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Summary

The discovery of the metazoan-specific Integrator Complex represented a breakthrough in our 

understanding of noncoding U-rich small nuclear RNA (UsnRNA) maturation and has triggered a 

reevaluation of their biosynthesis mechanism. In the decade since, significant progress has been 

made to understand the details of its recruitment, specificity, and assembly. While some 

discrepancies remain on how it interacts with the carboxy-terminal domain of the RNA 

polymerase II (RNAPII) and the details of its recruitment to UsnRNA genes, preliminary models 

have emerged. Recent provocative studies now implicate Integrator in the regulation of protein-

coding gene transcription initiation and RNA Polymerase II pause-release thereby broadening the 

scope of Integrator functions in gene expression regulation. Here, we discuss the implications of 

these findings while putting them into the context of what is understood about Integrator function 

at UsnRNA genes.
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Initial discovery of integrator

The Integrator complex (INT) was discovered serendipitously while searching for protein 

partners of Deleted in Split hand/Split foot protein 1 (DSS1). The initial affinity purification 

of the complex [1] identified twelve Integrator subunits (INTS1 to INTS12, see Figure 1) 

and demonstrated its association with the C-terminal domain (CTD see glossary, Box 1) of 

RPB1, the largest subunit of RNA polymerase II (RNAPII). Subsequent proteomic analyses 

[2-4], while confirming its composition and association with RNAPII, identified possible 

additional subunits as well as new potential cofactors. Among these proteins, only C12orf11 

(also known as Asunder) and C15orf44 (also known as VWA9 or CG4785) have since been 
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proven to be functionally associated with Integrator and renamed INTS13 and INTS14, 

respectively [5].

Unlike the Mediator Complex, a multi-subunit complex required for regulated transcription 

of most RNAPII dependent genes [6,7], Integrator is restricted to metazoans [8]. Its 

molecular weight is estimated by size exclusion chromatography to be greater than 1 MDa 

[1,9]. The size of its subunits, in humans, ranges from 49 kDa for INTS12 to 244 kDa for 

INTS1, with the majority (eight out of fourteen) possessing molecular weights greater than 

100 kDa (Figure 1). Few subunits have identifiable paralogs within the human genome and, 

despite their number and relatively large size, their sequence is strikingly devoid of readily 

recognizable domains. The most common predicted motifs within Integrator subunits are 

alpha-helical repeats such as HEAT, ARM and TPR, or VWA domains [10]. These 

structures are suggestive of protein-protein interaction surfaces, but fail to provide insight 

into the function of their respective subunit in the complex or into a potential interaction 

partner. Contrastingly, two subunits, INTS11 and INTS9 [11], are clearly homologous with 

CPSF73 and CPSF100, proteins that are involved in the cleavage of pre-messenger RNAs 

[12] and belong to a large group of zinc-dependent nucleases called the β-CASP family [13] 

(CPSF, Artemis, SMN1/PSO2, see glossary). This relationship was instrumental in 

implicating Integrator in the 3′end formation of cellular RNA.

A long sought UsnRNA 3′end processing factor

Apart from U6, a typical RNAPIII-dependent transcript whose 3′end is generated by 

transcription termination driven by a thymidine stretch [14], all UsnRNAs (see glossary) are 

synthesized by RNAPII. Prior to the discovery of Integrator, extensive work had defined the 

three requirements governing RNAPII-dependent UsnRNA 3′end formation: i) an UsnRNA-

type promoter containing two characteristic elements: a distal sequence element (DSE) that 

recruits the transcription factors Oct1 and Sp1, and a proximal sequence element (PSE) that 

is bound by the snRNA activating protein complex (SNAPc, see glossary) [15,16], ii) the 

CTD of RNAPII [17,18] and iii) a consensus sequence GTTTN0-3AAARNNAGA called the 

3′box, which is located 9-19 nucleotides downstream of the 3′end of the UsnRNA [19]. 

These requirements led to the hypothesis of a co-transcriptional mechanism: a unique factor 

is recruited to UsnRNA promoters where it associates with the RNAPII CTD and cleaves 

the nascent pre-UsnRNA once the 3′box is transcribed and recognized.

