factor b (P-TEFb, a heterodimer of Cdk9 and Cyclin T). P-TEFb phosphorylates 

several proteins within the paused complex and the Pol II CTD at Serine 2 residues (Ser2P; 

(Czudnochowski et al., 2012; Lis et al., 2000; Peterlin and Price, 2006; Sanso et al., 2016). 

P-TEFb-mediated phosphorylation of the DSIF subunit Spt5 is particularly important for 

pause release and increases the rate of Pol II elongation (Cheng and Price, 2007; Wada et al., 
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1998b). Phosphorylation by P-TEFb occurs within the Spt5 C-terminal region (e.g. Thr806 

in mammals, Thr847 in Drosophila) and the linker domain between conserved Kyrpides-

Ouzounis-Woese (KOW) motifs 4 and 5 (Ser666 in humans, Ser707 in Drosophila) (Sanso et 

al., 2016; Yamada et al., 2006). Although the mechanisms by which these modifications of 

Spt5 enhance elongation are not yet known, Ser666/Ser707 is located near the channel 

through which RNA exits Pol II, suggesting a potential role in Spt5-RNA interactions (Vos 

et al., 2018b). Importantly, P-TEFb activity triggers the transition of Pol II into processive 

transcription across gene bodies (Ehara et al., 2017; Vos et al., 2018a).

As Pol II approaches the gene 3’ end, it undergoes a transition towards slower elongation 

that accompanies synthesis of the polyadenylation signal (PAS) (Cortazar et al., 2019; Logan 

et al., 1987; Whitelaw and Proudfoot, 1986). Recognition of the PAS element in nascent 

RNA by the cleavage and polyadenylation (CPA) complex triggers RNA cleavage by the 

cleavage and polyadenylation specificity factor 73 (CPSF73) subunit, using a metallo-β-

lactamase/β-CASP domain (Mandel et al., 2006). Cleavage releases the mRNA from Pol II 

to enable polyadenylation, and creates a free, uncapped 5’ end on the nascent RNA that 

provides an accessible entry point for the 5’ to 3’ RNA exonuclease Xrn2 (Eaton et al., 

2018; Eaton et al., 2020; Kim et al., 2004; West et al., 2004). Purification and proteomic 

analysis of the CPA machinery reveals the presence of multiple protein phosphatases (Shi et 

al., 2009) and recent work indicates that these enzymes play key roles in mediating 

termination. In organisms as diverse as yeast and humans, Protein Phosphatase 1 (PP1) or its 

orthologues were found to associate with Pol II and/or the CPA machinery near the PAS 

(Cortazar et al., 2019; Eaton et al., 2020; Kecman et al., 2018; Parua et al., 2018; Schreieck 

et al., 2014). Importantly, PP1 was shown to dephosphorylate Spt5 residue Thr806 as well as 

residues within the CTD, to slow down the Pol II complex and sensitize it to termination 

(Cortazar et al., 2019). This combination of slowed elongation and cleavage of nascent RNA 

are thought to destabilize Pol II, ultimately leading to Xrn2-mediated termination of 

transcription (Proudfoot, 2016). Thus, the emerging model is that kinases play a pivotal role 

in stimulating rapid and efficient Pol II elongation, and that phosphatases antagonize this 

activity to facilitate transcription termination.

Promoter-proximal Pol II is also susceptible to termination. We recently found that the 

association of the Integrator complex with paused Pol II bound by DSIF and NELF (Gardini 

et al., 2014; Skaar et al., 2015; Stadelmayer et al., 2014) can trigger premature transcription 

termination and repress gene activity (Elrod et al., 2019). Integrator is a metazoan-specific 

complex of at least 14 subunits, first described for its role in 3’ end formation of the non-

coding small nuclear RNAs (snRNAs; (Baillat et al., 2005; Baillat and Wagner, 2015). The 

Integrator subunit 11 (IntS11) harbors an RNA endonuclease activity that is paralogous to 

CPSF73 (Albrecht and Wagner, 2012). Like CPSF73, IntS11 cleaves nascent RNA 

emanating from Pol II to enable transcription termination. Likewise, depletion of IntS11 

causes transcriptional readthrough of snRNAs 3’ ends (Baillat et al., 2005). Similar findings 

have been reported for non-coding enhancer RNAs (eRNA), where loss of Integrator causes 

inappropriate eRNA elongation (Lai et al., 2015).

At protein-coding genes, depletion of IntS9, IntS11, or expression of a catalytically inactive 

IntS11 mutant leads to increased transcription of many genes (Elrod et al., 2019). Analysis 
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of nascent RNA at Integrator target loci using Precision Run-on sequencing (PRO-seq) 

demonstrated that, in wild type cells, Pol II paused near Integrator-target promoters was 

unable to successfully transition into productive elongation, consistent with low RNA 

expression levels (Elrod et al., 2019). Depletion of Integrator increased productive 

elongation, and genes were markedly upregulated. We proposed, analogous to the situation 

at gene 3’ ends, that RNA cleavage by IntS11 stimulates termination by providing an 

uncapped RNA 5’ end that is susceptible to attack by exonucleases. However, the 

mechanisms underlying Integrator-mediated termination remained elusive, suggesting that 

other Integrator subunits or associated activities might facilitate termination following RNA 

cleavage.

Depletion of nearly any Integrator subunit leads to snRNA misprocessing (Chen et al., 2012; 

Ezzeddine et al., 2011) and increased transcription at protein coding genes (Tatomer et al., 

2019) indicating that all known subunits contribute to the overall function and/or integrity of 

the Integrator complex. However, given the paucity of structural and functional information 

on Integrator, the role of most subunits remains unclear. Here, we show that IntS8 is critical 

for the association of protein phosphatase 2A (PP2A) with Integrator and that PP2A is 

required to repress transcription and to prevent elongation by paused Pol II. We further 

identify conserved substrates of Integrator-associated PP2A (Integrator-PP2A) in Drosophila 
and human cells, including Spt5 and the Pol II CTD. These results indicate that termination 

of paused Pol II by Integrator requires dephosphorylation of key pause-inducing factors and 

transcription regulators, and highlight that progression through the transcription cycle, long 

appreciated to be driven by transcriptional kinases, is also directed by protein phosphatases.

RESULTS

Loss of IntS8 Leads to Upregulation of Gene Expression

To probe the role of Integrator subunits outside the cleavage module in transcription 

termination, we first investigated IntS8, for two reasons: 1) In the genome-scale RNAi 

screen that identified Integrator subunits as repressors of reporter gene transcription, the 

knockdown of IntS8 caused the greatest level of transcriptional activation (Tatomer et al., 

2019); 2) aberrant expression or mutation of IntS8 is associated with numerous human 

diseased states including neurodevelopment disorders and cancer (Cheng et al., 2013; 

Federico et al., 2017; Oegema et al., 2017; Simpson et al., 2015). These two observations 

suggest that IntS8 performs a vital yet undefined role within the Integrator complex, one that 

is critical to human physiology.

We used RNA interference (RNAi) in Drosophila DL1 cells to deplete IntS8 over 60 h 

(Figure S1A) and identified mRNA expression changes in polyA-selected RNA-seq (see 

STAR Methods). We previously established that this timecourse of RNAi is sufficient to 

detect transcriptional changes due to Integrator depletion but short enough so as to not 

perturb steady-state levels of snRNAs, thereby minimizing potential indirect effects (Elrod et 

al., 2019). Nevertheless, genes with any evidence of altered splicing in IntS8-depleted cells 

were removed from all further analyses, enabling us to focus on transcriptional targets of 

Integrator. We detected 1099 upregulated and 182 downregulated mRNAs upon IntS8 

depletion (Figure 1A, Table S2). Notably, this analysis reveals a general trend for genes with 

Huang et al. Page 4

Mol Cell. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



low expression levels in control cells to exhibit upregulation upon loss of IntS8, with many 

exhibiting strong activation. Expression changes observed with RNA-seq were validated 

using RT-qPCR (Figure S1B). The large number of genes upregulated after IntS8 depletion 

is similar to that observed after depletion of subunits required for RNA cleavage (Elrod et 

al., 2019). Further, comparison of fold changes in gene expression after IntS8 knockdown to 

those after IntS9 or IntS11 knockdown revealed a strong correspondence at upregulated 

genes (Figures 1B and S1C). As reported previously, there was little correlation observed 

between downregulated genes upon depletion of different Integrator subunits (Figures 1B 

and S1C), suggesting that these genes are indirectly affected by Integrator depletion (Elrod 

et al., 2019).

To test the hypothesis that genes upregulated after IntS8 depletion are direct targets of 

Integrator, we took advantage of our previous ChIP-seq datasets from DL1 cells using 

antibodies to Drosophila IntS1 or IntS12 (Elrod et al., 2019). We found that genes repressed 

by IntS8 were significantly enriched in promoter-proximal IntS1 and IntS12 ChIP-seq 

signals as compared to genes unaffected by IntS8 loss (Figures 1C and S1D). Moreover, 

similar to findings for IntS9-regulated genes, IntS1 and IntS12 levels observed at IntS8-

repressed promoters were even higher than levels at snRNA genes (Figures 1D and S1E). 

Overall, these results show that depletion of IntS8 results in upregulation of >1000 genes 

that are also significantly enriched in Integrator occupancy. Moreover, the similarity between 

gene targets of IntS8 with those of the Integrator cleavage module suggests that IntS8 is 

critical for Integrator-mediated transcriptional repression.

PP2A Associates with Integrator through a Conserved Motif within IntS8

To gain insights into a role for IntS8, we analyzed the constituency of the Drosophila 
Integrator complex using affinity purification followed by LC-MS analysis of their tryptic 

peptides. We purified Drosophila Integrator from S2 cell nuclear extracts derived from four 

independent cell lines stably expressing FLAG-tagged IntS1, IntS5, IntS8, or IntS11. The 

rationale for choosing these subunits in addition to IntS8, is that: IntS1 is the largest 

Integrator subunit and likely functions as a scaffold, IntS5 has been found to directly interact 

with IntS8 (see below), and IntS11 is the endonuclease. As expected, we readily observed all 

14 Integrator subunits in each purification derived from extracts containing FLAG-tagged 

Integrator subunits but not from control S2 nuclear extract, which lacks any FLAG-tagged 

proteins (Figure 2A). We also detected significant levels of the Drosophila PP2A subunits 

PR65 and PP2Ac in each Integrator purification (Figure 2A). Overall, we note that the 

stringency of our purifications reproducibly isolated the 14 Integrator subunits, PP2A 

subunits, and only a small number of other associated proteins (shown in Figure S2A) thus 

suggesting that PP2A is a stable component of Integrator complexes. The association of 

PP2A with the fly Integrator complex is consistent with purifications of human Integrator 

(Baillat et al., 2016; Herzog et al., 2012; Malovannaya et al., 2011; Malovannaya et al., 

2010; Yadav et al., 2017) and provides previously unappreciated evidence that PP2A 

association with Integrator is evolutionarily conserved. To further explore the association of 

PP2A with Drosophila Integrator, we generated nuclear extract from S2 cells stably 

expressing FLAG-PR65 and purified associated proteins using anti-FLAG affinity resin 

followed by LC-MS analysis. Similar to Integrator purifications, we could detect high levels 
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of all 14 Integrator subunits as well as PP2Ac associating with PR65 indicating that PR65 

can reciprocally pull down the complete Drosophila Integrator complex (Figure 2A). These 

results were confirmed using independent anti-FLAG affinity purifications that were probed 

with antibodies raised against Drosophila Integrator subunits as well as PR65 and PP2Ac 

(Figure 2B).

