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The Integrator complex is a 14-subunit protein complex that interacts with RNA 

polymerase II (RNAPII) in metazoans during transcription of multiple forms of coding and 

non-coding RNA. Originally described as being responsible for the 3’ cleavage and 

termination of uridine-rich small nuclear RNA, further roles have been discovered in the 

cleavage of long non-coding RNA, enhancer RNA, telomerase RNA, and coding 

messenger RNAs. While many studies have identified a presence at the transcriptional start 

site of mRNA, Integrator’s function at these mRNA has yet to be identified. 

In this study, we used multiple biochemical and sequencing techniques to elucidate 

a role for Integrator at these mRNA start sites. We found that the endonuclease activity of 

Integrator subunit 11 (IntS11) was responsible for the attenuation of mRNA through 

promoter-proximal termination of a large set of paused mRNAs. We also identified a novel 

interaction between IntS11 and CG7044 that could inhibit IntS11’s endonuclease activity.  
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Chapter 1. Introduction 

INTRODUCTION AND BACKGROUND 

RNA Polymerase-II transcription cycle 

One of key defining features of cellular life is the involved process of converting 

the genetic information stored as DNA into the various RNA and protein products that 

sustain function at cellular and organismal levels. A central player in this process is the 

DNA-dependent RNA Polymerase-II (RNAPII), which was first described as a separate 

enzyme in eukaryotes in 1969 (Roeder and Rutter 1969). The core enzyme of RNAPII is 

composed of 12 subunits in humans and yeast, RPB1-12, of which RPB1 and RPB2 form 

the catalytic core (Roeder and Rutter 1969). The largest of these, RPB1, has an extended 

carboxyl terminal domain (CTD) that consists of 52 heptad repeats of the consensus 

sequence YSPTSPS in humans and 26 repeats in yeast and is highly conserved between 

species (Chapman et al. 2008). The key function of RNAPII is to catalyze the formation of 

a poly-nucleic acid RNA sequence complementary to a DNA sequence. The main RNAPII 

core also is assisted by a host of components that function as helicases, RNA binding 

proteins, and other accessory functions in order to form the total holoenzyme. 

The main outputs of RNAPII include protein coding messenger RNA (mRNA), 

uridine rich small RNA (snRNA), enhancer RNA (eRNA), and long non-coding RNA 

(lncRNA). Of main importance to this discussion is its primary role at protein coding genes 

in transcribing messenger RNA (mRNA). During the production of mRNA, RNAPII goes 

through three main stages; initiation, elongation, and termination, each of which provide 

vital points in the regulation and control of final output. Since that initial discovery, a 

number of other factors have been identified that can influence RNAPII’s transcription of 

DNA into RNA at those stages.  
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The initiation phase of RNAPII involves the recruitment of RNAPII to the 

transcription start site (TSS) of DNA and the initial formation of the RNA strand of around 

20 nucleotides before entering elongation (Conaway and Conaway 1993). The initiation 

phase provides some of the greatest amount of overall control on mRNA production 

through the ability to increase or decrease the amount of RNAPII recruited to the TSS and 

the number of modifications to the DNA structure and RNAPII itself. The control of 

mRNA levels is critical to the maintenance of protein levels in the cell. 

The beginning of the initiation phase involves a number of general transcription 

factors (TFII-A, -B, -D, -E, -F, -H), TATA-binding proteins (TBPs), and gene specific 

transcription associated factors (TAFs) are recruited to the promoters of mRNA to form 

the Pre-Initiation Complex (PIC) (Conaway and Conaway 1993; Zawel and Reinberg 1993; 

Zawel and Reinberg 1995; Burley and Roeder 1996).  These factors are responsible for 

unwinding the DNA, recruiting RNAPII, and initiation of transcription through post-

translational modification of RNAPII’s CTD. Initially, the transcriptional initiation of 

RNAPII was thought to be regulated mainly through modulation of DNA accessibility 

(Kadonaga et al. 1988; Nacheva et al. 1989), however, studies have since shown a wide 

number of factors that influence RNAPII initiation and recruitment. These factors can act 

in either cis or trans and include such modifiers as the Mediator complex (Kelleher et al. 

1990; Flanagan et al. 1991), activated transcription factors (MAPK pathways, NRFII, 

HSPs, etc.), and chromatin histone modification (Nacheva et al. 1989; Green et al. 1995; 

Zhang and Liu 2002; Nguyen et al. 2009) (Figure 1.1a).  
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Figure 1.1: Schematic of the stages of RNA Polymerase II mRNA transcription of an 

intronless gene  

(a) RNAPII Initiation Complex 

(b) Paused RNAPII complex 

(c) Promoter Proximal termination of RNAPII 

(d) Actively elongating RNAPII 

(e) Fully elongated mRNA with Cleavage and Poly-adenylation complex 
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Recently, single nucleotide polymorphisms (SNPs) have been identified as 

expression quantitative trait loci (eQTLs) that affect expression levels (Consortium et al. 

2017). Furthermore, many of these regulatory features are subject to their own regulation 

via post-translational modification, cellular state changes, or changes in cofactor 

association (Darnell et al. 1994; Ho et al. 1996; Kline and Morimoto 1997). In all, there is 

an astounding amount of complexity in just transcriptional initiation that increases in 

intricacy as one travels down the evolutionary timeline. 

 Immediately following initiation, RNAPII enters a phase of active elongation with 

a number of genes entering a pausing state  (Figure 1.1b) before either undergoing promoter 

proximal termination (Figure 1.1c) or continuing elongation (Figure 1.1d). This pausing 

step and the regulatory factors around it will be discussed in depth in the next section, but 

for the genes that enter productive elongation a number of changes to both the mRNA and 

RNAPII occur. Once RNAPII enters active elongation, there is a shift to rapid processivity 

of adding nucleotides to the growing RNA chain. 

One of the first processes that occurs following elongation is the addition of a 7-

methylguanososine cap by a by a series of enzymes that are recruited via a phosphorylated 

serine 5 (Ser5P) of RNAPII’s CTD repeat (Furuichi 2015; Shuman 2015). This 

phorporlyation of Ser5 (and Ser7) is performed by TFIIH which had been activated by the 

mediator complex bringing in unphosphorylated RNAPII during initiation and additionally 

leads to dissociation from mediator and the PIC (Sogaard and Svejstrup 2007). 

Additionally, mRNA undergoes splicing to remove non-coding introns co-

transcriptionally. These splicing events are driven by snRNA binding with additional 

modification by RBPs to influence isoform selection.  

During elongation, RNAPII’s CTD contiues to undergo further modification with 

a rapid decrease in Ser5P signal followed by a gradual decrease in Ser7P sites and an 

increase in Ser2P modification. This change is coordinated by a number of enzymes 

(transferases, kinases, phosphotases, etc.). This change in CTD signal coincides with 
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changes in recruited cofactors associated with RNAPII leading to changes in processivity 

and ultimately to termination. 

The next highly coordinated step in mRNA production is the process of termination 

and poly-adenylation through the concerted efforts of a number of co-factors (Manley et 

al. 2021) (Figures 1.1e and 1.2; Table 1.1). The proper termination event is driven both by 

site consensus depending on the RNA type being produced and by various RBP co-factors. 

In the case of mRNA, this is determined in the main by the cleavage and poly-adenylation 

specificity factor (CPSF) family of proteins and their associated factors. 
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Figure 1.2: A schematic model of the mammalian pre-mRNA 3’-end processing 

machinery. 

(Figure reprinted with permission from (Manley et al. 2021)) 
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Table 1.1  Characteristics of the protein factors of the mammalian pre-mRNA 3′-end 

processing complex 

Protein factor 

(processing 

step) 

Subunits Yeast 

homologue 

(sub-

complex) 

Sequence 

characteristics 

Protein 

function 

Interacting 

proteins 

CPSF 

(cleavage and 

polyadenylatio

n) 

CPSF-160 Cft 

1p/Yhh1p 

(CPF) 

Three possible 

β-propellers 

Binds the 

AAUAAA 

sequence 

CstF-77, Pol 

II CTD, 

PAP, Fip1, 

TFIID 
 

CPSF-100 Cft2p/Ydh1

p (CPF) 

Non-metal 

binding β-

lactamase 

domain 

 
CPSF-73 

CstF-64 

symplekin 

 
CPSF-73 Brr5p/Ysh1

p (CPF) 

Metallo β-

lactamase 

domain 

Endo-

nuclease 

CPSF-100, 

CstF64, 

symplekin 
 

CPSF-30 Yth1p 

(CPF) 

Five zinc fingers 

and one zinc 

knuckle 

Binds U-rich 

RNA 

sequences 

Fip1 

 
Fip 1 Fip1p (CPF) Pro-rich 

sequence. RD-

rich sequence. 

Arg-rich 

sequence 

 
PAP, CPSF-

160, CPSF-

70, CstF-77 

 
WDR33 Pfs2 (PFI) WD repeats 

  

CstF (cleavage) CstF-77 Rna14p 

(CFIA) 

HAT domain, 

Proline rich 

sequence 

Scaffolding 

protein, links 

CstF and 

CPSF 

CPSF-160, 

CstF-64, 

CstF-50 

Fip1 
 

CstF-64 Rna15p 

(CFIA) 

RRM, pro/gly-

rich sequence. 

MEARA/G 

pentapeptide 

motif 

Binds to G/U 

rich 

sequences 

CstF-77, 

Symplekin 

 
CstF-50 

 
Seven WD40 

repeats 

Regulatory 

role during 

DNA damage 

CstF-77, Pol 

II CTD, 

BARD1 

CFIm 

(cleavage) 

CFI-25 
 

NUDIX domain, 

PAP interaction 

domain 

Helps 

binding 

AAUAAA 

PAP, CFI-

68, PABPII 

 
CFI-68 

 
RBD, SR 

protein 

homology in C-

terminus 

Helps 

binding 

AAUAAA 

CFI-25 
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CFIIm 

(cleavage) 

hClp1 Clp1p 

(CFIA) 

Walker A and B 

motifs for ATP 

binding 

Tethers 

CPSF with 

CF Im 

CFlm, 

CPSF-100, 

CPSF-73, 

CstF-64, 

symplekin 
 

Pcf11 Pcf11p 

(CFIA) 

polll CTD 

interacting 

motif, two zinc 

fingers 

 
Pol II CTD 

Symplekin 

(cleavage) 

 
Pta1p (CPF) HEAT fold Mediates 

interaction 

CPSF and 

CstF 

CstF, CPSF. 

Ssu72, pol 

II CTD 

PAP (cleavage 

and 

polyadenylatio

n) 

 
Pap1p Catalytic core at 

N-terminus, C-

terminus 

contains RBS, 

bipartite NLS, 

ST-rich region 

Catalyzes the 

addition of 

the poly(A) 

tail to 

cleaved 

mRNA, non 

specific 

activity by 

itself 

CPSF-160, 

Fip1, CFlm 

PABPII 

(polyadenylatio

n) 

 
Pab1p Two RRM 

domains 

Responsible 

for 

processive 

elongation 

and control 

of poly(A) 

tail length, 

stabilizes the 

tail by 

binding 

CPSF-30 

Pol II CTD 

(cleavage) 

 
Pol II CTD YSPTSPS 

repeats (52 in 

humans) 

Essential for 

co-

transcriptiona

l recruitment 

of CPSF and 

CstF and for 

cleavage 

CPSF-160, 

CstF-77, 

CstF-50, 

Pcf11 

PP1 

(polyadenylatio

n) 

 
Glc7p 

 
Type 1 

protein 

phosphatase 

 

RBBP6 
 

Mpe1p 

(CPF) 

RS domain, 

RING finger, 

zinc knuckle, 

DWNN, pro-

rich 

 
p53, Rb 

(Table reprinted with permission from (Manley et al. 2021)) 
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Specifically, the endonuclease activity of the CPSF73 and CPSF100 heterodimer 

cleaves the mRNA at the consensus site before a poly-a tail is added. CPSF73 and 

CPSF100 are members of the metallo--lactamase and -CASP domain containing family 

of nucleases. These endonucleases have evolved to coordinate a trapped zinc metal ion in 

a catalytic core of two closely related proteins acting as a heterodimer that both contain 

metallo--lactamase and -CASP domains. In the case of the CPSF73/100 heterodimer, 

this trapped zinc ion catalyzes the reaction to cleave the phospho-diester backbone of RNA 

along the strand. One of the proteins in the pair has an intact metallo--lactamase domain 

while the other is mutated (CPSF73 and CPSF100 respectively in this case) (Mandel et al. 

2006) (Figures 1.3) 
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Figure 1.3: Structures of human CPSF-73 and yeast CPSF-100 (Ydh1). 

(a) Schematic representation of the structure of human CPSF-73. The b-strands and a-

helices are labelled, and the two zinc atoms in the active site are shown as grey spheres. 

The sulphate ion is shown as a stick model. 

(b) Schematic representation of the structure of yeast CPSF-100. The zinc atoms in the 

CPSF-73 structure are shown for reference. 

(Figure and legend text reprinted with permission from (Mandel et al. 2006)) 
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Following the RNA cleavage event, the free 3-prime end undergoes poly-

adenylation by other members of the CPSF complex. The free 5-prime end, no longer 

protected by a methyl cap, undergoes attack by the XRN exonuclease. XRN continues to 

progressively cleave nucleotides off the 5-prime end until it reaches RNAPII and pulls the 

RNA strand from RNAPII’s active site causing it to cease transcription and fall off the 

DNA coding strand in the so called “torpedo model” of termination (Eaton et al. 2018; 

Eaton et al. 2020). This is followed by a complete de-phosphorylation of the CTD which 

resets RNAPII to be readied for a new round of initiation. 

RNA Polymerase-II pausing 

In metazoan species at a large number of coding genes, mRNA transcription 

undergoes an additional regulatory step in the form of promoter proximal pausing. The 

discovery of this event followed work in the 1970s and early 1980s wherein it was 

discovered that not all transcription initiation events led to full length mRNA (Fraser et al. 

1978; Gariglio et al. 1981). A number of experiments by the Lis lab on Drosophila 

melanogaster heat shock protein (Hsp) led to the determination that a 20-60 nucleotide 

nascent RNA (scRNA) was produced downstream form Hsp promoters (Rougvie and Lis 

1988; Rasmussen and Lis 1993). Similar in nature to the paused RNA polymerase found 

in the lambda late gene of Escherichia coli the term was given to RNAPII in these 

promoter-proximal Hsp genes as “paused” (Grayhack et al. 1985; Rougvie and Lis 1990). 

Further work into the 1990s revealed similar sites in a number of human genes and in the 

HIV long terminal repeat (LTR) (Kao et al. 1987; Krumm et al. 1992; Strobl and Eick 

1992; Plet et al. 1995). Importantly, the HIV LTR produces a 59-nucleotide-long RNA as 

a product of premature promoter-proximal termination and while there had not been any 

proven levels of promoter-proximal termination in mRNA genes it was suggested to occur 

(Kao et al. 1987). Later work confirmed the presence of promoter-proximal termination 

but the exact enzymatic system for this termination remained unclear (Brannan et al. 2012). 
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The number of coding genes that display paused RNAPII that is capable of then proceeding 

into active elongation is ~30% (Core and Lis 2008; Larschan et al. 2011; Min et al. 2011) 

(Figure 1.4). 

  



 

15 

 

  

Figure 1.4: Defining the terms used to describe promoter-associated Pol II complexes. 

The promoter region is depicted with the transcription start site (TSS) labelled with an 

arrow. RNA polymerase II (Pol II) is illustrated as a red rocket. The general transcription 

factors (GTFs; grey oval) are shown centered at the TSS (arrow). The pause-inducing 

factors negative elongation factor (NELF; orange oval), DRB-sensitivity-inducing factor 

(DSIF; purple pentagon) and transcript cleavage factor TFIIS (green circle) are shown. 

The nascent RNA transcript is shown in blue, and a bracket indicates the pausing region, 

usually 20–60 nucleotides downstream from the TSS.  

(a) Pre-initiation complex: an entry form of Pol II in a complex with general transcription 

factors in which the polymerase is bound to the promoter DNA but has not yet initiated 

RNA synthesis. 

(b) Paused: an early elongation complex that has transiently halted RNA synthesis. 

Paused polymerase is fully competent to resume elongation, remaining stably engaged 

and associated with the nascent RNA. The 3ʹ end of the RNA may have ‘frayed’ slightly 

from the Pol II active site in a manner that would slow further RNA synthesis, but the 

RNA is properly aligned with the active site. Two protein complexes, DSIF and NELF, 

reduce the rate of elongation and facilitate the establishment of the stably paused state. 
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(c) Arrested: a stably engaged elongation complex wherein the polymerase has 

backtracked along the DNA template, such that the RNA 3ʹ end is displaced from the 

active site. Restart of an arrested complex usually requires TFIIS, which induces Pol II to 

cleave the nascent RNA at the active site, creating a new 3ʹ end that is properly aligned 

with the Pol II active site and releasing a short (2–9-nucleotide) 3ʹ RNA. 

(d) Terminating: an unstable elongation complex that is in the process of dissociating 

from the DNA template and releasing the nascent RNA. The released Pol II could have 

the potential rapidly to reinitiate transcription and to ‘recycle’ at the promoter. 

(e) Poised: a generic term that simply indicates that Pol II is located near the TSS but 

does not specify anything about its transcriptional status. It can include any of the above 

complexes (a–d). 

(f) Stalled: a term that indicates Pol II is engaged in transcription but that makes no 

assumptions about its ability to resume synthesis. This term includes paused, arrested and 

terminating complexes (b–d, above). 

(Figure and legend text reprinted with permission from (Adelman and Lis 2012)) 
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The two main factors resulting in the pause of RNAPII are the DRB-sensitivity-

inducting-factor (DSIF; made of SPT4 and SPT5)(Wada et al. 1998) and the negative-

elongation-factor (NELF) (Yamaguchi et al. 1999). NELF is associated with a Ser5P 

marker on the CTD while DSIF is recruited in complex with NELF (Adelman and Lis 

2012). Release into active elongation is accomplished through the kinase positive-

elongation-factor-b (P-TEFb) recruitment to activated genes through a variety of 

recognition co-factors (Adelman and Lis 2012). P-TEFb phosphorylates the CTD to 

disassociate NELF and phosphorylates DSIF changing its state to an active promoter of 

elongation (Wada et al. 1998) (Figure 1.5). 
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Figure 1.5: Establishment and release of paused Pol II. 

The promoter region is shown with the transcription start site (TSS) labelled with an 

arrow. Nucleosomes are depicted in grey, and RNA polymerase II (Pol II) is illustrated as 

a red rocket. The nascent RNA transcript is shown in blue. Factors that are involved in 

the establishment or release of paused Pol II, such as DRB sensitivity-inducing factor 

(DSIF; purple pentagon), negative elongation factor (NELF; orange oval) and positive 

transcription elongation factor b (P-TEFb; green diamond) are indicated. 

(a) Promoter opening often involves binding a sequence-specific transcription factor 

(shown here as TF1, light blue circle) that brings in chromatin remodelers (blue oval) to 

remove nucleosomes from around the TSS and to render the promoter accessible for 

recruitment of the transcription machinery.  

(b) Pre-initiation complex formation involves the recruitment of a set of general 

transcription factors (GTFs; grey oval) and Pol II, which is also facilitated by binding 

specific transcription factors (also shown as TF1 for simplicity). This step precedes the 

initiation of RNA synthesis.  

(c) Pol II pausing occurs shortly after transcription initiation and involves the association 

of pausing factors DSIF and NELF. The paused Pol II is phosphorylated on its carboxy-

terminal heptapeptide repeat domain (CTD; shown in pink). The region in which pausing 

takes place is indicated on the figure.  

(d) Pause release is triggered by the recruitment of the P-TEFb kinase (green diamond), 

either directly or indirectly by a transcription factor (shown here as TF2; beige diamond). 

P-TEFb kinase phosphorylates the DSIF–NELF complex to release paused Pol II and also 

targets the CTD (shown in green). Phosphorylation of DSIF–NELF dissociates NELF 

from the elongation complex and transforms DSIF into a positive elongation factor that 

associates with Pol II throughout the gene. 

(e) In the presence of both TF1 and TF2, escape of the paused Pol II into productive 

elongation is rapidly followed by entry of another Pol II into the pause site, allowing for 

efficient RNA production. When the gene is activated, some nucleosome disruption is 

likely, as depicted by the lighter colouring of the downstream nucleosome. 

(Figure and legend text reprinted with permission from (Adelman and Lis 2012)) 
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The Integrator complex 

The Integrator complex is a metazoan protein complex composed of 14 confirmed 

subunits with a number of possible additional subunits in the process of identification. A 

number of biochemical assays have shown an association between Integrator with both the 

C-terminal tail (CTD) of the large subunit of RNA polymerase II (RPBI) and protein 

phosphatase 2A (PP2A) (Baillat et al. 2005; Egloff et al. 2010; Chen et al. 2012; Huang et 

al. 2020). Integrator included subunits 1-12 in its initial discovery in 2005 (Baillat et al. 

2005). Genome-wide screens later identified additional subunits 13 and 14 (Chen et al. 

2012). Key to Integrator’s function are subunits 9 and 11 which form an active 

endonuclease similar to CPSF73/100. 

Integrator complex structure. The complete physical structure of the complete 

Integrator complex remains unknown. There has been work in the field involving sub-sets 

heterodimers or heterotrimers of subunits that were shown to interact through various 

biochemical methods. These have been used to demonstrate a number of interaction 

surfaces and binding partners. However, the structure of a complete complex containing 

all the subunits and how they interact with each other remains elusive. 

The most complete structure of the complex was published in 2020 and constituted 

nine partial subunits and PP2A (Zheng et al. 2020). While this gave new insights into the 

structure of the Integrator complex, a majority of information is incomplete to the point 

where previously identified interactions where lost and resolution was not able to capture 

key previously identified interacting components (Figure 1.6). Specifically, it is bereft of 

some of Integrator subunits 3, 10, 12, 13, and 14 and large portions of other subunits. The 

largest subunit, IntS1, was shown to interact with IntS2 and IntS7 to form a 

scaffolding/backbone module for the complex. With the exception of IntS11 and the 

subunits that were not modeled, every subunit interacts with a backbone component (Zhang 

et al. 2020). 
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Figure 1.6:  Overall structure of the INTAC complex. 

(A) Schematic modular organization and domain structures. Residues at domain 

boundaries are indicated. Solid and dashed lines indicate regions that were modeled with 

residues and poly-alanine, respectively. The color scheme is indicated and used 

throughout all figures. R1, R2, R3, and R4, repetitive helix hairpin domains; HEAT, 

HEAT repeat domain; HB, helix bundle domain; MPP, metallophosphatase domain. The 

* represents an inactive catalytic domain of INTS9.  
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(B) The 3.5-Å-resolution cryo-EM map of the INTAC complex in three different views, 

with subunit surfaces colored as in (A). The four modules are indicated with dashed 

circles.  

(C) Cartoon model of the INTAC structure shown in two different views. The putative 

binding sites of RNA transcript on INTS11 and phosphorylated CTD (pCTD) of Pol II on 

PP2A-C are indicated. The zinc and magnesium cations at the catalytic centers of 

INTS11 and PP2A-C are shown as gray and red spheres, respectively, and their distance 

is indicated by the blue dashed line. 