Integrator proved to be this long sought factor (Figure 2). Multiple biochemical purifications 

indicated that it associates with the RNAPII CTD [1,20]. Chromatin immunoprecipitation 

(ChIP) experiments showed that Integrator is present at the promoter, body and 3′end of the 

UsnRNA genes in a pattern suggesting that it travels along with the RNAPII as it transcribes 

the UsnRNA [1,9]. Finally, RNAi-mediated knock-down of various Integrator subunits leads 

to the accumulation of elongated misprocessed pre-UsnRNA [1,21]. Given that INTS11 is 

paralogous to CPSF73 [11], and that the overexpression of an INTS11 mutant predicted to 

be catalytically dead interferes with UsnRNA 3′end processing [1], it is presumed that 

INTS11 is the enzyme responsible for the pre-UsnRNA cleavage. Integrator knockdown 

also results in increased RNAPII density downstream of the 3′end cleavage site, indicating 

that on UsnRNA genes 3′end processing is linked to transcription termination [22]. Whether 
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the termination event is coupled with 3′end cleavage through a mechanism similar to the 

torpedo model for mRNA genes [23] or if Integrator directly regulates termination remains 

to be determined.

Relation between Integrator and the RNAPII CTD

Of the three functions postulated for Integrator at the UsnRNA genes [recognition of the 

UsnRNA promoter, specific binding to the RNAPII CTD (Box 1), and cleavage of the 

nascent UsnRNA, (Figure 2)], the interaction with the RNAPII CTD has been the most 

thoroughly investigated. It has been clearly established that Integrator shows a strong 

preference for a ser7P/ser2P dyad (YS2PTS5PS7YS2PTS5PS7) while ser5 phosphorylation 

appears to be detrimental to Integrator recruitment [20]. Experimental evidence indicated 

that the RNAPII Associated Protein 2 (RPAP2, homolog of the yeast atypical phosphatase 

rtr1 [24]) removes the ser5P mark on UsnRNA genes. RPAP2 affinity purified from 

mammalian cells co-elutes with both Integrator and RNAPII and its interaction with the 

RNAPII CTD is ser7P-dependent. Moreover, purified human RPAP2 protein exhibits ser5P 

phosphatase activity in vitro and its knockdown in mammalian cells results in elevated 

levels of ser5P, decreased Integrator occupancy on the UsnRNA genes and accumulation of 

misprocessed UsnRNAs [9]. Altogether, these results were coalesced into a model (Figure 3, 

left pathway) where RNAPII is initially phosphorylated on ser5 and ser7 by TFIIH 

(Transcription Factor IIH, see glossary) at the UsnRNA promoter [25]. This phosphorylation 

pattern, in turn, recruits RPAP2 through ser7P and results in the removal of the ser5P mark. 

Finally, ser2 phosphorylation by p-TEFb (Positive Transcription Elongation Factor b, see 

glossary) creates the substrate required for optimal Integrator recruitment and subsequent 

3′end processing.

Nevertheless, the role of RPAP2 as well as the exact mechanism by which the ser5P mark is 

removed has been debated. Recent studies established that RPAP2 phosphatase activity is 

low [26] (with a turnover rate several orders lower than other known CTD serine 

phosphatases) and that the enzyme lacks a proper grove or pocket that could fulfill the role 

of an active site [27]. However, these shortcomings have been mitigated by the recent 

characterization of two RNAPII CTD binding proteins, Regulation Of Nuclear Pre-MRNA 

Domain Containing 1A and 1B (RPRD1A and RPRD1B). These proteins form homo- or 

heterodimers through a coiled-coil domain, bind to the ser2P or ser7P marks on the RNAPII 

CTD and stimulate RPAP2 phosphatase activity toward ser5P through protein-protein 

interactions [28]. These findings suggests a possible alternative model (Figure 3, right panel) 

where an RPRD1A/RPRD1B dimer binds two ser7P marks bracketing a ser5P mark in order 

to recruit and position RPAP2 optimally toward its substrate.

