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Abstract

The Integrator complex is conserved across metazoans and controls the fate of many nascent 

RNAs transcribed by RNA polymerase II. Among its 14 subunits is an RNA endonuclease that is 

critical for the biogenesis of small nuclear RNAs and enhancer RNAs. Integrator is further 

employed to trigger premature transcription termination at many protein-coding genes, thereby 

attenuating gene expression. Integrator thus helps shape the transcriptome and ensures genes can 

be robustly induced when needed. Molecular functions for Integrator subunits beyond the RNA 

endonuclease remain poorly understood, but some can act independently of the multi-subunit 

complex. Here, we highlight recent molecular insights into Integrator and propose how mis-

regulation of this complex may lead to developmental defects and disease.
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Discovery of the Integrator complex and its RNA endonuclease activity

The Integrator complex was serendipitously discovered in 2005 by Baillat and colleagues as 

part of an effort to identify interacting partners of Deleted in split hand/split foot 1 (DSS1), a 

protein associated with congenital limb defects in humans [1]. Immunoprecipitation of 

human DSS1 revealed interactions with the tumor suppressor BRCA2, the 19S proteasome, 

RNA polymerase II (RNAPII), and 12 previously uncharacterized, metazoan-specific 

proteins that the authors named Integrator subunits (IntS) 1–12 for integrating the C-terminal 

domain (CTD) of RNAPII (see Glossary) with 3’ end processing of small nuclear RNAs 

(explained more below). Two additional Integrator subunits, IntS13 and IntS14, were 

subsequently identified and validated [2–4], and all of these proteins together can form the 

>1 MDa Integrator complex in a manner independent of DSS1. Key insights into the 

function of this complex came from finding that (i) Integrator subunits can directly bind the 

RNAPII CTD, especially when Serine2 and Serine7 are phosphorylated [1, 5–8] and that (ii) 

IntS11 and IntS9 share sequence homology with the zinc-dependent RNA endonuclease 
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CPSF73 (a.k.a. CPSF3) and its binding partner CSPF100 (a.k.a. CPSF2), respectively [1, 9]. 

CPSF73 and 100 act as part of the cleavage and polyadenylation machinery to cleave 

nascent mRNAs prior to addition of the poly(A) tail [10, 11] and also cleave the 3’ ends of 

replication-dependent histone pre-mRNAs, which are not subsequently polyadenylated [12, 

13]. These observations suggested that Integrator may likewise play a role in controlling 

transcription and/or RNA processing events.

Using chromatin immunoprecipitation (ChIP), Baillat and colleagues found Integrator 

subunits bound to small nuclear RNA (snRNA) gene loci [1], including U1 and U2, which 

are transcribed by RNAPII to produce key components of the pre-mRNA splicing machinery 

[reviewed in 14] (Figure 1A). Prior work had shown that snRNA 3’ end processing is 

dependent on the presence of the snRNA promoter [15, 16], the CTD of RNAPII [17], and a 

relatively degenerate sequence, known as the 3’ box, located 9–19 nucleotides downstream 

of the snRNA [18]. Despite these observations, the factor(s) that processed the 3’ ends of 

nascent snRNA transcripts had been long unknown. Given the homology between IntS11 

and the CPSF73 endonuclease, Baillat and colleagues hypothesized that Integrator may, in 

fact, catalyze endonucleolytic cleavage of nascent snRNAs. Indeed, increased levels of long, 

unprocessed snRNAs were observed when catalytically inactive IntS11 was expressed or 

when Integrator subunits were depleted in human cells [1, 19], Drosophila [20], planarians 

[21], and C. elegans [22]. Integrator is thus required across metazoans for processing of 

snRNA primary transcripts (Figure 1A). Integrator further enables termination of snRNA 

transcription in a manner independent of the Rat1/Xrn2 5’–3’ torpedo exonuclease [23, 24], 

which is used to terminate protein-coding gene transcription after CPSF73 cleavage 

[reviewed in 25]. Integrator may instead trigger termination by inducing allosteric changes 

in RNAPII, acting itself as an exonuclease [26], and/or by recruiting additional factors, such 

as the cleavage and polyadenylation machinery factors PCF11 and SSU72 [19, 27].