(Figure and legend text reprinted with permission from (Zheng et al. 2020)) 
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Apart from Cryo-EM structures, a large number of interactions between small sets 

of subunits have been identified through other biochemical methods and more targeted 

Cryo-EM studies. Yeast two hybrid was employed to detect the interaction between IntS1 

and a small domain of IntS12 (Chen et al. 2013). IntS4 interacts with the IntS9 and IntS11 

heterodimer similar to Symplekin in the CPSF73/100 complex  (Dominski et al. 2005; Wu 

et al. 2017; Albrecht et al. 2018; Pfleiderer and Galej 2021). The interaction of IntS4 is 

critical to Integrator’s endonuclease function of the IntS9 and IntS11 heterodimer and loss 

of IntS4 shows a similar phenotype to loss of IntS9/11 (Albrecht et al. 2018). Cryo-EM 

structures exist of the critical regions of the Carboxyl-termini of IntS9 and IntS11 

interaction surfaces, and of the IntS4/9/11 heterotrimer, which has been named the 

Integrator Cleavage Module (CM) (Wu et al. 2017; Pfleiderer and Galej 2021). The 

interaction between IntS5, IntS8, and the pr65 scaffold subunit of the PP2A phosphatase 

was demonstrated by yeast two hybrid and later followed by affinity purification and cryo-

EM structure (Huang et al. 2020; Zheng et al. 2020; Pfleiderer and Galej 2021). A dimer 

of IntS3 interacts with IntS6 via the IntS3 carboxy-terminus playing a critical role in 

functions separate from of the remainder of the Integrator complex (Zhang et al. 2013; Li 

et al. 2021). 

In 2020 there was a partial structure of the IntS13 and IntS14 interacting domains 

in which they dimerize to form a shared domain due to their shared sequence similarity. 

This study also showed the formation of a heterotrimer of IntS10/13/14, and an interaction 

between IntS13 and the CM (Sabath et al. 2020). Concurrent with this study it had been 

determined that IntS13 interacts with both the CM and IntS10 and IntS14 through yeast 

two hybrid analysis while additionally identifying regions of IntS13’s Carboxy-terminus 

important to interaction with the CM without disrupting interaction with IntS10 and IntS14 

(Mascibroda et al. 2020). It was also demonstrated through Co-IP experiments that 

IntS10/13/14 could stably co-purify each other (Mascibroda et al. 2020; Pfleiderer and 

Galej 2021) 
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The association between the CTD and Integrator has been firmly established from 

the discovery of the complex (Baillat et al. 2005). However, even with all the structural 

and biochemical studies performed to date, the precise set of subunits involved in direct 

interaction between Integrator and RNAPII remains elusive.  

While most Integrator subunits complex together exclusively, there have been other 

complexes discovered with certain subunits outside of the canonical Integrator complex. 

As described above, IntS3 dimerizes with itself to interact with IntS6 (Li et al. 2021). These 

two subunits also form components of the sensor of single-stranded DNA (SOSS) and the 

human single-stranded DNA binding protein (hSSB) complex (Huang et al. 2009; Zhang 

et al. 2013). IntS3, also termed SOSS-A, interacts with hSSB1/2 (SOSS-B1/2) and SOSS-

C to bind ssDNA (single-stranded DNA) via its N-terminus (Huang et al. 2009; Ren et al. 

2014). These four proteins recognize DNA damage as part of the homologous 

recombination DNA damage repair process (Zhang et al. 2013). 

Integrator function. One of the functional keys to the complex is the enzymatic 

subunit Integrator subunit 11 (IntS11), which is an RNA endonuclease with both a β-CASP 

and metallo-β-lactamase domain. IntS11 has been described as a functional paralog of 

CPSF73 via sequence and structural analysis. As described above, CPSF73 is an RNA 

endonuclease which cuts mRNA during RNAPII transcriptional termination and facilitates 

the addition of the poly-A tail as part of the CPSF machinery (Dominski et al. 2005; Wu et 

al. 2017). Much like CPSF73 has a homodimer binding partner in CPSF100, IntS11 has a 

homodimer binding partner in IntS9 (Integrator Subunit 9), which is a paralog of CPSF100. 

The main difference between the two homodimer pairs (IntS9/11 vs CPSF 73/100) is in 

sequence divergence in their CTDs (Albrecht and Wagner 2012; Wu et al. 2017) (Figure 

1.7). IntS11’s endonuclease function is to cleave the 3’ end of a variety of RNPII 

transcriptional RNA products to facilitate termination of RNAPII in a CPSF independent 

manner. 
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Figure 1.7: Domain comparisons between Integrator and CPSF endonucleases 

(A) Domain organizations of human IntS11 and CPSF-73. The metallo-β-lactamase and 

β-CASP domains are shown in cyan and yellow, respectively. The conserved residues in 

the active site are indicated by red lines. The CTD of IntS11 is shown in green. CPSF-73 

also has a CTD, but its sequence is highly divergent from that of IntS11, and its exact 

boundary is not known. 

(B) Domain organizations of human IntS9 and CPSF-100. The CTD of IntS9 is shown in 

pink. An insert in the β-CASP domain of CPSF-100 and two inserts in the metallo-β-

lactamase domain of IntS9 are shown in gray. (Figure and legend text reprinted with 

permission from (Wu et al. 2017)) 
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The Integrator complex has been identified as playing a key role in RNAPII 

transcription of multiple forms of coding and noncoding RNA. These include uridine-rich 

small nuclear RNAs (snRNA), enhancer RNA (eRNA), telomerase RNA (TR), and some 

messenger RNA (mRNA) (Baillat and Wagner 2015; Beckedorff et al. 2020; Mendoza-

Figueroa et al. 2020; Thomas et al. 2020; Beltran et al. 2021; Kirstein et al. 2021; Rosa-

Mercado et al. 2021). Ribonucleoproteins and snRNAs combine to form the spliceosome 

which carries out splicing of mRNA. During RNAPII transcription of snRNA, the 

Integrator complex recognizes a sequence known as the downstream 3’ box shortly after a 

terminal stem-loop structure and cleaves the nascent RNA downstream of this location and 

causes RNAPII termination. This allows the snRNA to be further processed and 

incorporated into the spliceosome. Loss of Integrator function leads to read-through and 

misprocessing of the snRNA. 

Long noncoding RNAs (lncRNA) transcribed from an enhancer region are referred 

to as eRNAs. These enhancers regions are composed of a distal cis-regulatory regions to 

which transcription factors and RNAPII bind. Chromatin looping by cohesion of these 

eRNAs at the target mRNA promoter regions promotes gene expression (Kagey et al. 2010; 

Ong and Corces 2011). Integrator function has been found to be key to eRNA transcription 

as the Integrator complex cleaves the nascent RNA to complete RNAPII transcription. Loss 

of Integrator function leads to 3’ end misprocessing and loss of function of eRNA 

structures (Lai et al. 2015). 

SIGNIFICANCE OF THE STUDY 

While a number of ChIP-Seq experiments have shown the association of Integrator 

with the TSS of a number of paused mRNA genes, the actual role of Integrator at these 

paused gene promoter sites has yet to have been elucidated. The main purpose of our study 

was to determine if the endonuclease function IntS11 may play a role at these TSSs and 

how that endonuclease function may be regulated.  
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Chapter 2. Methods 

DROSOPHILA CELL LINES 

Drosophila DL1 cells were cultured at 25°C in Schneider’s Drosophila medium 

(Thermo Fisher Scientific 21720024), supplemented with 10% (v/v) fetal bovine serum 

(HyClone SH30910.03), 1% (v/v) penicillin-streptomycin (Thermo Fisher Scientific 

15140122), and 1% (v/v) L-glutamine (Thermo Fisher Scientific 35050061). Drosophila 

S2 cells from the DGRC were grown in SFX-Insect serum free media (Thermo Fisher 

Scientific SH3027802).  

RNAI 

Double-stranded RNAs from the DRSC (Drosophila RNAi Screening Center) were 

generated by in vitro transcription (MEGAscript kit, Thermo Fisher Scientific AMB13345) 

of PCR templates containing the T7 promoter sequence on both ends. Primer sequences 

are provided in Table 2.1. Knockdown experiments in 6-well dishes were then performed 

by bathing 1.5x106 cells with 2 μg of dsRNA, followed by incubation for 60 hours of 

standard cell culture conditions. For RNAi + rescue experiments cells were incubated for 

60 hours in the presence of dsRNA and media was supplemented with a final concentration 

of 100 μM CuSO4 to induce expression of the RNAi-resistant transgenes.  

RT-QPCR 

Total RNA was isolated using Trizol and cDNA was reverse transcribed using M-

MLV Reverse Transcriptase (Thermo Fisher Scientific 28025) 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). Primers are in Table 2.1. 

 



 

28 

 

Table 2.1: Primer List 

Northern 

Blot Probes 

Sequence   

MtnA probe AAGATGCAGCGCCTCTACTC 
 

RpS6 probe GTGATCAGGCGCTGAATTTTG

GGG 

 

MtnA +1 to 

+50 probe 

GTTGCACTGAGATGATTCACT

TGATTTTGCTGCTGACCACAA

CTGATGCA 

 

tRNA:val4:70

BCb probe 

GTTTCCGCCCGGGATCGAAC 
 

eGFP probe GTCACGAACTCCAGCAGGAC 
 

RpL32 probe GACGCACTCTGTTGTCGATAC

C 

 

MtnA -1 to -

20 probe 

CATTGGCCAGATGCTCTCGG 
 

MtnA +1 to 

+20 probe 

TGCTGACCACAACTGATGCA 
 

MtnA +21 to 

+40 

GATGATTCACTTGATTTTGC 
 

MtnA +41 to 

+60 

TAGGCCTTTAGTTGCACTGA 
 

MtnA +61 to 

+80 

AAAGGTAGGTATGGGCTATT 
 

MtnA +75 to 

+105 

CTCGAACTTGTTCACTTGTTT

ACAAAAAAGG 

 

MtnA +101 to 

+120 

TTGAGTTGTATTTCCTCGAA 
 

MtnA +121 to 

+140 

GCATGGGCAAGGCATCTTGA 
 

bantam 

miRNA probe 

AATCAGCTTTCAAAATGATCT

CA 

 

CG6770 

probe 

CTTCTGCTTTTTTTTGTTCACT

TTTCGCTGAGCTGCGAACGG

AATTGAAT 

 

pst probe TTCATGGTTTCCTAATCTATT

CGCCATCCCTAAGTTGTCACC

TTTCCGTT 

 

CG2247 

probe 

ACACTGAACACGACAACTTC

TTTCGGAAATATAAAACGAA

CCTACAAGCG 

 

Sirup probe TCGGCTGGGAGTCAATGTCA

CTTGCTTGTTGCTTCGCGTCT

GAATTGCAA 
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CG8620 

probe 

ATCTGTTGCTTATGTTTCGAC

TGCTTCACTTGAACACTTGAA

TTTGACTG 

 

U1 probe CTTCGTGATCACGGTTAACCT

CT 

 

U2 probe ACAGATACTACACTTTGATCT

TAGCCA 

 

U4:39B probe ACCTCAGGAGGACTTCATTG

G 

 

U5 probe GGCGAAAGATTTATTCGACA

ATTGAAGAGAAAC 

 

U6 probe TTCCAATTTTAGTATATGTTC

TGCCG 

 

MtnA 45-

55/MCS 

antisense 

CGACCTCGAGCTTTAGTTGC 
 

MtnA 30-

40/MCS 

antisense 

CGACCTCGAGGATGATTCAC 
 

MtnA 10-

20/MCS 

antisense 

CGACCTCGAGTGCTGACCAC 
 

   

RT-qPCR 

Primers 

Forward Primer Reverse Primer 

MtnA ACTGCGGATCTGACTGCAAG AAGATGCAGCGCCTCTACT

C 

RpL32 TACAGGCCCAAGATCGTGAA

G 

GACGCACTCTGTTGTCGAT

ACC 

DCP2 CGCAAGGAGAAGCAGCAACA

ACTT 

TGACTGGCTGCTGTGGATT

GTACT 

MtnA pre-

mRNA 

GCCTTGCCCATGCGGAAGC CTGGAAAGAAGTAGAATTT

AAAAATTAGTACATGCTGG

TACATC 

RpL32 pre-

mRNA 

TGCTAAGCTGTCGGTGAGTG CATTTGTGCTGCAAGGAGA

C 

DCP2 pre-

mRNA 

CATGGTTTATGGACTTTGAAA

ACA 

GCATCGATTAGGTCCGTGA

T 

Pepck1 GAACTGACGGACTCTGCTTAC GGTGCGTTCGGGATCACAA 

Hml TGGTTATGGCGGGATAAAGA

CG 

GTTGCCCTGACTTCCCTGG 

CG8620 GCAATCCGATAACGTGGCAC CAAGGCCATGTCCTCGACT

T 

Sirup TGGGCAAGCTGGATGAAT CGTATACGGATTGGTCTGA

TTG 
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CG2247 AACGTGGATCTTTCGACTCAC  CGGCGTTCAAATTGACTCT

TG 

pst AAACTGCAACGGAAACTGAA

AAA  

ACGGAATCGAAAATGATCT

GACG 

CG6770 ACACCAACCACTTCGATCCC GCTTGGTCAGAATCTTGCG

G 

Pepck1 pre-

mRNA 

CACAAACAAAATGCCTGAGC TTGAATGCGTTTCGAGTGA

C 

Hml pre-

mRNA 

TAACCGATGATGACGACGAG GACGTATTTATTCCGCTTT

ACGA 

Sirup pre-

mRNA 

CCCAAATGGGCAAACAAG AGAACGTTAGCATCGCCAC

T 

CG2247 pre-

mRNA 

CCAGCATCTGTAGCATAATA

ACACA 

CGGCGTTCAAATTGACTCT

T 

pst pre-

mRNA 

TCAAAGTATTTGGGGTAATG

ACG 

GACAGAGTTTGCCCCTTAG

C 

MTF-1 CAGGAGCGGCCCTACAAATG TGTGTCCTTCGGTGGGTCT

T 

MED9 CGTTAACATGTTTAAGAACA

ACGTG 

TCCTTCTTCACTCCCTCCA 

MED15 GGTCTGGTAGCCAAGCTCTTT GGCAAGATTCTGAAGTGCG

TT 

Rrp40 AGAGCAAGCGGGTGATACTC GGGTTCCTTGTGTCGAAGT

GG 

Mtr4 GAAGAGCTGTTCGACTGTTTT

GA 

GCTTGGCGCTTATTTCCTTT

C 

Mpp6 GGCAGCATGAGCAAGAAGTT TGGCATGCGGACTATCACT

A 

Dis3 AACGAGGTGAAGCACAGGAG GGCGGTCTCATCTGGTTCG 

Rrp6 CCCGCGCCCTTTACCTAAG ACTCCTGCACCATCTCAAA

CT 

IntS1 TGCACATTCTGTTCGCCAATC CGTCTATGTAAATGCGGAG

CAG 

IntS2 TGAGGATGTACGATGTATCG

CC 

ACGGCCAGGATCTCTTTGC 

IntS3 CCTCCTACAAAACGTAGCTCG CCGTATATGCAGTAGTTGC

CAA 

IntS4 CCGCGAATAGCAGGGAACTG CCATTTCCACGTCCTCATA

GGAT 

IntS5 CGCCAGAACCTGTTGGATCA

G 

CAGTGCGAGCTTGATGAGA

TT 

IntS6 GCCAGAAGGCGTATGTGAAT

G 

GTAGCGATCTCCCAGGCAA

T 

IntS7 TAAGCTGGCCGATTACTTTGT

C 

CTTGTCCAGATGATTCTCG

CTC 
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IntS8 TTGCAGAATCTAAACCAGAC

GC 

GGGCCTTTGTGGGCTATGG 

IntS9 ATGCGATTGTATTGTCTCAGC

G 

GAAATTCAGGACTGTCTGC

TCC 

IntS10 TACGAGGCTTATCTACTGGAA

CG 

CAGCTCCGTATGTTGATTC

TGG 

IntS11 TGGAGGACATGCGGAAGGT TCTGGTGAAGTGTGACGGG

A 

IntS12 TGGAGGATGAAGCGAACTTT

TC 

CGAATCGGAGGGCTCCTTG 

IntS13 CATGTGCGGTTTATTGTCTCG

G 

GCGCCATATTTTGCGTGCT 

IntS14 CCTGCACGGCGATTACTACTT GCCCTTCAGTGAGACCTTG

TC 

eve CATGCACGGATACCGAACCT AGGCATTCATTTGGCGAGG

G 

Kah GACTTCCCATCGGCAACTGA GAGCTGGTGAAATGCCCCA

C 

l(1)G0469  ATTCGCAATCAGGTGTCGGT CTCGTCGTTACCTGTCGCTT 

Kal1 GCCACACAAGGAGAAGGTCT TTCTGGAGTCGTCCAACAC

G 

GstS1 TGGCTGGAGAGAGTGAGAGT GCTTTCTCAATGCAATTCC

CTCAA 

IRSp53 CGTTCAGAGCTCGAAGAACC

AT 

CTCGGCACCGTGTTGGTAT 

CG9896 GTACGCTTCTGTCACTCGGT GGTTTCGTTTGGTCTGGAG

C 

dmGlut TTTCGTGATACCCCAGCGAG ATCGCCACCAACACTGGTT 

CG31431 CGTCGTGTCAGTTGTCCATC GTTTTCGCTGCATTGCTTA

AAGT 

E(spl)m2-

BFM 

ATGACACCAAGTCAACGCCA AAGAAGGTGCCATTGTCCG

T 

Fen1 CTGGCTGAACAACTTTGCCC CACATAGAGGCCACCTGCA

A 

CG6006 ATGAACTTGAACGCCGCAAC GGCCCTACGGTCTTATTTG

CT 

wdp GGTCGTGTGTGATCTCCGAT CCTCTCTTGGCGTCTTATCT

TCT 

SP1029 AGAGTGCAGCTTGAACGGAA TTCATTACCAAAATTGTGT

CACTCT 

CG42240 AGTTAGTGACGGTGCCGATG GCGTATCCCCAAACGACTG

A    

ChIP-qPCR 

Target 

Forward Primer Reverse Primer 
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Intergenic GGCCGACGAGATGGGTCTG GTAGGACGTGATACACACA

T 

MtnA 5' end TGCATCAGTTGTGGTCAGCAG

CAAAATC 

AGGTATGGGCTATTTAGGC

C 

MtnA 3' end GACGCAGTTAGGCATCAATT

ACT 

CGCTGCATCTTGTCTCTCTA

CA 

Pepck1 GTTTGACCCTCTCACTCGGC ATCCGGGGCCTTTTATACC

C 

Hml GGCGTTGTGGCTGCTTTTTA CCTCGTCGTCATCATCGGT

T 

CG8620 AAAGCTCATCGACCGAATGC GCTGCGGAATCTGTTGCTT

A 

Sirup GACATTGACTCCCAGCCGAA CCGTTTGTCTGGTCACGGA

T 

CG2247 GAGAGGAAACCTGACGCACA AAGCGAAACGGTCCGAAA

GA 

pst ATTATCTCTTCCGCGTAGCCG ACCATGAAGTTACCCGCAC

C 

CG6770 TATAAAAGCCGCTGCTCGAC GGCTGCTTTCCAAATTTCT

C 

DCP2 TGCTCAAAACTCGCCTTCCT GCTTCCCTGGTCGCTAAAG

A 

eve TTACCATTTGGCGAGGGAGG GCGCAGCGGTATAAAAGG

G 

Kah CCCAGGAAGAACTGAGCGTT AGAGGATGGGAGACCGAG

AC 

l(1)G0469  CACTTTTCCGCGCGTTTTCC ATAAAGCGACGTGCCCGA

AA 

Kal1 ATCAACAGTTCCCAGGAGCG CGGGCAGTGCGATACATTT

TT 

GstS1 GGTGCTACGAAATGAGGTGG

T 

GCGGCAAGCGTATAAAAG

CA 

IRSp53 TTCGCTATTCCCGATACGGC GCACGCCCACCCAGTTATT

A 

CG9896 TTACTTTGGTCTGGAGCCGC TTTGGATACTTGGCGCTCG

G 

dmGlut CGGCGCTTATCTGCTCTCA GCAGCGGAGAAGGAGAAT

GT 

CG31431 ATTGTTCGGGTGGGAAAGCA AGCAAACACACTCACTGTG

GCTA 

E(spl)m2-

BFM 

TCAGCGGTTTCCACACGTTA TGCTTGGGTTATAGCCGCT

C 

Fen1 CACATTGGTAGTTGCGCTCAC AATACAACACTCGGCTGCG

G 

CG6006 GAGCATCGAATCTGCCAACG AATTTCGGACCTCGTACCG

C 
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wdp CGCTATTGGAACCCCCGATT GGCTTGGCACTCTCCTTCT

C 

SP1029 TTCCGTTCAAGCTGCACTCT TCGACGTTTCACTGGCTCT

C 

CG42240 GTGCAACGATGCGTATGAGT GCTGCTTGCCTTTTTCCCTC 

U1 GCTGAGTTGACCTCTGCGATT

A 

CTTTTAAAATTTATTGCAG

ATGTCGG 

U2 CCCGGTATTGCAGTACCGCCG

GGA 

ATCCTACCATTCGAATTTG

CATGTAAA 

DCP2 TGCTCAAAACTCGCCTTCCT GCTTCCCTGGTCGCTAAAG

A 

Cyp12e1 TGCTGATATTCCGGGACCCA TTTCCTTCACTTACCGCCCG 

MAGE CGAGATATGCGGTCACACCA TCACAACAGTCTACCGGTG

C 

Scamp AGCTCTTCTATCGCCTCACC GTGCGAGTCAGTGCGTTTT

T 

SA CCCTTGTTTCCGATTGCGTC TGACCAAAGCGTCCGATTG

A 

eTSS1 TCGAGATATGCGGTCACACC GGGGCTCACAACAGTCTAC

C 

eTSS2 TACAACATCTACGGCTGCGA GGGGAAATGTCAAACGCTC

G 

eTSS3 GCTCTCAAGACCGTTCGGAAT TCTGTACGTTTGCTTGTGTG

TT 

eTSS4 TGACTCTAAGCCAGGGACCA AGCCGTGTCCACATCTCAT

C 

eTSS5 GGAGCGTAGTCGGCAATCAT CACGATTTGTTCAACCGCG

A 

eTSS6 TGGCTGGCCACACTAATACA TATAGGCCCCGACTGGGAT

T 

eTSS7 GCGTTTCAACTCTCATCGCC GTCGCACAGACACACCTAC

A 

eTSS8 GAGCGCTGTTGCCGATTTTC CCCAACGCCCCTTTTTCAG

T 

eTSS9 ATCTTGCCTCGCAAAACCCT CGCTTTGGCGTGCTAATGA

A 

eTSS10 TTCGGCACGAAACAAATGCC CTGGTCACACATCCCATCC

C 

eTSS11 TAACCAGGGTCGGCACAAAG ACAGTCTAAAAGATGACA

GCATTG    

3' RACE  Sequence   

3' RNA 

adapter 

[Phos]GAUCGUCGGACUGUAG

AACUCUGAAC[dT5F] 
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RT primer 

and PCR 

reverse 

AATGATACGGCGACCACCGA

GATCTACACGTTCAGAGTTCT

ACAGTCCGA 

 

MtnA First 20 

cycles PCR 

forward 

CAAAATCAAGTGAATCATCT

C (+22 from TSS) 

 

MtnA Nested 

PCR forward 

ATCATCTCAGTGCAACTAAA 

(+35 from TSS) 