Although this model presents a parsimonious solution to explain RPAP2 function in 

regulating RNAPII CTD phosphorylation, it probably overlooks other roles for RPAP2 in 

the RNAPII transcription cycle. Recent cellular biology experiments demonstrated that, 

similar to its yeast homolog rtr1, RPAP2 cellular localization is predominantly cytoplasmic 

[29]. Considering that two known RPAP2 interacting proteins, GPN-loop GTPase 1 (GPN1) 

and GPN-loop GTPase 3 (GPN3), play an important role in RNAPII biogenesis and nuclear 

import [30,31], RPAP2 cytoplasmic localization raises the possibility of a similar role. 
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Moreover it was shown that RPAP2 binds not only the CTD of RPB1 but also to its N-

terminal domain [29]. This interaction could correspond to a different function for RPAP2 

or could participate in the ser5P mark removal by stabilizing the interaction between RPB1 

and RPAP2 to compensate for its slow phosphatase activity.

Beyond their involvement in Integrator recruitment, there is a general question about ser7P 

and RPAP2 role in UsnRNA transcription and 3′end processing. Two independent studies 

using an inducible knockout system in chicken cells investigated the role of the Ssu72 

phosphatase and of ser7P in transcription [32,33]. It was found that, similar to RPAP2, 

knocking out Ssu72 results both in increased ser5P marks on UsnRNA genes and defective 

UsnRNA processing, indicating a possible redundancy between Ssu72 and RPAP2 [32]. In 

addition, the substitution of ser7 to alanine in the RNAPII CTD, hence preventing its 

phosphorylation, showed little effect on UsnRNA processing [33], complicating our 

interpretation of ser7P and RPAP2 role in UsnRNA processing. The initial work identifying 

ser7P role in UsnRNA processing [9] relied on α-amanitin resistant RNAPII mutant 

complementation. Although this method has proven to be a powerful tool to study 

transcription, prolonged α-amanitin exposure is not without consequences and results 

obtained through this approach should be interpreted with caution. For example, the 

elongation factor DSIF (DRB Sensitivity Inducing Factor, see glossary), whose knockdown 

negatively affects RNAPII recruitment on snRNA genes [34] and that directly interacts with 

Integrator (see below), is targeted for rapid degradation by α-amanitin even in the presence 

of the α-amanitin resistant RNAPII mutant [35]. Finally, there is a broader question about 

ser7P and RPAP2 function in general transcription. Indeed, in eukaryotes ser7P is present on 

all RNAPII transcribed genes and despite its presumed importance, ser7 to alanine 

substitution is not lethal in yeast (or chicken cells) and does not result in increased global 

ser5 phosphorylation as would be predicted [33,36]. Similarly, recruitment of RPAP2 to 

protein coding genes appears to be independent of ser7 phosphorylation [9].

Altogether, these data indicate that RPAP2 is most likely involved in removing the RNAPII 

CTD ser5P mark to facilitate Integrator recruitment, in particular on UsnRNA genes. 

However, there does not appear to be a direct relation between ser7 phosphorylation, RPAP2 

recruitment, and ser5P removal genome-wide; possibly because other protein partners and 

redundant mechanisms are affecting this relationship. Identifying these factors represents an 

upcoming challenge to understand how Integrator is temporally and spatially recruited to a 

specific gene. Conversely, identifying the Integrator subunit(s) involved in the RNAPII CTD 

recognition will also be critical to answer this question.

Integrator interacts with SPT5 and NELF

A fascinating development in the study of the Integrator biology is the recent discovery of 

its relationship with the transcription elongation machinery. ChIP experiments revealed that 

the negative elongation factor NELF (Negative Elongation Factor, see glossary) accumulates 

at the 3′end of UsnRNA genes. Its knockdown results in increased RNAPII occupancy 

downstream of the 3′box and in the accumulation of long readthrough transcripts, reflective 

of a termination defect and of a potential functional interaction with Integrator [34,37,38]. 

This observation is consistent with a recent affinity purification of SPT5 (see DSIF in 
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glossary) and of the NELF subunit NELF-E that revealed a physical interaction between 

Integrator and these factors [34]. The interplay between Integrator, SPT5, and NELF on 

UsnRNA genes is particularly interesting for several reasons. SPT5 appears to function early 

in the transcription cycle as its knockdown results in a reduction of RNAPII, NELF, and 

Integrator density at the UsnRNA genes [34]. Conversely, knockdown of NELF-E or 

Integrator both results in accumulation of RNAPII and SPT5 on the 3′end of the genes and 

in the accumulation of long misprocessed transcripts [34,37,38]. Therefore, even if both 

SPT5 and NELF interact with Integrator, their role in relation to the complex seems 

functionally distinct with SPT5 playing a possible role in transcription initiation and 

Integrator recruitment while NELF most likely functions in UsnRNA 3′end processing and 

transcription termination.