The canonical mode for PP2A binding to target proteins is through differential association of 

the PR65/PP2Ac catalytic heterodimer with members of a broad family of PP2A ‘B’ 

regulatory subunits (Seshacharyulu et al., 2013; Shi, 2009). However, despite high levels of 

both PR65 and PP2Ac associated with Integrator, no such B subunit was found in any of the 

four Integrator purifications (Figure 2A). The lack of observed B subunits associated with 

Integrator is unlikely due to evasion of detection in MS/MS because we could readily 

observe four different B subunits in the FLAG-PR65 pulldown. The significant levels of 

PR65/PP2Ac associated with Integrator in the absence of a PP2A regulatory subunit raised 

the possibility that one of the Integrator proteins could be functioning as a surrogate B 

subunit. To test this hypothesis, we conducted a directed yeast two-hybrid screen wherein we 

expressed PR65 fused to the Gal4 DNA binding domain and each of the 14 Drosophila 
Integrator subunits fused to the Gal4 activation domain. As shown in Figure 2C, yeast 

expressing Gal4 fusions of PR65 and IntS8 exhibited robust growth on media lacking 

histidine, indicative of an interaction between these proteins.

To better understand this interaction, we searched for predicted structural similarity between 

IntS8 and PP2A B subunits, but no similarities were readily apparent. The structure of PP2A 

has been determined and reveals that PR65 contains 15 HEAT repeats that function as a 

scaffold for association of both the PP2Ac and B subunits (Shi, 2009): PP2Ac binds HEAT 

repeats 11–15 while B subunit family members bind within HEAT repeats 1–10 (Cho and 

Xu, 2007; Xu et al., 2008). With this in mind, we further analyzed IntS8 association with 

PR65 and found PR65 HEAT repeats 1–7 are both necessary and sufficient to support 

growth on selective media lacking histidine, indicating that this is the site of PR65 

interaction with IntS8 (Figure S2B). Thus, the same region of PR65 that binds B subunits is 

sufficient to mediate association with IntS8, despite no obvious homology between IntS8 

and known PP2A B subunits.

To determine which region of IntS8 is required to associate with PR65, we created deletion 

mutants of IntS8 (Figure S2C). We found that removal of 18 N-terminal amino acids of 

IntS8 is sufficient to disrupt association with PR65 but does not impact interaction with 

IntS5. Alignment of the IntS8 N-terminus from diverse species revealed the presence of a 

small region of highly conserved amino acids, compelling us to test this region for PR65 

interaction using alanine-scanning mutagenesis (Figure 2D). Notably, none of the alanine 

mutants disrupted binding of IntS8 to IntS5, indicating that the overall folding of each IntS8 

mutant and assembly into the Integrator complex is likely not significantly impacted (Figure 

2E). We found that mutants five, six, and to a lesser degree four, specifically disrupted IntS8 

association with PR65. We focused on mutant five for further analyses because all four of 

the residues in this region (WFEF) are entirely conserved in the species aligned (mt. 5, 

Figure 2E).
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To determine whether mutating the IntS8 WFEF residues to alanine, hereafter called ‘IntS8-

WFEF/A’, also disrupts IntS8-PP2A association in cells, we created an S2 cell line 

expressing FLAG-tagged IntS8-WFEF/A. We isolated nuclear extract from FLAG-IntS8-

WFEF/A cells and compared the associated proteins with that of FLAG-tagged IntS8-WT 

using anti-FLAG affinity purification. Western blot analysis of each purification revealed a 

striking reduction in PR65 and PP2Ac in FLAG-IntS8-WFEF/A compared to FLAG-IntS8-

WT (Figure 2F). In contrast, there was little change in the level of associated Integrator 

subunits between FLAG-IntS8-WT and FLAG-IntS8-WFEF/A. Subjecting each purification 

to LC-MS analysis demonstrated that FLAG-IntS8-WFEF/A purification contained no 

enrichment of PR65 and PP2Ac, but displayed comparable levels of all Integrator subunits 

and associated proteins to that of FLAG-IntS8-WT (Figure S2A). We conclude that PP2A 

binding with Integrator is conserved from flies to humans, and that IntS8 bridges PP2A to 

Integrator, likely in the place of a canonical B subunit. Critically, we have identified a 4 

amino acid motif within IntS8 that is required for PP2A association, but which is 

dispensable for assembly of IntS8 with the other Integrator subunits.

Association of PP2A with IntS8 is Required for Transcriptional Repression of Integrator 
Target Genes

To address the importance of PP2A association to Integrator function, we explored the 

transcriptional impact of the IntS8-WFEF/A mutant in DL1 cells. The advantage of utilizing 

the IntS8 mutant as opposed to PP2A knockdown or PP2A inhibitors, is that PP2A has 

hundreds of targets and broad cellular disruption of PP2A activity is certain to cause 

widespread indirect consequences. In contrast, the IntS8-WFEF/A mutant specifically 

abrogates PP2A phosphatase activity associated with Integrator without overtly disrupting 

other PP2A functions. Accordingly, we devised a method to induce expression of either 

IntS8-WT or IntS8-WFEF/A mutant in cells where endogenous IntS8 has been depleted 

using RNAi. We created an RNAi-resistant IntS8 cDNA harboring silent mutations 

throughout the region targeted by dsRNA (Figure 3A). Using this modified IntS8 cDNA, we 

created stable cell lines expressing either a FLAG-tagged IntS8-WT or IntS8-WFEF/A 

mutant cDNA under control of a copper-inducible promoter. We observed that treatment of 

S2 cells with IntS8 dsRNA resulted in effective depletion of endogenous IntS8 while 

induction of IntS8 transgenes allowed for expression of near endogenous levels of either 

IntS8-WT or IntS8-WFEF/A proteins (Figure 3B).

With the RNAi-rescue system established, we then analyzed gene expression using RNA-seq 

of the following four conditions: control, using a non-targeting dsRNA against β-

galactosidase; IntS8 depletion; and IntS8 depletion with concurrent expression of either 

IntS8-WT or IntS8-WFEF/A. Additionally, because both IntS8 transgenes were induced by 

copper, we treated all four conditions with copper and also only considered genes to be 

upregulated after IntS8 depletion if they were upregulated in the absence (Figure 1) and 

presence of copper (see Star Methods). As anticipated, we observed significantly increased 

expression of previously defined Integrator target genes upon IntS8 depletion (e.g. Figure 

3C). Importantly, repression of transcription was fully restored by IntS8-WT but not IntS8-

WFEF/A (Figure 3C). Genome-wide, we observed that expression of IntS8-WT in cells 

depleted of endogenous IntS8 resulted in >95% restoration of transcriptional repression at 
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Integrator target genes (Figures 3D and 3E). In contrast, expression of the IntS8-WFEF/A 

mutant was unable to rescue the IntS8 depletion phenotype, and instead these cells showed 

upregulation of Integrator targets that matched or exceeded that observed in IntS8-depleted 

cells (Figures 3D and 3E), suggestive that this mutant could have a dominant negative effect. 

These results were validated by RT-qPCR of selected targets (Figure S3A).

Finally, to attain direct evidence for PP2A involvement in Integrator-mediated gene 

repression, we conducted two independent experiments. First, we depleted PR65 or PP2Ac 

using RNAi (Figure S3B) and measured expression of Integrator-repressed genes using RT-

qPCR. Depletion of either PP2A subunit resulted in significant activation of all Integrator 

targets tested, at levels that were comparable to those observed after depletion of IntS8 

(Figure S3C). As a second approach, we treated DL1 cells with low doses of PP2A 

inhibitors Calyculin A or Phendione (Yue et al., 2020). We found that pharmacological 

reduction in PP2A activity also caused upregulation of Integrator-repressed genes (Figure 

S3D). We therefore conclude that PP2A association with Integrator is critical for 

transcriptional repression of Integrator-target genes.

Integrator-PP2A Interaction is Necessary for Promoter-Proximal Termination

Our results thus far suggest that Integrator-bound PP2A promotes termination. To investigate 

this possibility, we conducted Precision Run-On sequencing (PRO-seq) in control cells, 

IntS8-depleted cells, IntS8-depleted cells with exogenous IntS8-WT expression, or IntS8-

depleted cells with exogenous expression of the IntS8-WFEF/A mutant. We then compared 

spike-normalized PRO-seq signals across these samples, focusing specifically on the genes 

upregulated in RNA-seq upon IntS8 knockdown (see STAR Methods). Consistent with our 

previous work on Integrator-affected genes, we found that IntS8 targets exhibit significantly 

lower RNA-seq expression levels in unperturbed cells as compared to unaffected genes 

(Figure S4A). Nonetheless, these genes efficiently recruit Pol II to their promoters, with 

significantly higher promoter-proximal PRO-seq signal than unaffected genes (Figure S4B). 

This indicates that Pol II associated with IntS8 target genes is engaged in early elongation 

but fails to produce full-length mRNAs. To quantify the amount of paused vs. elongating Pol 

II for all active genes (N=9303, see Figure 1A), we calculated the Pausing Index as the ratio 

of PRO-seq signal density near promoters (from TSS to +150 nt) over gene body signal 

(+250 to +2250 downstream of the TSS), using data from control cells. We then asked what 

percentage of highly paused genes were Integrator targets. Of genes in the top 10% of 

Pausing Index, nearly half were upregulated upon IntS8-depletion (47%, 441 of 930 genes in 

the top decile of Pausing Index; indicated in Table S2), indicating a broad effect of Integrator 

on genes at which paused Pol II does not efficiently enter productive elongation.

Upon depletion of IntS8, we observed significantly more elongating Pol II within the bodies 

of these genes, consistent with increased productive elongation (Figures 4A, 4B, 4C, and 

S4C). As expected, we observed no change in PRO-seq signals within the bodies of genes 

found to be unaffected by IntS8-depletion in RNA-seq (Figure 4C). Re-expression of IntS8-

WT in IntS8-depleted cells significantly reduced Pol II elongation at these genes, rendering 

the PRO-seq profile nearly indistinguishable from that of control cells (Figures 4B and 4C). 

In contrast, expression of IntS8-WFEF/A in IntS8-depleted cells did not reinstate 

Huang et al. Page 8

Mol Cell. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transcriptional repression and resulted in strong gene activation, as seen in IntS8-depleted 

cells (Figures 4A, 4B and 4C).

To probe the mechanisms underlying gene activation in the absence of IntS8-PP2A, we 

calculated the difference in PRO-seq signal between control cells and each of the IntS8-

depleted samples, focusing on the region just downstream of TSSs (Figure 4D). Despite loss 

of IntS8 causing an overall increase in PRO-seq signal near target promoters (Figure S4D), 

this high-resolution analysis revealed an interesting shift in Pol II location: we observed less 

Pol II paused promoter-proximally (<50 nt from the TSS) upon depletion of IntS8 or loss of 

Integrator-PP2A association, and more Pol II present downstream towards the gene body 

(Figures 4D and S4C). This effect is reminiscent of that observed upon recruitment of the 

kinase P-TEFb, which phosphorylates Spt5 and the Pol II CTD to drive release of paused 

Pol II (Lis et al., 2000). Our results thus suggest that loss of PP2A phosphatase activity 

associated with Integrator allows phosphorylation to accumulate on the paused elongation 

complex and stimulates pause release.