 

   

dsRNA 

Target 

Forward Primer Reverse Primer 

βgal (Control) TAATACGACTCACTATAGGG 

CTGGCGTAATAGCGAAGAGG 

TAATACGACTCACTATAGG

GCATTAAAGCGAGTGGCA

ACA 

MTF-1 TAATACGACTCACTATAGGG 

CCGCTGACGGATGCCT 

TAATACGACTCACTATAGG

G GGGTGCGCCAGTCCTG 

MED9 TAATACGACTCACTATAGGG 

TGGATTTGTCGCCAAACAAT 

TAATACGACTCACTATAGG

GCACAATGTCGTAGATTAT

CGG 

MED15 TAATACGACTCACTATAGGG 

CCGGAACTGCCTCTAACTTG 

TAATACGACTCACTATAGG

GTGTTGCATGGCATTTACG

TT 

Rrp40 TAATACGACTCACTATAGGG 

CAGCCTCCATATCGTATCTC 

TAATACGACTCACTATAGG

GCGAGTTGACGCAGACCA 

Mtr4 TAATACGACTCACTATAGGG 

GTGCTCACCGAGGAGGAT 

TAATACGACTCACTATAGG

GCAGTGCAGCTTGATTTTG

G 

Mpp6 TAATACGACTCACTATAGGG 

AATGCCATCCAAATCAAAGC 

TAATACGACTCACTATAGG

GTGTCTTGGTCGGATACCT

CC 

Dis3 TAATACGACTCACTATAGGG 

ATCATCGTAACGATTGACAC

A 

TAATACGACTCACTATAGG

GCTTCATTGTCCACTTCCC

AC 

Rrp6 TAATACGACTCACTATAGGG 

TTATCGTTGTATATCGTCAAC

AT 

TAATACGACTCACTATAGG

GGCATCTCCCTTGGAAGAC

T 

IntS1 TAATACGACTCACTATAGGG 

ATTAAGGGCATGTCGTCGTC 

TAATACGACTCACTATAGG

GGAATGTGCAGGTTGGTGT

TG 

IntS2 TAATACGACTCACTATAGGG 

TTCTTCGAGGGACAGCAA 

TAATACGACTCACTATAGG

GTGCTTGAGCGTGAGCTTA 

IntS3 TAATACGACTCACTATAGGG 

TCATGAAACTGGGCTCATAA

A 

TAATACGACTCACTATAGG

GCTGATAATGGTAGGTCAC

GT 

IntS4 TAATACGACTCACTATAGGG 

CCTGTGGCGCCCTTATAC 

TAATACGACTCACTATAGG

GTTCGGGCGTCTCGAAAA 
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IntS5 TAATACGACTCACTATAGGG 

TCATGCTCAATGCCTTTCAC 

TAATACGACTCACTATAGG

GTCGTGTCCGAGTAGTTGG

TG 

IntS6 TAATACGACTCACTATAGGG 

GCTTGTTTTCGCTTGTCCTC 

TAATACGACTCACTATAGG

GTTTTCTGCGTGATGTGCTT

C 

IntS7 TAATACGACTCACTATAGGG 

ATCCCATGCTAGCTCGTTT 

TAATACGACTCACTATAGG

GAAAGGTGCACGGATGCT

G 

IntS8 TAATACGACTCACTATAGGG 

AATCGCTACTTAACAACTACA

C 

TAATACGACTCACTATAGG

GAGCGAGGCCAACGAGT 

IntS9 TAATACGACTCACTATAGGG 

GGTCTTTTGTGGCCATCCTA 

TAATACGACTCACTATAGG

GTAAATTCGATCCAGCTTC

CG 

IntS10 TAATACGACTCACTATAGGG 

GCTGGGAGCCCTTCCTG 

TAATACGACTCACTATAGG

GAGGCTTTGCACCAGACTG 

IntS11 TAATACGACTCACTATAGGG 

CTGTGAGCCAAAGAACGTCA 

TAATACGACTCACTATAGG

GCACCTTCACCTCAACGGA

TT 

IntS12 TAATACGACTCACTATAGGG 

AATGCGGACGAGATCATCA 

TAATACGACTCACTATAGG

GGCTGGCATTCGTGGAACT 

IntS13 TAATACGACTCACTATAGGG 

ACGCACCTCATACTGAACC 

TAATACGACTCACTATAGG

G TTCGGCGGTGCGATAG 

IntS14 TAATACGACTCACTATAGGG 

GAACTGGGCCGCACTAC 

TAATACGACTCACTATAGG

GGTTTTCTTTTTGTTGCTCT

GTC 

IntS11 UTR TAATACGACTCACTATAGGG 

GCAACGAAGAAGCATCCCAT

TG 

TAATACGACTCACTATAGG

GGGAACGTTTATGTATATT

TTGATACTC    

Cloning 

Primers 

Forward Primer Reverse Primer 

IntS1 pUbi-

p63E-FLAG 

GGCCGCGGCCGCTGATCGCG

GGAAAGGAAGCGGCTCC 

GGCCTCTAGATTAATAGCC

ATGCTGGATCACTAGAG 

IntS5 pUbi-

p63E-FLAG 

GGCCGAATTCTGCTGCGCCA

GAACCTGTTGGATCAG 

GGCCTCTAGATTAATCTAT

TTCAACGATCTGCAGCCGG

G 

IntS8 pUbi-

p63E-FLAG 

GGCCACTAGTCCCGGACATC

AAGATAACGCCCTTG 

GGCCACTAGTCTACAGCAA

ATACTGCTTGGCC 

IntS11 pUbi-

p63E-FLAG 

GGCCACTAGTCCCGGACATC

AAGATAACGCCCTTG 

GGCCCTCGAGCTAGCACAT

ATTCTGCAGCACATTC 

IntS11 

E203Q site 

directed mut. 

CCGGACTTGCTGATCTCCCAG

AGCACCTACGCCACTACC 

GGTAGTGGCGTAGGTGCTC

TGGGAGATCAGCAAGTCCG

G 
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IntS11 pMT-

FLAG-puro 

GGCCACTAGTCCCGGACATC

AAGATAACGCCCTTG 

GGCCCTCGAGCTAGCACAT

ATTCTGCAGCACATTC 

eGFP pMT-

FLAG-puro 

GGCCGGATCCAGTGAGCAAG

GGCGAGGAG 

GGCCACGCGTTTACTTGTA

CAGCTCGTCCATGCCGAG 

CG7044 

pMT-FLAG-

puro 

GGCCGGATCCACAAAAGCAA

GAAGAGACGC 

GGCCGCGGCCGCTTAGTAA

CAGTCCGAAATCATGTT 

CG7044 DEL 

966-974 

pMT-FLAG-

puro 

GGCCGGATCCACAAAAGCAA

GAAGAGACGC 

GGCCGCGGCCGCTTAGTCG

CGCTTCAGCGCACCG 

CG7044 DEL 

947-974 

pMT-FLAG-

puro 

GGCCGGATCCACAAAAGCAA

GAAGAGACGC 

GGCCGCGGCCGCTTAGCAC

TCGAACCACTCCTGGTG 
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CHARACTERIZATION OF 3' ENDS OF MTNA SMALL RNAS USING 3' LIGATION-MEDIATED 

RACE 

DL1 cells were treated with Mtr4 dsRNAs for 3 days and CuSO4 was added for the 

last 14 h. Total RNA was isolated using Trizol and 2 μg was ligated to 10 pmol of the 3' 

RNA adapter oligo (Sigma) using T4 RNA Ligase I (NEB M0204S) following the 

manufacturer’s protocol at 20°C for 6 h. The reaction was acid-phenol:chloroform 

extracted (Thermo Fisher Scientific AM9720) and ethanol precipitated. Reverse 

transcription (RT) was performed using M-MLV (Thermo Fisher Scientific 28025013) 

using the 3' RACE RT Primer. 2 μL of cDNA was used as a template for 20 PCR cycles 

using PFU and a gene-specific MtnA 5' forward primer and the RT Primer (95°C melting 

15 s, 60°C annealing 15 s, 72°C extension 30 s). 2 μL of this PCR was then added to a new 

reaction for an additional 20 PCR cycles using the nested forward and RT primers. The 

resultant PCR products were cloned using the Zero Blunt TOPO PCR Cloning Kit (Thermo 

Fisher Scientific) and sequenced via sanger sequencing (Genewiz). Primers are in Table 

2.1. 

ANALYSIS OF PROTEIN EXPRESSION BY WESTERN BLOTTING AND 

IMMUNOFLUORESCENCE 

For Western blotting, cells were gently washed in PBS and then resuspended in 

RIPA buffer (150 mM NaCl, 1% Triton X-100, 50 mM Tris pH 7.5, 0.1% SDS, 0.5% 

sodium-deoxycholate, and protease inhibitors [Roche 11836170001]). Lysates were passed 

10 times through a 28.5 gauge needle and clarified by centrifugation at 20,000xg for 20 

min at 4°C. Lysates were then resolved on a NuPAGE 4-12% Bis-Tris gel (Thermo Fisher 

Scientific NP0323) and transferred to a PVDF membrane (Bio-Rad 1620177). Primary 

antibody incubations (IntS9 [guinea pig], IntS11 [rabbit](Ezzeddine et al. 2011) or alpha-

tubulin (rabbit, abcam ab15246) were all done at room temperature for 2 hours with a 

1:1000 dilution in 5% milk in TBS-0.1% Tween. Conjugated secondary antibodies against 
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rabbit (GE Healthcare NA934) or guinea pig (Sigma AP108P) were incubated at room 

temperature for 90 minutes with 1:10000 dilution in TBS-0.1% Tween. Membranes were 

processed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific PI34080). 

NORTHERN BLOTTING 

Total RNA was isolated using Trizol (Thermo Fisher Scientific 15596018) as per 

the manufacturer’s instructions. Small RNAs were separated by 8% denaturing 

polyacrylamide gel electrophoresis (National Diagnostics EC-833) and electroblotted/UV 

crosslinked to Hybond N+ membrane (GE Healthcare RPN303B). ULTRAhyb-oligo 

hybridization Buffer (Thermo Fisher Scientific AM8663) was used as per the 

manufacturer’s instructions. All oligonucleotide probe sequences are provided in Table 

2.1. Blots were viewed and quantified with the Typhoon 9500 scanner (GE Healthcare) 

and quantified using ImageQuant (GE Healthcare). 

CHROMATIN IMMUNOPRECIPITATION (CHIP)-QPCR 

A 10-cm dish of 5 x 107 DL1 cells was harvested into a 15 mL tube and centrifuged 

at 1,500x g for 2 min. Cells were then washed with 10 mL PBS and centrifuged at 1,500x 

g for 2 min. The cell pellet was resuspended in 10 mL of Fixing Buffer (50 mM Hepes pH 

7.5, 100 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0 with 1% formaldehyde) 

and incubated at room temperature for 30 min. 0.5 mL of 2.5 M glycine was then added 

(final concentration of 0.125 M) and incubated at room temperature with rotation for 5 min, 

centrifuged at 1,500 g for 2 min, and washed two times with 10 mL PBS. Cells were lysed 

using lysis buffer (50 mM HEPES pH 7.9, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 

0.5% NP-40, 0.25% Triton X-100) for 10 min on ice and centrifuged at 1,500 g for 2 min. 

The pellet was then washed 2x in Wash Buffer (10 mM Tris-HCl pH 8.1, 200 mM NaCl, 

1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0) and resuspended in 1 mL Shearing Buffer 
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(0.1% SDS, 1 mM EDTA, 10 mM Tris-HCl pH 8.1). The suspension was sonicated at 4°C 

using a Covaris S220 machine to obtain 500 bp DNA fragments in TC12x12 tubes with 

AFA fiber (Settings: Time- 15 min, Duty Cycle- 5%, Intensity- 4, Cycles per Burst- 200, 

Power mode Frequency- Sweeping, Degassing mode- Continuous, AFA Intensifier- none, 

Water level- 8). To the 1 mL of sheared chromatin, 115 μL of 10% Triton X-100 and 34 

μL 5 M NaCl was added per ml of sheared chromatin, so that the final concentration of the 

sample is 1% Triton X-100 and 150 mM NaCl. Sheared chromatin was pre-cleared with 

protein A/G beads and 10 μL was reserved as input control. For each IP sample, 100 μL of 

sheared chromatin was diluted to 1 mL using IP Buffer (0.1% SDS, 1 mM EDTA, 10 mM 

Tris-HCl pH 8.1, 1% Triton X-100, 150 mM NaCl) and incubated overnight at 4°C with 

10 μL of serum. The next day, lysates were immunoprecipitated with protein A/G beads 

for 2 h at 4°C and washed once with low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM 

EDTA, 20 mM Hepes pH 7.9, 150 mM NaCl), twice with high salt buffer (0.1% SDS, 1% 

Triton X-100, 2 mM EDTA, 20 mM Hepes pH 7.9, 500 mM NaCl), once with LiCl buffer 

(100 mM Tris-HCl pH 7.5. 0.5 M LiCl, 1% NP-40, 1% Sodium Deoxycholate), and once 

with TE. Immunocomplexes were eluted and de-crosslinked at 65°C overnight with 

Proteinase K and RNase A. DNA was extracted by phenol-chloroform and ethanol 

precipitated. DNA was resuspended in 100 μL, and 2 μL was used for each qPCR reaction. 

Primers are in Table 2.1. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

For RT-qPCRs statistical significance for comparisons of means was assessed by 

Student’s t-test. Unless otherwise indicated, the comparison was to the control RNAi 

treated samples. Statistical details and error bars are defined in each figure legend. 
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GENERATION OF TRANSCRIPT ANNOTATIONS 

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 (Nacheva et al. 1989; Henriques et al. 2013). 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. Gene annotations for the human genome 

(hg19, GRCh37 genome build July 2019) were downloaded from gencodegenes.org in 

GTF format and filtered such that only “gene” entries for the “protein_coding” feature type 

remained. Annotations from chrM, and random chromosomes were also excluded. 

TSS CLUSTERING BASED ON PROMOTER POL II HALF-LIVES UPON TRP TREATMENT 

TSS clustering was accomplished as described in (Henriques et al. 2018) using k-

medoids clustering based on the Clustering Large Applications (CLARA) object in R. 

FEATURES ASSOCIATED WITH GENES WITH SHORT-LIVED PROMOTER POL II 

OCCUPANCY 

A comprehensive repertoire of ChIP-seq datasets from (Lim et al. 2013; Weber et 

al. 2014; Baumann and Gilmour 2017; Henriques et al. 2018; Kaye et al. 2018) and ChIP-

chip from the modENCODE database (mod et al. 2010; Ho et al. 2014) was used 

representing a total of 111 datasets that include transcription factors, chromatin remodelers 

and histone modifications. 
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To find features enriched at protein-coding transcription start sites with short-lived 

promoter Pol II occupancy a similar approach to the web-based tool ORIO (Lavender et al. 

2017) was taken. Analysis of all datasets was anchored on the TSS locations of protein-

coding transcripts based on high-resolution Start-seq data (see generation of transcript 

annotations above). A total of 8389 protein-coding TSSs, in which a decay rate could be 

calculated, was used. A rank order was given to the TSS feature list based on the decay 

rate clustering. Read coverage for each dataset used was determined at each TSS using a 

window that originates 500 nucleotides upstream of the TSS and extends downstream by 

twenty 50 nt non-overlapping bins, with total window size of 1000 nucleotides. Correlative 

analysis was then performed considering read coverage values. A total read coverage value 

was found for each genomic feature by adding the coverage from the datasets across all 

bins in a genomic window. Clustering methods were then applied to total read coverage 

values considering both the datasets and individual genomic features. To group datasets, 

the Pearson and Spearman correlation value for each pair of datasets was determined by 

comparing feature coverage values. To group the datasets, the correlation value for each 

pair of datasets is found by comparing feature coverage values. Datasets were then grouped 

by hierarchical clustering. 

ATAC-SEQ LIBRARY GENERATION AND MAPPING 

ATAC-seq libraries from 3 independent biological replicates were generated. 

50,000 Drosophila S2 cells were incubated in CSK buffer (10 mM PIPES pH 6.8, 100 mM 

NaCl, 300 mM sucrose, 3 mM MgCl2, 0.1% Triton X-100) on ice for 5 min. An aliquot of 

2.5 µl of Tn5 Transposase was added to a total 25 µl reaction mixture and genomic DNA 

was purified using a Qiagen MinElute PCR purification kit (Qiagen) following 

manufacturer’s instructions. After PCR amplification, DNA fragments were purified with 

AMPure XP (1:3 ratio of sample to beads). Libraries were sequenced using a paired-end 

150 bp cycle run on an Illumina NextSeq 500 
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Paired-end reads were filtered for adapter sequence and low quality 3' ends using 

cutadapt 1.14, discarding those containing reads shorter than 20 nt (-m 20 -q 10), and 

removing a single nucleotide from the 3' end of all trimmed reads to allow successful 

alignment with bowtie 1.2.2 to the dm3 genome assembly. The parameters used in each 

alignment were: up to 2 mismatches, a maximum fragment length of 1000 nt, and uniquely 

mappable, and unmappable pairs routed to separate output files (-m1, -v2, -X1000, --un). 

Non-duplicate reads mapping uniquely to dm3, representative of short fragments (> 20 nt 

and < 150 nt), were separated, and fragment centers determined in 25 nucleotide windows 

resolution, genome-wide, and expressed in bedGraph format. Combined bedGraphs for all 

replicates were generated by summing counts per bin for all replicates. 

RNA-SEQ LIBRARY GENERATION AND MAPPING 

DL1 cells were treated for 60 h with a control (Beta-galactosidase) dsRNA or a 

dsRNA to deplete either IntS9 or IntS11 (see RNAi details above) followed by total RNA 

isolation with Trizol (Thermo Fisher Scientific 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 then 

enriched and RNA-seq libraries prepared using the ClickSeq library preparation method 

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. 

Sequencing reads were filtered (requiring a mean quality score ≥20), trimmed to 50 

nt, and then mapped to the dm3 reference genome using STAR 2.5.2b. Default parameters 

were used except that multimappers were reported randomly (outMultimapperOrder 

Random), spurious junctions were filtered (outFilterType BySJout), minimum overhang 

for non-annotated junctions was set to 8 nucleotides (alignSJoverhangMin 8), and non-

canonical alignments were removed (outFilterIntronMotifsRemoveNoncanonical 

Unannotated). 



 

43 

 

MISO ANALYSIS 

Mixture of Isoform analysis (MISO) (Katz et al. 2010) was performed using the 

latest stable build (ver. 0.5.4) following the directions for an exon-centric analysis on the 

documents section of the developer’s site (http://miso.readthedocs.io/en/fastmiso/). 

Differential expression was compared between the control (Beta-galactosidase) and IntS9-

depleted RNA-seq BAM files for retained introns, skipped exons, alternative 5' splice sites, 

alternative 3' splice sites, and mutually excluded exons using the Drosophila annotations 

mentioned above. The results were then filtered using the developer suggested default 

settings to contain only events with: (a) at least 10 inclusion reads, (b) 10 exclusion reads, 

such that (c) the sum of inclusion and exclusion reads is at least 30, and (d) the ΔΨ is at 

least 0.25 with a (e) Bayes factor of at least 20, and (a)-(e) are true 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.  

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 9,499 active genes were 

investigated for the effects of IntS9 depletion. 

DIFFERENTIALLY EXPRESSED GENES IN RNA-SEQ 

Read counts were calculated per gene, in a strand-specific manner, based on 

annotations described in the modified transcript annotations section above, using 

featureCounts (Liao et al. 2014). Differentially expressed genes were identified using 

DESeq2 v1.18.1(Anders and Huber, 2010) under R 3.3.1. For Control versus IntS9-

depletion comparisons RNA-seq size factors were determined based on DESeq2 (Control 

[βgal]: 1.1861939, 1.4205182, 1.2440253; IntS9-dep.: 1.0780809, 0.9979663, 0.8519904), 

and at an adjusted p-value threshold of <0.0001 and fold-change > 1.5, 886 genes (out of 

9499) were identified as differentially expressed upon IntS9 depletion in DL1 cells. For 

http://miso.readthedocs.io/en/fastmiso/
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Control versus IntS11-depletion or rescue samples comparisons RNA-seq size factors were 

determined based on DESeq2 (Control [βgal]: 1.3346867, 1.8951248, 0.6622473; IntS11-

dep.: 0.8673446, 0.9127478, 0.9793937; IntS11-dep. + WT rescue: 1.1305191, 1.0792675, 

0.7458915; IntS11-dep. + E203Q rescue: 1.1589313, 1.1588886, 0.7106579) and fold-

changes calculated. For Control versus IntS11-depletion chromatin RNA-seq size factors 

were determined based on DESeq2 (Control: 1.1315534, 1.1665893; IntS11-dep.: 

0.8940834, 0.8515502;) and at an adjusted p-value threshold of <0.0001 and fold-change 

> 1.5, 1283 genes (out of 17262) were identified as differentially expressed upon IntS11 

depletion in HeLa cells. UCSC Genome Browser tracks displaying mean read coverage 

were generated from the combined replicates per condition, normalized as in the 

differential expression analysis. 

SEQUENCING, MAPPING, AND DATA ANALYSIS OF CHIP-SEQ 

For IntS1 and IntS12 ChIP-seq, DL1 cells were crosslinked for 30 min with 1% 

formaldehyde. Material was then sheared using the Covaris S220 system and 

immunoprecipitations for 3 (IntS1 and IntS12) independent biological replicates were 

carried out with 10 μl anti-IntS1 or anti-IntS12 antibodies per 3 x 107 cells. Additionally, 

3 independent biological replicates of input material were carried through this process. 

Immunoprecipitated and input material was phenol-chloroform purified and ChIP-seq 

libraries were prepared using the NEBNext Ultra II DNA library kit (NEB) according to 

the manufacturer’s instructions with 35ng of DNA of each sample. IntS1, IntS12 and input 

ChIP-seq libraries were then sequenced using a paired-end 75 bp cycle run on the Illumina 

NextSeq system with standard sequencing protocols. Raw sequences were aligned at full 

length against the dm3 version of the Drosophila genome using Bowtie version 1.2.2 

(Langmead et al. 2009) with a maximum allowed mismatch of 2 (-m1 –v2). The yield of 

uniquely mappable reads for each set of biological replicates is listed below. 
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Datasets were mapped as described above against the dm3 version of the 

Drosophila genome. The genomic location of mapped reads was compiled using custom 

scripts and visually examined using the UCSC genome browser in bedGraph format. ChIP-

seq hit locations were filtered based on fragment length. The 3 biological replicates of each 

ChIP-seq dataset were combined and binned in 25 bp windows for visualization in 

bedGraph files. IntS1 and IntS12 were down-sampled by a factor of 1.202985486 and 

1.411913925, respectively to match the number of reads in the input dataset. To remove 

background signal, input signal was subtracted from IntS1 and IntS12 datasets and 

bedGraphs were generated with 25 bp windows for visualization. 

INTS1 AND INTS12 CHIP-SEQ PEAK CALLING AND ANNOTATION 

IntS1 and IntS12 ChIP-seq peaks were called with Homer (v4.9) using (-style 

factor) and input as background (-i). Filtering based on local signal was set to 3 (-L 3) and 

fold-change signal over input was also set to 3 (-F 3). 490 IntS1 and 553 IntS12 peaks were 

identified. A peak was assigned to enhancer TSSs (eTSSs) if the peak center would be 

within ± 500 bp from the eTSS. A total of 691 eTSSs were found to be bound by at least 

one Integrator subunit. 

