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Abstract 

Integrator complex is a metazoan-specific protein complex with dual enzymatic activity; endonuclease 

and phosphatase. The 15 subunits, INTS1-INTS15, form this complex and are arranged into modules. 

Integrator was originally identified as a complex involved in the 3’end processing of UsnRNAs, and 

later also described to act on other non-coding RNA substrates. Not only that, but evidence also sheds 

light on its function in overall transcriptional regulation of protein-coding genes, further influencing 

promoter-proximal pausing of RNA polymerase II, transcription elongation, and transcription 

termination. Some Integrator subunits have also been reported to participate in the DNA damage 

response. Interestingly, mutations in five Integrator subunits are linked to severe neurological diseases, 

and deregulated expression of Integrator has been linked to cancer development. Even though several 

functions of Integrator have already emerged and the structure of the complex has been largely 

described, extensive research is still needed to uncover novel regulatory mechanisms involving 

Integrator subunits, the deregulation of which may further contribute to the pathology of Integrator-

related diseases.  

Key words: Integrator complex, INTS11, RNA Polymerase II, Transcription, Neurodevelopmental 

disorders 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Abstrakt 

Integrator komplex je proteinový komplex, specifický pro mnohobuněčné organismy, se dvěma 

enzymatickými aktivitami; endonukleázovou a fosfatázovou. Tento komplex tvoří 15 podjednotek, 

INTS1-INTS15, které se seskupují do modulů. Integrator byl původně označen jako komplex zapojený 

do procesování 3’konců UsnRNA, avšak později bylo popsáno, že působí i na jiných nekódujících RNA 

substrátech. Nejen to, data ukázala, že se dále účastní celkové regulace transkripce kódujících genů, při 

které ovlivňuje pausování RNA Polymerázy II v promotor-proximálních oblastech, elongaci i terminaci 

transkripce. Některé podjednotky Integratoru byly popsány také v odpovědi na poškození DNA. Mutace 

v pěti podjednotkách Integratoru jsou spojeny se závažnými neurologickými vadami a zároveň 

deregulovaná exprese podjenotek Integratoru byla propojena se vznikem rakoviny. Přestože mnoho 

funkcí Integratoru bylo objeveno a jeho struktura byla z velké části popsána, rozsáhlejší výzkum je 

potřeba k objevení nových regulačních mechanismů Integratorových podjednotek a deregulaci s nimi 

spojenou, jež může dále vést s k onemocněním spojenými s Integratorem.  

Klíčová slova: Integrator komplex, INTS11, RNA Polymeráza II, Transkripce, Neurovývojové 

poruchy 
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1. Introduction 

Gene expression involves a series of events crucial for proper cellular regulation and maintenance. 

Every step in these events must be carefully controlled, and the transcription process is no exception. 

In eukaryotes, RNA polymerase II (RNAPII) is the primary enzyme responsible for transcribing 

protein-coding genes and various non-coding RNAs. The metazoan-specific Integrator complex was 

identified as an interacting partner of RNAPII and is now known to be involved in the transcription of 

both coding and non-coding genes. Its initial primary substrate was UsnRNAs, which form the 

spliceosome, and it was implicated in their 3' end processing through its endonuclease subunit INTS11. 

In protein-coding genes, Integrator regulates promoter-proximal pausing of RNAPII, acting as a key 

transcription regulator. Additionally, a second catalytic activity of the complex, phosphatase, has been 

identified. 

Currently, the complex comprises 15 subunits organised into four main modules with two catalytic 

functions. This work aims to characterise current knowledge about the structure and function of the 

Integrator complex. Furthermore, it seeks to summarise new findings and emerging functions of this 

complex. Lastly, it aims to examine its role in human diseases, particularly neurodevelopmental 

disorders that are linked to mutations in Integrator subunits. 

This thesis is organised into five main chapters. The initial chapter details the structure and functions 

of each module. The second chapter focuses on the assembly of the primary catalytic module, known 

as the Cleavage module. Chapter three explains the key catalytic roles of the Integrator in cells, 

highlighting differences between coding and non-coding substrates. The fourth chapter reviews 

emerging functions of specific subunits and modules. Lastly, the fifth chapter examines diseases linked 

to the Integrator, particularly in neurodevelopment and tumour formation. 
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2. Structure and activity of the Integrator complex 

The Integrator complex comprises 15 core subunits, labelled INTS1-15, forming a ~1 MDa assembly 

(Baillat et al., 2005; Offley et al., 2023). Initially identified as a 12-subunit protein complex interacting 

with DSS1, it was also found to connect with RNAPII’s CTD (Baillat et al., 2005). Later, two more 

subunits were discovered (Chen et al., 2012), with INTS15 remaining unrecognised for a long time. 

This subunit was detected using artificial intelligence (Offley et al., 2023) and recently confirmed 

experimentally (Azuma et al., 2023; Offley et al., 2023; Fianu et al., 2024). Its structure is organised 

into modules (see Figure 1), though subunits can also form smaller, independent subcomplexes with 

potential functions beyond the main modules or complex. The Integrator acts as an enzyme, showing 

dual catalytic activities: endonuclease (Baillat et al., 2005) and phosphatase (Huang et al., 2020; Zheng 

et al., 2020), each mediating different functional modules. 

We can categorise the structure into the four modules, previously mentioned: The Cleavage, 

Phosphatase, Tail, and the Core. The Cleavage module (INTS4, INTS9, INTS11) (Albrecht et al., 2018; 

Pfleiderer and Galej, 2021) handles the first catalytic function, while the Phosphatase module (PP2A-

C, PP2A-A, INTS3, INTS6) (Zheng et al., 2020; Vervoort et al., 2021) facilitates the second enzymatic 

reaction. The Tail module (INTS10, INTS13, INTS14, INTS15) (Fianu et al., 2024) is currently being 

studied in more detail, with some new functions emerging. The Core module comprises two main parts: 

the Backbone (INTS1, INTS2, INTS7, INTS12, DSS1) and the Shoulder module (INTS5, INTS8). As 

mentioned above, DSS1 – a protein with numerous interaction partners throughout the cell – was 

detected during the purification process, which led to the identification of the Integrator complex 

(Baillat et al., 2005). DSS1 is currently believed to play a stabilising role within the Integrator complex 

(Sabath et al., 2024) 
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Figure1. The structure of the Integrator-PP2A complex displayed in its free form by Cryo-EM. a) 

Illustration of the localisation of Integrator subunits and modules together purified with DSS1 from 

Trichoplusia ni. b) View from an alternate perspective. Adapted from: (Fianu et al., 2024). 

2.1 Cleavage module 

The Cleavage module is the main enzymatic centre of the complex, consisting of three subunits. INTS11 

and INTS9 form the catalytic heterodimer, binding through their C-terminal domains (CTDs) 

(Pfleiderer and Galej, 2021). They both belong to the Metallo-β-lactamase (MBL) superfamily (Baillat 

et al., 2005; Wu et al., 2017). They are homologues of the Cleavage and Polyadenylation Specificity 

Factors CPSF73 and CPSF100, which are essential components of the Cleavage and Polyadenylation 

(CPA) machinery (Dominski, Yang and Marzluff, 2005; Wu et al., 2017). Like CPSF73, INTS11 

functions as an endonuclease that cleaves nascent RNA transcripts. In contrast, INTS9 contains 

mutations in its active site, leading to the absence of three to four crucial ligands. As a result, it cannot 

coordinate zinc ions, altering its geometric structure - consequently, INTS9 functions as a 

pseudoenzyme (Pfleiderer and Galej, 2021). The third subunit, INTS4, acts as a binding partner for the 

INTS9/11 heterodimer and shows similarities to the Symplekin protein in its role within the CPA 

machinery (Albrecht et al., 2018). In this trimeric complex, the subunits assemble into the Integrator 

Cleavage module (ICM) (Albrecht et al., 2018).  

2.2 Phosphatase module 

PP2A has the second catalytic role in the complex, functioning as a phosphatase and forming the 

phosphatase module alongside INTS6 (Zheng et al., 2020). PP2A is a heterotrimeric protein complex 

playing roles in various aspects of eukaryotic cell fate. Typically, it comprises two catalytic subunits, 

PP2A-A and PP2A-C, along with a regulatory subunit, PP2A-B (Xing et al., 2006). In the Integrator 

complex, no evidence indicates the presence of the regulatory subunit PP2A-B in the phosphatase 

module. However, some studies suggest that INTS6 acts as a regulatory subunit, inhibiting the catalytic 

site through an inhibitory loop (Fujiwara et al., 2023; Fianu et al., 2024). The phosphatase module 

dephosphorylates multiple substrates during RNAPII transcription (Huang et al., 2020; Zheng et al., 

2020; Vervoort et al., 2021). Notably, INTS8 interacts with this module, stabilising it while engaging 

with both PP2A and INTS6. Additionally, the recruitment of PP2A to the Integrator relies on both 

INTS6 and INTS8 (Vervoort et al., 2021). 

2.3 Tail module 

The Tail module consists of subunits INTS10, INTS13, INTS14, and INTS15 (Sabath et al., 2020; 

Offley et al., 2023). It is the least studied module, but recent findings have emerged. The module 
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contains a dimer of INTS13/14 (Sabath et al., 2020) that forms the “tail,” oriented upstream on the DNA 

during transcription (Fianu et al., 2024). Evidence is growing that this module can bind DNA (Barbieri 

et al., 2018; Razew et al., 2024) and is involved in terminating RNAPII transcription (Fianu et al., 2024). 

It has also been labelled as a region where transcription factors (TFs) are most likely to bind (Sabath et 

al., 2024). Little is known about INTS12, but it is hypothesised that its plant homeodomain helps bind 

histones and DNA (Baillat et al., 2005; Fianu et al., 2021). INTS15 was identified as the final subunit 

in the Tail module (Azuma et al., 2023; Offley et al., 2023; Fianu et al., 2024). Many studies have 

struggled to purify a fully assembled Tail module because the only interaction site is between INTS15 

and INTS5, which connects the module to the Core (Fianu et al., 2024). A recent study has linked an 

autosomal dominant mutation in the INTS15 gene to an unusual eye disease, demonstrating that INTS15 

is essential for both efficient snRNA processing and eye and brain development (Azuma et al., 2023). 