Role of Integrator in RNAPII transcriptional pause-release

The connection between Integrator, SPT5/NELF and elongation revealed its full significance 

with the recent evidence for Integrator function at mRNA coding genes [39–41]. The initial 

study of Integrator using conventional ChIP analysis was limited by the small repertoire of 

high quality antibodies available at the time and failed to demonstrate its presence on protein 

coding genes [1]. As more antibodies became available, Gardini et al. used ChIP-seq to 

revisit Integrator occupancy genome-wide and uncovered its association with active mRNA 

transcription and enrichment at Immediate Early Genes (IEG, see glossary) after epidermal 

growth factor (EGF) stimulation [39]. Transcriptional regulation of these genes functionally 

resembles that of the Drosophila Heat Shock gene (HSP70), which is the archetype for 

RNAPII pause-release (Box 2). Interestingly, the authors observed that under starvation 

conditions, low levels of Integrator were specifically detected at IEG transcription start sites 

(TSSs); however after EGF stimulation Integrator occupancy markedly increased at the TSS 

and within the body of the gene. This localization proved functionally relevant as the 

knockdown of Integrator subunits (INTS1 and INTS11) abrogates responsiveness of IEGs to 

EGF stimulation. Importantly, upon Integrator depletion there is a failure of the RNAPII to 

escape pausing and progress into productive elongation. Mechanistically, the role for 

Integrator in transcriptional pause-release appears to stem from its capacity to recruit the 

positive elongation factors p-TEFb and SEC to promoter proximal paused genes upon 

activation.

The second study linking Integrator to RNAPII pause-release on mRNA coding genes 

originates from the investigation of NELF function in Tat-activated transcription of the 

HIV-1 long terminal repeat (LTR, see glossary) [41]. While purifying the NELF complex 

from HeLa cells, Stadelmeyer et al. detected low but significant amounts of Integrator, 

prompting them to explore its function in HIV transcription. They found that Integrator is 

recruited along with NELF to the HIV-1 TAR element (see glossary) and that knocking 

down either INTS11 or INTS9 (but not INTS3) resulted in loss of promoter proximal 

pausing. They then observed that Integrator function is not restricted to the HIV LTR as a 

common set of genes (>2000) were differentially expressed in response to NELF, INTS3 or 

INTS11 knockdown in asynchronously growing cells. Consistent with this finding, the 

analysis of RNAPII, Integrator and NELF ChIP-seq read densities at the TSS of these genes 

revealed that Integrator and NELF binding closely correlates with the amount of RNAPII 
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pausing at the TSS. Furthermore, in genes bound by NELF and Integrator, knockdown of 

INTS11 resulted in increased RNAPII occupancy and RNA-seq read density on the gene 

body, reflective of a promoter proximal pausing defect. Interestingly, INTS3 knockdown 

had the opposite effect on both LTR and mRNA-coding gene transcription resulting in 

decreased RNAPII occupancy and RNA-seq read density on the gene body. Whether this 

effect reflects of antagonistic roles for INTS3 and INTS11 within the complex or of the 

existence of functionally distinct Integrator subcomplexes remains to be determined.

Although both studies clearly implicate Integrator in the regulation of pause-release and 

elongation (Figure 4), an apparent discrepancy exists between the observed phenotypes. In 

Gardini et al., INTS11 knockdown decreases RNAPII density as well as RNA-seq reads on 

the body of IEGs while the work by Stadelmeyer et al. describes the opposite behavior. This 

possibly reflects the dual role of NELF dependent pausing that attenuates transcription under 

non-induced conditions while at the same time maintaining an active open chromatin state at 

the promoter. Indeed, the study conducted by Gardini et al. focused on the transcriptional 

response of IEGs in serum starved cells after EGF induction which is affected mostly by 

RNAPII pausing and release. In contrast, the work conducted by Stadelmeyer et al. uses 

asynchronously growing cells and considered a wider range of transcriptional responses, in 

particular genes whose transcription is stimulated after NELF and Integrator depletion. 