To determine whether IntS8-PP2A functions similarly at enhancers, we investigated PRO-

seq signal around enhancer TSSs (eTSSs) previously shown to be Integrator targets (Elrod et 

al., 2019). Indeed, at these enhancers, like at protein-coding genes, loss of IntS8-PP2A 

resulted in significantly upregulated transcription elongation (Figures 4E and S4D), 

indicating that PP2A activity can also restrain eRNA transcription. Finally, we investigated 

PRO-seq signal at the Drosophila snRNA genes, where Integrator is required for proper 3’ 

end formation and termination. Accordingly, IntS8 depletion resulted in a significant 

increase in PRO-seq signal downstream of the 3’ processing site, indicative of transcriptional 

read through (Figure S4E). As expected, proper 3’ end processing was restored by 

expression of IntS8-WT, but not the IntS8-WFEF/A mutant (Figure S4E). We conclude that 

the interaction of Integrator with PP2A is required for activity at both coding and non-

coding RNA loci, indicating a conserved function.

Integrator-PP2A Dephosphorylates Specific Residues within the Pol II CTD and Spt5

The above data suggest that one or more proteins within the paused elongation complex is 

subject to dephosphorylation mediated by Integrator-PP2A. To identify the substrate(s) of 

this activity we conducted parallel in vitro and cell-based assays. Since Integrator binds Pol 

II promoter-proximally, and phosphorylation of both the Pol II CTD and Spt5 regulates the 

release of paused Pol II (Core and Adelman, 2019), we focused our analyses of Integrator-

PP2A activity on phosphorylated residues within these proteins. We created a collection of 

synthetic peptides with three copies of the CTD consensus repeat (Figures 5A and S5A). 

These peptides contained unphosphorylated CTD repeats as a control, or were 

phosphorylated within the heptamer at Ser2, Ser5, or Ser7. We also created CTD peptides 

with all three combinations of serine phosphorylation. Finally, we generated a peptide 

derived from Drosophila Spt5 containing phosphorylation at Ser707 (orthologous position to 

human Spt5-Ser666). To monitor dephosphorylation in vitro, we used a sensitive 

colorimetric assay wherein an indicator dye, malachite green, is converted from yellow to 

green upon orthophosphate release (Geladopoulos et al., 1991). As a control, we treated each 
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synthetic peptide with non-selective alkaline phosphatase, which confirmed that each 

peptide was capable of discharging orthophosphate (Figure S5B).

Using anti-FLAG affinity resin, we purified Integrator-PP2A from nuclear extracts 

containing FLAG-tagged PR65 protein, and used extracts lacking a FLAG-tagged protein as 

a control. Either purification was then incubated with each of the synthetic peptides. We 

observed a potent phosphatase activity that was significantly above the control when 

Integrator-PP2A was incubated with CTD peptides that contain either a singular mark at 

Ser7P or dual modifications at Ser5P/Ser7P or Ser2P/Ser7P. Moreover, we detected robust 

phosphatase activity of Integrator-PP2A with the Spt5-Ser707P peptide (Figure 5B). These 

results indicate that purified Integrator-PP2A can dephosphorylate residues associated with 

paused Pol II and release into productive elongation, with an in vitro preference for the CTD 

containing Ser7P and Spt5 containing Ser707P.

To confirm this result, we evaluated the phosphatase activity of Integrator-PP2A purified 

from nuclear extract containing either FLAG-IntS8-WT or FLAG-IntS8-WFEF/A. 

Importantly, when Integrator-PP2A was purified using the FLAG-IntS8-WFEF/A mutant, 

the level of released phosphate was reduced by >75%, consistent with reduced association of 

PP2A (Figure 5C). We also incubated Integrator-PP2A purified using FLAG-IntS8-WT with 

increasing amounts of PP2A inhibitors Calyculin A or Okadaic Acid, and observed greatly 

reduced dephosphorylation activity, at IC50 values consistent with those defined previously 

for inhibition of PP2A with these compounds (Figure 5D) (Cohen et al., 1989; Ishihara et 

al., 1989). Overall, these results confirm that the IntS8-WFEF/A mutations found to disrupt 

PP2A association also reduce in vitro phosphatase activity and provide additional support 

that the Integrator-associated phosphatase is indeed PP2A.

To investigate Integrator-PP2A substrates in Drosophila S2 cells, we depleted IntS8 using 

RNAi and measured phosphorylation changes within the Pol II CTD and Spt5 using 

phospho-specific antibodies (Figure 5E). We reasoned that loss of PP2A recruitment to Pol 

II upon IntS8 depletion would result in increased levels of phosphorylation on the cellular 

targets of Integrator-PP2A. We observed that depletion of IntS8 increased the level of CTD 

phosphorylation states associated with early elongation, particularly Ser7P and Ser5P. 

Notably, the effects of Integrator-PP2A on Ser5P in vivo is stronger than that observed in our 

in vitro assay, suggesting that Integrator-PP2A has additional targets in cells and/or that 

there is some cross-talk between Ser7P and Ser5P levels. Nonetheless, we observed no 

substantive change in phosphorylation of the CTD at Tyr1P, Ser2P or Thr4P nor in the total 

levels of Rpb1 (Figure 5E). We did however note an upwards shift in migration of the 

species recognized by the Tyr1P antibody, indicating that this antibody can recognize a CTD 

hyperphosphorylated at Ser5 and/or Ser7. Importantly, knockdown of IntS8 led to increased 

levels of Spt5-Ser707P, consistent with our in vitro findings (Figure 5E). IntS8 depletion 

does not alter total Spt5 expression or phosphorylation of Spt5 residue Thr847, in agreement 

with recent work indicating that the analogous residue to Thr847 in human Spt5 (Thr806) is 

dephosphorylated by the phosphatase PP1 at gene 3’ ends (Cortazar et al., 2019).

To confirm the specificity of these results, we probed lysates from cells depleted of IntS8 

wherein IntS8-WT or IntS8-WFEF/A mutant was re-expressed. As anticipated, the increases 
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in Ser5P, Ser7P, and Spt5-Ser707P observed after IntS8 depletion were reversed by 

expression of IntS8-WT but not by the IntS8-WFEF/A mutant protein (Figure 5F). 

Collectively, these in vitro and cellular data converge on a model wherein Integrator-PP2A 

removes CTD phosphorylation normally present on paused Pol II and reverses or prevents 

the phosphorylation of Spt5-Ser707 by P-TEFb, thereby constraining pause release.

Association of PP2A with Integrator is Conserved in Human Cells

Our results indicate that Drosophila PP2A assembly with Integrator is dependent on a small 

conserved motif within IntS8 that is critical to attenuate transcription. To determine whether 

human Integrator interacts similarly with PP2A, we introduced a single, N-terminal FLAG 

epitope into endogenous genes encoding INTS1, INTS5, INTS8, INTS11, and PR65 in 293T 

cells using CRISPR genome editing. From these individual cell lines, we generated nuclear 

extract and purified native human Integrator complexes with anti-FLAG affinity resin and 

analyzed the associated proteins using Western blot and MS/MS. As expected, each 

Integrator purification contained all other Integrator subunits as well as high levels of PR65 

and PP2Ac (Figure 6A). Moreover, reciprocal purification of human FLAG-PR65 revealed 

the presence of associated Integrator subunits. Each FLAG-Integrator purification was also 

subjected to LC-MS analysis, indicating that, like in Drosophila, no PP2A B regulatory 

subunits were detectable within any Integrator purifications despite high levels of PR65 and 

PP2Ac (Figure S6).

To test whether human PP2A association with Integrator requires the same N-terminal motif 

within INTS8 identified in Drosophila, we created 293T cell lines stably expressing either 

FLAG-tagged hINTS8-WT or hINTS8-WFEF/A mutant. Using anti-FLAG affinity resin, we 

purified Integrator from nuclear extracts derived from both of these cell lines as well as 

control 293T extracts from cells lacking a FLAG-tagged protein. Similar to our findings in 

Drosophila, we observed comparable levels of other Integrator subunits associated with the 

FLAG-tagged hINTS8-WT and hINTS8-WFEF/A mutant but found a significant reduction 

in both PR65 and PP2Ac associated with hINTS8-WFEF/A (Figure 6B). We thus conclude 

that the hINTS8-WFEF/A mutant disrupts a conserved motif required for PP2A association 

with Integrator in human cells.

To determine if human Integrator-PP2A has similar substrate specificity to the Drosophila 
complex, we depleted INTS8 from 293T cells using siRNA. The INTS8 siRNA effectively 

depleted endogenous INTS8 but did not affect levels of PR65 or PP2Ac (Figure 6C). Using 

antibodies specific to phosphorylated residues within the Pol II CTD and Spt5, we observed 

significant and specific increases in the level of Ser5P and Ser7P in INTS8-depleted cells, as 

well as Spt5 at Ser666 (Ser707 in Drosophila). We also incubated Integrator-PP2A purified 

using either FLAG-hINTS8-WT or FLAG-hINTS8-WFEF/A with the CTD Ser7P peptide 

and measured activity using the malachite green assay. Consistently, activity measured from 

Integrator-PP2A containing INTS8-WFEF/A was >70% lower than that observed with 

INTS8-WT (Figure 6D). Overall, these data reveal a striking conservation in 

phosphorylation targets of Integrator-PP2A between human and Drosophila cells.
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Depletion of Human INTS8 Causes Upregulation of Genes in Signal-Responsive Pathways

To determine if Integrator-PP2A functions similarly in humans as it does in Drosophila, we 

identified Integrator target genes in human 293T cells treated with either control siRNA or 

INTS8-targeting siRNA for 48 h. Effective INTS8 depletion was observed in each of the 

three independent biological replicates evaluated by total RNA-seq (Figure 7A). This 

analysis identified 420 upregulated and 53 downregulated genes after INTS8 depletion 

(Figure 7B, Table S3). Example upregulated immediate early genes ARC and GADD45B 
(Figure 7C) were independently validated using RT-qPCR (Figure S7A). Gene ontology 

analysis highlighted immediate early response genes within several signaling pathways (e.g. 

receptor and MAPK signaling, Figure S7B) as enriched among INTS8 targets, consistent 

with data from depletion of other Drosophila and human Integrator subunits (Elrod et al., 

2019; Gardini et al., 2014; Yue et al., 2017).

To determine if PP2A association with Integrator is necessary to maintain repression of 

ARC and GADD45B in human cells, we cloned the promoters and 5’UTR sequences from 

these genes upstream of GFP to create reporter plasmids. If PP2A normally functions with 

Integrator to drive termination at ARC and GADD45B genes, then wild type cells should 

exhibit low basal GFP expression. However, if PP2A association with Integrator is lost, 

either by depletion of INTS8 or expression of the hINTS8-WFEF/A mutant, then we predict 

that paused Pol II would transition to productive elongation and transcribe GFP mRNA, 

increasing GFP levels (Figure 7D). As expected, depletion of INTS8 from cells transfected 

with either the ARC-GFP or GADD45B-GFP reporter resulted in increased GFP expression 

compared to that observed in control cells (Figure 7E). Importantly, expression of RNAi-

resistant FLAG-hINTS8-WT cDNA reduced GFP expression to levels observed in control 

cells, whereas RNAi-resistant FLAG-hINTS8-WFEF/A expression restored GFP expression 

(Figure 7E). Finally, to determine if direct PP2A inhibition is sufficient to mediate similar 

upregulation of Integrator target genes, we treated 293T cells with two different PP2A 

inhibitors and found significant upregulation of both ARC and GADD45B (Figure S7C). 

Altogether, these results demonstrate that association of PP2A with Integrator is critical for 

gene repression and that this function is conserved from fly to man.