In the 15 years since the discovery of Integrator, it has become increasingly clear that this 

complex can control the processing and expression of additional RNAPII transcripts beyond 

snRNAs. This includes other non-polyadenylated RNAs, such as enhancer RNAs (eRNAs) 

[28, 29], telomerase RNA [30], viral microRNAs [31, 32], and replication-dependent 

histones [21, 33], as well as the transcription of many canonical protein-coding genes and 

long noncoding RNAs [29, 33–36]. It is thus perhaps not surprising that mis-regulation of 

Integrator expression has been associated with developmental and disease phenotypes in 

numerous metazoan species. Here, we highlight some of the latest findings on the molecular 

and physiological functions of Integrator, and propose that its role in regulating protein-

coding gene expression is critical for normal metazoan development. We refer readers to 

earlier reviews for more details on how Integrator interacts with the CTD of RNAPII as well 

as how it controls snRNA processing [37–41].

The Integrator complex controls the outputs of protein-coding genes

In the initial report from Baillat and colleagues, two commonly studied human protein-

coding genes (c-fos and GAPDH) were found to be unaffected by the Integrator complex 

[1]. However, subsequent high-throughput RNA-seq after knockdown of Integrator subunits 

as well as ChIP-seq experiments using higher quality antibodies revealed that Integrator 
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subunits bind to and control the outputs of many loci besides snRNAs, including long 

noncoding RNAs and protein-coding genes across metazoans [22, 29, 33–36, 42, 43]. For 

example, in human HeLa cells [35] or Drosophila DL1 cells [29, 36], the expression of 

hundreds of protein-coding genes was altered after Integrator subunits were depleted by 

RNAi for several days. During this time frame, no significant changes in the levels of mature 

snRNAs were observed, consistent with these transcripts having long half-lives [44]. This 

suggested that the gene expression changes are not due to limiting levels of mature snRNAs 

causing widespread splicing defects. Instead, Integrator subunits can be detected by ChIP-

seq at the 5’ ends of many of the protein-coding genes whose expression was altered by the 

RNAi treatments [29, 33, 34, 36]. This suggests that Integrator can have a direct effect on 

protein-coding gene transcription. There has nonetheless been considerable debate as to 

what Integrator does when bound to a protein-coding gene and, in particular, whether (and 

how) Integrator promotes or inhibits RNAPII elongation.

Integrator can attenuate protein-coding gene expression by catalyzing 

premature transcription termination

Our laboratory recently became interested in the Integrator complex when a genome-scale 

RNAi screen in Drosophila cells revealed that many Integrator subunits are potent inhibitors 

of the Metallothionein A (MtnA) promoter [36, 45]. MtnA encodes a metal chelator, and its 

transcription is rapidly induced when the intracellular concentration of heavy metals, such as 

copper or cadmium, is increased [reviewed in 46]. This induction helps ensure that copper 

levels are maintained in a narrow concentration range (as copper is an essential co-factor for 

a subset of enzymes) and that strictly toxic metals, such as cadmium, are effectively 

sequestered. During copper stress, we observed binding of Integrator subunits to the 5’ end 

of the MtnA locus, which enables the IntS11 endonuclease to directly cleave nascent MtnA 

mRNAs [36] (Figure 1B). Integrator does not cleave these nascent MtnA transcripts 

randomly, but instead appears to do so at specific locations downstream of the transcription 

start site (TSS), especially near nucleotides ~85 and ~110. Cleavage results in premature 

termination of MtnA transcription (thereby blocking the production of the full-length MtnA 

mRNA) as well as the release of a short RNA [36].

This role for Integrator at the Drosophila MtnA locus is mechanistically similar to how the 

complex functions at snRNA genes (Figure 1A), except that (i) there does not appear to be a 

3’ box sequence in the vicinity of the MtnA cleavage sites and (ii) the cleaved RNAs have a 

very different fate. Cleaved snRNAs go on to be trimmed at their 3’ ends [47], stabilized, 

and assembled into snRNPs to ultimately function in pre-mRNA splicing [reviewed in 14]. 

In contrast, cleaved MtnA transcripts are rapidly degraded from their 3’ ends by the RNA 

exosome [reviewed in 48] (Figure 1B), perhaps to prevent the accumulation of R-loops at 

this protein-coding locus [36, 42]. Integrator thus limits or short-circuits the MtnA 

transcriptional program during copper stress, and recent work has revealed that Integrator 

also inhibits expression of a metal responsive gene in C. elegans [49]. Of note, we observed 

significantly less binding of Integrator subunits to the Drosophila MtnA locus during 

cadmium stress [36], consistent with the need to maximally produce MtnA to ensure cell 

survival under these conditions. How Integrator can be selectively recruited to a protein-
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coding gene in this system remains unknown, but the Drosophila MtnA locus highlights how 

the Integrator complex, particularly the IntS11 endonuclease, can be re-purposed by cells to 

limit transcriptional outputs from a protein-coding gene when appropriate.