2.4 Core module 

The Core module is divided into two parts: the Shoulder and the Backbone. The Shoulder includes 

INTS5 and INTS8, whereas INTS1, INTS2, INTS7, and INTS12 form the Backbone (Zheng et al., 

2020). INTS5 and INTS8 create a heterodimer (Fianu et al., 2024; Sabath et al., 2024). Overall, the 

Core module serves as the central part of the entire complex and is crucial for its enzymatic 

functionality. The Cleavage and Phosphatase modules are positioned on opposite sides of the Core, 

creating a spatial separation (Fianu et al., 2021, 2024; Zheng et al., 2020, 2023).  

3. Assembly and incorporation of the Integrator 

complex 

3.1 Assembly of the ICM 

Little is known about how the individual modules are assembled and how their assembly mechanisms 

work. The most thoroughly studied process is the assembly of the Integrator Cleavage module (ICM). 

Recent studies have identified some of its interacting partners, including inositol hexakisphosphate 

(IP6) (Lin et al., 2022), WDR73 (Tilley et al., 2021), and BRAT1 (Cihlarova et al., 2022). These studies 

showed that all three molecules are essential for efficient ICM formation, which is crucial for the 

endonuclease activity of INTS11 (Sabath, Qiu and Jonas, 2024). The INTS9/11 heterodimer interacts 

with BRAT1, a protein predicted to assist in scaffolding due to the presence of the HEAT motif in its 

structure (Cihlarova et al., 2022). This chaperone-like role has been further supported by additional 

studies (Lin et al., 2024).  

https://www.zotero.org/google-docs/?Ff385k
https://www.zotero.org/google-docs/?Ff385k
https://www.zotero.org/google-docs/?Ff385k
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BRAT1 localizes to both cytoplasm and nucleus (Cihlarova et al., 2022; Sabath, Qiu, and Jonas, 2024; 

Lin et al., 2024), which has led to the proposed cycle of module formation. Similarly, the endonuclease 

INTS11 also exists in both compartments, cytoplasm and nucleus, though the majority of Integrator 

subunits are located in the nucleus (Lin et al., 2024). The proposed assembly process (Sabath, Qiu and 

Jonas, 2024) begins with the subunits INTS9 and INTS11 located in the cytoplasm, as illustrated in 

Figure 2. In the cytoplasm, WDR73 stabilises and blocks the active site of the endonuclease INTS11, 

while the subunits connect via their C-terminal domains (CTDs) to form the INTS9/11 heterodimer. 

Once the INTS9/11/WDR73 takes place, BRAT1 binds to it. BRAT1 inhibits the active site of INTS11 

through its C-terminal domain, causing the dissociation of WDR73. Subsequently, Importin alpha 

attaches to the nuclear localisation signals (NLSs) on the INTS9/11 heterodimer, while BRAT1 keeps 

their NLSs in proximity and stabilises the dimer. Therefore, BRAT1 aids Importin alpha in binding 

NLSs and also in the proper transport of the subunits into the nucleus. Inside the nucleus, INTS9 

interacts with INTS4, inducing a conformational change. This change promotes BRAT1 dissociation 

and the formation of the ICM. The molecule IP6 then binds, facilitating the assembly of the holo-

complex (Sabath, Qiu and Jonas, 2024).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Model of Integrator Cleavage module assembly. The INTS9/11 heterodimer interacts with 

WDR73, then BRAT1 replaces WDR73 and stabilises the complex. Importin transports the complex to 

the nucleus, where INTS4 binds. BRAT1 dissociates, and the IP6 molecule associates to promote the 

formation of the holo-complex. Adopted and edited from: (Sabath, Qiu and Jonas, 2024). 
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3.2 Post-translational modifications 

Some discussions emphasise post-translational modifications that may regulate the complex assembly. 

One such modification is SUMOylation, which involves attaching small ubiquitin-like modifier proteins 

to lysine residues, typically affecting the substrate’s localisation, stability, or activity *(Geiss-

Friedlander and Melchior, 2007). The authors identified potential SUMO conjugation sites on the 

INTS11 subunit, particularly in the C-terminal domain (CTD). Mutations at these sites did not disrupt 

interactions with other ICM members, such as INTS4 or INTS9, but they did influence snRNAs 

processing. Consequently, disruptions in SUMOylation cycles could impair this processing (Bragado 

et al., 2022). Interestingly, the authors observed reduced interaction between INTS11 and two Tail 

module subunits, INTS13 and INTS14, when INTS11 was mutated at its SUMOylation sites. They 

hypothesise that SUMOylation of INTS11 might be essential for assembling the entire Integrator holo-

complex (Bragado et al., 2022). 

 4. Biological functions of the Integrator complex  

For many years, we have recognised that the Integrator plays a crucial role in the processing of small 

nuclear RNAs (snRNAs), which are essential components of the spliceosome (Baillat et al., 2005). 

Today, our understanding of the Integrator has grown substantially, revealing a wide range of functions, 

many of which are still being investigated and discovered. Its influence extends well beyond the 

processing of snRNAs as it is also crucial in the processing of more various types of non-coding RNAs 

(Cazalla, Xie and Steitz, 2011; Lai et al., 2015; Nojima et al., 2018; Rubtsova et al., 2019; Barra et al., 

2020; Beltran et al., 2021; Yang et al., 2024). Moreover, studies have highlighted its importance in 

regulating transcription at protein-coding genes, emphasising its role in gene regulation (Gardini et al., 

2014). Not only that, but it also affects initiation and elongation (Beckedorff et al., 2020), and most 

importantly, it is involved in the process of promoter-proximal pausing of RNAPII (Stadelmayer et al., 

2014; Elrod et al., 2019; Tatomer et al., 2019; Lykke-Andersen et al., 2021). 

 4.1 Cleavage functions in non-coding genes 

4.1.1 UsnRNAs 

The first described role of the Integrator was in processing the 3’end of uridine-rich small nuclear RNAs 

(UsnRNAs), especially U1 and U2 (Baillat et al., 2005). This was discovered by depleting INTS11 and 

INTS1, which led to an accumulation of UsnRNAs primary transcripts. It was then demonstrated that 

cleavage is carried out by the INTS11 endonuclease, which trims the transcripts at their 3’end (Baillat 

et al., 2005). The process is summarised in Figure 3.  
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UsnRNAs are components of both the major and minor spliceosomes. They are transcribed by RNAPII, 

except for U6, which is transcribed by RNAPIII (Reddy et al., 1987). Transcription of these genes 

requires three elements: the RNAPII C-terminal domain (CTD) with the Integrator complex bound 

(Baillat et al., 2005), the U-type snRNA promoter (Hernandez et al., 1986), and the 3’box (Baillat et 

al., 2005). The 3’box is characterised by a consensus sequence approximately 19 nucleotides 

downstream of the UsnRNA (Yuo, Ares, and Weiner, 1985). The promoter includes two parts: the 

Distal Sequence Element (DSE) and the Proximal Sequence Element (PSE) (Baillat et al., 2005). The 

PSE is recognised by the Small nuclear RNA activating protein complex (SNAPc) that connects with 

the RNAPII (Sadowski et al., 1993; Hung and Stumph, 2011). SNAPc localises to the PSE region at the 

promoter, further recruiting RNAPII and Integrator (Baillat et al., 2005). Studies indicate that the 

recruitment of the Integrator to UsnRNA transcription relies on Ser7 phosphorylation (Ser7P) of the 

RNAPII’s CTD (Egloff et al., 2007, 2012). After the promoter escape, RNAPII starts transcribing along 

the gene and produces UsnaRNAs. When RNAPII reaches the 3’box, Integrator binds to it and starts 

the processing of the transcript. It cleaves the transcript upstream of the 3’box sequence, producing the 

3’end of the processed UsnRNA. After the processing happens, the transcription is terminated (Baillat 

et al., 2005). Notably, endonuclease cleavage may also play a role in terminating this process, 

independently of the XRN exonuclease mechanism (O’Reilly et al., 2014; Cortazar et al., 2022). 

However, the precise mechanism is still not clear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Model of UsnRNA transcription by RNAPII and processing by Integrator. 1) SNAPc interacts 

with PSE and RNAPII at the promoter. Integrator binds to and associates with RNAPII. 2) RNAPII with 

Integrator continues along the gene, producing UsnRNA transcript. 3) Integrator recognizes 3’box and 

cleaves the transcript on its 3’end upstream of the 3’box. 4) Transcription termination occurs after 

3’end processing of UsnRNA happens. Adopted from: (Baillat et al., 2005). 

 

https://www.zotero.org/google-docs/?tYh2bh
https://www.zotero.org/google-docs/?tYh2bh
https://www.zotero.org/google-docs/?tYh2bh
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4.1.2 Other non-coding RNAs  

The Integrator complex, previously described in the context of transcribing and processing UsnRNAs, 

also targets various other substrates. It participates in the processing of long non-coding RNAs 

(lncRNAs) (Nojima et al., 2018; Barra et al., 2020), including enhancer RNAs (eRNAs) (Lai et al., 

2015) and promoter upstream transcripts (PROMPTS) (Yang et al., 2024). Additional evidence 

indicates its role in processing viral microRNAs (Cazalla, Xie, and Steitz, 2011), human telomerase 

RNAs (hTRs) (Rubtsova et al., 2019), and PIWI-interacting RNAs (piRNAs) (Beltran et al., 2021). 

 

Long non-coding RNAs (lncRNAs) are generally non-polyadenylated, quickly degraded transcripts. 