Regardless of the differences, the data presented in both of these studies indicate that there is 

a role for Integrator in the transcriptional regulation of protein encoding genes. The details 

of this function are likely going to depend on the cellular context and the nature of the signal 

produced to alter gene expression.

Is Integrator a modular complex?

While it can be biochemically purified as a single entity, Integrator appears to act as a 

modular complex on the genome. ChIP experiments conducted on UsnRNA genes in human 

cells or on the HSP70 gene in fly show that different subunits give distinct occupancy 

patterns. Human INTS5 shows a predominant occupancy from the promoter region through 

the 3′end of the U2 snRNA while INTS11 is mostly present at the 3′end of the gene [9]. 

Similarly, Drosophila INTS12 is present at the HSP70 promoter and peaks at the 

transcriptional pausing site while INTS9 occupancy is shifted toward the 3′end of the gene 

with a marked peak in the body of the gene [39]. These observations could indicate a 

sequential recruitment and different functions during the transcription cycle. Early 

recruitment of INTS5 or INTS12 could reflect the existence of a module with a primary role 

in transcription initiation and pausing while later recruitment of INTS9 and INTS11 could 

identify a module with a role in elongation and 3′end processing. Alternatively, Integrator 

could exist as a single complex but would be subject to significant conformational 

remodeling during the transcription cycle resulting in a change in accessibility by ChIP. On 

mRNA coding genes, the opposing effects of INTS3 and INTS11 knockdown on 

transcription also suggests the existence of functionally distinct modules [41]. Currently, our 

understanding of Integrator occupancy throughout the genome is fragmentary because only a 

limited number of subunits have been fully mapped. Determining the localization of more 

subunits and the impact of their knockdown on transcription will be essential to clearly 
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identify functional and structural submodules within Integrator. Moreover, such studies 

might reveal additional unsuspected functions for the Integrator complex.

Another interesting aspect of Integrator is the association of some of its subunits into 

functionally unrelated complexes as exemplified by the association of INTS3 and INTS6 

with the SOSS (Sensor of single stranded DNA, see glossary) complex [42-46]. We can 

therefore speculate that the presence of Integrator and potentially SOSS, through its 

interaction with INTS3 and INTS6, at transcriptional pause sites might also serve a role in 

maintaining genome integrity. Indeed, regions of the genome with an open chromatin state 

such as UsnRNA genes or proximal promoter pause sites are more fragile and prone to 

genome instability [47-49]. UsnRNA genes have been shown to be particularly sensitive to 

Ad12-induced chromosome instability and display a weak constitutive fragility in cells 

defective in transcription-coupled nucleotide excision repair [47,49]. This genome instability 

is transcription-dependent, as inactive UsnRNA pseudo genes do not display such fragility. 

Similarly, promoter proximal pausing maintains a constitutively open chromatin state that is 

favorable to the formation of R-loop structures where the nascent RNA transcript falls back 

on the template DNA strand, leaving the single stranded non-template strand exposed 

[50,51]. Similar structures also form at the transcriptional pausing site downstream of the 

polyadenylation signal and help in the transcription termination process [52]. While R-loops 

can have a positive effect on transcription initiation and termination, they also present a risk 

for genome stability if not properly resolved as the exposed non-template strand becomes 

more susceptible to DNA damage. Therefore, the presence of Integrator, through the 

ribonuclease INTS11 or its SOSS-interaction subunits INTS3 and INTS6, might have a part 

to play in the prevention of DNA damage induced by R-loops or constitutively open 

chromatin states.