METAGENE ANALYSIS 

Composite metagene distributions were generated by summing sequencing reads at 

each indicated position with respect to the TSS and dividing by the number of TSSs 

included within each group. These were plotted across a range of distances. Heatmaps were 

generated using Partek Genomics Suite version 6.15.0127.  

IDENTIFICATION OF START-SEQ READS WITH NON-TEMPLATED 3' END RESIDUES 

Start-seq from Rrp40-depleted S2 cells was published previously (Henriques et al. 

2013) and is available for download from GEO (GSE49078). Data were analyzed as 
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described previously (Henriques et al. 2013). Briefly, Start-RNA reads were trimmed to 26 

nt and aligned to the D. melanogaster reference genome index with Bowtie version 1.2.2, 

maintaining unique alignments and allowing 2 mismatches (-m1 -v2). To account for the 

different depths of sequencing across the data sets, all data sets were normalized by 

uniquely mappable reads. To then identify Start-RNAs with non-templated 3' end residues, 

reads that initially failed to align with the above Bowtie parameters were specifically 

trimmed at the 3' end to remove terminal A nucleotides. Reads trimmed of at least 3 A’s 

with at least 18 nt remaining after trimming were aligned to the genome (note that reads 

with >26 nt remaining after trimming were further trimmed at the 5' end to 26mers) and 

counted as uniquely-aligned Start-RNAs. The percentage and location of Start-seq reads 

ending in 3 or more A residues (out of total Start-seq reads mapping to that gene) was 

calculated for each gene in all the groups. 

PRO-SEQ LIBRARY PREPARATION AND DATA ANALYSIS 

DL1 cells treated for 60 h with a control (Beta-galactosidase) dsRNA or a dsRNA 

targeting IntS9 were permeabilized as described below. All temperatures were at 4°C or 

ice cold unless otherwise specified. Cells were washed once in ice-cold 1x PBS and 

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

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

RNase inhibitor [SUPERaseIN, Ambion]) at the 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 min on ice. Cells were then recovered by 

centrifugation (800 x g 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 



 

47 

 

cells/30 μL and immediately frozen in liquid nitrogen. Permeabilized cells were stored in 

-80°C until usage.  

PRO-seq run-on reactions were carried out as follows: 1 × 106 permeabilized cells 

spiked with 5 × 104 permeabilized mouse embryonic stem cells were added 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 incubated for 5 min at 30°C. Nascent RNA 

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

(Norgen Biotek Corp.). Extracted nascent RNA was fragmented by base hydrolysis in 0.25 

N NaOH on ice for 10 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% Triton X-100). The beads were washed twice in High salt buffer (2 M NaCl, 50 mM 

Tris- HCl pH 7.4, 0.5% Triton X-100), twice in Binding buffer, and twice in 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.  

For the first ligation reaction, fragmented nascent RNA was dissolved in H2O and 

incubated with 10 pmol of reverse 3' RNA adaptor (5'p-rNrNrNrNrNrNrGrAr-

UrCrGrUrCrGrGrArCrUrGrUrArGrArArCrUrCrUrGrArArC-/3'InvdT/) and T4 RNA 

ligase I (NEB) under manufacturer’s conditions for 2 h at 20°C. Ligated RNA was enriched 

with biotin-labeled products by another round of Streptavidin bead binding and washing 

(two washes each of High, Binding and Low salt buffers and one wash of 1x Thermo Pol 

Buffer (NEB)). To decap 5' ends, the RNA products were treated with RNA 5' 

Pyrophosphohydrolase (RppH, NEB) at 37°C for 30 min 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 30 min. 
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5' repaired RNA was ligated to reverse 5' RNA adaptor (5'-rCrCrUrUrGrG-

rCrArCrCrCrGrArGrArArUrUrCrCrA-3') with T4 RNA ligase I (NEB) under 

manufacturer’s conditions for 2 h at 20°C. Adaptor ligated nascent RNA was enriched with 

biotin-labeled products by another round of Streptavidin bead binding and washing (two 

washes each of High, Binding and Low salt buffers and one wash of 1x SuperScript IV 

Buffer [Thermo Fisher Scientific]), and reverse transcribed using 25 pmol RT primer (5'- 

AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTACAGTCCGA-3') 

for TRU-seq barcodes (RP1 primer, Illumina). A portion of the RT product was removed 

and used for trial amplifications to determine the optimal number of PCR cycles. For the 

final amplification, 12.5 pmol of RPI-index primers (for TRU-seq barcodes, Illumina) was 

added to the RT product with Phusion polymerase (NEB) under standard PCR conditions. 

Excess RT primer served as one primer of the pair used for the PCR. The product was 

amplified 12~14 cycles and beads size selected (ProNex Purification System, Promega) 

before being sequenced in NextSeq 500 machines in a mid-output 150 bp cycle run. 

PRO-seq libraries from 3 independent biological replicates (DL1 control (gal) 

RNAi or IntS9 RNAi) were generated. Paired-end reads were trimmed to 42 nt, for adapter 

sequence and low quality 3' ends using cutadapt 1.14, discarding those containing reads 

shorter than 20 nt (-m 20 -q 10), and removing a single nucleotide from the 3' end of all 

trimmed reads to allow successful alignment with Bowtie 1.2.2. Remaining pairs were 

paired-end aligned to the mm10 genome index to determine spike-normalization ratios 

based on uniquely mapped reads. Mappable pairs were excluded from further analysis, and 

unmapped pairs were aligned to the dm3 genome assembly. Identical parameters were 

utilized in each alignment described above: up to 2 mismatches, maximum fragment length 

of 1000 nt, and uniquely mappable, and unmappable pairs routed to separate output files (-

m1, -v2, -X1000, --un). Pairs mapping uniquely 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 
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“plus” and “minus” strand labels swapped for each 3’ bedGraph, to correct for the 

“forward/reverse” nature of Illumina paired-end sequencing. Counts of pairs mapping 

uniquely to spike-in RNAs (mouse genome) were determined for each sample. Uniquely 

mappable reads were determined, and a normalization factor calculated. In this case, the 

samples displayed highly comparable recovery of spike-in reads, thus only normalization 

based on the DESeq2 size factors was used for each bedGraph. Combined bedGraphs were 

generated by summing counts per nucleotide of both replicates for each condition. 

Read counts were calculated per gene, in a strand-specific manner, based on 

annotations described in the modified transcript annotations section above, using 

featureCounts (Liao et al. 2014). This quantification procedure includes signal only in the 

gene body (+250 from TSS to annotated gene end). Differentially expressed genes were 

identified using DESeq2 v1.18.1 (Anders and Huber 2010) under R 3.3.1. PRO-seq size 

factors were determined based on DESeq2 (for Control: 1.0029079, 1.2830936, 

0.8962051; IntS9-dep.: 0.9151691, 0.9156818, 1.0672821). At an adjusted p-value 

threshold of <0.0001 and fold-change >1.5, 1,414 mRNA genes were identified as 

differentially expressed upon IntS9-depletion in DL1 cells. UCSC Genome Browser tracks 

displaying mean read coverage were generated from the combined replicates per condition, 

normalized as in the differential expression analysis. 

GENOMIC STATISTICAL TESTS 

For RNA-seq, PRO-seq, and ChIP-seq experiments, statistical significance for 

comparisons was assessed by Mann-Whitney (pairwise tests) test. Statistical details and 

error bars are defined in each figure legend. To test for the significant overlap between 

IntS9-upregulated or IntS9-downregulated genes in RNA-seq and PRO-seq, a 

hypergeometric test was used from a total of 9499 active mRNA genes. 
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GENE ONTOLOGY ANALYSIS 

Gene Ontology analysis was performed using DAVID (v6.8) online tool with 

standard parameters (https://david.ncifcrf.gov/home.jsp). 

PROTEIN EXPRESSION AND PURIFICATION. 

Drosophila IntS11 and CG7044 were cloned into the same pFL vector and co-

expressed in insect cells using Multibac technology (Geneva Biotech) (Sari et al. 2016). A 

6xHis tag was added to the N terminus of IntS11. Bacmids expressing IntS11 and CG7044 

were generated in DH10EMBacY competent cells (Geneva Biotech) by transformation. 

High5 cells were grown in ESF 921 medium (Expression Systems) by shaking at 120 rpm 

at 27 °C until the density reached 2 × 106 cells·ml–1. Cells were infected with 16 ml IntS11-

CG7044 P2 virus and harvested after 48 h.  

For purification, the cell pellet was resuspended and lysed by sonication in 100 ml 

of buffer containing 20 mM Tris (pH 8.0), 250 mM NaCl, 2 mM -mercaptoethanol (ME), 

5% (v/v) glycerol, and one tablet of protease inhibitor mixture (Sigma). The cell lysate was 

then centrifuged at 13,000 rpm for 40 min at 4 °C. The protein complex was purified from 

the supernatant via nickel affinity chromatography. The protein complex was further 

purified by a HiTrap Q column (GE Healthcare) and a Hiload 16/60 Superdex 200 column 

(GE Healthcare). The IntS11-CG7044 complex was concentrated to 1 mg·ml–1 in a buffer 

containing 20 mM Tris (pH 8.0), 100 mM NaCl, and 2 mM dithiothreitol (DTT), and stored 

at –80 °C. The protein concentration of the freshly purified samples was measured with a 

NanoDrop spectrophotometer (Thermo Fisher Scientific). 

EM SPECIMEN PREPARATION AND DATA COLLECTION.  

All specimens for cryo-EM were frozen with an EM GP2 plunge freezer (Leica) set 

at 20 °C and 99% humidity. Cryo-EM imaging was performed in the Simons Electron 

https://david.ncifcrf.gov/home.jsp
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Microscopy Center at the New York Structural Biology Center using Leginon (Suloway et 

al. 2005).  

For the IntS11-CG7044 complex, a 3.5 L aliquot at 0.18 mg·ml–1 was applied to 

one side of a Quantifoil 400 mesh 1.2/1.3 gold grid with graphene oxide support film 

(Quantifoil). After 30 s, the grid was blotted for 1.5 s on the other side and plunged into 

liquid ethane. 1,603 image stacks were collected on a Titan Krios electron microscope at 

New York Structural Biology Center, equipped with a K3 direct electron detector (Gatan) 

at 300 kV with a total dose of 51 e− Å−2 subdivided into 40 frames in 2 s exposure using 

Leginon. The images were recorded at a nominal magnification of 81,000× and a calibrated 

pixel size of 1.083 Å, with a defocus range from −1 to −2.5 m. 

IMAGE PROCESSING.  

For both cryo-EM datasets, image stacks were motion-corrected and dose-weighted 

using RELION 3.1 (Zivanov et al. 2018). For the IntS11-CG7044 dataset, the CTF 

parameters were determined with CTFFIND4 (Rohou and Grigorieff 2015) in cryoSPARC 

(Punjani et al. 2017). 2,028,174 particles were auto-picked and subjected to 2D 

classification and ab initio reconstruction in cryoSPARC to generate eight initial 3D 

models. These models were then used in heterogeneous refinement against all the particles 

in cryoSPARC, and the good particles were then used in another round of heterogeneous 

refinement. 406,222 particles were then selected and imported to RELION for CTF 

refinement and Bayesian polishing. The polished particles were then imported back to 

cryoSPARC for homogeneous refinement, yielding a final map at 3.54 Å resolution. 

MODEL BUILDING.  

Atomic models for CG7044, IntS11, IntS9 and IntS4 were built manually into the 

cryo-EM density with Coot (Emsley and Cowtan 2004). Homology models for Drosophila 

IntS9 and IntS11 were generated with I-TASSER (Roy et al. 2010), based on the structures 
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of human CPSF100 and CPSF73 (Zhang et al. 2020). The atomic models were improved 

by real-space refinement with the program PHENIX (Liebschner et al. 2019).  

PLASMID CONSTRUCTION AND STABLE CELL LINES GENERATION.  

For mutation analysis of Drosophila IntS9, IntS11, and CG7044, truncation primers 

were used to clone CG7044-947-974 and CG7044-966-974. Wild-types and the mutants 

of IntS11 and CG7044 were subsequently cloned into the pMT-3xFLAG-puro vector 

(Elrod et al. 2019) to inducibly express in DL1 cells. All plasmids were sequenced to 

confirm identity. To generate cells stably expressing the FLAG-IntS11-WT, FLAG-

IntS11-K462E, FLAG-CG7044-WT, FLAG-CG7044-947-974, FLAG-CG7044-966-

974, and eGFP control transgenes, 2x106 cells were first plated in regular maintenance 

media in a 6-well dish overnight. 2 g of expressing plasmids were transfected using 

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

media to select and maintain the cell population. Primers are Table 2.1. 

NUCLEAR EXTRACT PREPARATION.  

Five 150 mm dishes of each condition of confluent cells (pretreated with 500 M 

CuSO4 for 24 hours) were collected and washed in cold PBS before being resuspended in 

ten times volumes of the cell pellet of Buffer A (10 mM Tris pH 8, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT, and 0.2 mM PMSF). Resuspended cells were allowed to swell during 

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

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

with a dounce pestle B for 40 strokes on ice. Nuclear and cytosolic fractions were then 

separated by centrifuging at 800 g for 10 minutes. To attain a nuclear fraction, the pellet 

was washed once with Buffer A before being resuspended in two times volumes of the 

original cell pellet of Buffer C (20 mM Tris pH 8, 420 mM NaCl, 1.5 mM MgCl2, 25% 

(v/v) glycerol, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT). The samples were then 
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homogenized with a dounce pestle B for 20 strokes on ice and rotated for 30 minutes at 4 

C before centrifuging at 15,000 g for 30 minutes at 4 C. Finally, supernatants were 

collected and subjected to dialysis in Buffer D (20 mM HEPES, 100 mM KCl, 0.2 mM 

EDTA, 0.5 mM DTT, and 20% (v/v) glycerol) overnight at 4 °C against 3.5 kDa MWCO 

membrane (Spectrum Laboratories, #132720). Prior to any downstream applications, 

nuclear extracts were centrifuged again at 15,000 g for 3 minutes at 4 C to remove any 

precipitate. 

WESTERN BLOTTING AND ANTI-FLAG AFfiNITY PURIfiCATION.  

To check protein expression, cells were lysed directly in wells in 2X SDS sample 

buffer (120 mM Tris pH 6.8, 4% SDS, 200 mM DTT, 20% (v/v) glycerol, and 0.02% 

bromophenol blue). Lysates were incubated at room temperature with periodic swirling 

prior to a 10-minute boiling at 95 C and a short sonication. Denatured protein samples 

were then resolved in a 10% SDS-PAGE and transferred to a PVDF membrane (Bio-Rad, 

#1620177). Blots were probed by custom-designed Drosophila antibodies as previously 

described (Elrod et al. 2019) diluted in PBS-0.1% Tween supplemented with 5% nonfat 

milk. To detect proteins from 293T lysate, anti-hIntS11 (Bethyl, #A301-274A), anti-

hIMPK (Thermo, #PA5-21629), anti-GFP (Clontech, #632381), anti-alpha Tubulin 

(abcam, #ab15246), and anti-GAPDH (Thermo, #MA5-15738) were used at the dilution 

suggested by the manufacturer. 

To purify FLAG-tagged Integrator complexes, 1 mg of nuclear extract was mixed 

with 40 L anti-Flag M2 affinity agarose slurry (Sigma, #A2220) equilibrated in binding 

buffer (20 mM HEPES pH 7.4, 100 mM KCl, 10% (v/v) 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 500 g 

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 
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40 L of 2X sample buffer and boiled at 95 °C for five minutes. For input samples, nuclear 

extracts were mixed with 5X loading buffer and boiled, and 1/10 volume of the 

immunoprecipitation reaction was loaded on SDS-PAGE.  

MASS SPECTROMETRY SAMPLE DIGESTION.  

The samples were prepared similar to as described (Andersson et al. 2015). Briefly, 

the agarose bead-bound proteins were washed several times with 50mM 

Triethylammonium bicarbonate (TEAB) pH 7.1, before being solubilized with 40 mL 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 mL of 1M iodoacetamide acid was added and allowed 

to react for 20 minutes in the dark after which 0.5 mL of 2M DTT was added to quench the 

reaction. Then, 5 mL of 12% phosphoric acid was then added to the 50 mL protein solution 

followed by 350 mL 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 s spin at 4,000 g). The 

spin column was then washed three times with 400 mLof 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 80 mL of 0.2% formic acid, 

and finally 80 mL 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. 
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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 (75 mm 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 mL 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 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 s 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. 
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Dynamic exclusion was used to remove selected precursor ions, with a ± 10 ppm mass 

tolerance, for 15 s 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. 
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Chapter 3. Integrator’s Endonuclease Activity Regulates 

Transcriptional Activation of a Quick Response Gene  

This chapter contains text and figures reprinted with permission from Tatomer DC*, Elrod 

ND*, Liang D, Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex 

cleaves nascent mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes 

and Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019 (* indicates co-

first author). 

INTRODUCTION 

In response to physiological cues, environmental stress, or exposure to pathogens, 

specific transcriptional programs are induced. These responses are often coordinated, rapid, 

and robust, in part because many metazoan genes are maintained in a poised state with 

RNA polymerase II (RNAPII) engaged prior to induction. In addition to promoter-

proximal pausing, there are many regulatory steps post transcription initiation that dictate 

the characteristics and fate of mature transcripts. For example, alternative splicing and/or 

3′ end processing events can lead to the production of multiple isoforms from a single 

locus, and these transcripts can have distinct stabilities, translation potential, or sub-cellular 

localization. 

It is particularly important that genes produce full-length functional mRNAs and 

mechanisms such as telescripting, involving U1 snRNP, actively suppress premature 

cleavage and polyadenylation events in eukaryotic cells (Kaida et al. 2010; Berg et al. 

2012; Venters et al. 2019). Nevertheless, many promoters are known to generate short 

unstable RNAs (Kapranov et al. 2007; Xu et al. 2009; Porrua and Libri 2015). This suggests 

that pre-mature transcription termination may often occur, thereby limiting RNAPII 

elongation and production of full-length mRNAs. Moreover, this process can be regulated 

(Brannan et al. 2012; Wagschal et al. 2012; Chalamcharla et al. 2015; Chiu et al. 2018). 
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For example, it was recently shown that the cleavage and polyadenylation factor PCF11 

stimulates premature termination to attenuate the expression of many transcriptional 

regulators in human cells (Kamieniarz-Gdula et al. 2019). Potentially deleterious truncated 

transcripts generated by premature termination are often removed from cells by RNA 

surveillance mechanisms, including those mediated by the RNA exosome. However, the 

full repertoire of cellular factors and cofactors that control the metabolic fate of nascent 

RNAs, especially during the early stages of transcription elongation, is still unknown. 

We thus performed an unbiased genome-scale RNAi screen in Drosophila cells to 

reveal factors that control the output of a model inducible eukaryotic promoter. 

Transcription of Drosophila Metallothionein A (MtnA), which encodes a metal chelator, is 

rapidly induced when the intracellular concentration of heavy metals (e.g., copper or 

cadmium) is increased (Figure 3.1A). This increase in transcriptional output is dependent 

on the MTF-1 transcription factor, which re-localizes to the nucleus upon metal stress and 

binds to the MtnA promoter (Smirnova et al. 2000). Our RNAi screen identified MTF-1 

and other known regulators of MtnA transcription (Marr et al. 2006), but also surprisingly 

identified the Integrator complex as a potent inhibitor of MtnA during copper stress. 

Integrator harbors an endonuclease that cleaves snRNAs and enhancer RNAs (Baillat et al. 

2005; Lai et al. 2015), and we find that Integrator can likewise cleave nascent MtnA 

transcripts to limit mRNA production. Using RNA-seq, we find hundreds of additional 

Drosophila protein-coding genes whose expression increases upon Integrator depletion. 

Focused studies on a subset of these genes confirmed that Integrator can cleave these 

nascent RNAs, thereby limiting productive transcription elongation. Altogether, we 

propose that Integrator-catalyzed premature termination can function as a widespread and 

potent mechanism to attenuate expression of protein-coding genes.  
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RESULTS 

Genome scale RNAi screening reveals the Integrator complex as a potent inhibitor 

of the MtnA promoter during copper stress 

To identify regulators of an archetype inducible transcription program, the 

Drosophila MtnA promoter was cloned upstream of an intronless, non-polyadenylated 

eGFP reporter (Figure 3.1B). Maturation of this mRNA is independent of many canonical 

mRNA processing events, and we thus reasoned that high throughput RNAi screening 

using this reporter should primarily identify transcriptional and translational regulators. 

Drosophila DL1 cells stably maintaining the reporter were treated with double stranded 

RNAs (dsRNAs) for 3 d and copper was added for the final 6 h to activate the MtnA 

promoter and eGFP expression (Figure 3.1B). Automated microscopy and image analysis 

was then used to quantify eGFP fluorescence. A total of 232 factors were required for eGFP 

expression during copper stress, including ribosomal subunits and well characterized 

transcriptional regulators such as RNAPII, Mediator subunits (e.g., MED9 and MED15), 

and the MTF-1 transcription factor (Figures 3.1C,D (Marr et al. 2006; Gunther et al. 2012). 

Unexpectedly, nearly all 14 subunits of the Integrator (Int) complex (for review, see 

(Baillat and Wagner 2015)) were among the most potent negative regulators identified 

(Figures 3.1C,D). Of the >10,000 genes screened, depletion of the IntS8 subunit resulted 

in the largest increase in eGFP expression. 

RT-qPCR and western blotting confirmed that the dsRNAs resulted in depletion of 

the Integrator subunits and increases in eGFP reporter expression at both the protein and 

mRNA levels. These increases in expression upon Integrator depletion were observed 

regardless of the ORF downstream from the MtnA promoter, as we also observed an 

increase when eGFP was replaced with nano-Luciferase. Likewise, the increases in 

expression were not dependent on the mRNA 3′ end processing signals downstream from 

the ORF, as similar increases were observed when a canonical polyadenylation signal was 

present.  
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Figure 3.1: The Integrator complex inhibits expression from the MtnA promoter during 

copper stress 

(A, top) Upon metal stress, the tran-scription factor MTF-1 binds and induces 

transcription from the MtnA promoter, resulting in production of a protein that sequesters 

the excess metals to alleviate the stress. (Bottom) Drosophila DL1 cells were treated with 

500 µM copper sulfate (CuSO4) for the indicated times, and RT-qPCR was used to 

measure endogenous MtnA mRNA expression. Data from three independent experiments 

were normal-ized to RpL32 mRNA expression and are shown as mean ± SD, (∗) P < 

0.05.  

(B) RNAi screen pipeline using DL1 cells stably maintaining an eGFP reporter driven by 

the MtnA promoter. The self-cleaving hammerhead ribozyme (HhRz) (Dower et al. 

2004) generates the eGFP mRNA 3′. 

 end, which is then stabilized by the MALAT1 triple helix structure (Wilusz et al. 2012).  

(C) Robust Z-scores of eGFP integrated intensity are shown. RNAi treatments that 

resulted in increased (Z-score >1.3, dark green) or decreased (Z-score < −1.3, light green) 

eGFP expression are marked, including Integrator subunits (orange), transcription 

regulators (blue), and RNA exosome components (purple). 