Evidence indicates that the Integrator complex plays a role in processing and terminating these RNAs 

under normal cellular conditions *(Nojima and Proudfoot, 2022). The Integrator is recruited to its 

transcription start sites (TSS) via the factor SPT6. When SPT6 is depleted, it leads to the accumulation 

of longer, polyadenylated transcripts. In SPT6-depleted cells, increased R-loop formation and 

transcription-replication conflicts occur, likely due to the absence of the Integrator during transcription 

(Nojima et al., 2018). More details on these effects of Integrator loss are provided later in the thesis. 

Several types of lncRNAs, such as enhancer RNAs (eRNAs), are known to be processed by the 

Integrator. These eRNAs originate from enhancer regions transcribed by RNAPII. After Integrator 

depletion, levels of polyadenylated transcripts rise, as seen with general lncRNAs, suggesting a role for 

INTS11 in cleaving eRNAs during transcription termination (Lai et al., 2015). 

 

Additionally, emerging evidence indicates that the Integrator plays a role in regulating transcription 

directionality at active gene promoters (Yang et al., 2024). PROMPTS are transcribed at these sites; 

they are another type of long non-coding transcript cleaved by the Integrator. PROMPTS are transcribed 

antisense to pre-mRNAs, which are transcribed in the sense direction (Yang et al., 2024). Further 

research is needed to understand how this process functions fully. 

 

Not only are lncRNAs affected, but studies have also shown that telomerase RNAs from certain 

organisms, including humans (hTR), serve as substrates for INTS11, which is involved in forming their 

3’end. When the Integrator complex is depleted, these unprocessed transcripts build up. Experiments 

demonstrated that reducing Integrator levels also impacts the length of hTR (Rubtsova et al., 2019). The 

next RNA category processed by Integrator includes PIWI-interacting RNAs (piRNAs), as observed in 

C. elegans (Beltran et al., 2021). Interestingly, these transcripts share similarities with UsnRNAs 

transcription since SNAPc is also present at their promoters. These short RNAs are crucial for the 

development and silencing of transposable elements (TEs) (Beltran et al., 2021). Viruses have also been 

studied, and it is proposed that they utilise the Integrator complex for transcribing their microRNAs 

within host cells (Cazalla, Xie, and Steitz, 2011). 
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4.2 Cleavage functions in coding genes 

4.2.1 INTS11 in promoter-proximal pausing  

Transcription in eukaryotes begins at transcription start sites (TSS). To these regions are recruited 

transcription factors that recognise the sequences TATA-boxes and assemble in the pre-initiation 

complex (PIC) at the promoters of the transcribing genes (Liu et al., 2010). One of the PIC factors is 

the transcription factor TFIIH. This factor is endowed with a CDK7 subunit that phosphorylates Ser5 

and Ser7 of the RNAPII C-terminal domain (CTD) (Akhtar et al., 2009). This mechanism, therefore, 

provides promoter escape (Velychko et al., 2024). After the synthesis begins, RNAPII pauses a few 

kilobases later (Muse et al., 2007; Margaritis and Holstege, 2008). At this time, two pausing factors 

bind to the RNAPII: Negative elongation factor (NELF) (Yamaguchi et al., 1999) and DRB-sensitivity-

inducing factor (DSIF) (Wada et al., 1998).  The DSIF consists of SPT4 and SPT5 (Wada et al., 1998). 

Together with RNAPII phosphorylated on Ser5, they form the paused elongation complex (PEC) (Vos 

et al., 2018). Both of these factors, NELF and DSIF, were shown to interact with the Integrator complex 

during the transcription of protein-coding genes (Stadelmayer et al., 2014); moreover, it was also 

demonstrated that these factors participate in the proper 3’end processing of snRNAs (Yamamoto et al., 

2014). Two distinct scenarios can occur for RNAPII-dependent transcription at promoter-proximal 

pausing sites. RNAPII either continues in the elongation. Positive transcription elongation factor (p-

TEFb) enables this by phosphorylating SPT5 and Ser2 on RNAPII, as well as NELF. NELF therefore 

dissociates, and polymerase-associated factor 1 (PAF1) attaches, promoting elongation *(Core and 

Adelman, 2019). Alternatively, RNAPII undergoes premature transcription termination in a process that 

requires the Integrator complex, as described below. As a consequence, RNAPII is removed from the 

promoter-proximal regions *(Kamieniarz-Gdula and Proudfoot, 2019). 

The Integrator complex promotes the process of premature transcription termination by cleaving the 

nascent mRNAs while RNAPII is paused. In Drosophila, Integrator was found to be recruited to 

premature transcription termination mainly in genes where RNAPII was unstable, preventing it from 

entering the elongation phase (Elrod et al., 2019). In addition, a study on human genes revealed the 

importance of INTS11 in both pausing and release of the RNAPII during elongation. Authors therefore 

suggested that premature cleavage of the nascent transcripts also regulates the levels of RNAPII, 

allowing it to enter the elongation phase through new initiation cycles (Beckedorff et al., 2020). A later 

study (Stein et al., 2022) further examined the acute protein degradation of INTS11 to determine 

whether it differs from the long-term effects observed in previous studies. Such study showed that 

premature transcription termination occurs on nearly all loci of RNAPII transcription, with no 

exceptions in non-coding genes (Stein et al., 2022). Additionally, they demonstrated that after acute 

depletion of INTS11, elongation was somewhat enhanced rather than blocked, which underlined the 

https://www.zotero.org/google-docs/?MQn4AC
https://www.zotero.org/google-docs/?MQn4AC
https://www.zotero.org/google-docs/?MQn4AC
https://www.zotero.org/google-docs/?ZyjZb4
https://www.zotero.org/google-docs/?ZyjZb4
https://www.zotero.org/google-docs/?ZyjZb4
https://www.zotero.org/google-docs/?OUlr3v
https://www.zotero.org/google-docs/?OUlr3v
https://www.zotero.org/google-docs/?OUlr3v
https://www.zotero.org/google-docs/?fARvau
https://www.zotero.org/google-docs/?fARvau
https://www.zotero.org/google-docs/?fARvau
https://www.zotero.org/google-docs/?dEk3h6
https://www.zotero.org/google-docs/?dEk3h6
https://www.zotero.org/google-docs/?dEk3h6
https://www.zotero.org/google-docs/?WniZa7
https://www.zotero.org/google-docs/?WniZa7
https://www.zotero.org/google-docs/?WniZa7
https://www.zotero.org/google-docs/?zd0VbI
https://www.zotero.org/google-docs/?zd0VbI
https://www.zotero.org/google-docs/?zd0VbI
https://www.zotero.org/google-docs/?zd0VbI
https://www.zotero.org/google-docs/?KJz2iE
https://www.zotero.org/google-docs/?Rp0rwk
https://www.zotero.org/google-docs/?Rp0rwk
https://www.zotero.org/google-docs/?Rp0rwk
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importance of INTS11 in premature transcription termination. Furthermore, they also observed 

upregulation of short transcripts, such as stress-responsive transcripts (Stein et al., 2022). This 

phenomenon has recently been studied in greater connection with the integrated stress response, which 

is explained in the next chapter.  

There is evidence that Integrator acts as a regulator of promoter-proximal pausing and premature 

transcription termination, described above. However, questions remain about its recruitment to the 

paused sites.  INTS11 was detected in the interactome of the epigenetic mark H3K4me3, which is 

abundant at TSS and is connected to transcription initiation. Not only that, PAF1, previously described 

as a factor essential for transcription elongation, was also detected as interacting with the mark during 

the experiments. Indeed, data from Wang et al., 2023 show that INTS11 is recruited to the paused 

RNAPII to release it into elongation (Wang et al., 2023). Other studies have also observed H3K4me3 

at the promoters where Integrator acts, but with no evidence to suggest that it proceeds into elongation. 

Moreover, it was suggested that H3K4me3 might form because of the Integrator action (Beckedorff et 

al., 2020; Elrod et al., 2019). Therefore, it is still not clear how this mechanism functions, whether its 

role is to terminate it prematurely or proceed with it. Further research is needed. 

4.2.2 Effects of the Integrator loss during promoter-proximal pausing 

A recent study (Baluapuri et al., 2025) examined the effects of acute Integrator loss in several hundred 

genes. They employed an auxin-degron system for the rapid degradation of targeted Integrator subunits. 

After degrading INTS1, both cleavage and phosphatase activities were impacted, as INTS1 is essential 

for assembling the Integrator holo-complex. As expected, Integrator loss affects promoter-proximal 

pausing of RNAPII. The absence of the Integrator allowed immature RNAPII to escape the promoter-

proximal pausing, leading to defective elongation (Baluapuri et al., 2025). Deregulated elongation 

resulted in gene upregulation of short transcripts, particularly of stress – and inflammation-related 

genes, such as JUN or FOS. Interestingly, transcription of longer genes was prematurely terminated. 

The authors described this as a consequence of defective pause-release and proposed a mechanism, 

further illustrated in Figure 4. When the Integrator is missing, immature RNAPII escapes the promoter, 

and promoter-proximal termination does not occur. Subsequently, elongation processivity is disrupted, 

either due to slow speed or the loss of interaction with other transcription factors. Since such defective 

transcription machinery cannot reach the gene’s end, longer genes undergo premature termination of 

transcription (Baluapuri et al., 2025). 