DISCUSSION

In this report, we identified a 4 amino acid, conserved motif within IntS8 that is critical for 

the association of PP2A with the Integrator complex. Disruption of this motif abolishes 

promoter-proximal termination mediated by Integrator. We conclude that Integrator utilizes 

PP2A to dephosphorylate components of the paused Pol II complex, thereby antagonizing 

the activity of transcriptional kinases and preventing the transition of paused Pol II to 

productive elongation.

The results presented here and previously (Elrod et al., 2019; Tatomer et al., 2019), establish 

that Integrator-mediated transcription termination requires two distinct activities: cleavage of 

nascent RNA through the β-CASP domain of IntS11, and dephosphorylation of the early 

elongation complex through the PP2A protein phosphatase associated through IntS8. Both 

activities are essential to inhibit gene expression as evidenced by broad upregulation of 

common Integrator-target transcripts in Drosophila cells expressing a catalytically inactive 
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IntS11 (E203Q) (Elrod et al., 2019) and an IntS8 mutant (IntS8-WFEF/A) that blocks 

association with PP2A (Figures S1 and 3). PRO-seq analysis from IntS8-depleted cells or 

from cells expressing the IntS8-WFEF/A mutant (Figure 4) reveal that loss of Integrator-

PP2A interactions causes a significant decrease in the levels of promoter-proximally paused 

Pol II (located 25–50nt downstream of the TSS) and a concomitant increase in the levels of 

Pol II downstream within gene bodies (Figure 4D). This change in Pol II profile relative to 

cells expressing IntS8-WT is consistent with increased pause release in the absence of 

PP2A. Consistent with this, we observe increased phosphorylation of the Pol II CTD and the 

central elongation factor Spt5 when Integrator-PP2A interactions are disrupted (Figure 5).

Our findings highlight an antagonistic relationship between phosphorylation events 

associated with pause release and the phosphatase function of Integrator-PP2A. We posit 

that PP2A removes stimulatory phosphorylation on the CTD and Spt5 to counteract Cdk7 

and P-TEFb activity. In particular, we envision that removal of phosphorylation on Spt5 

reduces elongation potential of promoter-proximal Pol II, much as it does at gene 3’ ends. 

Indeed, to facilitate termination at the 3’ end of genes the phosphatase PP1 dephosphorylates 

Spt5 at a distinct position (Spt5-Thr806P/Thr847). The removal of phosphate(s) from Spt5 

functions to slow down Pol II elongation, facilitating CPSF73-dependent termination. 

Likewise, we propose that rapid removal of Spt5-Ser666P/Ser707P by PP2A would reduce 

the likelihood of pause release, trapping Pol II near the promoter to provide an increased 

window of opportunity for the nascent RNA to be targeted by IntS11 for cleavage.

Our data also shed light on Pol II turnover and reinitiation at enhancers, which we 

previously reported to harbor less stably paused Pol II than mRNA promoters, and to exhibit 

faster termination and recycling of polymerases (Henriques et al., 2018). The rapid initiation 

of Pol II at enhancers required for such recycling is supported by our data here, wherein 

increased pause release at enhancers upon IntS8-depletion is not accompanied by a clear 

reduction of Pol II in the promoter-proximal window. This finding indicates that Pol II 

released from pausing at enhancers is quickly replaced by a new polymerase, in agreement 

with rapid transcription initiation and a highly dynamic behavior of Pol II at enhancers.

A large body of structural and biochemical work support a model where the heterodimeric 

enzymatic core of PP2A, comprised of PR65 and PP2Ac, differentially associates with many 

distinct B regulatory subunits (Shi, 2009). This mechanism is thought to specifically target 

PP2A to diverse cellular substrates. Indeed, recent proteomics approaches have shown that 

the B56 regulatory subunit can identify >300 substrates that contain a consensus short linear 

motif (SLiM) and recruit those proteins to PP2A for dephosphorylation (Hertz et al., 2016; 

Wang et al., 2016). Our results, however, indicate that the PP2A core enzyme associates with 

Integrator without any of the known regulatory B subunits (Figures 2 and 6). This 

observation raises the question as to why Integrator evolved this atypical mechanism to 

associate with PP2A. One possible answer is that Integrator has evolved to target PP2A to a 

specific set of proteins, including Spt5-Ser666P/Ser707 and residues within the CTD, 

particularly Ser7P and Ser5P (Figure 5 and 6). It is also possible that Integrator utilizes 

PP2A to dephosphorylate its own subunits but our data suggests that at least in the case of 

INTS12, which is subject to extensive phosphorylation(Chen et al., 2013), there are no overt 

changes in phosphorylation status (Figure 2F). Moreover, we envision that Integrator-PP2A 
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could target additional transcription regulators for dephosphorylation under particular 

conditions, a possibility that will be valuable to probe in future.

In summary, this work has revealed an essential role for IntS8 in recruitment of PP2A to Pol 

II early elongation complexes. While mutation of IntS8 significantly reduces PP2A 

association with Integrator, it remains to be seen if IntS8 is the only Integrator subunit 

involved in mediating PP2A interaction. Indeed, we observed that depletion of IntS8 in 293T 

cells causes significant upregulation of IntS6 (Table S3) suggesting a potential compensatory 

pathway. These findings suggest that other Integrator subunits could also have important 

functions in the regulation of coding and non-coding RNA production. Notably, the structure 

of the IntS13/IntS14 heterodimer has recently been solved revealing a previously 

unsuspected nucleic acid binding motif (Sabath et al., 2020). It will be interesting in future 

to define the means by which Integrator-mediated gene repression is alleviated to enable 

gene activation, and which subunits govern this behavior.

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, Eric J. Wagner (ejwagner@utmb.edu).

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

upon request.

Data and Code Availability—GEO Accession numbers: all datasets generated in this 

study are available for download from GEO: GSE150844. Original image data have been 

deposited to Mendeley Data: http://dx.doi.org/10.17632/bt76mktdfx.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Drosophila DL1 cells were cultured at 27°C in Schneider’s Drosophila 
medium (Gibco, #21720–024), supplemented with 10% (v/v) fetal bovine serum (HyClone, 

#SH30910.03), 1% (v/v) Antibiotic-Antimycotic (Gibco, #15240–062). Drosophila S2 cells 

were grown at 27°C in Sf-900 II SFM (Gibco, #10902–088), supplemented with 1% (v/v) 

Antibiotic-Antimycotic. HEK 293T cells were grown at 37°C with 5% CO2 in DMEM 

(Gibco, #11965–092), supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-

streptomycin (Gibco, #15070–063).

METHOD DETAILS

Plasmid construction and stable cell lines generation—For the alanine-scanning 

of Drosophila IntS8, every four amino acids from the conserved N-terminus were mutated to 

alanine using site-directed PCR mutagenesis. Wild type and the WFEF/A mutant dIntS8 

were subsequently either cloned into pUB-3xFLAG vector (Chen et al., 2013) to stably 

express transgenes in S2 cells or pMT-3xFLAG-puro vector (Elrod et al., 2019) to inducibly 

express in DL1 cells. The PCR primers are provided in Table_S1. All plasmids were 

sequenced to confirm identity. To generate cells stably expressing the FLAG-IntS8-WT, 
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FLAG-IntS8-WFEF/A, and eGFP control transgenes, 2×106 cells were first plated in regular 

maintenance media in a 6-well dish overnight. 2 μg of expressing plasmids were transfected 

using Fugene HD (Promega, #E2311). After 24 hours, 2.5 μg/mL puromycin was added to 

the media to select and maintain the cell population.

Nuclear extract preparation—Cells were collected and washed in cold PBS. Cells were 

then resuspended in five times the cell pellet volume of Buffer A (10mM Tris pH8, 1.5mM 

MgCl2, 10mM KCl, 0.5mM DTT, and 0.2mM PMSF). Resuspended cells were allowed to 

swell during a 15-minute rotation at 4°C. After pelleting down at 1,000g for 10 minutes, two 

volumes of the original cell pellet of Buffer A was added and cells were homogenized with a 

dounce pestle B for 20 strokes on ice. Nuclear and cytosolic fractions were then separated by 

centrifugation at 2,000g for 10 minutes. To attain a nuclear fraction, the pellet was washed 

once with Buffer A before resuspending in an equal amount of the original cell pellet 

volume of Buffer C (20mM Tris pH8, 420mM NaCl, 1.5mM MgCl2, 25% glycerol, 0,2mM 

EDTA, 0.5mM PMSF, and 0.5mM DTT). The sample was then homogenized with a dounce 

pestle B for 20 strokes on ice and rotated for 30 minutes at 4°C before centrifuging at 

15,000g for 30 minutes at 4°C. Finally, supernatants were collected and subjected to dialysis 

in Buffer D (20mM HEPES, 100mM KCl, 0.2mM EDTA, 0.5mM DTT, and 20% glycerol) 

overnight at 4°C. Prior to any downstream applications, nuclear extracts were centrifuged 

again at 15,000g for 3 minutes at 4°C to remove any precipitate.

Western blotting and anti-FLAG affinity purification—Protein was extracted directly 

by adding 2X SDS sample buffer (120mM Tris pH6.8, 4% SDS, 200mM DTT, 20% 

Glycerol, and 0.02% Bromophenol blue) to cells while on the plate. Samples were then 

incubated at room temperature while on the plate with periodic swirling prior to a 10-minute 

boiling at 95°C and a short sonication. Denatured protein samples were then resolved on a 

4–15% gradient gel (Bio-Rad, #456–1086) and transferred to a PVDF membrane (Bio-Rad, 

#1620177). For both commercial and custom-designed antibodies, blots were probed as 

previously described (Elrod et al., 2019). For phospho-specific antibodies, TBS-0.1% Tween 

supplemented with 5% BSA was used instead of PBS-0.1% Tween supplemented with 5% 

nonfat milk, which was used for all other blots.

To purify FLAG-tagged Integrator complexes, 2mg of nuclear extract was mixed with 50μl 

anti-Flag M2 affinity agarose slurry (Sigma, #A2220) equilibrated in binding buffer (20mM 

HEPES pH7.4, 150mM KCl, 10% Glycerol, 0.1% NP-40) and rotated for 2 hours at 4°C. 

Following the two-hour incubation/rotation, five sequential washes were carried out in 

binding buffer with a 10-minute rotation at 4°C followed by a 1,000g centrifugation at 4°C. 

After the final wash, the binding buffer supernatant was removed using a pipette and the 

protein complexes were eluted from the anti-FLAG resin by adding 50μl of 2X sample 

buffer and boiled at 95°C for five minutes. For Western blots, input samples were generated 

by adding equal volume of 2X loading buffer to nuclear extract and 1/10 of the 

immunoprecipitation was loaded as estimated by protein mass.

Antibody generation and purification—Commercial antibodies that were used to 

detect proteins are listed in the Key Resources Table. The remainder of the antibodies were 

custom-made and were raised against recombinant proteins expressed in E. coli. 
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Specifically, these proteins were: full-length Drosophila PR65 or the first 100 amino acids of 

the N-termini of either Drosophila IntS4, Drosophila IntS7, or Drosophila IntS8. These 

recombinant proteins were then shipped to a commercial vendor (Cocalico Biologicals, PA) 

and used to inoculate guinea pigs. Sera was isolated and tested for specific reactivity to 

target proteins using Western blot analysis initially with nuclear extract to confirm that 

protein bands matched predicted size. Sera passing this filter was subsequently tested by 

probing lysates from DL1 cells treated with dsRNA targeting the protein of recognition to 

confirm loss of specific bands.