Concluding remarks

Altogether, recent biochemical, genomic and functional data elevates the Integrator complex 

to the status of a primary RNAPII cofactor involved in many steps of the transcription cycle: 

initiation, pause-release, elongation, 3′end processing and termination. Nevertheless, many 

aspects of the recruitment of Integrator to the RNAPII remain to be elucidated (see Box 3, 

Outstanding Questions). Indeed, the model of recruitment of Integrator to UsnRNA versus 

mRNA genes appears to be in open conflict. The most obvious discrepancy lies in the role 

played by the RNAPII CTD phosphorylation and the responsible and/or associated kinases, 

which includes the particularly concerning example of ser2 phosphorylation. It is established 

that ser2 phosphorylation is necessary in vivo and in vitro for efficient binding of Integrator 

to the RNAPII CTD. Furthermore, on UsnRNA genes ser2 phosphorylation appears to 

coincide with INTS11 recruitment, leading to the current model where ser2 phosphorylation 

by p-TEFb actually triggers the recruitment of Integrator (at least INTS11) leading to 

efficient UsnRNA 3′end processing. On the contrary, the work conducted on mRNA coding 

genes tends to demonstrate that INTS11 recruitment precedes and is necessary for the 

recruitment of p-TEFb and subsequent ser2 phosphorylation. The convenient interpretation, 

but also the least intellectually satisfactory, is that completely distinct mechanisms govern 

the recruitment of Integrator, p-TEFb and ser2 phosphorylation on UsnRNA and mRNA 

coding genes. Due to the short size of the UsnRNA transcription units, ChIP based 
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techniques are probably unable to precisely analyze the interplay between these factors on 

these genes. Only the precise characterization of how Integrator interacts physically and 

temporally with the different actors of the transcription cycle (RNAPII, DSIF, NELF, p-

TEFb) will bring a clear answer to these essential questions.
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Glossary

β-CASP family a large group of zinc dependent nucleases within the β-lactamase 

fold acting on DNA and RNA substrates. The family is named after 

its four founding members: CPSF73 (involved in the cleavage of 

pre-messenger RNAs [12]), Artemis (endonuclease involved in 

V(D)J recombination), SMN1 (involved in DNA crosslink repair), 

and its yeast homolog PSO2 [13]
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DRB Sensitivity 
Inducing Factor 
(DSIF)/SPT5

a protein complex composed of the SPT4 and SPT5 subunits. 

Interacts with the RNAPII and acts first in the transcription cycle 

as a negative elongation factor in association with NELF and then 

as a positive elongation factor once NELF has been released after 

its phosphorylation by p-TEFb

Immediate early 
genes (IEGs)

a class of genes that are rapidly and transiently activated in 

response to various extracellular stimuli. Their transcription is 

independent of de novo protein synthesis and in most cases is 

regulated by RNAPII promoter proximal pausing, ensuring a fast 

and coordinated response upon activation. Prototypical IEGs are c-

fos, c-jun and c-myc.

Long terminal 
repeat (LTR)

repeated sequences flanking retrotransposons and proviral DNAs. 

They contain all the regulatory elements required for viral gene 

expression (enhancer, promoter, terminator and polyA signal) and 

also mediate the integration of the provirus into the host genome

Negative 
Elongation Factor 
(NELF)

a four-subunit (NELF-A,-B,-C/D and -E) protein complex that 

negatively regulates RNAPII transcription at the promoter 

proximal pause site located 40-60 nucleotides downstream of the 

transcription start site

Positive 
Transcription 
Elongation Factor-
b (p-TEFb)

a cyclin dependent kinase containing the catalytic subunit CDK9 

and one of T1, T2 or K cyclin subunit. It phosphorylates the C-

terminal domain of the largest subunit of the RNA polymerase II as 

well as the DRB sensitivity inducing factor (DSIF) and the 

negative elongation factor (NELF), which leads to the transition 

from promoter proximal pausing to productive elongation

RNAPII C-
terminal Domain 
(CTD)

an elongated domain located at the C-terminus of the largest 

subunit of RNA polymerase II that is composed of a repetition of 

the amino acid heptad Y1S2P3T4S5P6S7. (reviewed in[53], see Box 

1)

Super Elongation 
Complex (SEC)

a large protein complex composed of the eleven-nineteen Lys-rich 

leukemia (ELL) protein and elongation factors ELL1, ELL2 and 

ELL3, the scaffold proteins AFF1 and AFF4, the cyclin dependent 

kinase p-TEFb, ENL/MLLT1 and AF9/MLLT3. SEC is required 

for rapid transcription in response to external stimuli such as heat 

shock, retinoic acid or serum treatment as well as for LTR-driven 

HIV-1 provirus transcription

snRNA Activating 
Protein Complex 
(SNAPc)