Prematurely terminated mRNAs, resulting from defective transcription of longer genes, often retain 

introns. These introns contain transposable elements (TEs), mainly short interspersed nuclear elements 

(SINEs) (Baluapuri et al., 2025). These retroelements subsequently associate and form double-stranded 

RNAs (dsRNAs), which activate the Integrated stress response (ISR) pathway in the cytoplasm. 

https://www.zotero.org/google-docs/?qCuE1e
https://www.zotero.org/google-docs/?qCuE1e
https://www.zotero.org/google-docs/?qCuE1e
https://www.zotero.org/google-docs/?qCuE1e
https://www.zotero.org/google-docs/?Rp0rwk
https://www.zotero.org/google-docs/?Rp0rwk
https://www.zotero.org/google-docs/?Rp0rwk
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Structures of dsRNA are recognized by protein kinase R (PKR) and promote the formation of stress 

granules (Baluapuri et al., 2025). The presence of any dsRNA signals stress in a cell because it only 

occurs under dangerous conditions, such as the presence of viruses, diseases, or stress. Moreover, the 

ISR can induce cell death or degeneration in neuronal cells when activated excessively (Baluapuri et 

al., 2025). As many Integrator subunits are associated with neurological diseases, the authors proposed 

that long-term activation of ISR could pose a risk in INT-mutated patients, and contribute to the 

pathology itself. Interestingly, it was suggested that a PKR inhibitor – which could effectively halt the 

integrated stress response – might be a potential treatment for diseases caused by mutations in the 

Integrator subunits (Baluapuri et al., 2025). Further investigation into the contribution of the ISR to 

INT-mutated neurological pathology and into the effects of PKR inhibitors for treatment would be 

valuable. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Graphical abstract of Integrator proficient and deficient cells during RNAPII transcription. 

Under normal conditions, Integrator prevents immature RNAPII from escaping the promoters, 

regulates promoter-proximal pausing of RNAPII, and calms the transcription of stress-responsive 

genes. In Integrator-deficient cells, immature RNAPII can continue further to the gene bodies, escaping 

the promoter-proximal pausing, resulting in premature transcription termination. Prematurely 

terminated transcripts, especially in longer genes, retain intronic sequences.  Transcripts with retained 

introns can contain Transposable elements, such as SINEs, that can form dsRNA in the cytoplasm.  
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Presence of dsRNA structures in the cytoplasm is recognized by PKR, further initiating the integrated 

stress response. Graphical abstract adopted and edited from: (Baluapuri et al., 2025) 

4.2.3 Transcription-replication conflicts 

Replication and transcription in eukaryotes were believed to happen during separate phases to prevent 

collisions between these two processes. However, they can sometimes co-occur, leading to potential 

collisions. There are two types of transcription-replication conflicts: Head-on (HO) and Co-directional 

(CD), with the latter being less severe. Integrator has been described to play a role in the context of 

transcription-replication conflicts (TRCs), mainly the CD ones (Bhowmick et al., 2023), as depicted in 

Figure 5. A slower speed of the replication fork was observed either in INTS11-depleted cells or 

INTS11-degron cells, suggesting that INTS11 is crucial for maintaining fork speed. According to their 

evidence, INTS11 likely plays an essential role in removing stalled RNAPII from the TSS by preventing 

transcription-replication conflicts. Authors discuss that the mechanism of resolving CD TRCs by 

Integrator is probably similar to promoter-proximal transcription termination (Bhowmick et al., 2023). 

Furthermore, R-loops increased after INTS11 depletion, whereas RnaseH1 treatment did not restore 

replication speed. Eleven Integrator subunits were enriched on the nascent DNA, indicating that the 

Integrator interacts with active replication forks during the S phase (Bhowmick et al., 2023). 

 

Additionally, INTS9 and INTS11 recruitment was found to be dependent on the cell cycle phase, 

notably occurring during G1 and S phases. Cells lacking the Integrator experienced more transcription-

replication conflicts. Therefore, the authors proposed that the Integrator is essential for resolving these 

conflicts because it might participate in resolving R-loops and prevent potential damage, such as 

deletions. Furthermore, the evidence suggests that Integrator also helps remove stalled RNAPII from 

the TSS, thereby reducing conflicts during transcription and replication, mainly when promoter-

proximal pausing occurs (Bhowmick et al., 2023). 

https://www.zotero.org/google-docs/?h075dT
https://www.zotero.org/google-docs/?h075dT
https://www.zotero.org/google-docs/?h075dT
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Figure 5. Model of the role of the Integrator in preventing CD TRCs. The Integrator complex interacts 

with both the replication fork and RNAPII. The Integrator can remove RNAPII from the paused site 

when the replication fork is behind. Integrator facilitates the termination through its endonuclease 

activity. Adopted and edited from: (Bhowmick et al., 2023). 

4.2.4 Transcription termination 

Premature transcription termination is one of the Integrator’s key functions, yet researchers know little 

about the specific details of how this process occurs. Notably, a recent study suggests that the Integrator 

complex may also be responsible for the actual termination of transcription (Fianu et al., 2024). Their 

structural model revealed the composition of the Tail module during this process. Two of its subunits 

form a dimer known as a sting, consisting of INTS13 and INTS14 (Sabath et al., 2020; Fianu et al., 

2024). The sting plays a crucial role in the reaction, whose proposed mechanism is illustrated in Figure 

6. The INTS13/INTS14 dimer clashes with the upstream DNA and the DSIF clamp. Therefore, the sting 

is likely necessary for displacing the DNA and DSIF clamp, facilitating termination. Furthermore, this 

recent study indicates that the position and negative charge of the Tail module may influence 

transcription factor binding (Fianu et al., 2024). Indeed, other studies have confirmed the possibility of 

TFs binding (Razew et al., 2024; Sabath et al., 2024). Additionally, INTS13 CMBM contacts the ICM, 

which may assist during the termination process (Fianu et al., 2024).  

Figure 6. Cryo-EM structure of the Integrator complex in the pre-termination conformation. The Sting 

of the Tail module, in the black circle, would clash with the DSIF DNA clamp and upstream DNA, 

triggering the transcription termination. Adopted from: (Fianu et al., 2024). 

https://www.zotero.org/google-docs/?b6OjYw
https://www.zotero.org/google-docs/?b6OjYw
https://www.zotero.org/google-docs/?b6OjYw
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Fianu et al., 2024 also explored the functional properties of the INTS11 endonuclease in termination. 

They showed that INTS11’s enzymatic activity may be responsible for resolving the DNA:RNA hybrid 

in the cleft. After cleaving the transcript, INTS11 degrades it further, which triggers the collapse of the 

machinery — similarly, XRN2 or SEN1 functions (Fianu et al., 2024). The authors proposed that 

INTS11 might participate in 5’ and 3’ exonuclease activities, either alone or with XRN2 together (Fianu 

et al., 2024). Fianu et al., 2024 compared the features of INTS11 to CPSF73, since they are paralogs. 

CPSF73 was shown before to participate both in the endonuclease and in the exonuclease functions 

during replication-dependent histone transcription termination (Yang et al., 2009). Therefore, they 

suggested that INTS11 might be involved in the exonuclease degradation of the transcripts as well 

(Fianu et al., 2024). An earlier study also mentioned similar suggestions for INTS11-dependent 

termination in many RNAPII transcription units (Cortazar et al., 2022). However, more detailed 

structural evidence on how exactly INTS11 participates in termination remains lacking. There is no 

consensus yet on whether INTS11 resolves the nascent transcript after cleavage, nor has it been 

confirmed that Integrator-mediated transcription is a substrate for XRN2 termination (Fianu et al., 

2024). 

4.3 Phosphatase functions in coding genes 

4.3.1 Substrates of the Phosphatase module 

The phosphatase module of the Integrator complex has been shown to dephosphorylate various 

substrates during transcription (Huang et al., 2020; Vervoort et al., 2021). Integrator-PP2A is 

responsible for dephosphorylating several amino acid residues on RNAPII CTD (Ser2, Thr4, Ser5, and 

Ser7) and factor SPT5 at its two sites (Ser666 and Thr806) *(Aoi and Shilatifard, 2023). Notably, its 

substrates are those targeted by p-TEFb (Vervoort et al., 2021). p-TEFb is a transcription factor that 

contains a CDK9 subunit and a regulatory subunit, Cyclin T. During transcription, CDK9, as a kinase, 

can add phosphates to the following substrates: SPT5, Ser2 of the RNAPII CTD, and NELF *(Core and 

Adelman, 2019). Through phosphorylation, it participates in the switch from pausing to elongation. The 

Integrator can dephosphorylate the substrates of p-TEFb; therefore, PP2A negatively regulates ongoing 

transcription by dephosphorylating sites where CDK9 acts. PP2A represses elongation by maintaining 

RNAPII in a paused state (Vervoort et al., 2021). 

 4.3.2 PP2A in promoter-proximal pausing 

However, PP2A must be recruited to the sites where promoter-proximal pausing occurs. One emerging 

factor involved in its recruitment is PAF1. Earlier research has identified PAF1 as a transcription factor 

that plays a crucial role in both pausing and elongation during transcription (Squazzo, 2002; Wang et 

al., 2022). However, its effects during pausing and subsequent elongation might be linked to the activity 
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of PP2A. A study demonstrated that PAF1’s influence on transcription is partly mediated by the 

recruitment of the INT-PP2A complex. Following the acute depletion of PAF1 and thus the loss of 

PAF1C, higher levels of released RNAPII were observed. This was explained by p-TEFb driving the 

phosphorylation of SPT5 and other factors, thereby promoting elongation. Furthermore, when PAF1 

was depleted, the stability of stalled RNAPII was impaired.  These results highlight that the activity of 

the Integrator phosphatase is essential for preventing further release of the polymerase during 

elongation. This prevention occurs through the dephosphorylation of SPT5 and other factors by PP2A 

(Wang et al., 2022), underscoring the regulatory role of the CDK9/PP2A axis, as shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. CDK9/PP2A/Integrator axis during RNAPII transcription. In wild-type cells, PP2A and 

INTS6 are recruited to the Integrator by INTS8 to promote promoter-proximal pausing of RNAPII 

during transcription. PP2A dephosphorylates substrates of CDK9. CDK9 is a kinase of p-TEFb, which 

is a component of the super-elongation complex (SEC). In INTS6-KO cells, PP2A is not recruited after 

depletion of INTS6. PP2A loss results in the release of RNAPII to the elongation, skipping the quality 

control, resulting in deregulated transcription. Furthermore, CDK9 inhibitor functions in tumour 

suppression by strengthening the RNAPII pausing. However, in the case of INTS6 loss, it leads to 

resistance to this type of drug, since PP2A does not participate in the pausing. Adopted and edited 

from: (Vervoort et al., 2021). 

https://www.zotero.org/google-docs/?CLBGtc
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Regarding the Integrator holo-complex, the recruitment of PP2A to paused RNAPII sites depends on 

subunits INTS6 and INTS8. INTS6 is part of the Phosphatase module, while INTS8 helps stabilise the 

complex and recruits PP2A. Experiments have shown that acute depletion of INTS6 during transcription 

leads to dysregulated phosphatase activity; however, some levels of INTS6 deficiency are tolerated 

(Vervoort et al., 2021). The absence of PP2A due to PAF1 loss presents similar characteristics to INTS6 

depletion. Since the phosphatase does not regulate pausing, more immature RNAPII is released into the 

elongation phase. Inhibiting CDK9 while enhancing PP2A activity may lead to excessive pausing, 

which can result in cell death (Vervoort et al., 2021). Moreover, PP2A may also participate in 

transcription termination by maintaining transcription factors in a dephosphorylated state and RNAPII 

in a paused state. At the same time, the endonuclease cleaves the transcripts (Fianu et al., 2024). 

