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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 proteinovy komplex, specificky pro mnohobunécné organismy, se dvéma
enzymatickymi aktivitami; endonukledzovou a fosfatdzovou. Tento komplex tvofi 15 podjednotek,
INTS1-INTS15, které se seskupuji do modulti. Integrator byl ptivodné oznacen jako komplex zapojeny
do procesovani 3’koncti UsnRNA, avsak pozdéji bylo popsano, ze plisobi i na jinych nekodujicich RNA
substratech. Nejen to, data ukazala, ze se dale uc€astni celkové regulace transkripce kddujicich gent, pii
které ovliviiuje pausovani RNA Polymerazy II v promotor-proximalnich oblastech, elongaci i terminaci
transkripce. Neékteré podjednotky Integratoru byly popsany také v odpovédi na poskozeni DNA. Mutace
v péti podjednotkach Integratoru jsou spojeny se zavaznymi neurologickymi vadami a zaroven
deregulovana exprese podjenotek Integratoru byla propojena se vznikem rakoviny. Pfestoze mnoho
funkci Integratoru bylo objeveno a jeho struktura byla z velké ¢asti popsana, rozsahlejsi vyzkum je
potieba k objeveni novych regula¢nich mechanismu Integratorovych podjednotek a deregulaci s nimi

spojenou, jez muze dale vést s k onemocnénim spojenymi s Integratorem.

Kli¢ova slova: Integrator komplex, INTS11, RNA Polymeraza II, Transkripce, Neurovyvojové
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 RNAPIIL, 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.



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 e 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 (INTSS5, INTSS8). 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)

leavage module
INTS4, INTS9 and
INTS11

> f INTS1 N terminus
=/ (143-1318)

INTS1 N terminus
(143-1318)



Figurel. The structure of the Integrator-PP2A complex displayed in its free form by Cryo-EM. a)
lllustration of the localisation of Integrator subunits and modules together purified with DSSI 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-B-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, INTSI11
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, INTSS 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 INTSS8 (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

3



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
etal.,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 INTSS5, 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
INTSS and INTSS8, whereas INTS1, INTS2, INTS7, and INTS12 form the Backbone (Zheng et al.,
2020). INTSS and INTSS 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 BRAT]1 (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 BRAT], 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

BRAT]1 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/WDR?73 takes place, BRAT1 binds to it. BRAT]I 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).

Stabilisation/ Complex stabilisation/
Fo.'d.-'ng/mhibition Handover Inhibition
o83 ..
dependent
INTSQ- - INTS9-11- INTS9-11-
WDR?B BRAT1-WDR73 BRAT1 Nuclear
Cytoplasm import
) ( ) ) | (
Nuclear Nucleus
export
CRM1 o

dependent

INTS4-9-11-
BRAT1

o —-———

INT34-9-

holo INT Module assembly

Figure 2. Model of Integrator Cleavage module assembly. The INTS9/11 heterodimer interacts with
WDR?73, then BRATI replaces WDR73 and stabilises the complex. Importin transports the complex to
the nucleus, where INTS4 binds. BRATI 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 INTSY, 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 Ul and U2 (Baillat et al., 2005). This was discovered by depleting INTS11 and
INTSI, 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.



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 (Egloffet 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.

D 2) 3) 4)

RNAPII

Promoter

U snRNA

3¢
Processed U snRNA

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).
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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
(IncRNAs) (Nojima et al., 2018; Barra et al., 2020), including enhancer RNAs (¢RNAs) (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 (IncRNAs) 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 IncRNAs, 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 IncRNAs, 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 IncRNAs 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 h'TR (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).



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 ef 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 ef al., 1999) and DRB-sensitivity-
inducing factor (DSIF) (Wada et al., 1998). The DSIF consists of SPT4 and SPT5 (Wada ef 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 ef 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
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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 ef 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
(SINESs) (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.
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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
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Figure 4. Graphical abstract of Integrator proficient and deficient cells during RNAPII transcription.