(D) Gene ontology (GO) analysis was performed to identify categories of genes that are 

enriched among the negative (Z-score >1.3) and positive (Z-score < −1.3) regulators of 

the eGFP reporter.  
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(E) DL1 cells were treated with dsRNAs for 3 d to induce RNAi and depletion of the 

indicated factors. Expression of endogenous MtnA mRNA (after 14 h CuSO4 treatment) 

was quantified by RT-qPCR, and read-through transcription downstream from the 

U4:39B snRNA was quantified by northern blotting. Data are shown as mean ± SD, N ≥ 

3.(∗) P < 0.05.  

(F) Representative northern blot of endogenous MtnA mRNA isolated from DL1 cells 

treated with dsRNA to induce RNAi of the indicated factor. 

(Figure and legend text reprinted with permission from Tatomer DC, Elrod ND, Liang D, 

Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex cleaves nascent 

mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes and 

Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019.)   
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The Integrator complex is present at the endogenous MtnA locus during copper 

stress and represses MtnA pre-mRNA levels 

The Integrator complex has been implicated in a myriad of diseases, interacts with 

RNAPII, and contains the IntS11 RNA endonuclease that generates the 3′ ends of 

spliceosomal snRNAs (Baillat et al. 2005; Baillat and Wagner 2015). We confirmed that 

depleting subunits of the Integrator cleavage module (IntS4, IntS9, or IntS11) resulted in 

increased snRNA readthrough transcription (Figure 3.1E (Ezzeddine et al. 2011; Albrecht 

et al. 2018). Nevertheless, because mature snRNAs have long half-lives (Fury and Zieve 

1996), their levels only marginally decreased over the 72 h time course of the experiment. 

Integrator has also been implicated in transcription regulation at enhancers and at a 

subset of EGF-responsive mRNAs (Gardini et al. 2014; Lai et al. 2015), so we 

hypothesized that the Integrator complex could be directly acting at the MtnA promoter. 

Indeed, depletion of Integrator subunits resulted in increased expression of the endogenous 

MtnA mRNA (Figures 3.1E,F) and pre-mRNA (Figure 3.2A) to a similar extent during 

copper stress. Transcription of the MtnA locus is also induced by cadmium stress (Figure 

3.2B), but we found that depletion of Integrator subunits strikingly had no effect on MtnA 

pre-mRNA levels under these conditions (Figure 3.2C). This indicates that the Integrator 

complex can regulate the output of a protein-coding gene in a context specific manner. 

To explore the underlying basis for this distinct regulation of MtnA expression, we 

used chromatin immunoprecipitation (ChIP)-qPCR to examine the recruitment of 

Integrator subunits to the MtnA locus upon copper or cadmium stress. We found that IntS1 

and IntS12 were recruited to the endogenous MtnA locus upon copper stress (especially to 

the 5′ end), but their recruitment was significantly less robust during cadmium stress 

(Figure 3.2D). These results suggest that Integrator-mediated repression of MtnA during 

copper stress is due to Integrator recruitment to the chromatin eliciting direct effects on 

transcription. 
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Figure 3.2: The Integrator complex is present at the MtnA locus during copper stress 

and attenuates MtnA transcription 

(A) DL1 cells were treated with dsRNAs for 3 d to induce RNAi and depletion of the 

indicated factors. A total of 500 µM CuSO4 was added for the last 14 h. RT-qPCR was 

then used to measure the pre-mRNA levels of endogenous RpL32, DCP2, and MtnA. 

Primer pairs that span an intron–exon boundary were used to specifically amplify pre-

mRNAs. Data were normalized to RpL32 mRNA expression and are shown as mean ± 

SD, N =3. (∗) P < 0.05.  

(B) DL1 cells were unstressed (–) or treated with 500 µM CuSO4 or 50 µM CdCl2 for 14 

h, and RT-qPCR was then used to measure MtnA pre-mRNA levels. Data were 

normalized to RpL32 mRNA expression and are shown as mean ± SD, N =3.(∗) P < 0.05.  

(C) DL1 cells were treated with dsRNAs for 3 d and 500 µM CuSO4 or 50 µM CdCl2 

was added for the final 14 h, as indicated. RT-qPCR was then used to measure MtnA pre-

mRNA levels. Data were normalized to RpL32 mRNA expression and are shown as 

mean ± SD, N =3. (∗) P < 0.05.  

(D) The MtnA locus with the locations of ChIP amplicons. Recruitment of IntS1 and 

IntS12 in unstressed cells (gray) or after the cells had been treated with CuSO4 (blue) or 

CdCl2 (green) for 14 h was measured using ChIP-qPCR. Data are shown as fold change 

relative to the IgG control (mean ± SD, N = 3). (∗) P < 0.05. 

(Figure and legend text reprinted with permission from Tatomer DC, Elrod ND, Liang D, 

Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex cleaves nascent 

mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes and 

Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019.)   
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The IntS11 endonuclease activity is required for Integrator dependent regulation of 

MtnA expression 

To define how Integrator functions at MtnA during copper stress, we first addressed 

whether the RNA endonuclease activity of IntS11 is required. The endogenous IntS11 

protein was depleted using a dsRNA targeting either the IntS11 ORF or 3′ untranslated 

region (UTR) (Figure 3.3A), and this resulted in increased expression of endogenous MtnA 

mRNA relative to treatment with a control dsRNA (Figure 3.3B, lanes 1–3). Expression of 

a wild-type (WT) IntS11 transgene (Figure 3.3A) in cells treated with the IntS11 3′ UTR 

dsRNA restored MtnA expression to levels similar to control treated cells (Figure 3.3B, 

lane 4 vs.6), whereas expression of a catalytically dead (E203Q) (Baillat et al. 2005) IntS11 

transgene did not (Figure 3.3B, lane 7 vs. 9). As a control, we confirmed that increased 

MtnA expression was observed when cells were treated with a dsRNA targeting the IntS11 

ORF (Figure 3.3B, lanes 5, 8), which depletes both endogenous and exogenously expressed 

IntS11 (Figure 3.3A). This requirement for IntS11 endonuclease activity was also observed 

with the eGFP reporter driven by the MtnA promoter. Given that the E203Q mutation does 

not disrupt Integrator complex integrity (Baillat et al. 2005), these collective results 

indicate that the IntS11 endonuclease activity is required for Integrator to negatively 

regulate the transcriptional output of the MtnA promoter. 

The Integrator complex cleaves nascent MtnA mRNAs to trigger transcription 

termination 

By immunoprecipitating Integrator subunits followed by immunoblotting (Figure 

3.3C) or mass spectrometry (Figure 3.3D), we found that Integrator interacts with the 

nuclear RNA exosome, which catalyzes 3′–5′ degradation of many RNAs (for review, see 

(Zinder and Lima 2017)). Interestingly, our genome-scale RNAi screen identified many 

RNA exosome core components and cofactors (including Rrp40 and Mtr4) as positive 

regulators of the MtnA promoter during copper stress (Figures 3.1C,D). This suggests an 
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interplay between the RNA exosome and Integrator complex and that the RNA exosome 

may also function in controlling MtnA transcriptional output. We confirmed that RNA 

exosome core components and cofactors were efficiently depleted by RNAi, and that this 

resulted in the expected ribosomal RNA processing defects as well as decreased output 

from the MtnA promoter during copper stress (Figure 3.3E). We thus hypothesized that 

Integrator may cleave nascent MtnA transcripts to prematurely terminate RNAPII 

transcription (as Integrator is enriched near the 5′ end of the MtnA genomic locus during 

copper stress) (Figure 3.2D) and that these cleaved transcripts are targeted for rapid 

degradation by the RNA exosome (Figure 3.3F). 
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Figure 3.3: The IntS11 endonuclease activity and the RNA exosome regulate MtnA 

transcript levels 

(A, top) Schematic of IntS11 knockdown/plasmid rescue strategy. The ORF dsRNA (red) 

depletes IntS11 generated from both the endogenous locus and transgenes that are driven 

by the ubiquitin-63E promoter (pUbi-p63E), while the UTR dsRNA (blue) only depletes 

endogenous IntS11. (Bottom) DL1 cells (lanes 1–3) or DL1 cells stably maintaining 

Flag-tagged wild-type (WT; lanes 4–6) or catalytically dead (E203Q; lanes 7–9) IntS11 

transgenes were treated with the indicated dsRNAs for 3 d. Western blot analysis was 

then used to examine IntS11 protein levels. dlg1 was used as a loading control. 

Representative blots are shown.  

(B) Representative northern blot of the endogenous MtnA mRNA in DL1 cells stably 

maintaining IntS11 transgenes that had been treated with the indicated dsRNAs and 

CuSO4. Expression was quantified using ImageQuant and data are shown as mean ± SD, 

N = 3. (*) P < 0.05.  

(C) Western blot analysis of S2 nuclear extracts that were subjected to purification using 

Flag affinity resin. (Left panel) Western blots showing input levels of the denoted 

proteins in nuclear extracts derived from naïve S2 cells, S2 cells stably expressing Flag-

IntS1, or S2 cells stably expressing Flag-IntS5. (Right panel) same as left panel except 

that Flag immunoprecipitates were probed.  
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(D) Heat map showing the relative enrichment of RNA exosome components within 

Flag-Integrator subunit purifications as determined by mass spectrometry. Normalized 

spectral abundance factor (NSAF) values were quantified as previously described 

(Zybailov et al. 2006), and fold-enrichment of each RNA exosome subunit in Integrator 

purifications relative to purification from naïve extract is given.  

(E) DL1 cells were treated with dsRNAs for 3 d to induce RNAi and depletion of the 

indicated factors. CuSO4 was added for the last 6 h. Northern blots were then used to 

quantify expression of endogenous MtnA mRNA and data are shown as mean ± SD, N = 

3. (*) P < 0.05.  

(F) Model for Integrator-dependent premature termination. After cleavage of the nascent 

MtnA transcript by IntS11, the small RNAs are degraded by the RNA exosome. 

(Figure and legend text reprinted with permission from Tatomer DC, Elrod ND, Liang D, 

Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex cleaves nascent 

mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes and 

Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019.)   
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To test this model, we first treated cells with dsRNAs to deplete the exosome-

associated RNA helicase Mtr4 (Lubas et al. 2011). This resulted in a reduction in full length 

endogenous MtnA mRNA expression (Figure 3.3E) and, concomitantly, a number of small 

RNAs were detected from the MtnA locus, including prominent transcripts with lengths of 

∼85 and ∼110 nt (RNAs marked in orange) (Figure 3.4A, lane 4). These small RNAs were 

dependent on the MTF-1 transcription factor (Figure 3.4A, lane 6) and capped at their 5′ 

ends, as they could be degraded by a 5′ phosphate dependent exonuclease only after 

treatment with Cap-Clip Acid Pyrophophatase, which hydrolyzes cap structures to generate 

5′ monophosphate groups. Northern blots using multiple probes further indicated that the 

small RNAs have the same TSS as MtnA mRNA and ligation-mediated 3′ RACE revealed 

that these small RNAs had detectable 3′ oligoadenylation, a mark known to facilitate RNA 

degradation by the RNA exosome (LaCava et al. 2005) 

We next co-depleted Mtr4 and Integrator subunits and observed that these small 

RNAs were completely eliminated and that full-length MtnA mRNA expression was 

restored (Figure 3.4A, lanes 8,10,12). This suggests that generation of the small RNAs is 

dependent on Integrator. In support of this, in cells in which the endogenous IntS11 protein 

had been depleted by RNAi (Figure 3.4B, lane 4), re-expression of a wild-type (WT) IntS11 

transgene restored expression of the MtnA small RNAs (Figure 3.4B, lane 8), whereas 

expression of a catalytically dead (E203Q) (Baillat et al. 2005) IntS11 transgene did not 

(Figure 3.4B, lane 12). 

Together, the data in Figures 3.1–4 support a model in which the Integrator complex 

is recruited to the active MtnA locus during copper stress to cleave nascent RNAs, thereby 

facilitating premature termination (Figure 3.3F). This role for Integrator at MtnA is 

mechanistically related to its function at snRNA genes, where Integrator both cleaves the 

nascent snRNA and promotes RNAPII termination/recycling. Rather than Integrator 

attaining a novel function at protein-coding genes (Arnold et al. 2013; Gardini et al. 2014; 

Stadelmayer et al. 2014), our data show that the Integrator endonuclease activity has been 
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“repurposed” at the MtnA gene. Once generated, the prematurely terminated small RNAs 

are actively targeted for 3′–5′degradation by the nuclear RNA exosome, at least in part due 

to 3′ oligoadenylation. Degradation of these small RNAs appears to be critical for enabling 

subsequent rounds of MtnA transcription, as the output of the MtnA promoter is reduced 

when the RNA exosome is depleted from cells (Figures 3.1C, 3.3E). The requirement of 

the RNA exosome for MtnA transcription is, however, abrogated when Integrator is 

depleted or catalytically inactive. These results indicate a potential epistatic relationship in 

which Integrator cleaves nascent RNAs that must be subsequently degraded to allow 

production of more full-length mRNA transcripts in copper stressed cells. 
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Figure 3.4: The Integrator complex cleaves nascent MtnA RNAs to catalyze premature 

transcription termination 

(A) Northern blotting was used to analyze RNAs generated from the endogenous MtnA 

locus in DL1 cells treated with the indicated dsRNAs and CuSO4. Full-length MtnA 

mRNA (black arrow) and Integrator-dependent small RNAs (orange) are indicated.  

(B) Parental DL1 cells (lanes 1–4) or DL1 cells stably expressing WT (lanes 5–8) or 

catalytically inactive (lanes 9–12) IntS11 transgenes were treated with the indicated 

dsRNAs and CuSO4. Northern blotting was then performed as in A. 

(Figure and legend text reprinted with permission from Tatomer DC, Elrod ND, Liang D, 

Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex cleaves nascent 

mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes and 

Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019.)   
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Many Drosophila protein-coding genes are controlled by the Integrator complex 

As Integrator-dependent termination events potently attenuate transcription from 

the MtnA promoter during copper stress, we next asked whether additional protein-coding 

genes are similarly regulated. IntS9, which forms a heterodimer with IntS11 and is essential 

for its endonuclease activity (Wu et al. 2017), was depleted from DL1 cells for 3 d and 

copper was added for the final 14 h. Using RNA-seq, we identified 409 and 49 genes that 

were up and down-regulated, respectively, upon IntS9 depletion (fold change >1.5 and P < 

0.001) (Figure 3.5A). The set of up-regulated mRNAs was enriched in genes that respond 

to stimuli as well as gene ontology categories related to cell migration, proliferation, and 

cell-fate specification. In contrast, no gene ontology categories were enriched in the set of 

down-regulated mRNAs. 

To validate the RNA-seq results, seven mRNAs that had differing magnitudes of 

fold change upon IntS9 depletion were selected for further analysis (genes marked in 

orange in Figure 3.5A). Among these genes, five contain introns and two are intron-less 

(CG8620 and CG6770). RT-qPCR confirmed that expression of all seven of these mRNAs 

increased upon IntS9 depletion regardless of whether the cells were subjected to metal 

stress (Figure 3.5B). Therefore, we did not induce metal stress in subsequent experiments. 

Upon depleting each Integrator sub-unit individually, we noted that expression of these 

mRNAs was often most affected by depletion of IntS4, which forms the scaffold of the 

Integrator cleavage module (Figure 3.5C (Albrecht et al. 2018)). Moreover, analogous to 

our prior results with MtnA (Figure 3.1E), depletion of many non-catalytic Integrator 

subunits (notably IntS1, IntS2, IntS5, IntS6, IntS7, and IntS8) also caused large increases 

in the expression of these mRNAs (Figure 3.5C). 
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Figure 3.5: Integrator depletion results in up-regulation of many protein-coding genes 

(A) DL1 cells were treated for 3 d with a control (βgal) dsRNA or a dsRNA to deplete 

IntS9, and CuSO4 was added for the last 14 h. Total RNA was isolated, depleted of 

ribosomal RNAs, and RNA-seq libraries prepared (three biological replicates per 

condition). The magnitude of change in mRNA expression compared with statistical 

significance (P-value) is shown as a volcano plot. Threshold used to define IntS9-affected 

mRNAs was fold change >1.5 and P < 0.001.  
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(B) To verify the RNA-seq results (gray), DL1 cells were treated for 3 d with a control 

(βgal) dsRNA or a dsRNA to deplete IntS9 with or without CuSO4 added for the last 14 

h (light blue and dark blue, respectively). RT-qPCR was then used to quantify changes in 

mRNA expression levels. Data were normalized to RpL32 mRNA expression and are 

shown as mean ± SD compared with treatment with a control dsRNA, N ≥ 3. (*) P < 

0.05.  

(C) DL1 cells were treated with dsRNA to induce RNAi of the indicated factor, and RT-

qPCR was then used to quantify changes in mRNA expression levels. CuSO4 was added 

for the last 14 h only when measuring MtnA mRNA levels. Northern blotting was used to 

quantify readthrough transcription downstream from the U4:39B snRNA as described in 

Figure 3.1E. Data are summarized as a heat map using Morpheus (Broad Institute) with 

darker shades representing increased transcript expression compared with treatment with 

a control (βgal) dsRNA.  

(D) RT-qPCR was used to measure the mRNA and pre-mRNA levels of the indicated 

transcripts. Data were normalized to RpL32 mRNA expression and are shown as mean ± 

SD, N ≥ 3. (*) P < 0.05.  

(E) ChIP-qPCR was used to measure IntS1 and IntS12 occupancy at the indicated 

promoter regions. Data are shown as fold change relative to the IgG control serum (mean 

± SD, N = 3). (*) P < 0.05. 

(Figure and legend text reprinted with permission from Tatomer DC, Elrod ND, Liang D, 

Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex cleaves nascent 

mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes and 

Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019.)   
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The Integrator complex cleaves many nascent mRNAs to trigger transcription 

termination 

To determine whether Integrator controls the outputs of these protein-coding genes 

transcriptionally or post-transcriptionally, we measured pre-mRNA levels from the intron-

containing genes. Expression of these pre-mRNAs increased upon depletion of Integrator 

subunits, and the observed fold changes are similar to the increases in mature mRNA levels 

(Figure 3.5D). These results mirror our findings at MtnA (Figure 3.2A) and strongly 

suggest that the observed increases in mature transcript levels are due to transcriptional 

control by Integrator, and not due to indirect effects of Integrator functioning in snRNA 

processing. Moreover, ChIP-qPCR confirmed that multiple Integrator subunits are 

recruited to the 5′ ends of these gene loci (Figure 3.5E). As an additional control, we 

monitored the DCP2 locus and observed minimal Integrator binding to the gene (Figure 

3.5E) as well as no change in DCP2 pre-mRNA or mRNA levels upon Integrator depletion 

(Figure 3.5D). 

To further confirm that Integrator regulation of these genes was driven by their 

promoters, we cloned each of these regions (along with a portion of the 5′ UTRs) up-stream 

of an eGFP reporter (Figure 3.6A). Indeed, the expression of eGFP mRNA driven from 

each of the examined promoters was sensitive to the levels of Integrator sub-units, 

including those in the Integrator cleavage module (especially IntS4) as well as many of the 

non-catalytic sub-units (Figure 3.6A). Similar results were obtained with the MtnA-driven 

eGFP reporter (Figure 3.6A), whereas a reporter plasmid that monitors Integrator activity 

downstream from an snRNA (Chen et al. 2013) displayed a distinct sensitivity pattern 

(Figure 3.6B). For example, IntS6 depletion caused up-regulation of the output from all the 

Integrator regulated protein-coding gene promoters (Figure 3.6A) but had minimal effect 

on the U4:39B snRNA readthrough reporter (Figure 3.6B). As an additional control, we 

confirmed that expression of an eGFP reporter driven by the ubiquitin-63E (Ubi-p63e) 

promoter did not increase upon depletion of any of the Integrator subunits (Figure 3.6A).  
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Figure 3.6: eGFP reporter genes driven by the example promoters are regulated by 

Integrator 

(A) The promoter and 5′ UTR of each of the indicated protein-coding genes was cloned 

upstream of an eGFP reporter. The plasmids were then individually transfected into DL1 

cells that had been treated with the indicated dsRNAs. CuSO4 was added for the last 14 h 

only when measuring eGFP production from the MtnA promoter. Northern blots were 

used to quantify expression of each eGFP reporter mRNA. Representative blots are 

shown. 

(B) DL1 cells were treated with the indicated dsRNAs and then transfected with a 

reporter plasmid that produces eGFP when the encoded U4:39B snRNA fails to be 

properly processed at its 3′ end. Northern blots were used to quantify eGFP mRNA 

expression that is a result of U4:39B readthrough. A representative blot is shown. 

(Figure and legend text reprinted with permission from Tatomer DC, Elrod ND, Liang D, 

Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex cleaves nascent 

mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes and 

Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019.)   
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This is consistent with the RNA-seq results that showed endogenous Ubi-p63e mRNA 

levels do not change upon Integrator depletion. 

Next, we tested whether Integrator catalyzes premature transcription termination at 

these genes in a manner analogous to how it controls MtnA. We first investigated whether 

the IntS11 endonuclease activity is required. Depletion of the endogenous IntS11 protein 

using a dsRNA targeting the IntS11 3′ UTR (Figure 3.3A) resulted in increased expression 

of each of the examined Integrator-dependent mRNAs (Figure 3.7A). Expression of a wild-

type (WT) IntS11 transgene restored mRNA expression to levels similar to control treated 

cells, whereas the catalytically dead IntS11 E203Q mutant did not (Figure 3.7A). The 

IntS11 endonuclease activity is thus indeed required for regulation of each of these genes 

and, notably, the presence of the E203Q mutant protein exacerbated the changes in 

expression of the CG6770, pst, and Sirup mRNAs, potentially indicative of a dominant 

negative effect. 

Northern blots were then used to detect premature termination products from each 

of the Integrator-regulated genes (Figure 3.7B). Given that the MtnA cleavage products are 

rapidly degraded by the RNA exosome (Figure 3.4), we reasoned that small RNAs 

generated from other loci would likewise be unstable. Depletion of the exosome-associated 

RNA helicase Mtr4 (Lubas et al. 2011) enabled small RNAs to be detected from the 5′ ends 

of the Integrator-dependent genes, and these transcripts were lost upon Integrator co-

depletion (RNAs marked in orange; Figure 3.7B). Interestingly, these small RNAs were of 

defined lengths and often 50–110 nt, roughly mirroring the sizes of cleavage products 

observed at the MtnA locus (Figure 3.4). We thus conclude that the Integrator complex is 

recruited to a number of protein-coding genes where it cleaves nascent RNAs and 

facilitates premature transcription termination (Figure 3.7C). 
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Figure 3.7: The Integrator complex cleaves many nascent mRNAs to catalyze 

premature transcription termination 

(A) Parental DL1 cells (denoted –) or DL1 cells stably expressing WT or catalytically 

inactive (E203Q) IntS11 transgenes were treated with a dsRNA to the IntS11 3′ UTR, 

thereby depleting endogenous IntS11 but not IntS11 made from the transgenes. RT-qPCR 

was then used to quantify expression of the indicated mRNAs. Data were normalized to 

RpL32 mRNA expression and are shown as mean ± SD, N = 3. (*) P < 0.05.  

(B) DL1 cells were treated with dsRNAs for 3 d to induce RNAi and depletion of the 

indicated factors. Northern blotting using 50 µg of total RNA was then used to analyze 

transcripts from the 5′ ends of the indicated protein-coding loci. Integrator-dependent 

small RNAs (orange) and full-length mRNAs (black arrows) are noted. Representative 

blots are shown.  