Integrator-catalyzed premature termination is not unique to MtnA, and there were previous 

hints of this attenuation mechanism in the literature [33, 42]. It is now clear that Integrator 

broadly acts in Drosophila cells to control the biogenesis of eRNAs (discussed further 

below) and to attenuate transcription of protein-coding genes (perhaps as many as ~15% of 

active genes) [29, 36]. In cells depleted of IntS9, >400 mRNAs were up-regulated, some by 

more than 100-fold, compared to only 49 mRNAs that were down-regulated [36]. Integrator 

thus predominantly inhibits protein-coding gene expression in Drosophila cells, and similar 

observations have been made in C. elegans [22]. Direct quantification of nascent RNA 

synthesis using precision run-on sequencing (PRO-seq) in Drosophila confirmed that this is 

due to Integrator catalyzing premature transcription termination and preventing promoter-

proximal RNAPII from transitioning into productive elongation [29]. Mirroring what was 

observed at MtnA, the IntS11 RNA endonuclease activity is critical and Integrator subunits 

are detected by ChIP-seq at the 5’ ends of many of these attenuated protein-coding genes 

[29, 36]. Nascent Drosophila mRNAs are cleaved by Integrator at well-characterized 

RNAPII promoter-proximal pause sites (25 to 60 nt downstream of the TSS [reviewed in 

50]) [29] or slightly further downstream (e.g. at the +1 nucleosome where RNAPII can 

pause a second time [51]) [36], and the resulting RNAs are degraded by the RNA exosome. 

Integrator thereby limits full-length mRNA production and attenuates the transcriptional 

output of these protein-coding genes.

Integrator activity also ensures robust induction of protein-coding genes

In human cells, multiple models of Integrator function at protein-coding genes have been 

proposed [28, 29, 33–35, 52, 53], in part because the effect of depleting Integrator subunits 

appears to be more complicated than what has been observed in Drosophila or C. elegans. In 

HeLa cells depleted of IntS11, high-throughput sequencing of chromatin-associated RNAs 

revealed roughly equal numbers of protein-coding genes that were up- and down-regulated 

(667 and 616, respectively) [28, 29]. Current data indicate that Integrator can be critical for 

robust transcriptional induction of some human protein-coding genes, but there is debate as 

to the underlying molecular mechanism [28, 29, 33, 34, 54] (Figure 2). In particular, 

Integrator subunits have been detected at a subset of immediate-early genes and their 

associated enhancers in HeLa cells, and addition of epidermal growth factor (EGF) results in 

further recruitment of the Integrator complex to these loci in an ERK1/2-dependent manner 

[28, 34, 54]. When IntS1 or IntS11 has been depleted, a substantially diminished level of 

transcription induction from these genes is observed once EGF is added.

On the one hand, Integrator’s role in catalyzing premature transcription termination may 

underlie these observations. This is because depletion of Integrator subunits can result in the 

up-regulation of basal expression from inducible genes, which would cause these genes to be 

less induced in response to signaling [29, 33] (Figure 2A,B). Skaar and colleagues showed 

that the basal expression level of JUNB, an immediate-early gene, is increased ~2-fold in 

HeLa cells depleted of IntS3 or IntS9 [33]. Upon addition of serum, they found that JUNB 
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transcripts reached the same level of expression regardless of whether Integrator subunits 

were present, but the dynamic range of induction was reduced in Integrator depleted cells (4-

fold compared to 8-fold in control cells). In contrast, others have suggested that Integrator 

can function at these inducible genes via mechanisms that may be independent of IntS11 

endonuclease activity. For example, Integrator can interact with factors that control RNAPII 

pausing, including NELF (negative elongation factor) and DSIF (5,6-dichloro-1β-D-

ribofuranosylbenzimidazole [DRB]-sensitivity-inducing factor) [35, 52], as well as with the 

super elongation complex/pTEFb [55], thereby enabling release of paused RNAPII into 

productive elongation [34] (Figure 2C,D). These latter models thus argue that Integrator can 

directly promote the production of full-length mRNAs.