Integrator
deficient cells

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).
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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/INTS 14 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).
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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).
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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 SPTS 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, CDK®9, as a kinase,
can add phosphates to the following substrates: SPTS5, 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.
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Figure 7. CDK9/PP2A/Integrator axis during RNAPII transcription. In wild-type cells, PP2A and
INTS6 are recruited to the Integrator by INTSS to promote promoter-proximal pausing of RNAPII
during transcription. PP2A4 dephosphorylates substrates of CDK9. CDKY 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 PP2A4 does not participate in the pausing. Adopted and edited
from: (Vervoort et al., 2021).
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Regarding the Integrator holo-complex, the recruitment of PP2A to paused RNAPII sites depends on
subunits INTS6 and INTSS8. INTS6 is part of the Phosphatase module, while INTSS8 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 CRL3ARMCS, 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 ARMCS5 (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 ARMCS 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 ARMCS5
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. INTSS is
crucial for recruiting and stabilising PP2A within the holocomplex. Experiments provided evidence that
RNAPII ubiquitination, mediated by CRL3ARMCS, primarily occurs on RBP1 phosphorylated on
Serine 5 (Cacioppo et al., 2024). This phosphorylation, targeted by CDK?7, 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 ARMCS revealed that
INTSS8 could compensate for its loss, suggesting that while both proteins may operate in distinct

pathways, they function in parallel.

free termination degradation

initiation Pol i pausing elongation

initiation Pol Il pausing elongation

premature

termination
initiation Pol | pausing incog;?ﬁtent elongation

Figure 8. Graphical abstract of parallel control during early elongation by Integrator complex and
ubiquitin ligase CRL3ARMCS. 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 CRL3ARMCS and degraded in the
proteasome. In cells lacking the protein ARMCS5, PP2A promotes excessive pausing to compensate for
the loss of CRL3ARMCS. 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 INTSS and ARMCS 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 ARMCS5 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 CRL3ARMCS showed no significant
effects on cell growth when either protein, INTS6 or ARMCS, was depleted alone, but effects were
observed when both proteins, INTS6 and ARMCS, 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
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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).

[ Post-termination complex
M Pre-termination complex

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
RADS5]1 recruitment (Zhang, Ma, and Yu, 2013). Indeed, a decrease in RADS1 foci formation was
observed after disruption of the binding interface of the INTS3 dimer (Jia et al., 2021). Since RADS51

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 (DARTSs), 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).

/ DSB

Phosphorylation of hSSB1 ° / e Phosphorylation of Y1
\ CTD
PP
o N
W:f.

0 / damage-induced
Trimeric SOS51 a3 ) transcription

complex assembly

o - . Trimeric SOS51 complex
MROT Q in proximity to Y1P
R RNAPII and R-loops

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 hSSBI promotes the
trimeric SOSS1 complex assembly. RNAPII with residue Y1P produces damage-associated transcripts.
Trimeric SOSS1 and RNAPII, phosphorylated on YI, 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 SOSSI1 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 DARTSs
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 ZMYNDS, 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 ZMYNDS8 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).

b _ upstream

a Target genes of INT-binding TFs:

INT recruitment

coding gene
promoter

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 ZMYNDS 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).

Neural
progenitors

Neurons

Uncommitted
progenitors

Mesenchymal-like
cells

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, INTSS,
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 /NTS] was nonsense at the position of Ser1784 (Oegema et al., 2017). INTSI-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 /N7S/ (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 INTS1 1-related neurodevelopmental disease caused by
mutations in this subunit (Tepe et al., 2023). Another study examined two siblings with homozygous
missense mutations in INTSI1, c¢.316G>A (p.Aspl06Asn). 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 CDKLS5, which is involved in both neurogenesis and mitosis. Importantly, CDKL5
deficiency disorder aligns with the clinical presentation of patients with mutations in /IN7S17 (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 /NTS] mutation reduced the levels of expressed
CDKL5 (Kuang et al., 2023). CDKLS participates in the CDKL5/ERK/GSK-3f 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 BRAT! (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 /NTS/71 (Jiang et al., 2017; Tilley et al., 2021; Cihlarova et al., 2022). The
authors showed that either the BRAT! V62E mutation or the BRATI knockout weakened the bond
between BRAT1 and INTSY9/INTS11 heterodimer, further leading to improper function of the
endonuclease. Moreover, functional knockout of BRATI 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 BRATI loss is likely the absence of its interaction with INTS11, since overexpression of
INTS11 in BRATI1-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 /N7S73 have also been linked to human disorders; in particular, two homozygous
mutations in /NTS13 have been identified in two separate families (Mascibroda et al., 2022). The
clinical symptoms of /NTS/3-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 /N7'S13-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).