4.3.2 Regulation of promoter-proximal pausing 

The process of transcription is highly regulated. Post-translational modifications, such as ubiquitylation, 

play a crucial role in maintaining cellular order. Although ubiquitylation is typically a process leading 

to protein degradation, it can also serve a regulatory function. Recently, the control by ubiquitylation 

has been linked to the function of the Integrator-PP2A module, making ubiquitylation a controlling 

mechanism during RNAPII transcription. Both ubiquitylation and phosphatase activity are described as 

regulating the free pool of RNAPII during promoter-proximal pausing, thereby affecting the elongation 

process and gene expression (Blears et al., 2024; Cacioppo et al., 2024).  

A recent analysis of the PP2AC revealed its potential interaction with E3 ligases (Brewer et al., 2024). 

PP2AC is a catalytic subunit of the protein phosphatase 2A. Although PP2A, as part of the Integrator 

complex, does not exhibit the usual trimeric protein phosphatase 2A structure because of the absent 

regulatory B subunit, it contains the catalytic component PP2AC (Huang et al., 2020). A connection 

between a CRL3ARMC5, which is an E3 ligase, and the Integrator phosphatase module has been 

described (Blears et al., 2024; Cacioppo et al., 2024).  

In this mechanism, an enrichment of the Cullin 3 protein (CUL3), which is part of the CRL3 (cullin 

ring ligase E3), was observed. This CRL3 ligase ubiquitinates the substrate of the ARMC5 (Blears et 

al., 2024). Little is known about this protein; however, studies suggest that it may play a role in RNAPII 

degradation, as depletion of ARMC5 led to the accumulation of all 12 subunits that RNAPII comprises 

(Luo et al., 2024). Its known partners so far include RNAPII or the CUL3 mentioned above (Lao et al., 

2022). Two studies further investigated this aspect of CRL3 ubiquitination by examining ARMC5 

depletion, since it provides the contact point between the enzyme and RNAPII. Additionally, the authors 

noted a role for phosphatase activity. Both studies identified two distinct but parallel pathways, the 

Integrator-dependent and ARMC5-dependent pathways, which regulate promoter-proximal pausing 

and RNAPII levels (Blears et al., 2024; Cacioppo et al., 2024). 
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The first study focused on the role of INTS8 during early elongation, illustrated in Figure 8. INTS8 is 

crucial for recruiting and stabilising PP2A within the holocomplex. Experiments provided evidence that 

RNAPII ubiquitination, mediated by CRL3ARMC5, primarily occurs on RBP1 phosphorylated on 

Serine 5 (Cacioppo et al., 2024). This phosphorylation, targeted by CDK7, facilitates transcription 

initiation and pausing, indicating that ubiquitination happens early in transcription. When this 

mechanism was blocked, RBP1 stayed near the promoter, suggesting that degradation of RNAPII at 

these sites depends on ubiquitination (Cacioppo et al., 2024). Knocking out ARMC5 revealed that 

INTS8 could compensate for its loss, suggesting that while both proteins may operate in distinct 

pathways, they function in parallel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Graphical abstract of parallel control during early elongation by Integrator complex and 

ubiquitin ligase CRL3ARMC5. In wild-type cells, PP2A triggers the promoter-proximal pausing and 

can also terminate it. RNAPII then comes back to the free pool and continues to the next initiation. 

Alternatively, RNAPII can be marked for degradation by CRL3ARMC5 and degraded in the 

proteasome. In cells lacking the protein ARMC5, PP2A promotes excessive pausing to compensate for 

the loss of CRL3ARMC5. When both pathways are disrupted, RNAPII skips the checkpoint and is 

released immaturely. Incompetent RNAPII results in premature transcription termination and is not 
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degraded. Both INTS8 and ARMC5 therefore prevent the release into elongation and regulate together 

the free pool of RNAPII as well as its quality. Graphical abstract adopted from: (Cacioppo et al., 2024). 

Depleting both INTS8 and ARMC5 proteins produces distinct effects compared to depleting either one 

alone. Simultaneous depletion is severe, causing additive effects and quickly impairing cell growth. In 

contrast, removing only one protein does not cause such issues. This finding indicates that both proteins 

influence early elongation, marked by increased Ser5P levels, likely through separate, parallel 

pathways. When both are absent, RNAPII bypasses the quality checkpoint and proceeds to elongation 

(Cacioppo et al., 2024). Similarly to the first study, the second study reached comparable findings 

regarding INTS6 (Blears et al., 2024). Their experiments with CRL3ARMC5 showed no significant 

effects on cell growth when either protein, INTS6 or ARMC5, was depleted alone, but effects were 

observed when both proteins, INTS6 and ARMC5, were depleted simultaneously. They concluded that 

the Integrator and this specific E3 ligase function simultaneously but within different machineries, 

cooperating in the regulation of RNAPII levels in the free pool, paused, and released into active 

elongation (Blears et al., 2024; Cacioppo et al., 2024).   

5. Non-catalytic biological functions of the 

Integrator complex 

Although two subunits act as catalysts, other parts of the complex are involved in non-catalytic cellular 

processes. Recent research has focused more on these subunits and modules, clarifying their roles both 

within the complete holo-complex and independently. 

5.1 INTS3 and INTS6 

Two subunits of the Integrator were identified as part of subcomplexes, INTS3 and INTS6 (Huang et 

al., 2009; Li et al., 2009; Long et al., 2024). The Integrator subunit INTS3 appears as a key component 

in two trimeric complexes involved in the signalling of double-strand breaks: SOSS1 and SOSS2. These 

complexes are part of the double-strand break repair pathway and the Ataxia-telangiectasia mutated 

(ATM) dependent signalling pathway (Zhang, Ma and Yu, 2013). However, several other functions 

emerge for these complexes even in the fully assembled Integrator.  

 5.1.1 SOSS complex in transcription termination 

SOSS complexes act as sensors of single-stranded DNA (ssDNA) (Huang et al., 2009). The SOSS1 

complex consists of INTS3, INIP, and hSSB1 (also known as NABP2), whereas SOSS2 includes 

INTS3, INIP, and hSSB2 (NABP1) (Huang et al., 2009; Li et al., 2009). These subcomplexes can 

interact with the Integrator to form the SOSS-INTAC (Xu et al., 2023).  Although it influences ssDNA 

https://www.zotero.org/google-docs/?NhATav
https://www.zotero.org/google-docs/?NhATav
https://www.zotero.org/google-docs/?NhATav
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signalling, evidence indicates that SOSS1 is active during transcription termination.  While the precise 

mechanism remains unclear, researchers have shown that SOSS1 binds to the Integrator complex after 

the transcription termination at the site where RNAPII interacts with the Integrator during transcription 

(Fianu et al., 2024). The protein hSSB1 (NABP2) interacts with INTS3 and also crosslinks with INTS11 

in the post-termination structure. The binding of the three SOSS proteins prevents the complex from 

interacting with RNAPII (Figure 9). Notably, the binding of INTS3 alone and the SOSS complex to 

RNAPII cannot occur at the same time. Therefore, the SOSS complex likely blocks RNAPII from re-

binding by hiding the interaction site with the Integrator (Fianu et al., 2024). 

Figure 9. Pre-termination and post-termination superposition view on the Integrator complex. In the 

black circle, the SOSS1 complex blocks the binding site for RNAPII. This position would cause a clash; 

therefore, SOSS prevents RNAPII from rebinding to the Integrator after transcription termination. 

Adopted from: (Fianu et al., 2024). 

5.1.2 SOSS complexes in DNA damage response pathways 

The INTS3 protein contains the HEAT motif within its structure, a feature that confers its RNA/DNA 

binding properties (Li et al., 2021). The INTS3 subunit is a key component of the trimeric SOSS1 

complex; however, a tetrameric form of SOSS1 also exists. Studies have shown that INTS6 is the fourth 

protein involved in forming the tetrameric SOSS1 complex, which is active at sites of DNA damage 

(Long et al., 2024). In contrast, INTS6 contains the DEAD repeat domain, which enables proteins to 

bind to RNA or DNA when in their native structure, typically found in helicases. Furthermore, INTS6 

possesses a VWA domain, allowing it to interact with other proteins (Jia et al., 2021). Prior research 

has demonstrated that INTS6 binds to INTS3 and supports its functions by acting as a scaffolding 

protein (Zhang, Ma and Yu, 2013; Li et al., 2021). Research has shown that INTS3 undergoes 
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dimerisation. Moreover, the dimer formation is necessary for effective DNA binding. However, 

dimerisation is not required for the reciprocal interaction with INTS6 (Li et al., 2021). The involvement 

of Integrator subunits in the repair of double-strand breaks (DSBs) emerged from the investigation of 

RAD51 recruitment (Zhang, Ma, and Yu, 2013). Indeed, a decrease in RAD51 foci formation was 

observed after disruption of the binding interface of the INTS3 dimer (Jia et al., 2021). Since RAD51 

is essential for the repair of DSBs, this suggests that dimer formation is likely crucial for efficient repair.  