Another way that Integrator can alter the transcriptional output of protein-coding genes is by 

controlling 3’ end processing and functionality of eRNAs [28, 29]. When Integrator subunits 

have been depleted or when catalytically inactive IntS11 is present in HeLa cells, RNAPII 

termination defects are observed at enhancer loci (Figure 2E,F). This results in increased 

levels of primary eRNA transcripts coupled to reduced levels of mature eRNAs, which is 

associated with reduced chromatin looping between the enhancer region and its target 

promoter [28]. There is thus reduced enhancer activity when Integrator subunits have been 

depleted, which could further directly reduce the robustness of gene induction in response to 

cellular stimuli. Additional experiments are now required to distinguish between these 

models, but it seems likely that multiple underlying molecular mechanisms are at play 

(Figure 2) and their combined activities ensure that inducible genes can be robustly induced. 

It would, for example, be interesting to define the molecular details of how Integrator 

interacts with RNAPII pausing factors [52] and then examine the effect that disrupting these 

interactions has on cellular gene expression profiles.

snRNA and protein-coding loci have distinct dependencies on Integrator 

subunits

Besides IntS11 and its direct binding partners (IntS4 and 9) that make up the Integrator 

cleavage module [56], the exact functions of the non-catalytic Integrator subunits remain 

unknown. IntS12 has a PHD finger that may help recruit the complex to chromatin, but 

many Integrator subunits lack obvious paralogs within eukaryotic genomes and are devoid of 

known protein domains beyond α-helical repeats (e.g. HEAT, ARM, TPR, or VWA 

domains) [reviewed in 37]. Some of these domains may function as protein-protein 

interaction surfaces to enable assembly of the complex [56–60], and the expression of some 

Integrator subunits is indeed interdependent. For example, depletion of Drosophila IntS12 

results in co-depletion of IntS1 (and vice versa) [56, 59, 61]. This suggests that some of the 

non-catalytic subunits may be only indirectly involved in Integrator’s enzymatic and 

biochemical functions at gene loci.

Depletion of many non-catalytic Integrator subunits, including IntS12, has only a minimal 

effect on 3’ end processing of snRNAs in Drosophila and human HeLa cells [20, 36, 56]. 

This suggests that the non-catalytic Integrator subunits may not be required for assembly or 

recruitment of a functional Integrator complex to snRNA loci. In stark contrast, many of the 
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non-catalytic Integrator subunits (especially IntS1, 2, 5, 6, 7, 8, and 12) are critical for 

attenuating the outputs of protein-coding genes in Drosophila [36] and C. elegans [22]. This 

may imply that (i) distinct Integrator complexes are recruited to snRNA vs. protein-coding 

gene loci (discussed further below) and/or that (ii) non-catalytic Integrator subunits have 

specific roles at protein-coding genes, such as enabling the assembly/targeting of the 

complex to these loci and/or controlling RNAPII dynamics.

Individual Integrator subunits can moonlight and function outside the 

multi-subunit complex

Size exclusion chromatography has revealed that human Integrator subunits can be detected 

in a >1 MDa complex that is associated with RNAPII in the nucleus [1, 7]. How Integrator is 

assembled remains largely unclear, but it is unlikely that all Integrator complexes have the 

same components. This is because individual Integrator subunits can have distinct 

occupancy patterns on chromatin [7, 53], different effects when depleted [20, 22, 35, 36, 62], 

and even unique subcellular localization patterns in Drosophila and human cells [56, 61, 63]. 

The significance of these observations is incompletely understood, but they collectively 

suggest that Integrator subunits might have functions beyond their roles in the 14-subunit 

complex. Indeed, some Integrator subunits can be detected in smaller complexes in the 

nucleus of human cells [1, 52, 53, 60]. IntS3 and 6 have been shown to stably interact with 

human single-stranded DNA-binding protein 1 (SSB1, also known as nucleic acid binding 

protein 2 [NABP2]) to have critical roles in repair of DNA double-stranded breaks [60, 64–

68] (Figure 3A). Following DNA damage, these particular Integrator subunits relocate to 

sites of damage and are required for the accumulation of other repair proteins, such as 

RAD51, TopBP1, and BRCA1, at these sites. In contrast, most other Integrator subunits, 

including IntS11, do not appear to significantly interact with hSSB1 or play a direct role in 

DNA repair [60, 64–68].

Recent work has further revealed that IntS13 can function as an independent entity to 

regulate human myeloid differentiation [53]. Barbieri and colleagues showed that, unlike 

IntS11, IntS13 is dispensable for the growth of HL-60 and primary myeloid progenitor cells. 