(C) Schematic of a protein-coding locus, highlighting the presence of Integrator (Int, 

orange) and possible fates of RNAPII (blue). After transcription initiation, RNAPII can 

transition into productive elongation to generate the mature mRNA. Alternatively, 

Integrator can cleave the nascent RNA, thereby enabling transcription termination and 

degradation of the short RNA by the nuclear RNA exosome (purple). 
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(Figure and legend text reprinted with permission from Tatomer DC, Elrod ND, Liang D, 

Jonathan M, Wagner EJ, Cherry S, Wilusz JE: The Integrator complex cleaves nascent 

mRNAs to attenuate transcriptional attenuation of Methallothionein. Genes and 

Development Sep;33/21-21/1525 doi:10.1101/gad.330167.119 2019.)   
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Integrator cleavage of nascent mRNAs does not require a 3′ box sequence 

At snRNA gene loci, a conserved but relatively degenerate sequence known as the 

3′ box is located 9–19 nt down-stream from the 3′ ends of mature snRNA transcripts and 

is required for Integrator cleavage (Hernandez 1985; Baillat and Wagner 2015). A similar 

3′ box-like sequence is not immediately recognizable within MtnA or the other transcripts 

we studied in detail, and we thus introduced deletions into the MtnA 5′ UTR upstream of 

the eGFP reporter in an attempt to alter the cleavage product sizes. Notably, this analysis 

revealed that Integrator-dependent small RNAs derived from the MtnA promoter appear to 

be largely 70–90 nt in length, regardless of the mRNA sequence. This suggests that 

Integrator may cleave nascent mRNAs at a set distance from the TSS in a manner 

independent of local DNA or RNA sequence content, perhaps at positions of RNAPII 

pausing/stalling or nucleosomes (Chiu et al. 2018) (Figure 3.7B). 

SUMMARY 

Altogether, our data indicate that the Integrator complex can attenuate the 

expression of protein-coding genes by catalyzing premature transcription termination 

(Figure 3.7C). The IntS11 endonuclease cleaves a subset of nascent mRNAs, which 

ultimately triggers degradation of the transcripts by the RNA exosome along with RNAPII 

termination. We suggest that many protein-coding genes are negatively regulated via this 

attenuation mechanism, and the Drosophila MtnA promoter highlights context-specific 

regulation by Integrator. Transcription of MtnA is induced by copper or cadmium stress, 

and yet we find that Integrator is robustly recruited to the MtnA promoter only under 

copper stress conditions (Figure 3.2). 
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Chapter 4. The Integrator Complex Attenuates Promoter-Proximal 

Transcription at Protein-Coding Genes  

This chapter contains text and figures reprinted with permission from Elrod ND, Henriques 

T*, Huang K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019. 

INTRODUCTION 

Dysregulated gene activity underlies a majority of developmental defects and many 

diseases including cancer, immune and neurological disorders. Accordingly, the 

transcription of protein-coding messenger RNA (mRNA) is tightly controlled in metazoan 

cells, and can be regulated at the steps of initiation, elongation or termination. During 

initiation, transcription factors (TFs) cooperate with coactivators such as Mediator to 

recruit the general transcription machinery and Pol II to a gene promoter. The polymerase 

then initiates RNA synthesis and moves downstream from the transcription start site (TSS) 

into the promoter-proximal region. However, after generating a short, 25-60 nt-long RNA, 

Pol II pauses in early elongation (Adelman and Lis 2012). Pausing by Pol II is manifested 

by the DSIF and NELF complexes, which collaborate to stabilize the paused conformation 

(Henriques et al. 2013; Vos et al. 2018; Core and Adelman 2019). Release of paused Pol 

II into productive elongation requires the kinase P-TEFb, which phosphorylates DSIF, 

NELF and the Pol II C-terminal domain (CTD), removing NELF from the elongation 

complex and allowing Pol II to resume transcription into the gene body, with enhanced 

elongation efficiency (Peterlin and Price 2006).  

Release of paused Pol II into productive RNA synthesis is essential for formation 

of a mature, functional mRNA. If promoter-paused Pol II becomes permanently arrested 

or dissociates from the DNA through premature termination, then the process of gene 
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expression is short-circuited, and the gene will not be expressed. Thus, the stability and 

fate of paused Pol II at a given promoter will have profound effects on gene output. 

Interestingly, work from a number of laboratories has highlighted that the stability of 

paused Pol II can differ substantially among genes (Henriques et al. 2013; Buckley et al. 

2014; Chen et al. 2015; Krebs et al. 2017; Shao and Zeitlinger 2017; Erickson et al. 2018). 

In particular, recent studies of paused Pol II in Drosophila revealed a surprising diversity 

of behaviors following treatment of cells with Triptolide (Trp), an inhibitor of TFIIH that 

prevents new transcription initiation (Vispe et al. 2009; Krebs et al. 2017; Shao and 

Zeitlinger 2017; Henriques et al. 2018). At ~20% of genes, inhibition of transcription 

initiation with Trp caused a dramatic reduction of promoter Pol II levels within <2.5 

minutes (Henriques et al. 2018). Thus, these genes consistently require new transcription 

initiation in order to maintain appropriate levels of promoter Pol II. As such, it has been 

proposed that Pol II undergoes multiple iterative cycles of initiation, early elongation and 

premature termination at these genes, each time releasing a short, non-functional RNA 

(Krebs et al. 2017; Nilson et al. 2017; Erickson et al. 2018; Steurer et al. 2018; Kamieniarz-

Gdula et al. 2019). In contrast, a majority of genes were found to harbor a more stable Pol 

II, with paused polymerase levels persisting after Trp treatment. In fact, after inhibiting 

transcription initiation, the median half-life of paused Pol II was ~10 minutes in both mouse 

and Drosophila systems (Jonkers et al. 2014; Chen et al. 2015; Shao and Zeitlinger 2017; 

Henriques et al. 2018). Critically, the distinct stabilities of Pol II observed at different 

promoters suggests that the lifetime of paused polymerase is modulated to tune gene 

expression levels. However, the factors that mediate this regulation have yet to be 

elucidated.  

Regulation of promoter-proximal termination is well-described in bacteria, where 

it is termed attenuation (Yanofsky 1981). Attenuation serves to tightly repress gene 

activity, even under conditions where the polymerase is recruited to a promoter and 

initiates RNA synthesis at high levels. Mechanistically, bacterial attenuation often involves 
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destabilization of the RNA-DNA hybrid within the polymerase through RNA structures 

and/or termination factors with RNA helicase activity (Yanofsky 1981; Gollnick and 

Babitzke 2002; Henkin and Yanofsky 2002). Similar termination mechanisms are 

recognized in the yeast Saccharomyces cerevisiae, where the Nrd1-Nab3-Sen1 (NNS) 

complex directs termination using coordinated RNA binding and helicase activities 

(Bresson and Tollervey 2018). Intriguingly, the NNS complex, which predominantly 

drives termination of non-coding RNAs, has also been implicated in premature termination 

at select mRNA loci (Porrua and Libri 2015; Merran and Corden 2017; Sohrabi-Jahromi 

et al. 2019). However, despite the regulatory potential of promoter-proximal attenuation, 

no similar strategies or factors have yet been described in metazoan cells. In particular, it 

remains unclear whether higher eukaryotes possess a termination machinery that promotes 

dissociation of paused early elongation complexes.  

Elongating Pol II is typically extremely stable, with formation of a mature mRNA 

often involving transcription of many kilobases without Pol II dissociation from DNA. 

Termination at mRNA 3’-ends involves recognition of specific sequences by cleavage and 

polyadenylation (CPA) factors and slowing of Pol II elongation. CPSF73, a component of 

the CPA complex, utilizes a -lactamase/-CASP domain (Mandel et al. 2006) to cleave 

pre-mRNA, producing both a substrate for polyadenylation and a free 5’ end on the nascent 

RNA still engaged with Pol II. This 5’ end lacks the protective 7-methy-G cap, allowing it 

to be targeted by the Xrn2 exonuclease, which ultimately leads to termination (Eaton et al. 

2018). Hence, cleavage of the nascent RNA is coupled to the termination of elongation and 

dissociation of Pol II from template DNA, as well as degradation of the associated short 

RNA. Although the CPA machinery typically functions at gene 3’ ends, there are examples 

of premature cleavage and polyadenylation (PCPA) occurring within gene bodies, 

especially within intronic regions (Kamieniarz-Gdula et al. 2019; Venters et al. 2019). 

However, whether this machinery is involved in RNA cleavage and termination of 

promoter proximal Pol II remains unknown. 
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We set out to determine the causes of differential stability of paused Pol II across 

mRNA genes. In particular, we were interested in defining factors that might render 

promoter Pol II susceptible to premature termination and the release of short, immature 

RNAs (Krebs et al. 2017; Nilson et al. 2017; Shao and Zeitlinger 2017; Erickson et al. 

2018; Henriques et al. 2018; Steurer et al. 2018). Strikingly, we discovered that the 

Integrator complex is enriched at mRNA promoters with unstable Pol II pausing. The 14-

subunit, metazoan-specific, Integrator complex was initially reported to be exclusively 

required for cleavage and 3’-end formation of small nuclear RNAs (snRNAs) involved in 

splicing (Baillat et al. 2005). However, subsequent work has suggested a broader role, 

including at signal-responsive mammalian genes (Gardini et al. 2014; Stadelmayer et al. 

2014; Lai et al. 2015; Skaar et al. 2015). Our work elucidates this role and reveals that 

Integrator targets paused Pol II at selected protein-coding genes and enhancers, to mediate 

premature termination. Notably, the Integrator complex, like the CPA machinery, 

possesses an RNA endonuclease, and we find that this activity is critical for gene 

repression. Thus, our findings unearth transcription attenuation as a conserved, broad mode 

of gene control in metazoan cells. 

 RESULTS AND DISCUSSION 

The underlying cause for the short lifetime of paused Pol II at a subset (~20%) of 

Drosophila protein coding genes is not understood (Buckley et al. 2014; Krebs et al. 2017; 

Shao and Zeitlinger 2017; Henriques et al. 2018). One potential explanation for the brief 

lifetime of Pol II near these promoters is that paused polymerase is quickly released into 

productive elongation. This model would predict that such genes would generally have 

lower levels of Pol II near their promoters, and more Pol II elongating within gene bodies. 

An alternative possibility is that fast Pol II turnover at these genes results from rapid 

transcription termination of promoter-paused Pol II. The key prediction of this latter model 
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is that these genes would display lower levels of productively elongating Pol II within gene 

bodies.  

To evaluate these possibilities, we compared nascent RNA profiles, determined by 

PRO-seq, a single-nucleotide resolution method for mapping active and transcriptionally 

engaged Pol II (Kwak et al. 2013). Genes were stratified into four clusters based on their 

Pol II decay rate following Trp treatment (Krebs et al. 2017; Henriques et al. 2018) and 

were analyzed for PRO-seq signals near the promoter or within the gene body. We found 

that genes with short-lived promoter Pol II occupancy (defined as half-life upon Trp-

treatment <2.5 min) have significantly lower elongating Pol II levels than other gene 

classes (Figure 4.1a), despite modestly higher promoter Pol II signals. These data are thus 

consistent with a model wherein Pol II is efficiently recruited to these promoters, but fails 

to enter productive elongation, possibly due to premature termination (Krebs et al. 2017). 

To evaluate this prediction and define factors that might contribute to this behavior, 

we computationally assessed a comprehensive repertoire of ChIP-seq data (mod et al. 2010; 

Ho et al. 2014; Weber et al. 2014; Baumann and Gilmour 2017; Henriques et al. 2018; 

Kaye et al. 2018). Specifically, we sought to identify factors enriched (or de-enriched) at 

gene promoters where pausing is unstable as compared to other promoters. Chromatin 

accessibility was observed to be consistent across Pol II decay classes (as assessed by 

ATAC-seq, Figure 4.1b), consistent with the similar promoter Pol II levels observed. 

However, reduced levels of tri-methylated H3 Lysine 36 (H3K36me3) were noted within 

genes harboring unstable promoter Pol II (Figure 4.1c). The H3K36me3 mark is deposited 

during productive elongation, and H3K36me3 levels typically correlate with transcription 

activity (Wagner and Carpenter 2012; Venkatesh and Workman 2015). Thus, the observed, 

low H3K36me3 signal indicates weak transcription elongation at genes with unstable Pol 

II, consistent with PRO-seq data. Conversely, genes with stable pausing exhibited stronger 

transcription activity and higher levels of H3K36me3 (Figures 4.1a and 4.1b), in agreement 

with recent work (Tettey et al. 2019).   
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Genes with unstable Pol II also displayed a significant enrichment in H3K4 mono-

methylation (H3K4me1) and lower tri-methylation of H3K4 (H3K4me3) and as compared 

to genes with more stable pausing (Figure 1b). This finding suggests that H3K4 

methylation levels increase near promoters as Pol II stability and residence time increases, 

in agreement with a recent study in yeast (Soares et al. 2017). Intriguingly, elevated 

H3K4me1 levels, with deficiencies in H3K36me3, H3K4me3 and productive RNA 

elongation are considered to be characteristics of enhancers (ENCODE-Project-

Consortium 2012; Kim and Shiekhattar 2015). Enhancers are also characterized by 

unstable Pol II and the production of short RNAs (Henriques et al. 2018), suggesting a 

connection between the chromatin signatures typical of enhancers and defective or 

inefficient transcription elongation.  

To define additional factors that could contribute to the transcriptional properties 

of these genes, we analyzed ChIP-seq profiles of non-chromatin proteins. We found the 

Integrator subunit 1 (IntS1) among the most significantly enriched factors at genes with 

unstable Pol II (Figures 4.1d and 4.1e). This is an interesting finding, given that Integrator 

is implicated in the biogenesis of enhancer-derived RNAs (eRNAs) in human cells (Lai et 

al. 2015), and further underscores the similarity between this class of genes and enhancers. 

To confirm these results, we conducted ChIP-seq using an antibody raised against another 

Drosophila Integrator subunit, IntS12, and found a highly similar enrichment at genes with 

unstable Pol II).  

In summary, genes with unstable promoter Pol II display high levels of Pol II 

recruitment and promoter DNA accessibility, but significantly diminished Pol II 

elongation. Further, these genes display chromatin features reminiscent of enhancers, 

suggestive that a lack of stable pausing has considerable consequences on local chromatin 

modifications (Figures 4.1e and 4.1f). Interestingly, these genes also show elevated 

occupancy by Integrator, a factor known to mediate RNA cleavage and Pol II termination 

at non-coding RNA loci.  
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Figure 4.1: Genes with highly unstable promoter Pol II are characterized by poor 

transcription elongation and enriched binding of Integrator 

(a) The average distribution of PRO-seq signal is shown at mRNA transcription start sites 

(TSSs), with genes divided into four groups based on Pol II promoter decay rates 

following Triptolide treatment (groups defined in Henriques et al, 2018). Inset shows the 

gene body region. Read counts are summed in 25-nt bins.  

(b) Heatmap representations of PRO-seq and ATAC-seq signal, along with ChIP-seq 

reads for H3K36me3, H3K4me1 and H3K4me3 histone modifications and the Integrator 

subunit 1 (IntS1). Data are aligned around mRNA TSSs, shown as a green arrow 

(n=8389). Data are ranked by Promoter Pol II decay rate, where promoters with fastest 

decay rates (≤2.5 min) are on top. Dotted line separates each group of genes.  

(c and d) Average distribution of (c) H3K36me3, and (d) IntS1, ChIP-seq signal is 

shown, aligned around TSSs and divided into groups based on Pol II decay rate, as in A. 

(e and f) Example gene loci, representative of genes in the (e) fast, or (f) slow, Pol II 

promoter decay groups, displaying profiles of PRO-seq and ChIP-seq signals, as 

indicated. 

(Figure and legend text reprinted with permission from Elrod ND, Henriques T, Huang 

K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019.  
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Loss of Integrator leads to loss of promoter-proximal termination and upregulation 

of gene expression 

Two Integrator subunits, IntS11 and IntS9, are paralogs of the CPA proteins 

CPSF73 and CPSF100, respectively. IntS11, like CPSF73, has a -lactamase/-CASP 

domain and harbors endonuclease activity. Moreover, similar to CPSF73/100, IntS11 

forms a heterodimer with IntS9 and this association is essential for function (Wu et al. 

2017). This similarity suggests that Integrator might be capable of mediating transcription 

termination at protein-coding genes using a mechanism related to that of the CPA 

machinery. To evaluate this possibility, IntS9 was depleted using RNA interference 

(RNAi) for 60 hours, followed by polyA-selected RNA-seq to identify mRNA expression 

changes. Consistent with the reported stability of snRNAs, their steady-state levels were 

not perturbed during the relatively short time course of RNAi, and very few differences in 

splicing events were observed in IntS9-depleted cells. Thus, short-term loss of Integrator 

has minimal effects on snRNA functionality or splicing patterns. Nonetheless, genes with 

any evidence of altered splicing in IntS9-depleted cells were removed from all further 

analyses, enabling us to solely focus on transcriptional targets of Integrator.  

Our analysis revealed 723 upregulated and 163 downregulated mRNAs upon IntS9 

depletion (Figure 4.2s), suggesting that Drosophila Integrator is predominantly a 

transcriptional repressor. The expression changes observed upon IntS9 RNAi were 

validated using RT-qPCR at selected genes. Gene Ontology analysis of upregulated 

transcripts shows significant enrichment in signal-responsive pathways, including 

metabolic, receptor and oxidoreductase activities, as well as Epidermal Growth Factor 

(EGF)-like protein domains. Consistently, work on mammalian Integrator has implicated 

this complex in EGF-responsive gene activity (Gardini et al. 2014).  

 To probe the mechanisms by which Integrator regulates gene expression, we 

directly monitored nascent RNA synthesis using PRO-seq in control or IntS9-depleted 

cells. Critically, PRO-seq is amenable to spike-in normalization, allowing us to ensure that 
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quantitative differences between samples can be accurately measured. PRO-seq in control 

cells revealed that Pol II is effectively recruited to IntS9-repressed promoters, but the 

polymerase often fails to transition into productive elongation (Figures 4.2b and 4.2c). In 

fact, genes upregulated upon IntS9 depletion exhibited significantly higher PRO-seq signal 

at promoters, yet lower PRO-seq signal within gene bodies and lower mRNA expression 

than unaffected genes. These data demonstrate that Integrator does not repress transcription 

initiation but rather prevents the transition of promoter-proximal Pol II into productive 

RNA synthesis, perhaps by mediating transcription termination. Consistent with this 

possibility, depletion of IntS9 relieved the strong block to productive elongation at 

upregulated genes, allowing a significant, median 3-fold, increase of PRO-seq signal 

within gene bodies (Figures 4.2c and 4.2d). 

There was highly significant overlap between transcripts deemed significantly 

upregulated in PRO-seq and RNA-seq experiments, confirming that the upregulated 

mRNA production observed upon IntS9 depletion generally results from increased 

transcription elongation at these genes (Figure 4.2e). In contrast, decreases in RNA-seq 

signal were not well-reflected in PRO-seq levels, with fold-changes between the assays 

correlating poorly (Figure 4.2e). Indeed, only 29 transcripts were defined as downregulated 

by IntS9-depletion in both the RNA-seq and PRO-seq assays. We thus conclude that the 

dominant transcriptional effect of Drosophila Integrator at protein-coding genes is in 

transcription repression.  
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Figure 4.2: The Integrator complex attenuates expression of protein-coding genes 

(a) Drosophila cells were treated for 60 h with control dsRNA, or dsRNA targeting IntS9 

(N=3). Normalized RNA-seq signal is shown, with significantly affected genes defined as 

P<0.0001 and fold change >1.5. 

(b) even skipped (eve) locus displaying profiles of RNA-seq and PRO-seq in control and 

IntS9-depleted cells.  

(c) Heatmap representations of RNA-seq levels are shown, along with PRO-seq reads 

from control and IntS9-depleted cells (treated as in a). The location of mRNA TSSs is 

indicated by an arrow. Genes that are upregulated or downregulated upon IntS9-depletion 

in RNA-seq are shown, ranked from most upregulated to most downregulated. 

(d) Violin plots depict the change in gene body PRO-seq signal upon IntS9-depletion for 

each group of genes. IntS9-affected genes are defined as in A, as compared to 8613 

unchanged genes. Plots show the range of values, with a line indicating median. P-values 

are calculated using a Mann-Whitney test. 

(e) Comparison of fold changes in RNA-seq and PRO-seq signals upon IntS9-depletion is 

shown. Pearson correlations are shown separately for upregulated and downregulated 

genes, indicating good agreement between steady-state RNA-seq and nascent PRO-seq 

signals for upregulated genes, but little correspondence for downregulated genes. 

(Figure and legend text reprinted with permission from Elrod ND, Henriques T, Huang 

K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019. 
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The Integrator RNA endonuclease is required for transcriptional repression 

The above data suggest that Integrator might use its endonuclease activity to 

catalyze transcription termination of paused Pol II. To test this model and determine 

whether IntS11 catalytic function is required for gene repression, we took advantage of a 

previously described mutant (IntS11 E203Q; Figure 4.3a) that abrogates endonuclease 

function yet retains the integrity of the Integrator complex (Baillat et al. 2005) . We treated 

Drosophila cells for 60hrs with either control RNAi or with RNAi targeting the IntS11 

UTRs and re-expressed either wild-type IntS11 or the E203Q mutant in cells depleted of 

endogenous IntS11. RNA from these cells was isolated and subjected to poly(A)-enriched 

RNA-seq. As with IntS9 depletion, the major effect of IntS11 knockdown was upregulation 

of transcription, and mature snRNA levels are not perturbed. Further, the levels of gene 

upregulation observed upon depletion of IntS9 or IntS11 were highly concordant (Figure 

4.3b). In contrast, there was less agreement and smaller effect sizes observed at 

downregulated genes (Figure 4.3b), again suggesting that Integrator is predominantly a 

transcriptional repressor.  

The vast majority of gene expression changes observed in IntS11-depleted cells 

were restored to control levels upon expression of the wild-type IntS11 (Figures 4.3b and 

4.3c). In contrast, expression of the E203Q mutant not only failed to rescue the IntS11 

depletion but exacerbated the knockdown phenotype, supportive of a dominant negative 

effect of the catalytically inactive IntS11 protein (Figures 4.3b and 4.3c). The results 

observed by RNA-seq (e.g. Figure 3d) were confirmed by RT-qPCR. Together, these data 

indicate that depletion of either IntS9 or IntS11 lead to alteration of a similar set of protein-

coding genes and that the IntS11 endonuclease activity is essential for the function of 

Integrator at these loci.  
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Figure 4.3: Integrator subunit 11 (IntS11) endonuclease activity is essential for altered 

protein-coding gene expression 

(a) The IntS11 subunit of Integrator harbors RNA endonuclease activity (depicted as 

scissors). To test the importance of this activity, cells were depleted of IntS11 and 

rescued using a stably integrated transgene expressing WT IntS11, or IntS11 with a 

mutation that disrupts endonuclease activity (E203Q). To specifically deplete endogenous 

IntS11 from the rescue cell lines, a dsRNA targeting the untranslated (UTR) regions of 

endogenous IntS11 (green) was used. Cells were treated for 60 h with control or IntS11 

UTR RNAi (N=3), and RNA harvested for RNA-seq. 