6.1.5INTS15

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. IN7S15 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 Intsi5
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 MOPDI1 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, INTSS8, 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 /NTS6 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 INTSS8 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).

30



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.

31



8. References

(*) is a sign for secondary citations

Akhtar, Md.S. et al. (2009) ‘TFIIH Kinase Places Bivalent Marks on the Carboxy-Terminal Domain of
RNA  Polymerase 1I’,  Molecular  Cell, 34(3), pp. 387-393. Available at:
https://doi.org/10.1016/j.molcel.2009.04.016.

Albrecht, T.R. et al. (2018) ‘Integrator subunit 4 is a “Symplekin-like” scaffold that associates with
INTSY9/11 to form the Integrator cleavage module’, Nucleic Acids Research, 46(8), pp. 4241-4255.
Available at: https://doi.org/10.1093/nar/gky100.

Almentina Ramos Shidi, F. et al. (2023) ‘Mutations in the non-coding RNU4ATAC gene affect the
homeostasis and function of the Integrator complex’, Nucleic Acids Research, 51(2), pp. 712-727.
Available at: https://doi.org/10.1093/nar/gkac1182.

*Aoi, Y. and Shilatifard, A. (2023) ‘Transcriptional elongation control in developmental gene
expression, aging, and disease’, Molecular Cell, 83(22), pp. 3972-3999. Available at:
https://doi.org/10.1016/j.molcel.2023.10.004.

Azuma, N. ef al. (2023) ‘Integrator complex subunit 15 controls mRNA splicing and is critical for eye
development’, Human Molecular  Genetics, 32(12), pp. 2032-2045. Available at:
https://doi.org/10.1093/hmg/ddad034.

Baillat, D. et al. (2005) ‘Integrator, a Multiprotein Mediator of Small Nuclear RNA Processing,
Associates with the C-Terminal Repeat of RNA Polymerase II’, Cell, 123(2), pp. 265-276. Available
at: https://doi.org/10.1016/j.cell.2005.08.019.

Baluapuri, A. et al. (2025) ‘Integrator loss leads to dSRNA formation that triggers the integrated stress
response’, Cell, 188(12), pp.3184-3201.e21. Available at: https://doi.org/10.1016/j.cell.2025.03.025.

Barbieri, E. ef al. (2018) ‘Targeted Enhancer Activation by a Subunit of the Integrator Complex’,
Molecular Cell, 7T1(1), pp. 103-116.€7. Available at: https://doi.org/10.1016/j.molcel.2018.05.031.

Barra, J. et al. (2020) ‘Integrator restrains paraspeckles assembly by promoting isoform switching of
the IncRNA  NEATI’, Science  Advances, 6(27), p.caaz9072. Available at:
https://doi.org/10.1126/sciadv.aaz9072.

Baskaran, R., Dahmus, M.E. and Wang, J.Y. (1993) ‘Tyrosine phosphorylation of mammalian RNA
polymerase II carboxyl-terminal domain.’, Proceedings of the National Academy of Sciences, 90(23),
pp. 11167-11171. Available at: https://doi.org/10.1073/pnas.90.23.11167.

Beckedorff, F. et al. (2020) ‘The Human Integrator Complex Facilitates Transcriptional Elongation by
Endonucleolytic Cleavage of Nascent Transcripts’, Cell Reports, 32(3), p. 107917. Available at:
https://doi.org/10.1016/j.celrep.2020.107917.

Beltran, T. et al. (2021) ‘Integrator is recruited to promoter-proximally paused RNA Pol II to generate
Caenorhabditis elegans piRNA precursors’, The EMBO Journal, 40(5), p. e105564. Available at:
https://doi.org/10.15252/embj.2020105564.

van den Berg, D.L.C. et al. (2017) ‘Nipbl Interacts with Zfp609 and the Integrator Complex to Regulate

Cortical Neuron Migration’, Neuron, 93(2), pp. 348-361. Available at:
https://doi.org/10.1016/j.neuron.2016.11.047.