IntS13 is instead specifically required for maturation of these cells into functional 

monocytes and macrophages [53]. This is because IntS13 is recruited to a number of active 

and poised enhancers that control the expression of genes required for monocytic and 

macrophagic identity (Figure 3B). Other Integrator subunits (IntS1, 6, and 11) examined by 

ChIP were all notably absent from these enhancers. IntS13 is present in a ~200 kDa complex 

and appears to be directly recruited to enhancers by the DNA-binding EGR1/2 transcription 

factors and their associated co-factor NAB2 [53]. Once bound, IntS13 is able to mediate 

enhancer activation and drive the differentiation process, but further work is now required to 

reveal the underlying molecular details, including whether additional Integrator subunits are 

subsequently recruited to target gene promoters.

Mendoza-Figueroa et al. Page 6

Trends Biochem Sci. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mis-regulation of the Integrator complex is associated with developmental 

defects

Beyond the role of IntS13 in human myeloid differentiation, a growing number of studies 

have revealed that Integrator subunits are indispensable for normal development across 

metazoans [39]. Deletion or mutation of Integrator subunits in mouse (IntS1) [69], the 

teleost fish medaka (IntS1) [70], Drosophila (IntS4 and 7) [20, 71], C. elegans (IntS6) [22, 

72], and zebrafish (IntS6) [73] have all been reported to result in abnormalities in early 

development and subsequent lethality. Here, it is important to point out that the subunits 

listed simply represent the subunits that were tested in each organism, and it is highly likely 

that mis-regulation of other Integrator subunits will result in similar phenotypes. Integrator is 

further required for normal hematopoiesis (IntS5, 9, 11) [74] and lens development (IntS1) 

[75] in zebrafish, adipogenesis in mouse (IntS6 and 11) [76], neoblast self-renewal and 

regeneration in planarians (IntS3 and 9) [21], dynein localization in cultured human cells as 

well as during Drosophila spermatogenesis and oogenesis (IntS13) [61, 63, 77], ciliogenesis 

in cultured human cells (IntS1, 3, 4, 9, 11, 12) [78], and normal brain development in 

multiple species, including humans (Box 1). For example, individual depletion of IntS1, 2, 5, 

or 8 in Drosophila results in excess immature neuroblasts due to increased de-differentiation 

of intermediate neural progenitors back to the stem cell fate [62]. Depletion of IntS11 did 

not result in a similar neuroblast phenotype [62], suggesting subunit-specific roles of 

Integrator components in controlling the homeostasis of neural cells. Nevertheless, depletion 

of IntS11 did result in cortical neuron migration defects in mice, as did depletion of IntS1 

[43].

Hypothesis: Integrator’s role in controlling protein-coding gene expression 

is critical for development

Despite all the connections between Integrator and developmental phenotypes, the 

underlying molecular mechanisms remain poorly understood. Increases in unprocessed 

snRNA levels have been observed when Integrator subunits are depleted or mutated in 

multiple metazoan species [20–22, 69, 74, 79] and, at least in C. elegans, readthrough 

transcription downstream of snRNAs can result in the production of long chimeric snRNA-

mRNA transcripts that are sometimes translated into proteins [22]. However, the levels of 

mature snRNAs often do not significantly change when Integrator subunits are depleted or 

mutated ([69] is an exception), including in the human individuals with neurodevelopmental 

delay [79] (Box 1). This suggests the existence of compensatory transcriptional or post-

transcriptional mechanisms that ensure mature snRNAs are maintained at the appropriate 

levels.

Why then are developmental defects observed when Integrator subunits are depleted or 

mutated? It remains possible that the processing of a small subset of critical snRNA 

transcripts is altered (e.g. specific snRNA variants [85, 86]), but current evidence now 

suggests to us that Integrator’s role in fine-tuning protein-coding transcription may be 

critical for normal development. This is because the expression of hundreds to thousands of 

mRNAs can be mis-regulated when Integrator has been depleted/mutated [29, 35, 36, 79]. 
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For example, compared to age-matched controls, the expression of more than 3,000 mRNAs 

was altered in human fibroblasts from patients with IntS8 mutations (215 genes also showed 

alternative splicing changes) [79]. It remains largely unknown which of these gene 

expression changes represent direct vs. secondary effects, and further work is needed to 

define the frequency at which each of the molecular mechanisms depicted in Figures 1–3 are 

used to regulate expression patterns across development. Nevertheless, modulating the 

expression of a single mRNA can, in some cases, be sufficient to rescue the developmental 

defects. Injection of Lefty1 or Bmp2b mRNA was sufficient to rescue the embryonic 

patterning defects observed in IntS6 mutant zebrafish [73]. Likewise, introduction of Smad1 

or Smad5 mRNA was sufficient to rescue the hematopoietic defects observed in zebrafish 

embryos depleted of IntS5 [74]. These examples suggest that the developmental phenotypes 

observed are not due to Integrator’s role in snRNA processing, but instead because 

Integrator directly controls the outputs of key protein-coding genes that control 

differentiation processes. Identifying more of these key genes (and their exact mode of 

regulation, Figures 1–3) will likely not only explain how Integrator mis-regulation can 

contribute to such a wide variety of physiological phenotypes, including cancer (Box 1), but 

also may suggest new therapeutic opportunities.