(b) Heatmap representations of RNA-seq fold changes in IntS11-depleted cells, as 

compared to cells rescued with WT or E203Q mutant. Genes shown are those affected 

upon IntS9-depletion, ranked by fold-change as in Figure 4.2c. 

(c) Fold Change in RNA-seq signal upon IntS11-depletion at genes (top) upregulated 

(N=723) or (bottom) downregulated by IntS9-depletion (N=163). Changes in RNA-seq 

levels as compared to the parental cell line are shown in IntS11-depleted cells, and those 

rescued by WT or E203Q mutant IntS11. Violin plots show range of values, with a line 

indicating median. 
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(d) Example locus (SP1029) showing an upregulated gene whose expression is rescued 

by WT IntS11, but not by the catalytic dead mutant (E203Q mutation). RNA-seq tracks 

are shown in control cells and each of the treatments. 

(Figure and legend text reprinted with permission from Elrod ND, Henriques T, Huang 

K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019. 
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Integrator attenuates mRNA transcription  

The critical involvement of the IntS11 endonuclease in gene repression by 

Integrator supports a model wherein RNA cleavage triggers premature termination. To 

further evaluate this model, we defined the full repertoire of transcriptional targets of 

Integrator, by comparing spike normalized PRO-seq signals in gene bodies between control 

and IntS9-depleted samples. We found 1204 transcripts with significantly more elongating 

Pol II upon depletion of Integrator (Figure 4.4a), and 210 with reduced gene-body Pol II 

signal. This reveals that transcription of ~15% of active Drosophila genes is upregulated 

upon loss of Integrator activity.  

Gene ontology analyses of the genes upregulated in PRO-seq agreed well with 

those from RNA-seq, highlighting metabolic, oxidoreductase and EGF pathways. In 

contrast, enriched pathways for the downregulated genes in PRO-seq overlapped little with 

those enriched among RNA-seq downregulated genes, in agreement with the lack of 

concordance between nascent transcription and steady-state RNA levels within the 

downregulated gene sets (only 29 genes downregulated in both PRO-seq and RNA-seq). 

Thus, we focused our attention on the much larger set of upregulated loci. 

The increase in gene body PRO-seq signal upon IntS9-depletion was substantial at 

upregulated genes, with a median increase of over 3.3-fold (Figure 4.4b). As anticipated, 

the majority of this increase in actively engaged Pol II is evident in PRO-seq signal near 

TSSs. Thus, we conclude that Integrator typically acts on promoter-proximal Pol II, and 

that loss of Integrator results in increased levels of engaged polymerase that successfully 

transition from promoter regions into productive elongation. We then wished to distinguish 

between models wherein Integrator catalyzes promoter-proximal termination vs. those 

wherein Integrator prevents escape of promoter-associated Pol II into productive 

elongation. We evaluated the PRO-seq signal at genes upregulated upon depletion of IntS9. 

If Integrator stabilizes Pol II pausing, then IntS9 depletion should release this paused Pol 
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II into gene bodies, resulting in less promoter-proximal PRO-seq signal and an increase in 

signal downstream. In contrast, if Integrator stimulates termination and dissociation of 

paused Pol II, then IntS9 depletion should increase both promoter-proximal PRO-seq 

signals and signals within genes. In support of a termination model, we observed that IntS9 

depletion resulted in increased PRO-seq signal near promoters, as well as in gene bodies 

(Figure 4.4c). Strikingly, the increase in PRO-seq signal from IntS9-depleted cells 

localized precisely at the position of Pol II pausing, in the window from 25-60 nt into the 

gene (Figure 4.4d). This finding supports that Integrator targets promoter-paused Pol II and 

prevents its transition into productive RNA synthesis, likely through premature 

termination. 

 To determine whether Integrator similarly targets paused Pol II at enhancers, we 

made use of a comprehensive set of Drosophila enhancer transcription start sites (eTSSs) 

we recently defined (Henriques et al. 2018). We note that these sites were rigorously 

defined both functionally, in enhancer plasmid-based reporter assays (Arnold et al. 2013; 

Zabidi et al. 2015) and spatially, with the TSSs of enhancer RNAs (eRNAs) mapped at 

single-nucleotide resolution (Henriques et al. 2018). This dataset thus allows for a high-

resolution analysis of Integrator activity at functionally confirmed, transcriptionally active 

enhancer loci at the genome-level. We focused on 1498 intergenic eTSSs, to avoid 

confounding signals from enhancers within annotated genes, and defined differentially 

transcribed loci using PRO-seq data as we had for mRNA genes. We observed increased 

transcription at ~15% of eTSSs in IntS9-depleted cells (N=228), a similar fraction to 

mRNAs and find only 38 eTSSs with downregulated transcription. Thus, at enhancers, like 

at protein-coding genes, Integrator plays a generally repressive role in transcription 

elongation, and targets only selected loci. Importantly, many eRNA loci are not affected 

by loss of Integrator, consistent with work implicating CPA and other machineries in 

eRNA 3’ end formation (Austenaa et al. 2015; Ogami et al. 2017).  
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The parallel in the behavior of Integrator at protein-coding and non-coding loci is 

further emphasized by the profile of PRO-seq at upregulated eTSSs (compare Figures 4.4e 

and 4.4C), where loss of Integrator causes an increase of PRO-seq signal precisely in the 

region of Pol II pausing (compare Figures 4.4f and 4.4d). We conclude that the function of 

Integrator is highly similar at coding and non-coding RNA loci: a comparable subset of 

TSSs are affected by Integrator, and Integrator depletion causes increased Pol II near TSSs 

and higher levels of release downstream into productive elongation. 
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Figure 4.4: Integrator represses productive elongation by Pol II at genes and enhancers 

(a) Drosophila cells were treated for 60 h with control or IntS9 RNAi (N=3). Normalized 

PRO-seq signal across gene bodies is shown, with IntS9-affected genes defined as 

P<0.0001 and fold change >1.5. 

(b) Violin plots depict the change in gene body PRO-seq signal upon IntS9-depletion for 

each group of genes. IntS9-affected genes are defined as in A, as compared to unchanged 

genes (N=8085). Violin plots show range of values, with a line indicating median.  

(c) Average distribution of PRO-seq signal in control and IntS9-depleted cells is shown at 

upregulated genes.  

(d) The difference in PRO-seq signal between IntS9-depleted and control cells for 

upregulated genes is shown. Increased signal in IntS9-depleted cells is consistent with the 

position of Pol II pausing, from +25 to +60 nt downstream of the TSS.  

(e) Average distribution of PRO-seq reads from control and IntS9-depleted cells are 

displayed, centered on enhancer transcription start sites (eTSS) that are upregulated upon 

IntS9 RNAi (N=228). 

(f) Difference in PRO-seq signal between IntS9-depleted and control cells for IntS9-

upregulated enhancer RNAs. Note that signal increases at enhancers in the same interval 

(+25-60 nt from TSS) as at coding loci. 

(Figure and legend text reprinted with permission from Elrod ND, Henriques T, Huang 

K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019.  
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Integrator is widely associated with mRNA promoter regions 

The mechanism for Integrator-mediated 3’ end formation at snRNA loci involves 

both selective recruitment of Integrator to snRNA promoters and recognition of a 

degenerate motif near snRNA 3’ ends that promotes IntS11 cleavage activity (Hernandez 

1985; Hernandez and Weiner 1986; Baillat and Wagner 2015). Interestingly, several 

factors implicated in recruiting Integrator to snRNA genes are also found at protein coding 

loci, such as the pause-inducing factors DSIF and NELF (Stadelmayer et al. 2014; 

Yamamoto et al. 2014), and phosphorylation on the Pol II C-terminal domain (CTD) 

repeats at Serine 7 residues (Ser7-P;(Egloff et al. 2007; Kim et al. 2010). Consistent with 

this, Integrator has been observed to associate with some mRNA promoters in human 

systems (Gardini et al. 2014; Stadelmayer et al. 2014; Skaar et al. 2015). However, it has 

not been fully explored how well the localization of Integrator at promoters corresponds to 

its gene regulatory activities at a genome-wide level.  

To address this question, we investigated the global localization of Integrator using 

our ChIP-seq datasets. We find that IntS1 and IntS12 subunits showed highly correlated 

localization across snRNA (r=0.99) and mRNA promoters (r=0.89), with a strong 

enrichment near mRNA transcription start sites (Figure 4.5a). However, Integrator signal 

at promoters correlated only weakly with levels of paused Pol II as determined by promoter 

PRO-seq signal (r=0.39). Whereas these findings are consistent with Pol II, DSIF and 

NELF representing interaction surfaces for Integrator, they also indicate that association of 

Integrator with mRNA promoters is not strictly tied to paused Pol II levels. We thus asked 

whether there was enrichment of IntS1 or IntS12 occupancy at genes that are upregulated 

upon depletion of IntS9. Indeed, genes repressed by Integrator were significantly enriched 

in both IntS1 and IntS12 ChIP-seq signal as compared to genes unaffected by Integrator 

depletion (Figures 4.5b, 4.5c, and 4.5d). In fact, levels of Integrator observed at IntS9-

repressed promoters were even higher than levels at snRNAs (Figure 4.5d). We noted, 
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however, that Integrator ChIP-seq signals at genes with unchanged expression upon IntS9 

RNAi were well above background levels, suggesting that Integrator is also recruited to 

promoters where it remains inactive. 

To further investigate the relationship between Integrator binding and activity, we 

rank ordered all active mRNA promoters by their IntS1 ChIP-seq signal and calculated 

cumulative distributions of Integrator-repressed and unchanged genes across this ranking 

(Figure 4.5e). This analysis demonstrated that Integrator exhibits the full spectrum of 

binding levels at unchanged genes. However, IntS9-repressed genes were clearly and 

significantly biased towards higher IntS1 occupancy (Figure 4.5e, >50% of IntS9-repressed 

genes fall within the top 20% of IntS1 levels, whereas only 15% of unchanged genes fall 

in this group). Thus, like at the snRNAs, Integrator recruitment to an mRNA promoter is 

not sufficient to dictate function, but high-level Integrator occupancy is predictive of 

activity.  

To determine whether increased recruitment of Integrator was also related to 

functional outcomes at enhancers, we identified eTSSs that exhibited significant peaks of 

IntS1/IntS12 signal. Comparing PRO-seq at these loci in control vs. IntS9-depleted 

conditions demonstrated that Integrator-bound eTSSs showed increased transcription 

elongation upon IntS9 RNAi (Figure 4.5f). In contrast, no significant change in PRO-seq 

signal was observed at Integrator-unbound eTSSs upon depletion of IntS9. We conclude 

that functional mRNA and eRNA targets of Integrator display greater recruitment of this 

complex. Although the factors governing this elevated recruitment of Integrator at snRNA 

or other loci remain to be elucidated, our results underscore a common behavior for 

Integrator at coding and non-coding loci.  
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Figure 4.5: Integrator binding is enriched at promoters of target genes 

(a) Distribution of IntS1 ChIP-seq signal along the transcription units of all active mRNA 

genes (N=9499). Windows are from 2 kb upstream of the TSS to 2 kb downstream of the 

transcription end site (TES). Bin size within genes is scaled according to gene length. 

(b) Example locus (GstS1) of an upregulated gene upon IntS9-dep. showing PRO-seq and 

Integrator ChIP-seq. 

(c) Metagene analysis of average IntS1 ChIP-seq signal around promoters of upregulated 

(N=1204) and unchanged (N=8085) mRNA genes in IntS9-depleted cells. Data are 

shown in 25 bp bins.  

(d) Promoter-proximal IntS1 ChIP-seq reads for each group of sites: snRNAs (N=31), 

upregulated or unchanged genes, and randomly-selected intergenic regions (N=5000). 

Violin plots show range of values, with a line indicating median. P-values are calculated 

using a Mann-Whitney test. 

(e) All active genes (N=9499) were rank ordered by increasing IntS1 ChIP-seq signal 

around promoters (± 250bp), and the cumulative distribution of upregulated or unchanged 

genes across the range of IntS1 signal is shown. IntS1 levels at unchanged genes show no 

deviation from the null model, but upregulated genes display a significant bias towards 

elevated IntS1 ChIP-seq signal.  

(f) Average distribution of PRO-seq signal at eTSSs bound by the Integrator complex 

(N=691) in control and IntS9-depleted cells is shown. 

(Figure and legend text reprinted with permission from Elrod ND, Henriques T, Huang 

K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019.  
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Integrator mediates cleavage of nascent RNA and promoter-proximal termination 

Taken together, our results are most consistent with Integrator serving as a 

promoter-proximal cleavage and termination factor for a set of protein-coding genes. To 

definitively test this possibility, we investigated the short, TSS-associated RNAs that 

would accompany Pol II termination. In particular, we used Start-seq (Nechaev et al. 2010; 

Henriques et al. 2018) to identify RNAs under 100 nt in length that were 3′ oligoadenylated, 

a modification that can be detected on a minor fraction of RNAs released by Pol II during 

termination (Figure 4.6a). Such oligoadenylated termination products are subject to 

degradation, and normally are very short-lived, but are stabilized in cells depleted of the 

RNA Exosome. Accordingly, following depletion of the Exosome subunit Rrp40, we 

observed significantly more oligoadenylated short RNAs from IntS9-repressed genes than 

unchanged genes (Figure 4.6b). Strikingly, the 3′ ends of these oligoadenylated RNAs are 

highly and specifically enriched within the region of Pol II pausing (Figure 4.6c). 

We considered that Integrator-mediated RNA cleavage should occur on nascent 

RNA that has exited the polymerase. The structure of paused elongation complexes 

(Henriques et al. 2013; Vos et al. 2018; Core and Adelman 2019), indicates that RNA 

emerges from the exit channel and is available for binding ~15-20 nt upstream of the 3’ 

end position of the nascent RNA. Accordingly, the peak of oligoadenylated RNA 3’ end 

locations at upregulated genes is +35 nt (Figure 4.6c), which is 20nt upstream of the peak 

of paused Pol II at these genes, at +55nt. From these data, we conclude that Integrator-

repressed genes undergo markedly higher levels of Pol II termination as compared to non-

Integrator target genes, and that promoter-proximally paused Pol II is the predominant 

target of this activity. 

We next compared the stability of promoter-associated Pol II at Integrator-

repressed genes after treatment with Triptolide. Based on increased premature termination 

at these genes, and our identification of Integrator enrichment at genes with unstable Pol II 
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(Figure 4.1d), we predicted that Integrator-repressed genes would exhibit reduced promoter 

Pol II stability as compared to Integrator-unaffected genes. In agreement with this, we 

observed that Pol II was lost quickly at a majority of IntS9-repressed genes, with half-lives 

<10 minutes (Figures 4.6d and 4.6e). In contrast, genes whose expression is unchanged by 

IntS9-depletion presented a Pol II that is stable after Trp treatment, indicative of long-lived 

pausing (Figure 4.6e). Furthermore, genes upregulated by IntS9-depletion exhibited lower 

levels of H3K36me3 and H3K4me3 (Figures 4.6f and 4.6g) and higher levels of H3K4me1 

than unchanged genes, consistent with defects in productive elongation. Thus, based on 

many independent lines of evidence we conclude that genes with unstable Pol II recruit 

Integrator, rendering them susceptible to promoter-proximal termination, and resulting in 

reduced productive RNA synthesis and chromatin features that accompany transcription 

elongation.  
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Figure 4.6: Integrator attenuates mRNA expression through promoter-proximal 

termination 

(a) Schematic of transcription cycle with possible fates of Pol II. Paused Pol II can enter 

into productive elongation or terminate and release a short RNA. A small fraction of 

released RNA is oligoadenylated to facilitate degradation by the RNA exosome. 

(b) The percent of Start RNA reads bearing oligoadenylated 3’ ends in exosome- depleted 

(Rrp40 subunit) cells is shown for each gene group. Violin plots indicate range of values, 

with a bar at median. P-value is calculated using a Mann-Whitney test.  

(c) The 3′ end locations of oligoadenylated RNAs identified in exosome-depleted cells 

are shown at mRNA genes that are upregulated or unchanged by IntS9-depletion. 

(d) Kal1 (CG6173) locus displaying profiles of ChIP-seq for Integrator subunits, PRO-

seq, and Start-seq following a time course of Triptolide treatment.  

(e) Decay rates for promoter Pol II were determined using Start-seq over a Triptolide 

treatment time course, and the percentage of upregulated or unchanged genes in each 

group is shown. 

(f-g) Average distribution of (f) H3K36me3 and (g) H3K4me3 ChIP-seq signal is shown, 

aligned around mRNA TSSs. Genes shown are those upregulated or unchanged in the 

PRO-seq assay upon IntS9-depletion. 

(Figure and legend text reprinted with permission from Elrod ND, Henriques T, Huang 

K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019.  
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Integrator-mediated gene repression is conserved in human cells 

Our data in Drosophila indicate a mechanistically conserved role for Integrator in 

promoter-proximal termination of mRNA and eRNA synthesis. Although our model is in 

agreement with data from mammalian systems as regards eRNA biogenesis (Lai et al. 

2015), it differs considerably from any of the proposed roles of Integrator at mammalian 

protein-coding genes (Gardini et al. 2014; Stadelmayer et al. 2014; Lai et al. 2015; Skaar 

et al. 2015; Barbieri et al. 2018). In particular, a majority of models posit that mammalian 

Integrator is an activator of transcription, and none of the proposed functions involve the 

IntS11 endonuclease in termination. For example, based on genomic studies of Integrator 

localization and activity in HeLa cells, it was proposed that Integrator stabilizes paused Pol 

II and facilitates both processive transcription elongation and RNA processing 

(Stadelmayer et al. 2014). Alternatively, other work in HeLa cells has implicated Integrator 

as critical for the rapid, EGF-mediated induction of ~100 ‘immediate early’ genes, 

including JUNB and FOS. At these genes, Integrator was found to stimulate gene activity 

through recruitment of the Super Elongation Complex (Gardini et al. 2014). However, a 

detailed analysis of JUNB and several other immediate early genes gene in Integrator-

depleted HeLa cells prior to EGF stimulation indicated that these genes were upregulated 

by loss of Integrator. Thus, it was suggested that Integrator inhibits expression of EGF-

responsive genes under basal conditions (Skaar et al. 2015). Thus, it remains an open 

question whether, in the absence of a stimulus, mammalian Integrator plays a repressive 

role similar to that uncovered for the Drosophila complex. 

To investigate whether loss of mammalian Integrator led to upregulation of gene 

transcription, as we observed for Drosophila, we analyzed previously published chromatin-

associated RNA-seq from control and IntS11-depleted HeLa cells harvested prior to EGF 

stimulation. While chromatin-associated RNA-seq lacks the spatial resolution of PRO-seq, 

it is a significantly better indicator of ongoing transcription than is steady-state RNA-seq. 
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Thus, we probed for differentially transcribed genes following IntS11-depletion in 

chromatin RNA-seq, using the same strategies employed for analysis of PRO-seq. 

Strikingly, we found a substantial number of genes upregulated in IntS11-depleted cells 

(N=667; Figure 4.7a), comparable to the number of genes downregulated under these 

conditions (N=616). Thus, mammalian Integrator appears capable of repressing as well as 

activating gene transcription. Importantly, despite the lower resolution of chromatin RNA-

seq, increased transcript levels in Integrator-depleted cells are apparent within the initially 

transcribed region (Figure 4.7a), as observed in the Drosophila system.  

The JUNB gene, which is a defined target of Integrator (Gardini et al. 2014), is 

strongly upregulated in un-stimulated HeLa cells (Figure 4.7b), consistent with earlier 

work (Skaar et al. 2015). Moreover, many characterized immediate early genes experience 

elevated transcription under these conditions and enriched Gene Ontology categories for 

upregulated transcripts include receptor and EGF pathways. Interestingly, there is a 

concordance between upregulated pathways in Drosophila and human cells, supporting a 

functional conservation of Integrator activity within specific pathways. Importantly, these 

findings suggest that basal upregulation of stimulus-responsive genes upon Integrator 

depletion may be linked to the defective induction of these genes upon activation of 

signaling cascades.  

To further probe the parallels between Integrator-mediated gene repression in 

Drosophila and human cells, we determined whether Integrator-repressed human genes 

also displayed chromatin features indicative of defective transcription elongation, such as 

reduced H3K36me3 and H3K4me3. As is seen in Drosophila (Figure 4.1b), both of these 

histone modifications were significantly lower at human genes upregulated upon Integrator 

depletion as compared to unchanged genes (Figures 4.7c and 4.7d). In addition, these genes 

showed enrichment in H3K4me1, a feature of both Drosophila Integrator gene targets and 

enhancers (Figure 4.7e). Thus, the significant commonalities among Drosophila and 

human genes repressed by Integrator, suggest a conserved mechanism across metazoan 
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species (Figure 4.7f), wherein Integrator targets promoter-proximal elongation complexes 

at a set of genes to repress gene activity. 
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Figure 4.7: The Integrator complex represses expression of mammalian protein-coding 

genes 

(a) Average distribution of chromatin RNA-seq reads in control and IntS11-depleted 

HeLa cells is shown for genes upregulated upon IntS11-depletion (data from Lai et al, 

2015). 

(b) JUN locus showing upregulation of transcription upon IntS11-depletion. Shown are 

profiles of chromatin RNA-seq in control and IntS11-depleted HeLa cells (data from Lai 

et al, 2015).  

(c-d) Average distribution of (c) H3K36me3 and (d) H3K4me3 histone modifications 

(data from ENCODE project) is shown around mRNA TSSs for Upregulated (N=667) 

and unchanged (N=15979) genes. 

(e) H3K36me3, H3K4me3 and H3K4me1 ChIP-seq levels are shown for upregulated and 

unchanged genes. Violin plots show range of values, with a line indicating median. P-

values are calculated using a Mann-Whitney test.  

(f-g) Schematic representation of the effect of the Integrator complex at protein-coding 

and enhancer loci. 

(Figure and legend text reprinted with permission from Elrod ND, Henriques T, Huang 

K.L., Tatomer DC, Wilusz JE, Wagner EJ, Adelman K. The Integrator complex 

terminates promoter-proximal transcription at protein-coding genes. Mol. Cell 

Nov;76(5):738-752.e7 doi: 10.1016/j.molcel.2019.10.034 2019.  
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SUMMARY 

Collectively, our results demonstrate that the Integrator complex mediates 

transcription attenuation in metazoan cells. This activity involves the association of 

Integrator with promoter-proximally paused Pol II, cleavage of nascent mRNA transcripts 

by the Integrator endonuclease, and promoter-proximal termination (Figure 4.7f). This 

inhibitory function is broad: 15% of Drosophila genes and enhancers are impacted by 

Integrator, with receptor, growth and proliferative pathways particularly affected. 

Furthermore, the mammalian Integrator complex targets genes in similar pathways for 

transcriptional repression, underlining the conserved nature of this behavior.  
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Chapter 5. Integrator 11 is Inhibited by Its Interaction with a Novel 

Binding Protein 

INTRODUCTION 

One of the key questions that we faced upon the investigation of IntS11’s role in 

transcriptional attenuation is if that activity is regulated and, if so, how that activity might 

be regulated. Given the diversity of genes involved, we felt that there had to be at least one 

regulatory method to control IntS11. Initial searches for possible RNA motifs that might 

suggest a cleavage site or secondary structure did not reveal any defined consensus 

sequences. This led us to then ask if there were other factors that could be involved, which 

in turn led to the study described below. We found that Drosophila CG7044 forms a stable 

complex with IntS11, and our structure of this complex, determined by cryo-electron 

microscopy (cryo-EM) at 3.54 Å resolution, suggests that CG7044 is an inhibitor of IntS11 

nuclease activity. 