32


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

Bhowmick, R. et al. (2023) ‘Integrator facilitates RNAPII removal to prevent transcription-replication
collisions and genome instability’, Molecular Cell, 83(13), pp. 2357-2366.e8. Available at:
https://doi.org/10.1016/j.molcel.2023.05.015.

Blears, D. ef al. (2024) ‘Redundant pathways for removal of defective RNA polymerase II complexes
at a promoter-proximal pause checkpoint’, Molecular Cell, 84(24), pp. 4790-4807.e11. Available at:
https://doi.org/10.1016/j.molcel.2024.10.012.

Bragado, L. ef al. (2022) ‘SUMO conjugation regulates the activity of the Integrator complex’, Nucleic
Acids Research, 50(21), pp. 12444—12461. Available at: https://doi.org/10.1093/nar/gkac1055.

Brewer, A. et al. (2024) ‘Mapping the substrate landscape of protein phosphatase 2A catalytic subunit
PPP2CA’, iScience, 27(3), p. 109302. Available at: https://doi.org/10.1016/j.is¢i.2024.109302.

Burger, K., Schlackow, M. and Gullerova, M. (2019) ‘Tyrosine kinase c-Abl couples RNA polymerase
II transcription to DNA double-strand breaks’, Nucleic Acids Research, 47(7), pp. 3467-3484.
Available at: https://doi.org/10.1093/nar/gkz024.

Cacioppo, R. et al. (2024) ‘CRL3ARMCS ubiquitin ligase and Integrator phosphatase form parallel
mechanisms to control early stages of RNA Pol II transcription’, Molecular Cell, 84(24), pp. 4808-
4823.e13. Available at: https://doi.org/10.1016/j.molcel.2024.11.024.

Care 4 Rare Canada Consortium et al. (2019) ‘Biallelic sequence variants in INTS1 in patients with
developmental delays, cataracts, and craniofacial anomalies’, European Journal of Human Genetics,
27(4), pp- 582-593. Available at: https://doi.org/10.1038/s41431-018-0298-9.

Cazalla, D., Xie, M. and Steitz, J.A. (2011) ‘A Primate Herpesvirus Uses the Integrator Complex to
Generate Viral MicroRNAs’, Molecular Cell, 43(6), pp. 982-992. Available at:
https://doi.org/10.1016/j.molcel.2011.07.025.

Chen, J. et al. (2012) ‘An RNAI screen identifies additional members of the Drosophila Integrator
complex and a requirement for cyclin C/Cdk8 in snRNA 3'-end formation’, RNA, 18(12), pp. 2148—
2156. Available at: https://doi.org/10.1261/rna.035725.112.

Cihlarova, Z. et al. (2022) ‘BRATI1 links Integrator and defective RNA processing with
neurodegeneration’, Nature Communications, 13(1), p. 5026. Available at:
https://doi.org/10.1038/s41467-022-32763-6.

Cohen, S. et al. (2018) ‘Senataxin resolves RNA:DNA hybrids forming at DNA double-strand breaks
to prevent translocations’, Nature Communications, 9(1). Available at: https://doi.org/10.1038/s41467-
018-02894-w.

*Core, L. and Adelman, K. (2019) ‘Promoter-proximal pausing of RNA polymerase II: a nexus of gene
regulation’,  Genes &  Development,  33(15-16), pp. 960-982.  Available at:
https://doi.org/10.1101/gad.325142.119.

Cortazar, M.A. et al. (2022) ‘X2 substrate mapping identifies torpedo loading sites and extensive
premature termination of RNA pol II transcription’, Genes & Development, 36(19-20), pp. 1062—1078.
Available at: https://doi.org/10.1101/gad.350004.122.

Dominski, Z., Yang, X. and Marzluff, W.F. (2005) ‘The Polyadenylation Factor CPSF-73 Is Involved

in  Histone-Pre-mRNA  Processing’,  Cell, 123(1), pp. 37-48. Available at:
https://doi.org/10.1016/j.cell.2005.08.002.

33


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

Egloff, S. ef al. (2007) ‘Serine-7 of the RNA polymerase II CTD is specifically required for snRNA
gene expression’, Science (New York, N.Y.), 318(5857), pp. 1777-1779. Available at:
https://doi.org/10.1126/science.1145989.