a UsnRNA specific basal transcription factor (also called PTF) that 

binds to the PSE element in the promoter of RNAPII- and 

RNAPIII-dependent UsnRNAs. It consists of 5 subunits in 

mammals and 3 subunits in fly (reviewed in [15,16])
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Sensor of Single 
Stranded DNA 
(SOSS) complex

a multiprotein complex composed of one oligonucleotide/

oligosaccharide-binding (OB) fold domain-containing protein 

hSSB1 (SOSS-B1) or hSSB2 (SOSS-B2), the Integrator complex 

subunits INTS3 (SOSS-A) and INTS6, and the uncharacterized 

protein C9orf80 (SOSS-C) [43-45]. The SOSS complex is recruited 

to double stranded DNA breaks and was shown to be important for 

DNA damage response, homologous recombination and genome 

stability [42-45,54]

HIV Trans-
Activation 
Response (TAR) 
element and 
Trans-Activator of 
Transcription 
(TAT) protein 
(TAR/TAT)

transcription initiating from the HIV-1 LTR is regulated by 

RNAPII promoter proximal pausing. The TAR sequence, located 

near the 5′ of the nascent transcript, acts as a cis-acting RNA 

regulatory element by binding the protein TAT. This activator 

protein is required for transcriptional pause-release and efficient 

transcription through the recruitment of p-TEFb and the SEC 

complex

Transcription 
Factor II Human 
(TFIIH)

a general transcription factor involved in basal transcription and 

transcription-coupled nucleotide excision repair. It contains 9 

subunits including the kinase CDK7 and the regulatory cyclin H

U-rich small 
nuclear RNAs 
(UsnRNAs)

a family of small non-coding RNAs, ranging from 60 to 200 

nucleotides. With the exception of U7, which is involved in cell 

cycle-dependent histone pre-mRNA 3′end processing [55], 

UsnRNAs are the RNA component of the major (U1, U2, U4, U5 

and U6) and minor (U11, U12, U4atac, U5 and U6atac) 

spliceosome [56]
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Box 1

CTD phosphorylation cycle

The RNAPII CTD is composed of heptad repeats of consensus amino acid sequence 

Y1S2P3T4S5P6S7. The exact numbers of repeats (e.g. 26 in yeast, 44 in drosophila and 52 

in human) as well as the extent of deviation from the heptad consensus sequence depend 

on the species [53]. Until recently it was thought that CTD phosphorylation was 

restricted to Ser2, Ser5 and Ser7, but it has recently become clear that Tyr1 and Thr4 

phosphorylation also have a role to play in the regulation of transcription by RNAPII 

[57-60]. Given that Pro3 and Pro6 can also adopt a cis or trans conformation that is 

actively regulated by prolyl-isomerases [61,62], all residues of the heptad repeat can be 

modified, dramatically increasing the complexity of what has been sometimes called the 

“CTD code” [53]. This combinatorial regulation orchestrates the recruitment of the many 

factors involved in all the successive steps of transcription: initiation, mRNA 5′ capping, 

chromatin remodeling, elongation, splicing, 3′ end processing, termination and mRNA 

export.
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Figure I. The “CTD code”
For each amino acid of the heptad repeat of the C-terminal domain (CTD) of the largest 

subunit of the RNA polymerase II (RNAPII) is indicated the known functions of the 

corresponding modification.
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Box 2

RNA polymerase II pause-release at Drosophila heat shock genes

After formation at the promoter of the pre-initiation complex (PIC) under the influence of 

sequence-specific DNA-binding transcription factors and of the basal transcription 

machinery, RNAPII is released from the promoter and initiates transcription. Shortly 

after, about 40 to 60 nucleotides downstream of the transcription start site, the RNAPII 

encounters a second rate-limiting transcription barrier halting transcription. This RNAPII 

transcriptional paused state is further stabilized by the association with two negative 

elongation factors, DSIF and NELF, which are able to inhibit early elongation. RNAPII 

transcriptional pausing is relieved by the recruitment of the positive elongation factor p-

TEFb. Upon recruitment, p-TEFb phosphorylates DSIF, NELF and the serine 2 residue 

of the RNAPII CTD. This leads to the dissociation of NELF and to the transition of DSIF 

from a negative to a positive elongation factor. Productive elongation ensues.