To raise antibodies that recognize specific phosphorylated epitopes in Spt5, synthetic 

peptides were created (21st Century Biochemicals) bearing the following sequences: Spt5-

Ser666 in humans, CVGGFTPM[pS]PRISSP, Spt5-Thr806 in humans, 

CPHYGSQ[pT]PLHDGS. These peptides were used to raise antibodies in rabbits using a 

commercial vendor (Covance, Princeton NJ). Exsanguinated samples showed specificity as 

compared to pre-immune sera. In order to detect the phosphorylated serine 707 in 

Drosophila Spt5 (Homologous of serine 666 in human Spt5), further purification against fly 

sequence was performed to ensure epitope specificity. Spt5-Ser707-P in fly: 

VGGLGFM[pS]PRIQSP (synthesized by United Biosystems). To purify antibody from 

crude serum, AminoLink Coupling Resin (Thermo, #20381) column was built per 

manufacturer’s instructions. Briefly, 4ml of resin slurry was packed into a 10ml capacity 

chromatography column (Bio-Rad). One full column volume of a 1xPBS wash was 

performed to equilibrate resin before adding 8mls of diluted phospho-peptide [5mg peptide, 

which were resuspended in H2O at 2mg/ml, were mixed in PBS solution to the final 

concentration of 1XPBS and 50mM NaCNBH3 (Thermo, #44892)]. The mixture was 

incubated overnight at 4°C before washing resin with 1xPBS using gravity flow. Nonspecific 

binding sites on resin were blocked using a quenching buffer (1M Tris-HCl, pH7.4 and 

50mM NaCNBH3) that was added to the column for 60 minutes on a rotator at room 

temperature. Resin was then washed twice with one full column volume of 1M NaCl and 

then 1xPBS, sequentially. Serum was then loaded onto the column and incubated overnight 

at 4°C with rotation. Following the overnight incubation, the column was washed three times 

with PBS and the antibody was eluted with 15ml of 0.1M Glycine, pH2.7. Every 1ml eluted 

antibody solution was immediately neutralized by collecting it into a tube containing 60μl of 

1M Tris pH8.8. Eluates having positive signal for protein using a Bradford Assay (Bio-Rad) 

were subsequently pooled and sodium chloride (150mM final) was added into the pooled 

solution before concentrating through 10KDa cut-off Amicon Ultra-15 spin tube (Millipore). 

The concentration was adjusted to ~1mg/ml with 50mM Tris [pH7.5] before adding equal 

amount of Glycerol (50% final) and BSA (100μg/ml final). Antibody specificity was then 

confirmed by immunoblotting as described above.

In vitro phosphatase assay—Phospho-peptides were synthesized (United BioSystems) 

and dissolved in H2O to a concentration of 1mg/ml. INT-PP2A was purified as described 

above using FLAG-tagged PR65 nuclear extract with some additional modifications. 

Specifically, ~1mg of nuclear extract was used and incubated with 25μl of anti-FLAG 

agarose slurry and incubated as described. Beads were then washed four times in HEPES 

buffer (20mM HEPES pH7.4, 150mM KCl, 10% Glycerol, 0.1% NP-40) and resuspended in 
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20μl of pNPP Ser/Thr reaction buffer (50mM Tris-HCl, pH7 and 100μM CaCl2). Phospho-

peptides (60μl at 1μg/μl) were individually mixed with purified INT-PP2A while still 

associated with the agarose (no elution) and further incubated at 30°C for 30 minutes. 

Following that incubation, 10μl of supernatant was removed and added to 40μl Malachite 

Green working solution (Sigma, #17–313) in a 384-well plate and incubated for 3 minutes at 

room temperature. The absorbance was measured at OD620 in Cytation5 reader (BioTek). 

Each experimental condition was done in triplicate. Phosphate standards were used to 

calculate pmoles produced. In experiments where PP2A inhibitors were used, the inhibitors 

were added while resuspending agarose in pNPP Ser/Thr reaction buffer.

Mass spectrometry sample digestion—The samples were prepared similar to as 

described (Anderson et al., 2020). Briefly, the agarose bead-bound proteins were washed 

several times with 50mM Triethylammonium bicarbonate (TEAB) pH 7.1, before being 

solubilized with 40μL of 5% SDS, 50mM TEAB, pH 7.55 followed by a room temperature 

incubation for 30 minutes. The supernatant containing the proteins of interest was then 

transferred to a new tube, reduced by making the solution 10mM Tris(2-

carboxyethyl)phosphine (TCEP) (Thermo, #77720), and further incubated at 65°C for 10 

minutes. The sample was then cooled to room temperature and 3.75 μL of 1M 

iodoacetamide acid was added and allowed to react for 20 minutes in the dark after which 

0.5μL of 2M DTT was added to quench the reaction. Then, 5 μl of 12% phosphoric acid was 

then added to the 50μL protein solution followed by 350μL of binding buffer (90% 

Methanol, 100mM TEAB final; pH 7.1). The resulting solution was administered to an S-

Trap spin column (Protifi, Farmingdale NY) and passed through the column using a bench 

top centrifuge (30 second spin at 4,000g). The spin column was then washed three times 

with 400μL of binding buffer and centrifuged (1200rpm, 1min). Trypsin (Promega, #V5280, 

Madison, WI) was then added to the protein mixture in a ratio of 1:25 in 50mM TEAB, 

pH=8, and incubated at 37°C for 4 hours. Peptides were eluted with 80uL of 50mM TEAB, 

followed by 80μL of 0.2% formic acid, and finally 80 μL of 50% acetonitrile, 0.2% formic 

acid. The combined peptide solution was then dried in a speed vacuum (room temperature, 

1.5 hours) and resuspended in 2% acetonitrile, 0.1% formic acid, 97.9% water and aliquoted 

into an autosampler vial.

NanoLC MS/MS Analysis—Peptide mixtures were analyzed by nanoflow liquid 

chromatography-tandem mass spectrometry (nanoLC-MS/MS) using a nano-LC 

chromatography system (UltiMate 3000 RSLCnano, Dionex, Thermo Fisher Scientific, San 

Jose, CA). The nanoLC-MS/MS system was coupled on-line to a Thermo Orbitrap Fusion 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA) through a nanospray ion source 

(Thermo Scientific). A trap and elute method was used to desalt and concentrate the sample, 

while preserving the analytical column. The trap column (Thermo Scientific) was a C18 

PepMap100 (300um X 5mm, 5um particle size) while the analytical column was an Acclaim 

PepMap 100 (75μm X 25 cm) (Thermo Scientific). After equilibrating the column in 98% 

solvent A (0.1% formic acid in water) and 2% solvent B (0.1% formic acid in acetonitrile 

(ACN)), the samples (2 μL in solvent A) were injected onto the trap column and 

subsequently eluted (400 nL/min) by gradient elution onto the C18 column as follows: 

isocratic at 2% B, 0–5 min; 2% to 32% B, 5–39 min; 32% to 70% B, 39–49 min; 70% to 
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90% B, 49–50 min; isocratic at 90% B, 50–54 min; 90% to 2%, 54–55 min; and isocratic at 

2% B, until the 65 minute mark.

All LC-MS/MS data were acquired using XCalibur, version 2.1.0 (Thermo Fisher Scientific) 

in positive ion mode using a top speed data-dependent acquisition (DDA) method with a 3 

second cycle time. The survey scans (m/z 350–1500) were acquired in the Orbitrap at 

120,000 resolution (at m/z = 400) in profile mode, with a maximum injection time of 100 

msec and an AGC target of 400,000 ions. The S-lens RF level was set to 60. Isolation was 

performed in the quadrupole with a 1.6 Da isolation window, and CID MS/MS acquisition 

was performed in profile mode using rapid scan rate with detection in the ion-trap using the 

following settings: parent threshold = 5,000; collision energy = 32%; maximum injection 

time 56 msec; AGC target 500,000 ions. Monoisotopic precursor selection (MIPS) and 

charge state filtering were on, with charge states 2–6 included. Dynamic exclusion was used 

to remove selected precursor ions, with a +/− 10 ppm mass tolerance, for 15 seconds after 

acquisition of one MS/MS spectrum.

Database Searching—Tandem mass spectra were extracted and charge state 

deconvoluted using Proteome Discoverer (Thermo Fisher, version 2.2.0388). Deisotoping 

was not performed. All MS/MS spectra were searched against a Uniprot Drosophila 
database (version 04–04-2018) using Sequest. Searches were performed with a parent ion 

tolerance of 5 ppm and a fragment ion tolerance of 0.60 Da. Trypsin was specified as the 

enzyme, allowing for two missed cleavages. Fixed modification of carbamidomethyl (C) and 

variable modifications of oxidation (M) and deamidation were specified in Sequest.

Yeast two-hybrid analysis—Yeast two-hybrid assays was carried out in PJ69–4α and 

PJ49–4a strains as described (Albrecht et al., 2018). In brief, Drosophila IntS1 through 

IntS14 was well as PR65 were cloned into pGAD or pOBD vectors using conventional 

cloning. Deletion or point mutants of dIntS8 and dPR65 were created from full length 

constructs using oligonucleotides described in Table_S1. pOBD plasmids were then 

transformed into PJ69–4α yeast and were selected on tryptophan-dropout medium 

(Clontech, #630413); pGAD plasmids were transformed into PJ49–4a yeast and were 

selected on leucine-dropout medium (Clontech, #630414). Yeast strains were then mated and 

subsequently selected on medium lacking both tryptophan and leucine. Interactions were 

tested through serial dilution (one to five) of diploid yeast followed by plating on medium 

lacking tryptophan and leucine or on medium lacking tryptophan, leucine, and histidine that 

also was supplemented with 5mM 3-amino-1,2,4-triazole.

RNA Interference (Drosophila cells)—Double-stranded RNAs targeting the C-terminal 

region of Drosophila IntS8 were generated by in vitro transcription of PCR templates 

containing the T7 promoter sequence on both ends using MEGAscript kit (Thermo, 

#AMB13345). Primer sequences are provided in Table_S1. For RNA interference 

experiments, 1.5 × 106/ml of DL1 cells were washed into serum free media and seeded into 

a 6-well plate along with 10 μg of dsRNA. After a 1-hour incubation, 2mls of complete 

growth medium was added followed by 60 hours of incubation before harvest. To perform 

rescue experiments while knocking down, cells were also treated with 100 μM CuSO4 
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throughout the 60 hours incubation period to induce expression of the RNAi-resistant 

FLAG-IntS8-WT or FLAG-IntS8-WFEF/A transgenes.

RNA Interference (Human cells)—INTS8 targeting and control siRNAs (7.5 μL each of 

20 μM stock) were incubated in 250 μL of pre-warmed (room temperature) Opti-MEM I 

reduced serum medium (Gibco) for 5 minutes at room temperature. Similarly, RNAiMax 

(7.5 μL per well) was incubated in 250 μL pre-warmed Opti-MEM I reduced serum medium 

for 5 minutes. The siRNA and RNAiMAX dilutions were mixed and incubated for 30 

minutes at room temperature. 1 × 106 293T cells were seeded into a 6-well plate and the 

prepared transfection mixes of INTS8 or control nontargeting siRNAs were added to the 

cells at a final concentration of 60nM. The cells were expanded into 10 cm plates after 24 

hours of incubation under standard mammalian cell culture conditions. The cells were 

further incubated for 24 hours before harvest.