Egloff, S. et al. (2012) ‘Ser7 Phosphorylation of the CTD Recruits the RPAP2 Ser5 Phosphatase to
snRNA Genes’, Molecular Cell, 45(1), pp- 111-122. Available at:
https://doi.org/10.1016/j.molcel.2011.11.006.

Elrod, N.D. et al. (2019) ‘The Integrator Complex Attenuates Promoter-Proximal Transcription at
Protein-Coding  Genes’,  Molecular  Cell, 76(5), pp. 738-752.e7. Available at:
https://doi.org/10.1016/j.molcel.2019.10.034.

Federico, A. et al. (2017) ‘Pan-Cancer Mutational and Transcriptional Analysis of the Integrator
Complex’, [International Journal of Molecular Sciences, 18(5), p. 936. Available at:
https://doi.org/10.3390/ijms18050936.

Fianu, 1. et al. (2021) ‘Structural basis of Integrator-mediated transcription regulation’, Science,
374(6569), pp. 883—887. Available at: https://doi.org/10.1126/science.abk0154.

Fianu, L. et al. (2024) ‘Structural basis of Integrator-dependent RNA polymerase II termination’,
Nature, 629(8010), pp. 219-227. Available at: https://doi.org/10.1038/s41586-024-07269-4.

Filleur, S. et al. (2009) ‘INTS6/DICEI1 inhibits growth of human androgen-independent prostate cancer
cells by altering the cell cycle profile and Wnt signaling’, Cancer Cell International, 9(1), p. 28.
Available at: https://doi.org/10.1186/1475-2867-9-28.

Fujiwara, R. et al. (2023) ‘IntS6 and the Integrator phosphatase module tune the efficiency of select
premature transcription termination events’, Molecular Cell, 83(24), pp. 4445-4460.¢7. Available at:
https://doi.org/10.1016/j.molcel.2023.10.035.

Gardini, A. et al. (2014) ‘Integrator Regulates Transcriptional Initiation and Pause Release following
Activation’, Molecular Cell, 56(1), pp- 128-139. Available at:
https://doi.org/10.1016/j.molcel.2014.08.004.

*@Geiss-Friedlander, R. and Melchior, F. (2007) ‘Concepts in sumoylation: a decade on’, Nature Reviews
Molecular Cell Biology, 8(12), pp. 947-956. Available at: https://doi.org/10.1038/nrm2293.

Hasanova, Z. et al. (2023) ‘Human senataxin is a bona fide R-loop resolving enzyme and transcription
termination factor’, Nucleic Acids Research, 51(6), pp. 2818-2837. Available at:
https://doi.org/10.1093/nar/gkad092.

Hernandez, N., & Weiner, A. M. (1986). ‘Formation of the 3' end of Ul snRNA requires compatible
snRNA promoter elements’, Cell, 47(2), pp. 249-258. Available at: https://doi.org/10.1016/0092-
8674(86)90447-2

Huang, J. et al. (2009) ‘SOSS Complexes Participate in the Maintenance of Genomic Stability’,
Molecular Cell, 35(3), pp. 384-393. Available at: https://doi.org/10.1016/j.molcel.2009.06.011.

Huang, K.-L. et al. (2020) ‘Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and

Facilitate Transcription Termination’, Molecular Cell, 80(2), pp. 345-358.¢9. Available at:
https://doi.org/10.1016/j.molcel.2020.08.016.

34


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

*Hung, K.-H. and Stumph, W.E. (2011) ‘Regulation of snRNA gene expression by the Drosophila
melanogaster small nuclear RNA activating protein complex (DmSNAPc)’, Critical Reviews in
Biochemistry and Molecular Biology, 46(1), pp- 11-26. Available at:
https://doi.org/10.3109/10409238.2010.518136.

Jia, Y. et al. (2021) ‘Crystal structure of the INTS3/INTS6 complex reveals the functional importance
of INTS3 dimerization in DSB repair’, Cell Discovery, 7(1), pp. 1-12. Available at:
https://doi.org/10.1038/s41421-021-00283-0.

Jiang, C. et al. (2017) ‘WDR73 missense mutation causes infantile onset intellectual disability and
cerebellar hypoplasia in a consanguineous family’, Clinica Chimica Acta, 464, pp. 24-29. Available at:
https://doi.org/10.1016/j.cca.2016.10.029.