Concluding Remarks

In summary, recent work has revealed that the Integrator complex controls the expression of 

many gene loci that are transcribed by RNA polymerase II, and we propose that mis-

regulation of these processes can result in developmental defects or disease. Nevertheless, 

many of the molecular details of how Integrator is assembled, recruited, and functions are 

still poorly understood, thereby leaving a number of key questions unanswered (see 

Outstanding Questions). It is now clear that Integrator can function as a transcriptional tuner 

or almost the equivalent of an on/off switch at some protein-coding genes, and yet very little 

is known about how this complex is regulated so that the appropriate amounts of full-length 

mRNAs can be made depending on the cellular state. This may be achieved through direct 

modulation of IntS11 RNA endonuclease activity, but it is important to keep in mind that 

most of the other subunits within the complex are also critical for Integrator function and 

represent potential points of regulation [87]. Few of the other Integrator subunits have 

known protein domains [reviewed in 37] so it is currently difficult to hypothesize their 

molecular roles, let alone explain exactly why point mutations in these subunits can cause 

developmental defects. It nevertheless seems likely that many of the characterized mutations 

affect protein-protein interactions and/or Integrator complex stability, as has already been 

shown for Ints8 mutations observed in human patients (Box 1).

Focused efforts are now needed to reveal the structures and molecular binding partners of 

Integrator subunits, as this will provide the field with a much deeper perspective on why the 

Integrator complex has so many subunits. In addition, it likely will be informative to look 

more closely for parallels between Integrator and the cleavage/polyadenylation machinery 

[reviewed in 11] as well as with complexes in lower eukaryotes that catalyze premature 

termination events, including the Nrd1-Nab3-Sen1 (NNS) complex in S. cerevisiae (which, 

like Integrator, also catalyzes termination at snRNA loci) [reviewed in 88] and the MTREC 

(Mtl1-Red1 core) complex in S. pombe [89, 90]. Finally, Integrator is likely not a single 
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homogenous complex, and experiments are now needed to clarify what exact subunits 

are/are not recruited to protein-coding genes, snRNAs, enhancers, and other cellular 

locations, as well as how these patterns change over developmental time courses, across 

tissues, or in disease. Beyond identifying the genes bound by Integrator, it may be possible 

to determine the exact binding sites at high resolution using techniques like CUT&RUN 

[91], ChIP-exo [92], or ChIP-nexus [93]. Much has been recently learned about Integrator’s 

role in transcriptional control and development, and it is certain that many more insights into 

this complex will be revealed in the coming years.
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GLOSSARY

3’ box
A conserved, but relatively degenerate A/T-rich sequence that is located 9–19 nt downstream 

of the sequence specifying the mature snRNA. The 3’ box is necessary for processing of 

nascent snRNA transcripts [18]

C-terminal domain (CTD) of RNA polymerase II
A sequence of heptad repeats (consensus Tyr-Ser-Pro-Thr-Ser-Pro-Ser), varying in number 

from 26 in yeast to 52 in vertebrates that is present on the end of the largest subunit of RNA 

polymerase II. The CTD is subjected to extensive post-translational modifications, especially 

phosphorylation, during the transcription cycle and serves as a binding scaffold for factors 

that control RNA synthesis and maturation [reviewed in 94]

Enhancer
Cis-acting DNA sequences that can increase the transcription of genes by binding to 

transcription factors and co-factors as well as modifying the nearby chromatin. Active 

enhancers are transcribed to yield enhancer RNAs (eRNAs) and often make looping contacts 

with their target promoters [reviewed in 95]

Immediate-early gene
A gene whose transcription is rapidly induced (within minutes) in response to a variety of 

cellular stimuli, without the need for de novo protein synthesis. Many immediate-early genes 

encode transcription factors or other DNA-binding proteins that enable changes in cellular 

physiology, such as proliferation, differentiation, or storage of a memory

Integrator cleavage module
A heterotrimeric complex comprised of IntS4, 9, and 11 that is likely responsible for 