PP2A inhibition—DL1 (2X106/well) and 293T (6×105/well) were seeded in 12-well 

plates in standard growth medium. Calyculin A and Phendione were dissolved in DMSO to 

make stock solutions of 20 μM and 20 mM, respectively. Four hours after initial cell seeding, 

an equal volume of medium containing 40 nM Calyculin A or 40 μM Phendione were added 

resulting in a further two-fold dilution of each drug. Cells were incubated for an additional 

24hr before harvesting for RNA extraction. The same volume of DMSO was added in 

control wells.

RT-qPCR—Total RNA was isolated using Trizol and cDNA was reverse transcribed using 

Superscript III Reverse Transcriptase (Thermo, #18080085) according to the manufacturer’s 

instructions. Random hexamers were used for cDNA synthesis and RT-qPCR was then 

carried out in triplicate using Bio-Rad iTaq Universal SYBR Green Supermix (Bio-Rad, 

#1725120) and measured in CFX Connect Real-Time System (Bio-Rad). All RT-qPCR 

primers are provided in Table_S1.

CRISPR genomic editing—To make 293T cells harboring a homozygous, genomically-

encoded N-terminal FLAG tag within an Integrator subunit or PR65 genes individually, 

CRISPR/Cas9 was used to precisely incorporate FLAG sequence (GAT TAC AAG GAT 

GAC GAC GAT AAG) as previously described (Baillat et al., 2016). In brief, a 100bp 

genomic sequence flanking the translation start site was input into the CRISPOR program 

for gRNAs prediction (http://crispor.tefor.net/crispor.py) (Haeussler et al., 2016). gRNAs 

were selected based upon 1) a preferred minimal distance between the Cas9 cutting site 

(NGG is PAM motif) and the FLAG insertion site. 2) the specificity score judging from the 

number of off targets. Selected sgRNA (Table_S1) were then cloned into pGL3-U6-sgRNA-

PGK-puromycin using an annealed oligonucleotide strategy. For single stranded DNA donor 

template design, 200bp of genomic sequence (including 24 bases of the FLAG sequence in 

the middle) surrounding the translation start site were synthesized (Integrated DNA 

Technologies, IA). The PAM motif within the donor template was silently mutated to avoid 

iterative cleavage by the transfected sgRNA and Cas9. Equal amounts of sgRNA and Cas9 

(addgene, #44758) plasmids (720ng in total) were mixed with 10pmole (~660ng) of donor 

template and transfected into 293T cell with Lipofectamine 2000 according to 
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manufacturer’s instructions (Thermo, #11668019). Selection (10μg/ml Blasticidin and 

1μg/ml Puromycin) was started 24 hours after transfection and occurred for a total of 48 

hours. Cells were then expanded in normal growth medium without antibiotics. Western 

Blotting was performed to verify the FLAG signal from pools of transfected cells and clonal 

lines were selected followed by additional Western Blotting using anti-FLAG antibodies. 

Genomic DNA was extracted from selected clonal cell lines that displayed a positive FLAG 

signal using Western Blot analysis. PCR was then performed to amplify the genomic region 

containing FLAG sequence (Table_S1), and the product was resolved on agarose gel to 

check homogeneity of FLAG insertion on all alleles of the target gene. Ultimately, all PCR 

products were cloned and sequenced to confirm identity.

QUANTIFICATION AND STATISTICAL ANALYSIS

RT-qPCR quantification and analysis—Data were analyzed using the ΔΔCt method 

with Rps17 as the reference gene and LacZ dsRNA-treated cells as the control, as described 

previously (Ezzeddine et al., 2011). Results presented in Figure S1 and S3 are shown from 

biologically independent replicates, depicting averages and standard deviations (mean +/− 

SD, N=3).

Generation of Transcript Annotations—Transcript annotations used here were the 

same as in (Elrod et al., 2019). Briefly, all transcript annotations for D. melanogaster r5.57 

were downloaded from flybase.org in GTF format and filtered such that only “exon” entries 

for the feature types considered for re-annotation remained. Annotations from chrY, chrM, 

and random chromosomes were also excluded. Unique “gene_id” values were assigned to 

each transcript, such that those grouped and represented by a single member in TSS-based 

analyses were identical. Precise TSS locations employed were based on high-resolution 

Start-seq data as described previously (Henriques et al., 2013; Henriques et al., 2018; 

Nechaev et al., 2010). The start location of each transcript was adjusted to the observed TSS 

from Start-seq when this resulted in truncation, rather than extension of the model. If the 

observed TSS fell within an intron, all preceding exons were removed, and the transcript 

start was set to the beginning of the following downstream exon.

Metagene analysis—Metagene plots were generated by summing reads at each indicated 

position with respect to the TSS and dividing by the number of TSSs within each group. 

Values were graphed across a range of distances as indicated in figure legends. Heatmaps 

were generated using Partek Genomics Suite version 6.16.0812.

RNA-seq library generation and mapping (Drosophila DL1 cells)—DL1 cells 

were treated for 60 hours with a control dsRNA (targeting β-galactosidase) or a dsRNA 

targeting IntS8 (see RNAi details above). For the samples expressing exogenous FLAG-

IntS8-WT, FLAG-IntS8-WFEF/A, or an empty vector control; CuSO4 was added to 200 uM 

final concentration 24 hours prior to harvest. Total RNA was isolated with Trizol (Thermo, 

#15596026) following manufacturer’s instructions. RNA quality was confirmed with a 

BioAnalyzer (Agilent). Using Oligo d(T)25 Magnetic Beads (NEB, #S1419S), polyA+ RNA 

from 2.5 μg of total RNA was enriched and then RNA-seq libraries (3 independent 

biological replicates per condition) prepared with the Click-seq library preparation method 
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using a 1:35 azido-nucleotide ratio (Jaworski and Routh, 2018). Libraries were sequenced 

using a single-end 75 bp cycle run on an Illumina NextSeq 500.

Reads were filtered to require a mean quality score ≥ 20, trimmed to 50 nt, and mapped to 

the dm3 Drosophila genome assembly using STAR. Default parameters were used, except 

that multimappers were randomly assigned (outMultimapperOrder Random), spurious 

junctions were filtered (outFilterType BySJout), minimum overhang for non-annotated 

junctions was set to 8 nt (alignSJoverhangMin 8), and non-canonical alignments were 

removed (outFilterIntronMotifs RemoveNoncanonicalUnannotated). The total number of 

RNA-seq reads aligned in the control (beta-galactosidase), IntS8-dep., or rescue samples is 

described below (upper table for Figure 1, lower table for Figure 3):

Sample Total Reads
Mappable Fragments 
(Percent of total)

Agreement between 
replicates (Spearman’s 
rho)

Depth Normalization 
Factor

Control No Cu 65,094,896 71.61% >0.97 1.187186

IntS8-dep. No Cu 61,078,878 72.46% >0.97 0.9825324

Sample Total Reads

Mappable 
Fragments (Percent 
of total)

Agreement between 
replicates 
(Spearman’s rho)

Normalization 
Factor

Control 69,412,709 90.08% >0.97 0.993314358

IntS8-dep. 62,360,768 89.36% >0.97 1.105641298

IntS8-dep.+FLAG-IntS8-
WT 60,765,646 90.02% >0.98 1.134664815

IntS8-dep.+FLAG-IntS8-
WFEF/A 83,255,439 91.57% >0.96 0.828157792

Differentially expressed genes in RNA-seq—Read counts were calculated on a per-

gene basis in a strand-specific manner using featureCounts (Liao et al., 2014) in R version 

3.6.1. Differentially expressed genes were identified using DESeq2 (Love et al., 2014). For 

Control versus IntS8-dep. comparisons, an adjusted p-value threshold of < 0.0001 and fold 

change of > 1.5 was used. This revealed 1099 (out of 9303) genes to be upregulated and 182 

to be downregulated.

MISO Analysis—Mixture of Isoform analysis (MISO) (Katz et al., 2010) was performed 

following the directions for an exon-centric analysis on the documents section of the 

program’s website (https://miso.readthedocs.io/en/fastmiso/). Differential expression was 

compared between control (β-galactosidase dsRNA-treated) and IntS8-depleted RNA-seq 

BAM files for retained introns, skipped exons, alternative 5’ splice sites, alternative 3’ splice 

sites, and mutually exclusive exons using the Drosophila annotations described above. 

Results were filtered using the developer’s suggested default settings to retain only events 

with: (a) ≥ 10 inclusion reads, (b) 10 exclusion reads such that (c) the sum of inclusion and 

exclusion reads is ≥ 30, and (d) the ΔΨ ≥ 0.25 with a (e) Bayes factor ≥ 20, and (a)-(e) true 
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in one of the samples. Using this filter, locations of alternative splicing events were 

compared to Flybase annotated chromosomal regions using the UCSC Genome Browser 

table browser to identify the FBgnIDs of affected genes. The number of changes in splicing 

events are described below.

Splicing Event Type Events Compared Events Passing Filter Percent Events Passing Filter

Retained Intron 20213 518 2.56%

Alternative 5’SS 3191 109 3.42%

Alternative 3’SS 1566 66 4.21%

Skipped Exon 1386 44 3.17%

All Flybase genes that included any splicing event that passed filter in MISO were removed 

from the list of active genes, such that a total of 7472 active genes were investigated for the 

effects of IntS8 depletion.

RNA-seq library generation and mapping (Human 293T cells)—293T cells were 

treated for 48 hours with either control or INTS8 targeting siRNAs as described above. Cells 

were harvested and washed with PBS. Cells were counted, and 1 × 106 cells were 

resuspended in 1mL of Trizol and spiked with 1 μL of 1:10 diluted ERCC Spike-in Mix 

(Invitrogen) and RNA was purified. 1 μg of RNA from each sample was diluted in 10uL of 

water. The input RNA was subjected to RNA-seq library generation using the TruSeq 

Stranded Total RNA sequencing kit with RiboZero rRNA depletion (Illumina). The final 

libraries were amplified to 10 cycles and purified using AMPure XP beads (Beckman 

Coulter). Pooled libraries (10nM) were sequenced (PE150) on the HiSeq platform at 

Novogene.

Reads were filtered to require a mean quality score ≥ 20, trimmed to 100 nt, and mapped to 

the hg38 human genome assembly using STAR. Default parameters were used, except that 

multimappers were randomly assigned (outMultimapperOrder Random), spurious junctions 

were filtered (outFilterType BySJout), minimum overhang for non-annotated junctions was 

set to 8 nt (alignSJoverhangMin 8), and non-canonical alignments were removed 

(outFilterIntronMotifs RemoveNoncanonicalUnannotated).

The total number of RNA-seq reads aligned in the control or INTS8-dep. samples is 

described below:

Sample Total Reads
Mappable Fragments (Percent of 
total)

Agreement between replicates 
(Spearman’s rho)

Control 271,095,957 83.58% >0.99

INTS8-dep. 242,045,837 85.27% >0.99

Differentially expressed genes in 293T RNA-seq—To account for variation in ERCC 

spike recovery and read depth, the following normalization factors were applied in DEseq2:
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Raw Reads
Reads Uniquely 
Mapping to hg38

Reads Mapping to 
ERCC

Spike Normalization 
Ratio

Control Rep 1 109,669,541 92,512,073 71,836 0.53755777

Control Rep 2 89,600,985 74,150,258 51,433 0.750802014

Control Rep 3 71,825,431 60,050,506 41,881 0.922041021

INTS8-dep. Rep 1 79,839,087 69,074,139 42,029 0.918794166

INTS8-dep. Rep 2 85,448,446 73,303,454 42,240 0.914204545

INTS8-dep. Rep 3 76,758,304 64,109,089 38,616 1

For control versus INTS8-dep. comparisons, an adjusted p-value threshold of < 0.001 and 

fold change of > 2 was used. This revealed 420 (out of 12059) protein-coding genes to be 

upregulated and 53 to be downregulated.