Baillat and Wagner Page 15

Trends Biochem Sci. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure I. Heat Shock Response, a model of promoter proximal pause-release
Top. On promoter proximal paused gene such as HSP70, RNAPII initiates transcription 

and, in absence of further transcription activation, is stalled 40-60 nucleotides 

downstream of the transcription start site by the association with the negative elongation 

factors DSIF and NELF. Bottom. Following heat shock, the Heat Shock Factor (HSF) is 

recruited to the HSP70 promoter, leading to pTEFb recruitment. The CDK9 component 

of pTEFb phosphorylates DSIF, NELF and the serine 2 residue of the RNAPII CTD. This 

cascade of event results in NELF release and progression into productive elongation.
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Box 3

Outstanding Questions

-Does Integrator directly bind to the CTD (i.e. is there a CTD binding protein within 

the Integrator Complex)?

-How is Integrator differentially recruited to UsnRNA promoters versus mRNA 

promoters? -How does Integrator recognize promoters with paused polymerase?

-How does Integrator cleave RNA specifically (i.e. is there a RNA binding protein 

within the Integrator Complex?)

-Is the endonuclease activity of Integrator involved in RNAPII pause-release?

-Is Integrator modular and, if so, what are the constituents and the function of those 

modules?
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Highlights

-The current model of UsnRNA biogenesis is discussed

-Perspective is provided on how the RNAPII CTD is recognized by Integrator.

-CTD kinases and binding proteins influence RNAPII CTD-Integrator association

-Integrator has a new role in the pause-release of RNAPII at mRNA-encoding genes

-Integrator has modular properties opening the possibility of new roles
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Figure 1. Integrator subunit domain schematic
Predicted protein domains of all 14 Integrator subunits are illustrated and the length of the 

human orthologues is indicated (in amino acids, aa). DUF=domain of unknown function, 

ARM=armadillo like repeats, VWA=von Willebrand type A like domain, ISDCC=INTS6/

SAGE1/DDX26B/CT45 C-terminus, TPR=tetratricopeptide repeats, β-lactamase/β-CASP 

(see glossary) “*” indicates the presence of an inactive β-lactamase/β-CASP domain, 

PHD=plant homeodomain finger, COIL=Coiled coil domain. Identified interacting domains 

with other proteins are underlined.
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Figure 2. Model of Integrator function in UsnRNA processing
Integrator (INT, green) is recruited early in the UsnRNA transcription cycle and is loaded 

onto the RNAPII C-terminal domain (CTD) through recognition of the ser7P/ser2P dyad. 

The identity of the INT subunit(s) that recognize these specific CTD phosphorylations is not 

known. Once the UsnRNA terminal stem loop and 3′box element emerge from the 

elongating RNAPII, the RNA is recognized through an unknown mechanism. This event 

precedes UsnRNA cleavage, which is carried out by the heterodimeric cleavage factor 

composed of INTS9 and INTS11.
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Figure 3. CTD phosphorylation cycle at UsnRNA genes
The CTD of RNAPII is first phosphorylated by TFIIH on ser5/7 positions coinciding with 

transcription initiation and UsnRNA capping. Two possible paths are then taken. This first 

(left) involves RPAP2 binding to ser7P and dephosphorylation of ser5P. The second 

scenario (right) involves the binding of a RPRD1A/B dimer to two ser7P, which in turn 

recruits RPAP2 and positions it to dephosphorylate ser5P. Either of these events is followed 

by ser2 phosphorylation by p-TEFb leading to the proper dyad modification pattern (ser7P/

ser2P) required for Integrator interaction.
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Figure 4. Integrator role in RNAPII promoter proximal pause-release
Top, under non-stimulated conditions, RNAPII initiates transcription and pauses 40-60 

nucleotides downstream of the TSS. This paused complex includes the negative elongation 

factors NELF, DSIF, and likely INT through its association with the RNAPII CTD through 

ser7P recognition. Middle, upon activation, INT is further enriched at the pause site and 

recruits p-TEFb and SEC (see glossary), which phosphorylates DSIF, NELF, and ser2. 

Bottom, once phosphorylated, NELF is displaced, DSIF transitions into a positive regulator 

of elongation, and the polymerase is converted into an elongation competent state.
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