*Kamieniarz-Gdula, K. and Proudfoot, N.J. (2019) ‘Transcriptional Control by Premature Termination:
A Forgotten Mechanism’, Trends in Genetics, 35(8), pp. 553-564. Available at:
https://doi.org/10.1016/j.tig.2019.05.005.

Kuang, H. et al. (2023) ‘A homozygous variant in /N7S// links mitosis and neurogenesis defects to a
severe neurodevelopmental disorder’, Cell Reports, 42(12), p. 113445. Available at:
https://doi.org/10.1016/j.celrep.2023.113445.

Lai, F. et al. (2015) ‘Integrator mediates the biogenesis of enhancer RNAs’, Nature, 525(7569), pp.
399-403. Available at: https://doi.org/10.1038/nature14906.

Lao, L. et al. (2022) ‘ARMCS is part of an RPBI1-specific ubiquitin ligase implicated in adrenal
hyperplasia’,  Nucleic  Acids  Research, 50(11), pp. 6343-6367. Available at:
https://doi.org/10.1093/nar/gkac483.

Li, J. et al. (2021) ‘Structural basis for multifunctional roles of human Ints3 C-terminal domain’,
Journal of Biological Chemistry, 296, p. 100112. Available at:
https://doi.org/10.1074/jbc.RA120.016393.

Li, W.-J. et al. (2003) ‘Allelic loss on chromosome 13q14 and mutation in deleted in cancer 1 gene in
esophageal squamous cell carcinoma’, Oncogene, 22(2), pp. 314-318. Available at:
https://doi.org/10.1038/sj.onc.1206098.

Li, X. et al. (2024) ‘The pro-tumor activity of INTS7 on lung adenocarcinoma via inhibiting immune
infiltration and activating p38MAPK pathway’, Scientific Reports, 14(1), p. 25636. Available at:
https://doi.org/10.1038/541598-024-77093-3.

Li, Y. et al. (2009) ‘hSSB1 and hSSB2 Form Similar Multiprotein Complexes That Participate in DNA
Damage Response*’, Journal of Biological Chemistry, 284(35), pp. 23525-23531. Available at:
https://doi.org/10.1074/jbc.C109.039586.

Lin, M.-H. et al. (2022) ‘Inositol hexakisphosphate is required for Integrator function’, Nature
Communications, 13(1), p. 5742. Available at: https://doi.org/10.1038/s41467-022-33506-3.

Lin, M.-H. et al. (2024) ‘Cytoplasmic binding partners of the Integrator endonuclease INTS11 and its
paralog CPSF73 are required for their nuclear function’, Molecular Cell, 84(15), pp. 2900-2917.¢10.
Available at: https://doi.org/10.1016/j.molcel.2024.06.017.

Liu, X. et al. (2010) ‘Structure of an RNA Polymerase II-TFIIB Complex and the Transcription

Initiation Mechanism’, Science, 327(5962), pp. 206-209. Available at:
https://doi.org/10.1126/science.1182015.

35


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

Long, Q. et al. (2023) ‘The phosphorylated trimeric SOSS1 complex and RNA polymerase II trigger
liquid-liquid phase separation at double-strand breaks’, Cell Reports, 42(12), p. 113489. Available at:
https://doi.org/10.1016/j.celrep.2023.113489.

Long, Q. et al. (2024) ‘Tetrameric INTS6-SOSS1 complex facilitates DNA:RNA hybrid autoregulation
at double-strand breaks’, Nucleic Acids Research, 52(21), pp. 13036-13056. Available at:
https://doi.org/10.1093/nar/gkae937.

Luo, H. et al. (2024) ‘ARMCS controls the degradation of most Pol II subunits, and ARMCS5 mutation
increases neural tube defect risks in mice and humans’, Genome Biology, 25(1), p. 19. Available at:
https://doi.org/10.1186/s13059-023-03147-w.

Lykke-Andersen, S. et al. (2021) ‘Integrator is a genome-wide attenuator of non-productive
transcription’, Molecular Cell, 81(3), pp- 514-529.¢6. Available at:
https://doi.org/10.1016/j.molcel.2020.12.014.

Malovannaya, A. et al. (2011) ‘Analysis of the Human Endogenous Coregulator Complexome’, Cell,
145(5), pp. 787—799. Available at: https://doi.org/10.1016/j.cell.2011.05.006.