5.2.1 SOSS complexes and R-loops  

Regarding DNA damage, SOSS complexes can recognise ssDNA (Zhang, Ma and Yu, 2013). Single-

stranded DNA is often present during transcription, where it forms part of the RNA:DNA hybrids 

known as R-loops *(Petermann, Lan, and Zou, 2022). R-loops consist of three strands: a DNA strand, 

an RNA strand forming the hybrid, and an ssDNA overhang that invades the duplex *(Petermann, Lan 

and Zou, 2022). These structures can form during transcription when nascent transcripts upstream of 

RNAPII rehybridise with the template DNA. They can also arise through various mechanisms, often 

triggered by stressful factors. Emerging evidence highlights their importance during transcription-

replication conflicts, DNA break repair, and their signalling. However, if not properly processed, they 

can cause significant damage, contributing to nucleic acid instability *(Petermann, Lan and Zou, 2022). 

Evidence indicates that the SOSS complex is involved during promoter-proximal pausing to aid in the 

termination (Xu et al., 2023). The recruitment of SOSS-INTAC to the promoters is dependent on the 

presence of R-loops themselves, which are primarily recognised for their ssDNA part by hSSB1. SOSS-

INTAC was shown to be recruited to the paused sites to prevent the accumulation of R-loops during the 

pausing (Xu et al., 2023). Moreover, the whole complex participates in regulating R-loop levels and 

maintaining genome stability. It prevents transcription-replication conflicts and forms condensates that 

allow R-loop attenuation (Xu et al., 2023). 

 

Furthermore, the production of primary transcripts, which signal DNA damage, can also lead to 

hybridisation and the formation of aberrant structures; however, it probably serves mainly a signalling 

function (Mayer et al., 2012; Burger, Schlackow, and Gullerova, 2019; Long et al., 2023). These 

transcripts are molecules such as damage-induced long non-coding RNAs (dilncRNA) (Michelini et al., 

2017) and damage-associated transcripts (DARTS) (Burger, Schlackow and Gullerova, 2019), 

described below in the context of the SOSS complexes. 

A study, including the Abelson tyrosine kinase (c-Abl), shed light on some potential mechanisms of 

how these structures can function within the cell (Figure 10). c-Abl is a kinase that plays a crucial role 

by attaching a phosphate group to the Y1 residue on the C-terminal domain of RNAPII (Baskaran, 

Dahmus and Wang, 1993). Research has shown that this phosphorylation happens mainly at DSBs 

(Burger, Schlackow and Gullerova, 2019). Y1 phosphorylation afterwards triggers the production of 
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damage-associated transcripts (DARTs), as mentioned earlier. These DARTS serve as an essential 

marker of sites where double-strand breaks occur (Burger, Schlackow and Gullerova, 2019). Notably, 

this particular tyrosine phosphorylation inhibits the binding of RNAPII to transcription factors. This 

blockade, therefore, effectively terminates the transcription cycle and probably enables effective repair 

(Mayer et al., 2012). Furthermore, another study revealed an interesting fact that the c-Abl kinase is 

also capable of phosphorylating the hSSB1 protein, a crucial component of the SOSS1 complex (Long 

et al., 2023). The phosphorylation of hSSB1 by the c-Abl kinase enables the incorporation of the INTS3 

into the complex and, by that, also the formation of the entire trimeric SOSS1 complex (Long et al., 

2023). 

Figure 10. Mechanism of SOSS1 complex assembly triggered by DSBs and c-Abl kinase activity. DSBs 

trigger c-Abl to phosphorylate hSSB1 and RNAPII residue Y1. Phosphorylation of hSSB1 promotes the 

trimeric SOSS1 complex assembly. RNAPII with residue Y1P produces damage-associated transcripts. 

Trimeric SOSS1 and RNAPII, phosphorylated on Y1, are in proximity, resulting in phase separation 

that facilitates the processing of existing R-loops. Adopted from: (Long et al., 2023). 
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Together, these discoveries suggest that the c-Abl tyrosine kinase orchestrates a dual phosphorylation 

event, targeting both hSSB1 and the tyrosine within the CTD. This interaction maintains the hSSB1 

protein in close association with the Y1P on the CTD, promoting a dynamic phase separation that is 

essential for DNA repair. This liquid-liquid phase separation not only improves the assembly of repair 

factors but also enables efficient repair mechanisms at the sites of double-strand breaks (Long et al., 

2023). Similarly, another study has shown that condensation triggered by hSSB1 is also crucial for 

effective R-loop resolution. Furthermore, this study revealed that the SOSS complex associates with 

the entire Integrator complex at promoters, where RNAPII is paused. Suggesting a broader function for 

the whole complex, such as preventing TRCs caused by pausing (Xu et al., 2023). Taken together, phase 

separation and condensation are likely crucial for the abundance of proteins involved in R-loop 

resolution and for the proper repair of DNA breaks, as they recruit the necessary factors. It will be 

interesting to see what future research uncovers regarding this theme.  

 

Recent evidence suggests that INTS6, although present in the tetrameric SOSS1 complex, is recruited 

to DNA damage sites (Long et al., 2024). Furthermore, evidence suggests that both the trimeric and 

tetrameric forms of SOSS1 are recruited to damaged areas in response to the presence of DNA:RNA 

hybrids and R-loop structures (Long et al., 2023, 2024). Damage-induced transcripts, such as DARTs 

or dilncRNAs accumulate after INTS6 depletion, along with increased levels of R-loops (Long et al., 

2024). Additionally, in their experiments, senataxin appeared to interact with INTS6 (Long et al., 2024). 

Senataxin, a protein that acts as both a transcription factor and a helicase, can resolve DNA:RNA 

hybrids or R-loops (Cohen et al., 2018; Hasanova et al., 2023). Researchers have further proposed that 

INTS6 may indirectly contribute to the processing and resolution of these structures by recruiting 

proteins, such as senataxin (Long et al., 2023, 2024). The study also demonstrated that INTS6 is 

responsible for recruiting PP2A to damage sites, since PP2A dephosphorylates specific amino acids on 

the C-terminal domain of RNAP II under these conditions. Notably, it targets phosphorylation sites on 

Ser2 and Ser5, which serve as indicators of ongoing transcription, suggesting a mechanism that 

potentially influences transcription termination even at double-strand breaks and may be coupled with 

R-loop resolution via senataxin (Long et al., 2024). In conclusion, these results imply that INTS6 could 

be another protein participating in DSBs signaling by recognizing R-loops and recruiting relevant 

factors.  

5.2 INTS10/INTS13/INTS14/INTS15 

For many years, research has primarily aimed at uncovering the roles of catalytic subunits and modules. 

However, scientists have recently begun exploring other components as well. Additionally, the Tail 

module, which was previously neglected, has now been associated with new and exciting functions. 
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5.4.1 Tail module and TFs binding  

A recent study have identified numerous transcription factors within the interactome of the entire Tail 

module, including notable transcription repressors such as ZMYND8, along with ZNF608 and ZNF609. 

Other interactors of Integrator include components of chromatin remodelling complexes or the 

elongation factor PAF1 (Sabath et al., 2024). Some of these have been previously observed, as the 

Integrator was part of their interactome, including zinc-finger proteins capable of DNA binding and 

chromatin readers (Malovannaya et al., 2011). The authors suggested that the Tail module of the 

Integrator acts as a hub for transcription factors (TFs) (Sabath et al., 2024). It was previously proposed 

that the Integrator’s contact with specific TFs depends on the interaction between the Tail module and 

the rest of the complex (Razew et al., 2024). The researchers aimed to integrate various selected 

transcription factors (TFs) into the entire transcription machinery based on their binding to INTS13. 

They suggested that the Tail’s interaction with the TF may facilitate the connection of RNAPII and the 

Integrator complex during pausing. Their model proposes that TFs connect to the Tail module via a 

long linker, allowing them to bind the DNA most likely upstream of the pausing site (Razew et al., 

2024).  

 

Integrator-binding motifs (IBMs)  have been identified within the TF structures (Sabath et al., 2024). 

Although these IBMs are very short and often elusive, their significance lies in their brevity, which can 

make them difficult to detect. IBMs may be categorised into two intriguing types: the alpha-helical (h) 

hIBM, found only in the ZNF655 structure, and the strand (s) sIBM, such as ZMYND8 or ZNF609. 

Both conserved motifs connect to the dimer INTS13/14, which forms between the beta-barrel of 

INTS13 and the alpha-helix of INTS14. Additionally, only certain genes are targeted by TFs that bind 

the Integrator complex (Sabath et al., 2024), with no further evidence indicating which ones they are. 

 

The Tail module interacts with the rest of the Integrator through two sites. One is via the Cleavage 

module binding motif (CMBM), which facilitates the interaction of INTS13 with the surface of the 

Cleavage module, comprising INTS9/11 (Razew et al., 2024; Sabath et al., 2024). Additionally, a 

second critical contact occurs between INTS15 and INTS5-8 (Sabath et al., 2024). The interaction 

between INTS13 and INTS11 revealed two key insights. First, INTS13 is linked to ciliopathy in 

humans, as detailed later in the chapter on mutations in this thesis. It seems that a loss of contact with 

TFs likely causes the phenotype, since the reported mutations are located at the CMBM site. This 

interface only forms when all subunits are assembled entirely, which aligns with the observed disruption 

of the bond in the Integrator cleavage module (ICM) when INTS13 is depleted (Sabath et al., 2024). 