UCSC Genome Browser tracks representing read coverage were generated from the 

combined replicates per condition. Here, the following condition-level normalization factors 

were applied: Control: 0.74; INTS8-dep.: 0.94.

PRO-seq library preparation and data analysis—DL1 cells that were treated with 

control (β-galactosidase-targeting dsRNA) or IntS8 targeting dsRNA for 60 hours and 

rescued with either RNAi-resistant FLAG-IntS8-WT or FLAG-IntS8-WFEF/A (200 μM 

CuSO4 treatment for 24hours) were permeabilized as described below. All procedures were 

performed on ice unless otherwise noted. Cells were washed once in ice-cold 1x PBS and 

resuspended in Buffer W (10 mM Tris-HCl pH 8.0, 10% glycerol, 250mM sucrose, 10 mM 

KCl, 5 mM MgCl2, 0.5 mM DTT, protease inhibitors cocktail (Roche), and 4 u/mL RNase 

inhibitor [SUPERaseIN, Ambion]) at a cell density of 2 × 107 cells/mL. 9x volume of Buffer 

P (10 mM Tris-HCl pH 8.0, 10% glycerol, 250 mM sucrose, 10 mM KCl, 5 mM MgCl2, 0.5 

mM DTT, 0.1% Igepal, protease inhibitors cocktail (Roche), 4 u/mL RNase inhibitor 

[SUPERaseIN, Ambion]) was then immediately added. Cells were gently resuspended and 

incubated for up to 2 minutes on ice. Cells were then recovered by centrifugation (800g for 4 

min) and washed in Buffer F (50 mM Tris-HCl pH 8.0, 40% glycerol, 5 mM MgCl2, 0.5 

mM DTT, 4 u/mL RNase inhibitor [SUPERaseIN, Ambion]). Washed permeabilized cells 

were finally resuspended in Buffer F at a density of 1 × 106 cells/30 μL and immediately 

frozen in liquid nitrogen. Permeabilized cells were stored in −80°C until usage.

PRO-seq run-on reactions were performed by adding 1 × 106 permeabilized DL1 cells 

(spiked with 5 × 104 permeabilized human HEK293T cells) to the same volume of 2x 

Nuclear Run-On reaction mixture (10 mM Tris-HCl pH 8.0, 300 mM KCl, 1% Sarkosyl, 5 

mM MgCl2, 1 mM DTT, 200 μM biotin-11-A/C/G/UTP (Perkin-Elmer), 0.8 u/μL 

SUPERaseIN inhibitor [Ambion]) and incubating for 5 min at 30°C. Nascent RNA was 

extracted using a Total RNA Purification Kit following the manufacturer’s instructions 

(Norgen Biotek Corp.), and was followed by fragmentation by base hydrolysis in 0.25 N 

NaOH on ice for 9 min and neutralized by adding 1x volume of 1 M Tris-HCl pH 6.8. 

Fragmented nascent RNA was bound to 30 μL of Streptavidin M-280 magnetic beads 

(Thermo Fisher Scientific) in Binding Buffer (300 mM NaCl, 10 mM Tris-HCl pH 7.4, 0.1% 
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Triton X-100). The beads were washed twice with high salt buffer (2 M NaCl, 50 mM Tris-

HCl pH 7.4, 0.5% Triton X-100), twice with Binding buffer, and twice with Low salt buffer 

(5 mM Tris-HCl pH 7.4, 0.1% Triton X-100). Bound RNA was extracted from the beads 

using Trizol (Invitrogen) followed by ethanol precipitation.

3’ adaptor ligation was performed by dissolving the fragmented nascent RNA in water and 

incubating with 10 pmol of reverse 3’ RNA adaptor (/5Phos/

rGrArUrCrGrUrCrGrGrArCrUrGrUrArGrArArCrUrCrUrGrArArC/3InvdT/) and T4 RNA 

ligase I (NEB) for 2 hours at room temperature under conditions recommended by 

manufacturer. Another round of Streptavidin bead binding was performed to enrich for 

biotin-labeled product. The beads were washed twice each with High, Binding, and Low salt 

buffer and once with 1x Thermo Pol Buffer (NEB). The 5’ ends were decapped by treating 

the RNA products with RNA 5’ Pyrophosphohydrolase (RppH, NEB) at 37°C for 1 hour 

followed by one wash of High, Low, and T4 PNK Buffer. To repair 5’ ends, the RNA 

products were treated with Polynucleotide Kinase (PNK, NEB) at 37°C for 1 hr.

The 5’ repaired RNA was then ligated to reverse 5’ RNA adaptor (5’-

rCrCrUrUrGrGrCrArCrCrCrGrArGrArArUrUrCrCrA-3’) with T4 RNA ligase I (NEB) at 

room temperature for 2 hours under conditions suggested by manufacturer. Ligation was 

followed by two washes each of High, Binding, and Low salt buffers and one wash in 0.25X 

FSS Buffer 9Thermo Fisher Scientific). The products were reverse transcribed using 25 

pmol RT primer (5’-

AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTACAGTCCGA-3’) for 

TRU-seq barcodes (RP1 primer, Illumina). RT products were eluted from beads by two 

incubations at 95°C for 30 seconds. The optimal number of PCR cycles was determined by 

using a portion of the RT product in a round of test amplification. For the final amplification, 

12.5 pmol of RPI-index primer (for TRU-seq barcodes, Illumina) and RT primer was added 

to the RT product with Q5 polymerase (NEB) under standard PCR conditions. The product 

was amplified for 11–12 cycles and size selected using ProNex Size-Selective Purification 

System (Promega). The final products were sequenced on NextSeq 500 in a high output 150 

bp cycle run.

Paired-end reads were trimmed to 40nt, for adaptor sequence and low quality 3’ ends using 

cutadapt 1.14, discarding those containing reads shorter than 20nt (-m 20 –q 10), to allow 

successful alignment with Bowtie 1.2.2 (Langmead et al., 2009). Remaining pairs were 

paired-end aligned to the hg38 genome index to determine spike-normalization ratios based 

on uniquely mapped reads. Mappable pairs were omitted from subsequent analysis, and 

unmapped pairs were aligned to the dm3 genome assembly. Identical parameters were used 

in each alignment described above: up to 2 mismatches, and unmappable pairs routed to 

separate output files (-v2, -un, --best). Pairs mapping to dm3, representing biotin-labeled 

RNA 3’ ends, were separated, and strand-specific counts of the 3’ mapping positions 

determined at single nucleotide resolution, genome-wide, and expressed in bedGraph format 

with “plus” and “minus” strand labels swapped for each 3’ bedGraph, to correct for the 

“forward/reverse” nature of Illumina paired-end sequencing (Mahat et al., 2016). Based on 

similar recovery of spike-in reads, depth normalization was performed and bedGraphs from 

replicates of each condition were combined by summing counts per nucleotide.
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Sample
Total Raw 
Reads Mapped Reads

Agreement between 
replicates (Spearman’s 
rho)

Depth 
normalization 
factor

Control 81,944,375 42,043,220 > 0.97 1

IntS8-dep. 98,159,133 66,830,046 > 0.99 0.629

IntS8-dep+FLAG-
IntS8-WT 98,229,493 70,678,471 > 0.99 0.595

IntS8-dep.+FLAG-
IntS8-WFEF/A 97,356,999 59,136,534 > 0.99 0.711

Normalization was performed after combining the two replicates, adjusting for library depth. 

Bigwigs and bedgraphs used for generating UCSC Genome Browser tracks and metagene 

analyses represent the 3’ end of each mapped read.

Statistical tests—For RNA-seq and PRO-seq, statistical significance was determined 

using Mann-Whitney pairwise tests unless otherwise noted. The details of violin plots, 

statistical tests and error bars are explained in their respective figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• A short motif in IntS8 mediates association with Protein Phosphatase 2A 

(PP2A)

• Recruitment of PP2A is necessary for Integrator-mediated gene repression

• Integrator-bound PP2A dephosphorylates residues within the Pol II CTD and 

Spt5

• PP2A antagonizes transcriptional kinases to prevent productive elongation
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Figure 1. Depletion of IntS8 causes widespread activation of genes bound by Integrator
(A) DL1 cells were treated with dsRNA targeting IntS8 or ß-galactosidase (Control) for 60 h 

and RNA isolated for total RNA-seq (n=3 per condition). Normalized counts and fold 

changes are shown for mRNA genes with no alteration in splicing patterns under these 

conditions (N=9303). Affected genes show a fold-change > 1.5 and adjusted P value 

<0.0001.

(B) Comparison of fold changes in RNA-seq signals between cells depleted of IntS8 and 

IntS9. Pearson correlations are shown for genes upregulated (red) or downregulated (green) 

upon depletion of IntS8.
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(C) Composite metagene analysis of IntS1 ChIP-seq reads around promoters of mRNA 

genes upregulated (N=1009) or unchanged (N=8022) upon IntS8-depletion. Data are shown 

as average reads per gene in 25-bp bins.

(D) Promoter-proximal read counts for IntS1 ChIP-seq were summed around snRNAs 

(N=31), randomly selected regions (N=5000) or promoters upregulated or unchanged by 

IntS8-depletion, as in C. Violin plots depict the range of values, with median indicated by a 

line. P value calculated using a Mann-Whitney test.
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Figure 2. PR65/PP2Ac require a discrete motif within IntS8 to associate with Integrator
(A) Heatmap derived from IP LC-MS analysis of FLAG immunoprecipitations from S2 cells 

expressing the indicated FLAG-tagged proteins. Heatmaps reflect normalized spectral 

counts observed from analysis of samples performed in triplicate. Control cells lack any 

exogenously expressed FLAG-tagged protein.

(B) Western blot analysis of input nuclear extracts (left) and immunoprecipitations (right) 

from S2 cells stably expressing FLAG-tagged proteins as indicated. Immunoprecipitations 

conducted using anti-FLAG affinity resin were normalized to FLAG signals in each 

immunoprecipitation.

(C) Yeast two-hybrid analysis where PR65 was fused to the Gal4 DNA binding domain and 

14 Integrator subunits were individually expressed as fusions with the Gal4 activation 
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domain. Empty vector is the negative control. Permissive plates lack leucine and tryptophan 

(-L/-W) to allow growth of plasmid-containing yeast whereas selective plates also lack 

histidine to screen for interaction (-L/-W/-H). Yeast are plated in five-fold serial dilutions.

(D) Alignment of the N-terminus of IntS8 from multiple species. Scanning mutations are 

depicted where four consecutive amino acids are converted to alanine. Note the numbering is 

relative to Homo sapiens INTS8.

(E) Results of yeast two-hybrid analysis where either PR65 or IntS5 are fused to the Gal4 

DNA binding domain and either wild-type or alanine mutant IntS8 constructs are fused to 

the Gal4 activation domain.