Margaritis, T. and Holstege, F.C.P. (2008) ‘Poised RNA polymerase II gives pause for thought’, Cell,
133(4), pp. 581-584. Available at: https://doi.org/10.1016/j.cell.2008.04.027.

Mascibroda, L.G. et al. (2022) ‘INTS13 variants causing a recessive developmental ciliopathy disrupt
assembly of the Integrator complex’, Nature Communications, 13(1), p. 6054. Available at:
https://doi.org/10.1038/s41467-022-33547-8.

Mayer, A. et al. (2012) ‘CTD Tyrosine Phosphorylation Impairs Termination Factor Recruitment to
RNA  Polymerase I, Science, 336(6089), pp- 1723-1725. Available at:
https://doi.org/10.1126/science.1219651.

Michelini, F. et al. (2017) ‘Damage-induced IncRNAs control the DNA damage response through
interaction with DDRNAs at individual double-strand breaks’, Nature Cell Biology, 19(12), pp. 1400—
1411. Available at: https://doi.org/10.1038/ncb3643.

Muse, G.W. et al. (2007) ‘RNA polymerase is poised for activation across the genome’, Nature
Genetics, 39(12), pp. 1507-1511. Available at: https://doi.org/10.1038/ng.2007.21.

Nojima, T. et al. (2018) ‘Deregulated Expression of Mammalian IncRNA through Loss of SPT6 Induces
R-Loop Formation, Replication Stress, and Cellular Senescence’, Molecular Cell, 72(6), pp. 970-
984.e7. Available at: https://doi.org/10.1016/j.molcel.2018.10.011.

*Nojima, T. and Proudfoot, N.J. (2022) ‘Mechanisms of IncRNA biogenesis as revealed by nascent
transcriptomics’, Nature Reviews Molecular Cell Biology, 23(6), pp. 389-406. Available at:
https://doi.org/10.1038/s41580-021-00447-6.

Ochoa, D. et al. (2020) ‘The functional landscape of the human phosphoproteome’, Nature
Biotechnology, 38(3), pp. 365-373. Available at: https://doi.org/10.1038/s41587-019-0344-3.

Oegema, R. et al. (2017) ‘Human mutations in integrator complex subunits link transcriptome integrity
to brain development’, PLOS  Genetics, 13(5), p. €1006809. Available at:
https://doi.org/10.1371/journal.pgen.1006809.

Offley, S.R. et al. (2023) ‘A combinatorial approach to uncover an additional Integrator subunit’, Cell
Reports, 42(3), p. 112244. Available at: https://doi.org/10.1016/j.celrep.2023.112244.

36


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

O’Reilly, D. et al. (2014) ‘Human snRNA genes use polyadenylation factors to promote efficient
transcription termination’, Nucleic Acids Research, 42(1), pp. 264-275. Available at:
https://doi.org/10.1093/nar/gkt892.

*Petermann, E., Lan, L. and Zou, L. (2022) ‘Sources, resolution and physiological relevance of R-loops
and RNA-DNA hybrids’, Nature Reviews Molecular Cell Biology, 23(8), pp. 521-540. Available at:
https://doi.org/10.1038/s41580-022-00474-x.

Pfleiderer, M.M. and Galej, W.P. (2021) ‘Structure of the catalytic core of the Integrator complex’,
Molecular Cell, 81(6), pp. 1246-1259.e8. Available at: https://doi.org/10.1016/j.molcel.2021.01.005.

Razew, M. et al. (2024) ‘Structural basis of the Integrator complex assembly and association with
transcription  factors’,  Molecular  Cell, 84(13), pp. 2542-2552.e5. Available at:
https://doi.org/10.1016/j.molcel.2024.05.009.

Reddy, R. et al. (1987) ‘The capped U6 small nuclear RNA is transcribed by RNA polymerase II1.’,
Journal of Biological Chemistry, 262(1), pp. 75-81. Available at: https://doi.org/10.1016/s0021-
9258(19)75890-6.

Rubtsova, M.P. et al. (2019) ‘Integrator is a key component of human telomerase RNA biogenesis’,
Scientific Reports, 9(1), p. 1701. Available at: https://doi.org/10.1038/s41598-018-38297-6.