This indicates that INTS13 only interacts with a fully assembled ICM heterotrimer (Mascibroda et al., 

2022; Sabath et al., 2024). Second, the CMBM of INTS13 is identified as a promising site for post-
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translational modifications (PTMs), as mutations at its phosphorylation site weaken the interaction with 

INTS11 (Ochoa et al., 2020; Sabath et al., 2024). 

 

 

 

 

 

Figure 11. Model of Integrator complex recruitment to target genes dependent on TFs. a) TFs recruit 

the Integrator complex to the coding genes and connect through the binding sites present on the Tail 

module, particularly the INTS13/INTS14 dimer. This interaction can be regulated on three levels, as 

indicated by the red bars:by regulation of TFs quantity, interaction through IBM, or the bond of CMBM 

with the ICM. b) A model of the paused elongation complex (PEC) with potentially present TFs. TFs 

contain Integrator-binding motifs (IBMs) in their structure that bind to the Integrator complex. This 

connection can be found on two sites of the INTS13/INTS14 dimer, as described by the orange circles. 

Adopted and edited from: (Sabath et al., 2024). 

5.4.2 Tail module in neurogenesis 

 

Regarding the importance of the Tail module in TFs binding during RNAPII transcription and pausing, 

TFs have also been shown to regulate neurogenesis and cortical neuron migration together with the 

Integrator complex. 

The transition of pluripotent cells to neuronal phenotypes requires precise control of gene, promoter, 

and enhancer activity to produce healthy neurons. The transcription factor SOX2 is well known for its 

role in regulating the early stages of neurogenesis. A recent discovery shed light on the role of an 

Integrator Tail module in cell identity fate (Zhang et al., 2025). The authors mainly focused their 

experiments on the subunit INTS10 because higher levels of this subunit are present in the brain (Zhang 

et al., 2025). The depletion of INTS10 impaired the assembly of the entire module and also disrupted 

its connection with the whole Integrator complex. Observed elevated levels of the ZMYND8 factor, a 

chromatin reader, have been detected at the sites of enhancers in neural progenitor cells (NPCs). 

Furthermore, INTS10 was observed to co-localise with RNAPII, INTS11, and INTS13 at promoters, 

indicating its role in transcription (Zhang et al., 2025). Haploinsufficiency of INTS10 resulted in the 

downregulation of key genes involved in neuronal development, such as SOX1 and PAX6, leading to 
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a phenotype similar to that observed when SOX2 was depleted. The authors concluded that the 

Integrator connects SOX2 with enhancers and promoters. INTS10 is not necessary for maintaining the 

pluripotent state; however, it is crucial for neuronal formation (Zhang et al., 2025), as illustrated in 

Figure 12. This suggests that disrupted Integrator subunits, particularly in the Tail module like INTS10, 

may impair neurogenesis through the proposed mechanism. The Tail module localises SOX2 to 

enhancers that may be recognised through transcription factors reading the epigenetic code; however, 

when impaired, these enhancers are neither recognised nor connected to this protein, leading to the 

absence of a connection between neuronal genes and enhancers. As a result, neuronal fate is not induced, 

resulting in the formation of mesenchymal cells (Zhang et al., 2025). Interestingly, similar patterns of 

enhancer activation mechanisms were observed in other tissues as well, specifically for INTS13 during 

monocytic differentiation (Barbieri et al., 2018). 

 

Figure 12. Proposed mechanism for the role of the Integrator Tail module in neurogenesis. The 

Integrator Tail module binds to neuronal enhancers. INTS10 facilitates the linkage of the SOX2 factor 

to these enhancers, promoting the expression of genes necessary for the transition from neural 

progenitor cells to a neuronal phenotype. When INTS10 is absent, SOX2 cannot be localised to the 

enhancers, leading to a mesenchymal-like cell phenotype. Adopted and edited from: (Zhang et al., 

2025). 
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Not only was the Integrator linked to proper neuronal formation, but an earlier study also described its 

potential role in cortical neuron migration (van den Berg et al., 2017). Using mouse models, the authors 

revealed an interaction between the Integrator complex, the transcription factor Zfp609, and Nipbl (van 

den Berg et al., 2017). These factors, which are expressed in the mouse cortex, regulate cortical neuron 

migration (van den Berg et al., 2017), and occupy the same promoters as the Integrator complex, 

indicating their proximity. Although RNAPII was not detected in the Zfp609 pull-down, thirteen 

Integrator subunits were identified, suggesting a connection between the Zfp609 and the Integrator 

complex (van den Berg et al., 2017). Both Zfp609 and Nipbl were observed at promoter and enhancer 

regions together with the Integrator complex (van den Berg et al., 2017), supporting previous findings 

(Gardini et al., 2014). The authors propose that Zfp609 plays a key role in facilitating Nipbl’s interaction 

with the Integrator complex. All three, Zfp-609, Nipbl, and Integrator, co-localise to sites of paused 

RNAPII, with increased levels of each detected at these promoters. These factors appear to regulate 

cortical neuron migration by influencing the expression of other neuronal genes, as their depletion 

resulted in defective neuronal migration (van den Berg et al., 2017). 

6. Diseases 

6.1 Neurodevelopment  

To date, mutations in five human Integrator subunits have been clinically documented: INTS1, INTS8, 

INTS11, INTS13, and INTS15. Several of these mutations are linked to Neurodevelopmental disorders 

(NDD) that display similar features and are associated with severe clinical symptoms. 

6.1.1 INTS1 

The first subunit with described mutations in humans is INTS1. It is the largest subunit of the Integrator 

complex, forming its Core (Baillat et al., 2005). The first study identified the same homozygous INTS1 

mutation in three individuals of the Dutch population, with no clear relationship between them. The 

mutation in INTS1 was nonsense at the position of Ser1784 (Oegema et al., 2017). INTS1-mutated 

individuals exhibited severe brain abnormalities, seizures, or dysmorphic facial features. The authors 

also observed decreased levels of the INTS1 transcripts in fibroblasts. (Oegema et al., 2017). A second 

study mapped biallelic mutations in five children with frameshift or missense mutations in INTS1 (Care 

4 Rare Canada Consortium et al., 2019). The clinical features of these five patients were similar to those 

of the first three individuals, including cognitive delay, reduced speech, hypotonia, abnormal gait, 

cataracts, and others. Some of them also received a diagnosis of autism (Care 4 Rare Canada 

Consortium et al., 2019).  
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6.1.2 INTS8 

INTS8 was described in previous chapters as playing a role in regulating phosphatase functions. INTS8 

was found to be mutated in three adult siblings (Oegema et al., 2017), which exhibited similar 

abnormalities as mentioned earlier, including neurological issues. These mutations comprised a 

missense mutation in one base pair (Asp298Gly) and a 9-base pair deletion, resulting in the removal of 

three amino acids without causing a frameshift (Glu972_Leu974del). Interestingly, the deletion 

mutation occurs in the C-terminus of the TRP motif, which is crucial for its protein-protein interactions. 

Experiments with the deletion mutation, expressed in mouse P19 cells, revealed impaired snRNA 

processing and altered levels of specific neuronal genes involved in brain development (Oegema et al., 

2017).  

6.1.3 INTS11 

Since INTS11 is the main catalytic subunit of the entire complex, mutations in this gene are severe. 

Several patients were described to suffer from INTS11-related neurodevelopmental disease caused by 

mutations in this subunit (Tepe et al., 2023).  Another study examined two siblings with homozygous 

missense mutations in INTS11, c.316G>A (p.Asp106Asn). The researchers observed clinical 

phenotypes similar to those seen in other subunits, including microcephaly, progressive cerebral atrophy 

with growth issues, and the later development of language and motor problems (Kuang et al., 2023). 

Stronger interactions occurred between the mutated INTS11 protein and its partner, INTS9, which 

resulted in the INTS9/INTS11 heterodimer binding more tightly and consequently decreasing its 

interaction with RBP1 of RNAPII. The authors also detected higher levels of unprocessed UsnRNAs 

upon mutated INTS11, though the total UsnRNA levels remained unchanged. Meaning that this 

mutation specifically impairs the endonuclease’s primary catalytic function in processing UsnRNAs 

(Kuang et al., 2023). 

 

The same INTS11(p.Asp106Asn)  mutation has been further studied in Drosophila (Kuang et al., 2023). 

Interestingly, Drosophila models with this mutation showed differences in the organisation of the 

mitotic spindle. Disruption of the mitotic spindle caused G2/M arrest in the model cells, similar to what 

was seen in patient cells. The authors have further explored the mutation’s effects on gene expression, 

and identified dysregulated genes that are active during the mitotic phase and neurodevelopment. One 

such gene was CDKL5, which is involved in both neurogenesis and mitosis. Importantly, CDKL5 

deficiency disorder aligns with the clinical presentation of patients with mutations in INTS11 (Kuang et 

al., 2023). Moreover, CDKL5 appears to be a long gene, and longer genes were mainly found among 

the downregulated genes. Additionally, this specific INTS11 mutation reduced the levels of expressed 

CDKL5 (Kuang et al., 2023). CDKL5 participates in the CDKL5/ERK/GSK-3β signalling pathway, 

which is active during development and neurogenesis. When impaired, this pathway affects cell growth 
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and differentiation (Kuang et al., 2023). Overall, these findings indicate a connection between G2/M 

arrest and neurodevelopment, with INTS11 playing an essential role in this process. 

 

Importantly, mutations in proteins essential for proper ICM assembly and INTS11 function have also 

been described in humans. Both mutations in BRAT1 (Cihlarova et al., 2022) and WDR73 (Jiang et al., 

2017; Tilley et al., 2021) have been linked to several neurological disorders, where patients exhibit 

similar phenotypes related to brain malformations, epilepsy, and other neurodevelopmental issues 

associated with mutations in INTS11 (Jiang et al., 2017; Tilley et al., 2021; Cihlarova et al., 2022). The 

authors showed that either the BRAT1 V62E mutation or the BRAT1 knockout weakened the bond 

between BRAT1 and INTS9/INTS11 heterodimer, further leading to improper function of the 

endonuclease. Moreover, functional knockout of BRAT1 has been shown to impair UsnRNA processing 

(Cihlarova et al., 2022). A recent study confirmed the result of Cihlarova et al., 2022 that the underlying 

issue of BRAT1 loss is likely the absence of its interaction with INTS11, since overexpression of 

INTS11 in BRAT1-KO cells was able to rescue the phenotype (Lin et al., 2024). These findings 

underscore the significance of the ICM and expand the range of potential disease origins that can lead 

to defective Integrator functions. 