Integrator endonuclease activity [56]. IntS11 contains the active site responsible for 

catalysis, but its associations with IntS4 and 9 are also critical for activity. The Integrator 

cleavage module is analogous to the core cleavage complex (CPSF73, CPSF100, and 

Symplekin) that is required for 3’ end processing of all pre-mRNAs [12, 13]
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Precision Run-On Sequencing (PRO-seq)
A high-throughput technique that provides base-pair-resolution mapping of transcriptionally 

engaged RNA polymerase II molecules across the genome [96]

R-loop
a three-stranded nucleic acid structure that naturally forms during transcription and is 

comprised of a DNA:RNA hybrid, with the nontemplate DNA strand being single-stranded 

[97]

RNA exosome
A multi-subunit protein complex with 3’−5’ ribonuclease activity that controls the 

maturation, quality, and turnover of nearly all types of eukaryotic RNAs [reviewed in 98]

Small nuclear RNA (snRNA)
A class of abundant RNAs in eukaryotic cells that are typically 60–200 nucleotides in length 

and transcribed by RNAPII. The lone exception is U6, which is transcribed by RNA 

polymerase III. snRNAs are critical components of the major (U1, U2, U4, U5, and U6) and 

minor (U11, U12, U4atac, U6, and U6atac) spliceosomes, whereas U7 snRNA is involved in 

histone 3’ end processing [reviewed in 14]
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Box 1.

The Integrator complex in human development and cancers

Multiple individuals with severe neurodevelopmental delay have now been identified that 

carry biallelic mutations in Integrator subunits [75, 79]. Three unrelated individuals all 

have a homozygous nonsense mutation in IntS1 (S1784*, where * indicates a stop codon) 

that results in nonsense-mediated mRNA decay (NMD) [reviewed in 80] and reduced 

IntS1 mRNA/protein expression [79]. An additional three affected individuals are 

siblings that have mutations in both of their IntS8 alleles: one allele produces a transcript 

that stimulates NMD, while the other allele has a deletion that removes three amino acids 

(972–974) of IntS8. IntS8 lacking these three amino acids fails to co-purify with a 

number of other Integrator subunits (including IntS1 and 12) or RNAPII, suggesting that 

the full Integrator complex may be unable to be appropriately assembled or efficiently 

recruited to genes in these individuals [79]. Upon replacing the wild type IntS8 genes 

with the 972–974 deletion mutant in mouse P19 cells, retinoic-acid induced neuronal 

differentiation was disrupted, confirming that altered Integrator function is driving the 

phenotypes observed in patients.

IntS6 was originally identified as a tumor suppressor protein [81, 82] and it is now clear 

that a number of additional Integrator subunits are mis-regulated or mutated in human 

cancers [39, 83]. The functional significance of most of these data remains unclear. 

Nevertheless, in acute myeloid leukemia (AML), IntS3 was found to be mis-spliced in 

patients who have mutations in the metabolic enzyme IDH2 and the splicing factor 

SRSF2 (~5% of AML cases) [84]. The resulting IntS3 mRNA is degraded by NMD, and 

this down-regulation of IntS3 gene expression helps drive cancer progression as forced 

expression of IntS3 slows leukemia growth and induces myeloid differentiation in vivo 
[84]. Integrator has also been reported to be a critical transcriptional co-activator 

downstream of the mitogen-activated protein kinase (MAPK) signaling cascade, a 

pathway that is altered in >70% of human cancers [54]. Depletion of IntS11 suppressed 

the growth of cancer cells to a degree similar to that of direct inhibition of kinases in the 

MAPK pathway, and combining these treatments did not result in further growth 

suppression. These results are thus consistent with IntS11 participating in the MAPK 

cascade and suggest that Integrator may represent a therapeutic target for treating patients 

that are refractory to inhibitors targeting upstream kinase components of the pathway 

[54].
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HIGHLIGHTS

• The multi-subunit Integrator complex is conserved across metazoans and 

harbors the IntS11 RNA endonuclease that can cleave many nascent RNAs 

transcribed by RNA polymerase II.

• Cleavage by Integrator is required for the biogenesis of functional small 

nuclear RNAs and enhancer RNAs, but attenuates the expression of protein-

coding mRNAs by triggering premature transcription termination.

• Integrator activity helps ensure that immediate-early genes are robustly 

induced upon sensing a stimulus.

• The molecular function of most of the non-catalytic Integrator subunits 

remains unknown, but some can act independently of the multi-subunit 

complex, including at a subset of enhancers and upon activation of the DNA 

damage response.

• Depletion or mutation of Integrator subunits often results in developmental 

defects, including in humans, and can contribute to cancer progression.
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OUTSTANDING QUESTIONS

• What is the molecular function of each of the non-catalytic Integrator 

subunits?