(F) Western blot analysis of nuclear extracts (left) and immunoprecipitations (right) from 

stable cell lines expressing FLAG-IntS8-WT or FLAG-IntS8-WFEF/A.
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Figure 3. The interaction between IntS8 and PP2A is critical for proper gene expression profiles
(A and B) DL1 cells were depleted of IntS8 using 60 h treatment with dsRNA. RNA was 

harvested for RNA-seq (n=3 per condition). Where indicated, IntS8-depleted cells were 

rescued using a transgene expressing wild-type IntS8 (WT) or IntS8 with mutations that 

disrupt its interaction with PP2A (WFEF/A). To specifically deplete endogenous IntS8 from 

rescue samples, silent mutations were introduced into the transgene to prevent loss by RNAi 

(region highlighted in orange). Representative Western blot is shown, indicating IntS8 

protein levels in each condition. Tubulin was used as a loading control.

(C) SP1029 (CG11956) locus showing an upregulated gene whose expression is rescued by 

WT IntS8, but not IntS8-WFEF/A. RNA-seq tracks are shown in control cells and each of 

the treatments. IntS1 ChIP-seq is from Elrod et al., 2019.

(D) Heatmap representation of RNA-seq fold changes in IntS8-depleted cells, as compared 

to cells rescued with WT or WFEF/A mutant IntS8. Genes shown are those upregulated by 

IntS8 depletion (N=649), ranked by fold change.

(E) Fold change in RNA-seq signal upon IntS8 depletion at genes upregulated by IntS8 

(N=649). Changes in RNA-seq levels as compared to the control cells are shown following 
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IntS8-depletion, and with rescue by WT or WFEF/A mutant IntS8. Violin plots show range 

of values, with a line indicating median.
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Figure 4. Integrator-mediated attenuation at coding and non-coding loci requires the IntS8-
PP2A interaction
(A) PRO-seq tracks are shown at the 5’ end of the upregulated oaf gene, with TSS 

designated by arrow.

(B) Heatmap representations of PRO-seq reads from indicated samples, treated as in Figure 

3. The location of TSSs is indicated by an arrow. Genes that are upregulated upon IntS8 

depletion in RNA-seq are shown (N=649), ranked from most to least upregulated. Color bar 

at bottom indicates range of read counts per 10-nt bin.
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(C) Violin plots depict the fold change in gene body PRO-seq reads (+500 to +2500 nt from 

TSS) for upregulated (N=649) or unchanged genes (N=7,182) genes. Plots show the range of 

values, with a line indicating median. P values are from Kruskal-Wallis test, with Dunn’s 

multiple comparisons test performed against control. *** indicates P<0.0001; n.s. indicates 

P>0.05.

(D) The difference in PRO-seq signal at upregulated genes between IntS8-depleted samples 

and control samples is shown. Data are shown in 5-nt bins, smoothed over 2 nearest 

neighbors.

(E) Average distribution of PRO-seq signal is shown at enhancers previously shown to be 

targeted by Integrator (defined in Elrod et al., 2019). Data represent N=228 Integrator-target 

eRNAs in 25-nt bins.
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Figure 5. The Pol II CTD and Spt5 are in vitro and in vivo substrates of Integrator-PP2A
(A) Schematics of synthetic peptides used for in vitro phosphatase assays.

(B) Results of malachite green assay where peptides shown in panel A were incubated with 

Integrator-PP2A purified with anti-FLAG affinity resin from nuclear extracts expressing 

FLAG-PR65. Control is from S2 cells not expressing a FLAG-tagged protein. 

Representative colorimetric results are shown in the upper panel. Results from triplicate 

assays are quantified as picomoles of orthophosphate produced above negative control.
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(C) Results of malachite green assay using Integrator-PP2A purified from cells expressing 

FLAG-IntS8-WT or FLAG-IntS8-WFEF/A mutant. The substrate used is CTD-Ser7P (n=3).

(D) Dose curves of Integrator-PP2A incubated with CTD-Ser7P and increasing amounts of 

PP2A inhibitors Calyculin A or Okadaic Acid (n=3).

(E) Western blot analysis of lysates from cells either mock-depleted or depleted of IntS8. 

Antibodies shown probe either endogenous proteins or are phospho-specific, as indicated.

(F) Western blot analysis of lysates from control or IntS8-depleted cells. Where indicated, 

cells were induced to express IntS8-WT or IntS8-WFEF/A mutant.
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Figure 6. Assembly and function of Integrator-PP2A is conserved in human cells
(A) Western blot analysis of nuclear extracts (left) and immunoprecipitations (right) from 

293T cells harboring FLAG epitope tags within human Integrator genes generated using 

CRISPR/Cas9 genome-editing. Immunoprecipitations were conducted using anti-FLAG 

affinity resin and were normalized to FLAG signals in the immunoprecipitation. Control 

extracts were derived from 293T cells lacking any exogenous FLAG-tagged protein.
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(B) Western blot analysis of nuclear extracts (left) and immunoprecipitations from either 

293T control nuclear extract, or nuclear extracts derived from stable cell lines expressing 

either FLAG-hINTS8-WT or FLAG-hINTS8-WFEF/A mutation.

(C) Western blot analysis of cell lysates derived from 293T cells transfected with either 

control siRNA or INTS8-targeting siRNA. Lysates were probed with a series of antibodies 

labeled on the right side of the blots. Note that hSpt5-Ser666 is the equivalent residue of 

Drosophila Spt5-Ser707, and hSp55-Thr806 is the equivalent of fly Spt5-Thr847.

(D) Results of malachite green assay using a CTD-Ser7P peptide substrate represented as 

pmoles released above control. Integrator-PP2A was purified from 293T nuclear extracts 

containing either FLAG-hINTS8-WT or FLAG-hINTS8-WFEF/A.
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Figure 7. Function of INTS8 is conserved in human cells
(A) Western blot analysis of cell lysates derived from 293T cells transfected with control or 

INTS8 targeting siRNA. Lysates were harvested after 48 h and probed with antibodies 

against INTS8 or GAPDH as a loading control.

(B) 293T cells were transfected with control or INTS8 targeting siRNA. After 48 h, RNA 

was harvested for total RNA-seq (n=3). Normalized counts are shown for mRNA genes 

(N=12059). Affected genes are those with a fold-change > 2 and adjusted p-value <0.001.

(C) RNA-seq tracks are shown for ARC and GADD45B, genes upregulated upon INTS8 

depletion.
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(D) Schematic of the ARC and GADD45B reporter systems, wherein promoter and 5’ UTRs 

were cloned upstream of GFP. Top: In wild type cells, Integrator-PP2A drives Pol II 

termination and prevents GFP expression. Bottom: Upon loss of Integrator-PP2A association 

through INTS8 depletion or expression of INTS8-WFEF/A, Pol II productively elongates 

through the GFP ORF, yielding GFP expression.

(E) Western blot analysis of 293T cells transfected with the GFP reporters, along with 

control or IntS8 targeting siRNA, or IntS8 targeting siRNA plus RNAi-resistant INTS8-WT 

or INTS8-WFEF/A mutant cDNA.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Flag M2-HRP Sigma #A8592 AB_439702

Drosophila IntS1 Ezzeddine et al., 2011

Drosophila IntS4 This paper

Drosophila IntS7 This paper

Drosophila IntS8 This paper

Drosophila IntS9 Ezzeddine et al., 2011

Drosophila IntS11 Ezzeddine et al., 2011

Drosophila IntS12 Chen et al., 2012

Drosophila PR65 This paper

PP2Ac Cell Signaling #2038 AB_2169495

alpha-tubulin abcam #ab15246 AB_301787

GAPDH (GA1R) ThermoFisher #MA5-15738 AB_10977387

RNA Pol II CTD Tyr1-p (3D12) Active motif #61383 AB_2793613

RNA Pol II CTD Ser2-p (3E10) Active motif #61083 AB_2687450

RNA Pol II CTD Thr4-p (6D7) Active motif #61361 AB_2750848

RNA Pol II CTD Ser5-p (3E8) Active motif #61085 AB_2687451

RNA Pol II CTD Ser7-p (4E12) Active motif #61087 AB_2687452

RNA Pol II CTD Ser7-p (3D4A12) Active motif #61703 AB_2793742

Spt5-Ser707P This paper

Spt5-Thr806P This paper

Spt5 BD #611107 AB_398420

hINTS1 Bethyl #A300–361A AB_2127258

hINTS3 Proteintech #16620–1 AB_2127274

hINTS4 Bethyl #A301–296A AB_937909

hINTS7 Bethyl #A300–271A AB_2127399

hINTS10 Proteintech #15271–1 AB_2127260

hINTS11 Bethyl #A301–274 AB_937779

hPR65 (81G5) Cell Signaling #2041 AB_2168121

   

siRNA

Universal Negative Control #2 Sigma Cat. #SIC002

Human IntS8 (NM_017864) Sigma SASI_Hs01_00121954

   

   

Chemicals, Peptides, and Recombinant Proteins

AzNTPs TriLink Technologies Cat. #K-1005
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REAGENT or RESOURCE SOURCE IDENTIFIER

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

Okadaic Acid Cell Signaling Cat. #5934S

Calyculin A Cell Signaling Cat. #9902S

Phendione Sigma Cat. #496383

   

Critical Commercial Assays

NEB Next Ultra II DNA library kit NEB Cat. #E7103S

PP2A Immunoprecipitation Phosphatase Assay Kit Sigma Cat. #17–313

   

Deposited Data

Raw and analyzed data This paper GEO: GSE150844

Raw image files Mendeley
http://dx.doi.org/10.17632/
bt76mktdfx.1

RNA-seq from IntS9 and IntS11-depleted DL1 cells, IntS1 and IntS12 
ChIP-seq Elrod et al., 2019 GEO: GSE114467

   

Experimental Models: Cell Lines

DL1 Dr. Sara Cherry, UPenn

DL1 FLAG-eGFP This paper

DL1 FLAG-IntS8-WT This paper

DL1 FLAG-IntS8-WFEF/A This paper

   

S2-DGRC clone 6 DGRC

S2 Flag-PR65 This paper

S2 Flag-IntS1 This paper

S2 Flag-IntS5 This paper

S2 Flag-IntS8 This paper

S2 Flag-IntS8-WFEF/A This paper

S2 Flag-IntS11 This paper

   

293T ATCC CRL-3216

293T CRISPR-en-Flag-PR65 This paper

293T CRISPR-en-Flag-INTS1 This paper

293T CRISPR-en-Flag-INTS5 This paper

293T CRISPR-en-Flag-INTS8 This paper

293T CRISPR-en-Flag-INTS11 This paper

293T Flag-INTS8-WT This paper

293T Flag-INTS8-WFEF/A This paper

   

Experimental Models: Organisms/Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

   

Oligonucleotides

Table_S1 This paper

 

Recombinant DNA

pUB-3xFLAG vector Chen et al., 2012

pUB-3xFLAG-dIntS8-WT This paper

pUB-3xFLAG-dIntS8-WFEF/A This paper

pMT-3xFLAG-puro vector Elrod et al., 2019

pMT-3xFLAG-dIntS8-WT-RESC-puro This paper

pMT-3xFLAG-dIntS8-WFEF/A-RESC-puro This paper

pMT-3xFLAG-eGFP-puro This paper

pcDNA6–3xFlag-hINTS8-WT Oegema et al., 2017

pcDNA6–3xFlag-hINTS8-WFEF/A This paper

   

   

Software and Algorithms

bowtie 1.2.2 Langmead et al., 2009

R v3.3.1 www.r-project.org

Rstudio v1.0.136 www.rstudio.com

featureCounts Liao et al., 2014

DESeq2 Love et al., 2014

MISO Katz et al., 2010

Prism v8.1.2 GraphPad

Partek Genomics Suite v6.15.0127 www.partek.com
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