6.1.4 INTS13 

Mutations in human INTS13 have also been linked to human disorders; in particular, two homozygous 

mutations in INTS13 have been identified in two separate families (Mascibroda et al., 2022). The 

clinical symptoms of INTS13-mutated patients resemble those of Oral-facial digital (OFD) syndromes, 

which result from disruptions in cilia formation. In the first family, the mutation is a deletion of one 

base, leading to a frameshift. The second family experienced a change of a single base pair. The INTS13 

gene is located on chromosome 12 and contains 17 exons, with both mutations affecting exon 16 

(Mascibroda et al., 2022). The study describing INTS13-mutated patients predicted that such mutations 

lead to the loss of contact with the other Integrator subunits (Mascibroda et al., 2022), and subsequent 

research explained the primary cause of the phenotype (Sabath et al., 2024). The INTS13 mutations in 

ciliopathy, whether as a point mutation (S652L) or a frameshift (K668), were shown to occur in the 

CMBM domain, formed by the bond between the Tail and the ICM. The point mutation is expected to 

cause a steric clash, while the frameshift mutation likely eliminates most of the interaction surface. This 

study also described the misincorporation of the Tail module, which can be attributed to mutations at 

phosphorylation sites, resulting in decreased interaction with INTS11 (Sabath et al., 2024). Experiments 

during glucose starvation, which promotes ciliogenesis, revealed that cilia reduction occurred either 

when INTS13 was disrupted or when TFs binding was impaired. Moreover, the formation of the entire 

Integrator complex and its interaction with transcription factors are essential (Sabath et al., 2024). 

Overall, both mentioned studies agree that defective ciliogenesis is probably caused by deregulated 
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transcription rather than impacts on other genes involved in cilia formation (Mascibroda et al., 2022; 

Sabath et al., 2024). 

6.1.5 INTS15  

The last subunit involved in human disease has recently been identified as the fifteenth subunit of the 

Integrator, INTS15. Although it is not associated with a specific neurological disease, it causes 

deregulated eye development. INTS15 has been linked to an unusual new eye condition: Variable 

panocular malformations (VPM) with an autosomal dominant inheritance pattern (Azuma et al., 2023). 

The disease manifests as ocular malformations such as retinal degeneration, dislocation of the fovea, or 

optic nerve anomalies. INTS15 was found to be highly expressed in both the eye and brain. Experiments 

in mice showed that INTS15 is critical during early embryonic development, as biallelic Ints15 

knockout in exon 2 resulted in death before birth in mice. Interestingly, siRNA knockdown of INTS15 

exhibited higher levels of misprocessed UsnRNAs, similar to other Integrator subunits when knocked 

down. Moreover, siRNA knockdown of the subunit also caused splicing defects in some protein-coding 

genes (Azuma et al., 2023). 

6.1.6 UsnRNAs 

Some evidence suggests that the cause of the Integrator-related disease may lie in non-coding genes 

related to spliceosomal RNA. A study mapping the mutation in the non-coding RNU4ATAC gene 

yielded interesting results (Almentina Ramos Shidi et al., 2023). Since RNU4ATAC encodes U4atac 

snRNA, which is part of the minor spliceosome, it is important for U-12 type intron splicing. The 

authors analysed cells from patients who were twins and heterozygous for this mutation (g.108 126del; 

g.111G>A). Both exhibited the MOPD1 phenotype, an autosomal recessive disease that presents with 

seizures, malformations, brain defects, dwarfism, and facial anomalies (Almentina Ramos Shidi et al., 

2023). In their analysis, the authors examined the Integrator subunits, as they form the major complex 

for snRNA 3’end processing, and observed longer 3’end transcript variants following the mentioned 

mutation. It is also notable that only four Integrator subunits undergo U-12 intron splicing: INTS4, 

INTS7, INTS8, and INTS10 (Almentina Ramos Shidi et al., 2023). However, the authors observed 

decreased levels only of INTS7 and INTS10 in patients compared to controls. They proposed that the 

assembly of the holo-Integrator could be affected by this mutation, since INTS10, which is diminished, 

is also needed for the formation of the Tail module (Almentina Ramos Shidi et al., 2023). Nonetheless, 

little research has been conducted on the genes needed for splicing in Integrator-linked diseases. 
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6.2 Tumorigenesis 

Although most clinically described mutations in Integrator subunits are linked to neurological diseases, 

evidence also indicates Integrator’s association with cancer. The phosphatase activity was discussed in 

the context of modulating the CDK9-PP2A axis. Vervoort et al., 2021 suggested that the CDK9-PP2A 

axis could serve as a target for future antitumour drugs to modulate transcription. Strengtheners of PP2A 

are potential molecules that could support existing inhibitors of CDK9 in pausing RNAPII, thereby 

boosting its anticancer effect (Vervoort et al., 2021). However, further research is needed. Not only that, 

the Integrator subunit INTS6 was previously discussed concerning the phosphatase module’s function 

and recruitment, and is also associated with DNA damage. Unsurprisingly, INTS6 is silenced in some 

types of cancer, suggesting it may act as a tumour suppressor (Wieland et al., 1999; Filleur et al., 2009). 

The deletion of INTS6 has also been linked to oesophageal cancer, although this has been documented 

in only one case (Li et al., 2003). Recently, one of the core subunits, INTS7, was identified as a potential 

player in the formation of lung adenocarcinoma. When INTS7 was depleted, tumour weight and volume 

decreased (Li et al., 2024). A bioinformatics analysis of Integrator subunits in another type of 

carcinoma, hepatocellular carcinoma (HCC), discovered that INTS1, INTS4, INTS7, and INTS8 were 

associated with higher expression levels and improved patient tumour prognosis (Xu et al., 2024). A 

comprehensive analysis of HCC revealed additional Integrator subunits deregulated in cancer, with 

most Integrator subunits showing upregulated mRNA levels in tumour cells, which also correlated with 

a poorer survival prognosis, except for INTS6, which maintained similar levels. Furthermore, advanced 

tumour stages III and IV exhibited higher levels of Integrator subunits mRNAs compared to lower 

stages I and II. Moreover, INTS13 has been identified as an independent prognostic biomarker, as its 

up- or downregulation had the most significant effect on survival prognosis due to its impact on cell 

proliferation and apoptosis (Wang et al., 2024). Another liver cancer, intrahepatic cholangiocarcinoma 

(CHOL), has been associated with elevated INTS8 levels; thus, the authors proposed INTS8 as a 

potential target for anticancer therapies in this tumour type (Zhou et al., 2021). Additionally, a pan-

cancer analysis indicated that INTS7 and INTS8 influence endometrial carcinoma, suggesting their 

genes could be driver genes for various cancer types (Federico et al., 2017). 
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7. Conclusions 

In recent years, significant progress has been made in understanding the Integrator complex. Mainly, 

its structural architecture has been uncovered, along with a more detailed description of its modules and 

their interactions. Furthermore, the Integrator is increasingly recognized for a broader range of cellular 

functions. Many studies have revealed its roles in promoter-proximal pausing, premature transcription 

termination, DNA damage response, or interactions with transcriptional factors. However, there is still 

much we do not know about it. The less-understood Tail module is being studied more extensively, and 

research is gradually uncovering its capabilities. Yet, the modular nature of the complex makes in-depth 

study challenging. The complex functions both cooperatively and independently, and it can also 

influence one subunit on another. Most research tends to focus on only a few subunits or modules, 

which hampers understanding of the complex’s overall impact and complicates synthesizing 

information into a comprehensive picture. Although debate about the Integrator continues within the 

scientific community, opposing viewpoints are rare, leading to a relatively steady consensus.  

 

Diseases associated with the Integrator complex are caused by multiple mechanisms that can be altered. 

Firstly, the Integrator has been studied for its strong regulatory role in transcription during promoter-

proximal pausing. Deregulation can lead to the release of immature RNAPII into the elongation and 

premature termination, probably mostly affecting longer genes. The consequences of losing the 

Integrator extend beyond defective transcription alone. Improper endonuclease function is also linked 

to misprocessing of UsnRNAs and other non-coding RNAs. Many studies report elevated levels of 

unprocessed transcripts upon Integrator’s loss or mutations in its subunits. Therefore, the consequences 

of improper processing of nascent transcripts could be a promising area for future research. It would be 

valuable to investigate how defective transcripts are maintained or metabolized in cells. Additionally, 

emerging evidence links Integrator defects to activation of the Integrated stress response pathway, 

which is likely to be prolonged when the Integrator does not function properly. The ISR is therefore 

probably what is happening in patients with mutations in the Integrator. Furthermore, genes with longer 

sequences and more exons are common in the brain, making their transcription more vulnerable when 

the Integrator is absent or mutated, resulting in significant waste material that must be specifically 

degraded, particularly since brain cells are post-mitotic and do not divide. This thesis emphasizes 

several brain-specific roles of the Integrator, highlighting its influence on neurodevelopment. Five 

mutations have been identified in humans, but other emerging causes of defective Integrator are also 

being recognized. BRAT1 and WDR73 are known for their chaperone-like functions in the ICM 

assembly process, and mutations in these genes are linked to diseases with features similar to those 

caused by mutations in Integrator subunits. As a result, our understanding of NDDs caused by Integrator 

defects is expanding to include more potential causes of these serious disorders, which enhances our 

knowledge and could benefit affected patients in the future when finding a cure for them. 
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