RESULTS 

CG7044 is a binding partner of IntS11 

To gain insight into factors that may regulate IntS11, we analyzed the components 

of the Drosophila Integrator complex using affinity purification followed by liquid 

chromatography-mass spectrometry (LC-MS) analysis of their tryptic peptides. We 

purified Drosophila Integrator from S2 cell nuclear extracts derived from independent cell 

lines stably expressing FLAG-IntS11, FLAG-IntS5, or not expressing any exogenous 

FLAG protein (control). As expected, we observed strong enrichment of all 14 Integrator 

subunits in both FLAG-IntS11 and FLAG-IntS5 purifications relative to control, as well as 

other factors commonly associated with Integrator, including PP2A subunits (Figure 5.1a). 

Unexpectedly, there was one additional protein, CG7044, present in high quantities and 
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unique to FLAG-IntS11 purifications. To further probe CG7044, we expanded the analysis 

to include purifying complexes from cells stably expressing FLAG-IntS1 and FLAG-IntS8. 

Analysis of these purified complexes by LC-MS (Figure 5.1b), and Western blotting 

confirmed that CG7044 appears to be associated exclusively with IntS11. To definitively 

determine whether any Integrator subunits beyond IntS11 are associated with CG7044, we 

generated nuclear extracts from S2 cells expressing FLAG-CG7044 and found high levels 

of IntS11 associated with CG7044, and, except for a small amount of IntS9, no other 

Integrator subunit was detected (Figure 5.1c). Altogether, these results indicate that a 

previously uncharacterized protein, CG7044, associates with IntS11, and this complex is 

distinct from Integrator. 

IntS11 is in an inactive conformation in the CG7044 complex 

To gain molecular insight into the IntS11-CG7044 association, we co-expressed 

and purified the Drosophila IntS11-CG7044 complex using baculovirus-infected insect 

cells, confirming that the two proteins form a stable complex. Further, we could also 

observe that purified human IntS11 forms a stable complex with Brat1 (Aglipay et al. 2006; 

Van Ommeren et al. 2018), the human ortholog of CG7044. We determined the structure 

of the Drosophila IntS11-CG7044 complex at 3.54 Å resolution by cryo-EM. Most of the 

residues of CG7044 could be identified (Figure 5.1d), with good sidechain density.  

EM density for the metallo--lactamase and -CASP domains of IntS11 is observed, 

while no density was observed for the two CTDs of IntS11 (Figures 5.1e,f), suggesting that 

they are disordered in the complex with CG7044. The metallo--lactamase and -CASP 

domains are in contact with each other and there is no canyon between them that would 

allow the RNA substrate to reach the active site, as was observed for the active form of 

CPSF73 (Sun et al. 2020). Therefore, IntS11 appears to be in an inactive state in this 

structure.  
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The structure also reveals that CG7044 primarily forms a large Arm/HEAT domain, 

covering residues 1-932 (Figures 5.1e,f). The 15 pairs of anti-parallel helices are arranged 

in the shape of a horseshoe that wraps around IntS11 (Figure 5.1e). The connection within 

the last repeat is exceptionally long, covering residues 830-920 (Figure 5.1d). This 

extended connection forms a ‘lasso’ structure, with the two helices at the tip of this lasso 

being projected more than 30 Å away from the body of the CG7044, where they interact 

with the -CASP domain of IntS11 (Figure 5.1f). The C-terminal extension (CTE) of 

CG7044 beyond the Arm/HEAT domain traverses the open end of the horseshoe, giving 

the overall structure a circular shape.  

A total of 3,900 Å2 of the surface area of CG7044 is buried in the complex with 

IntS11, while 3,500 Å2 of the surface area of IntS11 is buried in the complex. This 

extensive buried surface area suggests that the IntS11-CG7044 complex is very stable. The 

Arm/HEAT domain of CG7044 contributes 1,750 Å2 to the buried surface area of CG7044, 

and residues in the two helices of the lasso (L1 and L2) contribute 960 Å2 to the buried 

surface area. The helices contact the ‘back’ face of IntS11, interacting primarily with the 

-CASP domain (Figure 5.1f). Most of the residues from the two helices that interact with 

IntS11 are highly conserved among CG7044 homologs. On the other hand, the linkers from 

these two helices to the Arm/HEAT domain are poorly conserved, suggesting that this 

structural feature is likely highly dynamic. 
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Figure 5.1: CG7044 uniquely associates with IntS11 and the overall structure of the 

IntS11-CG7044 complex\ 

(a) Volcano plot of purifications using FLAG-dIntS11 relative to naive control. Integrator 

subunits are labeled in orange, Integrator associated proteins are in red. Proteins shown in 

pink are statistically significant, and gray are not significant or unenriched.  

(b,c) Heatmap derived from immunoprecipitation (IP) LC-MS analysis of FLAG IP 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.  

(d) Domain organizations of Drosophila IntS4, IntS9, IntS11, and CG7044. The domains 

are named and given different colors. The domains of IntS9 are shown in slightly darker 

colors as compared to IntS11. Residues observed in the structure of the IntS11-CG7044 

complex are indicated with the black lines, while those observed in the IntS4-IntS9-

IntS11 complex are indicated with the red lines. The vertical bars in blue represent 
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positively charged residues in the IP6 binding site. ICM: Integrator cleavage module; 

NTD: N-terminal domain; MD: middle domain; CTD: C-terminal domain; CTE: C-

terminal extension.  

(e) The overall structure of the IntS11-CG7044 complex. The domains are colored as in 

Figure 5.1d. The repeats in the Arm/HEAT domain of CG7044 are labeled. The red 

arrowhead indicates the C-terminal end of CG7044 in the active site of IntS11. The black 

arrowhead indicates the -hairpin linker between the two helices of repeat 7, and the blue 

arrowhead indicates the insert of two anti-parallel helices in the linker between repeats 7 

and 8. CG7044 residues with >50 Å2 buried surface area in the interface with IntS11 are 

shown in stick models and labeled. ML: metallo--lactamase.  

(f) The overall structure of the IntS11-CG7044 complex, viewed after 180° rotation 

around the vertical axis. The back face of IntS11 and the lasso of CG7044 are visible. 

The structure figures were produced with PyMOL (www.pymol.org) unless otherwise 

indicated. 
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CG7044 inhibits IntS11 through residues at its C-terminus 

IntS11 is in an inactive conformation in the complex with CG7044. In fact, even if 

IntS11 could assume an active conformation in this complex, CG7044 would block the two 

ends of the canyon and it would still be unlikely for the RNA to be able to access the active 

site. Moreover, the structure unexpectedly reveals that the C-terminal end of CG7044 is 

inserted into the active site region of IntS11 (Figure 5.1e), contributing 800 Å2 to the buried 

surface area. The last three residues of CG7044, Asp972-Cys-Tyr974 (DCY), are in a deep 

pocket at the interface between the metallo--lactamase and -CASP domains (Figures 

5.1e, 2a). These DCY residues are conserved among all known CG7044 and Brat1 

homologs (Figure 5.2b), underscoring their importance in the interaction. The side chain 

of Asp972 is hydrogen-bonded to His392 of IntS11 (Figure 5.2c), the general acid for the 

nuclease reaction, which is activated by Glu203 (Mandel et al. 2006; Sun et al. 2020). The 

side chain of Cys973 is directly coordinated to both zinc ions in the active site, which 

would not allow the scissile phosphate of the RNA substrate to coordinate to the zinc ions 

(Sun et al. 2020). Finally, Tyr974 is surrounded by residues in the metallo--lactamase and 

-CASP domains of IntS11. The carboxylate group at the C-terminus of CG7044 has ion-

pair interactions with Arg244 in the -CASP domain.  

Based upon these observations, the C-terminal residues of CG7044 would directly 

compete against the RNA substrate, further ensuring the inhibition of IntS11. In fact, the 

binding mode of DCY has extensive overlap with that of the RNA substrate observed in 

the structure of CPSF73 (Figure 5.2d) (Sun et al. 2020). Especially, the side chain of 

Tyr974 is located in generally the same position as the base of the nucleotide just 3 to the 

cleavage site (+1 nucleotide). Overall, the structural observations predict that CG7044 is 

an inhibitor of IntS11. 

To assess the structural observations, we deleted various portions of the CG7044 CTE 

and lasso and tested their impact on complex formation with IntS11. Deleting the C-
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terminal end (966-974) or the CTE (947-974) could not abolish the complex with 

IntS11, consistent with the structural observations that the Arm/HEAT domain of CG7044 

has extensive interactions with IntS11. The expression level of the mutant lacking the lasso 

was too low and could not be studied. 
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Figure 5.2: The C-terminal residues of CG7044 are located in the active site of IntS11 

(a) Residues 972-974 of CG7044 CTE (violet) are located in a pocket at the interface of 

the metallo--lactamase and -CASP domains of IntS11.  

(b) Alignment of the C-terminal residue sequences of selected CG7044 and Brat1 

homologs. Conserved residues are highlighted in red. Dm: D. melanogaster; Cq: Culex 

quinquefasciatus; Aa: Aedes aegypti; Hs: Homo sapiens (human); Mm: Mus musculus 

(mouse); Xt: Xenopus tropicalis (frog); Dr: Danio rerio (zebrafish).  

(c) Detailed interactions between the C-terminal end of CG7044 and IntS11. Hydrogen-

bonding interactions are indicated with the dashed lines in red. The secondary structure 

elements in IntS11 are named according to those in CPSF73 (Mandel et al. 2006).  

(d) Overlay of the binding mode of the C-terminal end of CG7044 (violet) with that of 

the histone pre-mRNA substrate in human CPSF73 (orange) (Sun et al. 2020) 
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To probe the function of the IntS11-CG7044 complex, we used RNAi to deplete 

either protein from S2 cells and then monitored the impact on Integrator function. We 

observed upon effective depletion of CG7044 that there was also significant co-depletion 

of IntS11, suggesting that IntS11 accumulation is highly dependent on available CG7044. 

The reverse effect was not observed, nor did we find other Integrator subunits whose 

accumulation was impacted by CG7044 depletion. We measured the degree of either 

U2snRNA or U4snRNA misprocessing and found that while depletion of IntS11 led to 

significant increases, the depletion of CG7044 did not have any effect. Similarly, depletion 

of CG7044 did not affect the expression of mRNAs subject to Integrator attenuation. It 

may be possible that the amount of IntS11 expression that remains upon CG7044 depletion 

is sufficient to support its function in cells, and further studies are needed to characterize 

this complex fully. 

IntS11 is in a semi-open state in complex with CG7044 

To gain further insight into whether there are conformational changes in IntS11 upon 

complex formation with CG7044, we co-expressed and purified the IntS4-IntS9-IntS11 

complex (the Drosophila ICM (Albrecht et al. 2018)) and determined its structure at 2.74 

Å resolution by cryo-EM. Most of the modeled residues have good sidechain density 

(Figure 5.1d). The overall structure of Drosophila ICM is generally similar to that of 

human ICM (Zheng et al. 2020; Pfleiderer and Galej 2021). 

The structure shows that the C-terminal segments of IntS9 and IntS11 contain two 

separate domains, CTD1 and CTD2 (Figures 5.1d and 5.3a), similar to their paralogs 

CPSF100 and CPSF73 (Sun et al. 2020). The two CTD2 domains have weak EM density, 

and their atomic models were guided by the structure of the human IntS9-IntS11 CTD2 

complex (Wu et al. 2017). The CTDs have extensive interactions with each other, which 

should facilitate the association of IntS9 and IntS11. The metallo--lactamase and -CASP 

domains of IntS9 and IntS11 form a pseudo-dimer in this structure (Figure 5.3a), 
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remarkably similar to the pseudo-dimer for the equivalent domains of CPSF100 and 

CPSF73 in the active U7 machinery (Sun et al. 2020). The N-terminal domain (NTD) of 

IntS4 contacts the metallo--lactamase domain of IntS9 and the back face of IntS11 

metallo--lactamase and -CASP domains (Figure 5.3a), which may promote the 

formation of this pseudo-dimer. 

IntS11 is in a closed, inactive state in our structure of ICM, as well as those reported 

recently (Zheng et al. 2020; Pfleiderer and Galej 2021). Remarkably, compared to the 

structure of IntS11 in the CG7044 complex, which is also in an inactive state, there is a 

sizeable conformational difference for the -CASP domain, corresponding to a rotation of 

6.3° relative to the metallo--lactamase domain (Figure 5.3b). This change is distinct from 

that for the open-closed transition of CPSF73 (Sun et al. 2020) and does not create a canyon 

for RNA binding.  

Therefore, IntS11 assumes a new state in the CG7044 complex, and we will refer to 

it as a semi-open state, which is stabilized by CG7044. Significantly, the first helix of 

CG7044 repeat 1 is positioned directly at the interface between the two IntS11 domains, 

whereas the last helix of the CTE (C2) clashes with the position of the -CASP domain 

in the closed state (Figure 5.3b). These interactions occur near the binding pocket for the 

C-terminal end of CG7044, promoting the formation of this pocket (Figure 5.2a). The 

pocket does not exist in the closed state of IntS11 in the ICM, as it is occupied by residues 

in the -CASP domain. Conformational changes in several other regions of IntS11 are also 

observed.  

There is also a significant conformational change for helices C and D of the -

CASP domain upon binding the lasso of CG7044. Strikingly, the L2 helix of the lasso 

invades the -CASP domain and displaces the D helix, which becomes disordered. 

Overall, the structural analysis suggests that the lasso of CG7044 has more robust 

interactions with the -CASP domain compared to IntS4.  
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Figure 5.3: An CG7044 binding sites in the IntS4-IntS9-IntS11 complex 

(a). The overall structure of the IntS4-IntS9-IntS11 complex, also known as the ICM. The 

domains are colored as in Figure 5.2a and labeled. The IP6 molecule is shown as stick 

models (black for carbon atoms).  

(b). Overlay of the metallo--lactamase and -CASP domains of IntS11 in the CG7044 

complex (in color) with those in the closed state in ICM. Part of the CTE (violet), the lasso 

(magenta), and a helix of the first repeat of the Arm/HEAT domain (pink) of CG7044 are 

also shown.   
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SUMMARY 

These findings show that IntS11 has a different binding partner than the canonical 

Integrator complex in the form of CG7044. More importantly, CG7044 might act as a 

stabilizer and inhibitor of IntS11. There are still questions that remain mainly in the form 

of how CG7044 and IntS11’s interaction is regulated to inactivate IntS11’s transcriptional 

attenuation.  
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Chapter 6. Discussion 

Our data indicate that the Integrator complex attenuates the expression of protein-

coding genes by catalyzing premature transcription termination (Figure 3.7C). The IntS11 

endonuclease cleaves a subset of nascent mRNAs, which ultimately triggers degradation 

of the transcripts by the RNA exosome along with RNAPII termination. We also found 

that IntS11 binds closely with a novel partner in a manner that would inhibit its catalytic 

function. 

We suggest that many protein-coding genes are negatively regulated via this 

attenuation mechanism, and the Drosophila MtnA promoter highlights context-specific 

regulation by Integrator. In addition to cleaving MtnA transcripts, Integrator cleaves 

multiple other RNA classes in metazoan cells, including enhancer RNAs (Lai et al. 2015), 

snRNAs (Baillat et al. 2005), telomerase RNA (Rubtsova et al. 2019), and some 

herpesvirus microRNA precursors (Cazalla et al. 2011; Xie et al. 2015). Using RNA-seq, 

we expanded this list of Integrator target loci and identified hundreds of additional protein-

coding genes that are negatively regulated by Integrator (Figure 3.5). We focused on a set 

of Integrator-dependent genes and found that Integrator catalyzes pre-mature transcription 

termination of these genes (Figures 3.6, 3.7), which is consistent with prior studies that 

suggested roles for Integrator in termination (Skaar et al. 2015; Shah et al. 2018; Gomez-

Orte et al. 2019). Some of these genes (CG8620, Pepck1, and Sirup) have promoter-

proximal RNAPII that rapidly turns over (Shao and Zeitlinger 2017), which may indicate 

that Integrator can aid in clearing paused or stalled RNAPII. Once Integrator has cleaved 

the nascent mRNAs, we find that they are rapidly degraded from their 3′ ends by the RNA 

exosome (Figure 3.7C). 

Collectively, our results demonstrate that the Integrator complex mediates 

transcription attenuation in metazoan cells. This activity involves the association of 

Integrator with promoter-proximally paused Pol II, cleavage of nascent mRNA transcripts 
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by the Integrator endonuclease, and promoter-proximal termination (Figure 4.7F). This 

inhibitory function is broad: 15% of Drosophila genes and enhancers are impacted by 

Integrator, with receptor, growth and proliferative pathways particularly affected. 

Furthermore, the mammalian Integrator complex targets genes in similar pathways for 

transcriptional repression, underlining the conserved nature of this behavior.  

These data resolve long-standing questions about the intrinsic stability of promoter-

proximal Pol II. We demonstrate that genes that harbor highly unstable promoter Pol II are 

those in which there is an active process of termination, catalyzed by the Integrator 

complex. Our data support a model wherein the paused polymerase is inherently stable in 

the absence of termination factors, consistent with a wealth of biochemical characterization 

of elongation complexes (Wilson et al. 1999; Kireeva et al. 2000). Thus, we propose that 

rapid turnover of promoter Pol II at specific genes results from a regulated process of 

Integrator-mediated RNA cleavage and active dissociation of Pol II from the DNA 

template.  

The attenuation activity we uncover here for Integrator at protein-coding genes and 

enhancers parallels that described at snRNA genes, where Integrator cleaves the nascent 

RNA and promotes Pol II termination (Hernandez 1985; Cazalla et al. 2011; Baillat and 

Wagner 2015; Xie et al. 2015). Therefore, our model for Integrator function is 

parsimonious with its previously defined biochemical activities. Moreover, consistent with 

IntS9 and IntS11 subunits being paralogs of CPSF100 and CPSF73, respectively, there are 

many similarities between premature Pol II termination caused by Integrator, and mRNA 

cleavage and termination by the CPA machinery. We note that mRNA cleavage and 

termination at gene ends is coupled with polyadenylation to protect the released mRNA. 

Likewise, Integrator-catalyzed cleavage of snRNAs is coupled to proper 3’ end biogenesis. 

In contrast, termination driven by Integrator at protein-coding and enhancer loci would 

typically be followed by RNA degradation (Ogami et al. 2017). These results indicate that 

the Integrator endonuclease activity can be deployed for different purposes at different loci, 
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with the outcome governed by the locus-specific recruitment of RNA processing or RNA 

decay machineries. Therefore, probing the interplay between Integrator and the complexes 

that govern RNA fate is an area that merits future study.  

It has been established that cleavage and termination by the CPA machinery is 

greatly facilitated by pausing of Pol II (Proudfoot 2016), as is snRNA 3’end formation by 

Integrator (Guiro and Murphy 2017). Current models invoke a kinetic competition between 

Pol II elongation and termination, wherein slowed transcription elongation provides a 

greater window of opportunity for termination to occur (McDowell et al. 1994; Fong et al. 

2015). Consistent with these models, we find that promoter-proximally paused Pol II is an 

optimal target for Integrator-mediated cleavage and termination at mRNA and eRNA loci. 

Our findings thus suggest a novel function for Pol II pausing in early elongation, wherein 

pausing provides a regulatory opportunity that enables gene attenuation.  

It is interesting that Integrator-repressed genes, which exhibit very low levels of 

productive elongation, have chromatin characteristics that are common at enhancers. In 

particular, these genes display low levels of active histone modifications H3K4me3 and 

H3K36me3, with an enrichment in H3K4me1. Like at Integrator-repressed genes, 

transcription at enhancers is known to be non-productive, with a highly unstable Pol II that 

yields only short, rapidly degraded RNAs (Kim and Shiekhattar 2015; Henriques et al. 

2018). Thus, our data support models wherein these chromatin features reflect the level 

and productivity of transcription at the locus, rather than specifically demarcating the 

coding vs. non-coding potential of the region (Core et al. 2014; Andersson et al. 2015; 

Soares et al. 2017; Henriques et al. 2018).  

Taken together, the role we describe here for Integrator in determining the fate of 

promoter Pol II sheds new light on Integrator function in development and disease states. 

Mutations in Integrator have been associated with a myriad of diseases (Rienzo and 

Casamassimi 2016), with each of the 14 Integrator subunits implicated in one or more 

disorders. Intriguingly, many of these disease states are not characterized by defects in 
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splicing and are often associated with disruption in normal development (Rienzo and 

Casamassimi 2016). Thus, human genetics foretold that Integrator functions extend well 

beyond snRNA processing. Accordingly, we find that Integrator targets a set of stimulus- 

and developmentally-responsive genes to potently repress their activity. It will be 

interesting in future work to tease out the specific roles of the individual Integrator subunits 

in gene regulation, in the hopes of exploiting this knowledge for therapeutic benefit. 

IntS11 is in an inactive conformation in the complex with CG7044. In fact, even if 

IntS11 could assume an active conformation in this complex, CG7044 would block the two 

ends of the canyon and it would still be unlikely for the RNA to be able to access the active 

site. Moreover, the structure unexpectedly reveals that the C-terminal end of CG7044 is 

inserted into the active site region of IntS11 (Figure 5.1e), contributing 800 Å2 to the buried 

surface area. The last three residues of CG7044, Asp972-Cys-Tyr974 (DCY), are in a deep 

pocket at the interface between the metallo--lactamase and -CASP domains (Figures 

5.1e, 5.2a). These DCY residues are conserved among all known CG7044 and Brat1 

homologs (Figure 5.2b), underscoring their importance in the interaction. The side chain 

of Asp972 is hydrogen-bonded to His392 of IntS11 (Figure 5.2c), the general acid for the 

nuclease reaction, which is activated by Glu203 (Mandel et al. 2006; Sun et al. 2020). The 

side chain of Cys973 is directly coordinated to both zinc ions in the active site, which 

would not allow the scissile phosphate of the RNA substrate to coordinate to the zinc ions 

(Sun et al. 2020). Finally, Tyr974 is surrounded by residues in the metallo--lactamase and 

-CASP domains of IntS11. The carboxylate group at the C-terminus of CG7044 has ion-

pair interactions with Arg244 in the -CASP domain.  

Based upon these observations, the C-terminal residues of CG7044 would directly 

compete with the RNA substrate, further ensuring the inhibition of IntS11. In fact, the 

binding mode of DCY has extensive overlap with that of the RNA substrate observed in 

the structure of CPSF73 (Figure 5.2d) (Sun et al. 2020). Especially, the side chain of 

Tyr974 is located in generally the same position as the base of the nucleotide just 3 to the 
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cleavage site (+1 nucleotide). Overall, the structural observations demonstrate that CG7044 

is an inhibitor of IntS11. 

All together, we have demonstrated a novel mechanism of promoter-proximal 

termination of RNAPII through the endonuclease activity of IntS11 and have begun to 

discover a method of control for IntS11. However, many questions remain to be explored 

in this exciting new mechanism of mRNA regulation. How does IntS11 get recruited to 

these particular mRNA and what is the signal for its cleavage? Is it just a spatial-temporal 

effect of general RNAPII recruitment of Integrator or is there a finer control has yet to be 

elucidated? What signals the inhibition of IntS11 by CG7044 and by what means is this 

inhibition release? These and many more questions remain for IntS11 and or further 

understanding of RNAPII regulation. 
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