• How is the Integrator complex assembled and what are all the molecular 

interactions between the subunits?

• How is the Integrator complex recruited to every snRNA locus but only to a 

subset of protein-coding genes and enhancers?

• Are all 14 Integrator subunits recruited to snRNAs, enhancers, and protein-

coding genes or are distinct complexes present at each of these loci?

• How is Integrator recruitment/activity at specific protein-coding loci tuned 

depending on the state of the cell and its transcriptional needs?

• Is Integrator activity at protein-coding loci and enhancers always dependent 

on the IntS11 RNA endonuclease?

• Why and how does the Integrator complex fine-tune the expression of some 

genes (~2 fold inhibition) while also robustly (>100 fold inhibition) 

controlling the expression of other genes?

• How are IntS11 endonucleolytic cleavage sites in nascent pre-mRNAs and 

eRNAs defined?

• Integrator cleavage products from protein-coding genes are generally rapidly 

degraded, but are some stabilized and functionally important?

• Mutations in Integrator subunits are associated with developmental 

abnormalities, but what are the underlying molecular mechanisms that have 

been altered?
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Figure 1. Inttegrator cleavage can terminate transcription at snRNA and protein-coding genes.
(A) Nascent snRNA transcripts are cleaved upstream of the 3’ box sequence (green) by the 

IntS11 RNA endonuclease component of the Integrator complex, which enables termination 

of RNA polymerase II (RNAPII) transcription. The cleaved snRNA transcript is released, 

further processed, and assembled into an RNA-protein complex, which includes Sm proteins 

(gray), that functions to catalyze pre-mRNA splicing reactions. (B) The Integrator complex 

can likewise be recruited to a subset of protein-coding loci. (Top) In the absence of 

Integrator, RNAPII transitions to productive elongation and full-length mRNAs are 

produced. (Bottom) When Integrator is recruited, IntS11 can cleave the nascent mRNA. This 

facilitates premature transcription termination and the resulting short RNAs are rapidly 
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degraded from their 3’ ends by the RNA exosome (purple). Integrator thus blocks productive 

elongation and attenuates full-length mRNA production.
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Figure 2. The Integrator complex may help ensure robust induction of genes via multiple 
molecular mechanisms.
(A, B) When cells are under basal conditions, the expression of an immediate-early gene can 

be maintained at a low level by the Integrator complex. (A) This is because IntS11 cleaves 

nascent mRNAs, which are then subjected to rapid degradation. (B) In the absence of a 

functional Integrator complex, more RNAPII molecules transition to productive elongation, 

thereby resulting in a higher basal level of expression of the immediate-early gene. (C-F) 
Upon addition of a stimulus, the transcription of immediate-early genes is rapidly induced. 

(C) The Integrator complex has been proposed to facilitate induction by enabling release of 

paused RNAPII into productive elongation. During this transition, the super elongation 

complex (SEC, green) is recruited, leading to loss of NELF (red). (D) In the absence of 

Integrator, a greater percentage of RNAPII molecules remain paused, resulting in less 
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efficient production of full-length mRNA. (E) The Integrator complex is also recruited to 

enhancer loci, which can be bi-directionally transcribed. The IntS11 endonuclease cleaves 

nascent enhancer RNAs (brown) to terminate their transcription. Chromosomal looping 

(facilitated by proteins such as Mediator, CTCF, and cohesin, depicted in gray) enables an 

active enhancer region to be in close proximity to a target gene and promote its transcription. 

(F) In the absence of Integrator, nascent enhancer RNAs are not properly processed at their 

3’ ends, and this is associated with reduced chromosomal looping as well as reduced 

enhancer activity.
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Figure 3. Integrator subunits can function independently of the multi-subunit complex.
(A) Upon sensing a DNA double-stranded break, a number of proteins (including the 

MRE11/RAD50/NBS1 (MRN) complex, gray) are recruited to the site of damage, including 

IntS3 and 6. These particular Integrator subunits are found in a stable complex with hSSB1/2 

and are required for downstream signaling events, including recruitment of the recombinase 

RAD51 and activation of the protein kinase ATM. (B) During myeloid differentiation, the 

IntS13 subunit is directly recruited to a subset of enhancers by the EGR1/2 transcription 

factors and their associated co-factor NAB2. These factors mediate enhancer activation, 

leading to increased transcription of the target genes (in a manner that may involve 

additional Integrator subunits, orange) that drive the differentiation process.
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