Sabath, K. et al. (2020) ‘INTS10-INTS13-INTS14 form a functional module of Integrator that binds
nucleic acids and the cleavage module’, Nature Communications, 11(1), p. 3422. Available at:
https://doi.org/10.1038/s41467-020-17232-2.

Sabath, K. et al. (2024) ‘Basis of gene-specific transcription regulation by the Integrator complex’,
Molecular Cell, 84(13), pp. 2525-2541.e12. Available at: https://doi.org/10.1016/j.molcel.2024.05.027.

Sabath, K., Qiu, C. and Jonas, S. (2024) ‘Assembly mechanism of Integrator’s RNA cleavage module’,
Molecular Cell, 84(15), pp. 2882-2899.e10. Available at: https://doi.org/10.1016/j.molcel.2024.06.032.

Sadowski, C.L. et al. (1993) ‘Targeting TBP to a non-TATA box cis-regulatory element: a TBP-
containing complex activates transcription from snRNA promoters through the PSE.’, Genes &
Development, 7(8), pp. 1535—1548. Available at: https://doi.org/10.1101/gad.7.8.1535.

Squazzo, S.L. (2002) ‘The Pafl complex physically and functionally associates with transcription
elongation factors in vivo’, The EMBO Journal, 21(7), pp. 1764-1774. Available at:
https://doi.org/10.1093/emboj/21.7.1764.

Stadelmayer, B. et al. (2014) ‘Integrator complex regulates NELF-mediated RNA polymerase II
pause/release and processivity at coding genes’, Nature Communications, 5(1), p. 5531. Available at:
https://doi.org/10.1038/ncomms6531.

Stein, C.B. et al. (2022) ‘Integrator endonuclease drives promoter-proximal termination at all RNA
polymerase Il-transcribed loci’, Molecular Cell, 82(22), pp. 4232-4245.el1. Available at:
https://doi.org/10.1016/j.molcel.2022.10.004.

Tatomer, D.C. et al. (2019) ‘The Integrator complex cleaves nascent mRNAs to attenuate transcription’,
Genes & Development, 33(21-22), pp- 1525-1538. Available at:
https://doi.org/10.1101/gad.330167.119.

Tepe, B. et al. (2023) ‘Bi-allelic variants in INTS11 are associated with a complex neurological
disorder’, The American Journal of Human Genetics, 110(5), pp. 774-789. Available at:
https://doi.org/10.1016/j.ajhg.2023.03.012.

37


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

Tilley, F.C. ef al. (2021) ‘Disruption of pathways regulated by Integrator complex in Galloway—Mowat
syndrome due to WDR73 mutations’, Scientific Reports, 11(1), p. 5388. Available at:
https://doi.org/10.1038/s41598-021-84472-7.

Velychko, T. et al. (2024) ‘CDK?7 kinase activity promotes RNA polymerase II promoter escape by
facilitating initiation factor release’, Molecular Cell, 84(12), pp. 2287-2303.e10. Available at:
https://doi.org/10.1016/j.molcel.2024.05.007.

Vervoort, S.J. et al. (2021) ‘The PP2A-Integrator-CDK9 axis fine-tunes transcription and can be
targeted therapeutically in cancer’, Cell, 184(12), pp. 3143-3162.e32. Available at:
https://doi.org/10.1016/j.cell.2021.04.022.

Vos, SM. et al. (2018) ‘Structure of paused transcription complex Pol II-DSIF-NELF’, Nature,
560(7720), pp. 601-606. Available at: https://doi.org/10.1038/s41586-018-0442-2.

Wada, T. et al. (1998) ‘DSIF, a novel transcription elongation factor that regulates RNA polymerase 11
processivity, is composed of human Spt4 and SptS homologs’, Genes & Development, 12(3), pp. 343—
356. Available at: http://genesdev.cshlp.org/content/12/3/343

Wang, B. et al. (2024) ‘Comprehensive analysis of INTS family related to expression, prognosis,
diagnosis and immune features in hepatocellular carcinoma’, Heliyon, 10(9), p. €30244. Available at:
https://doi.org/10.1016/j.heliyon.2024.e30244.

Wang, H. ef al. (2023) ‘H3K4me3 regulates RNA polymerase II promoter-proximal pause-release’,
Nature, 615(7951), pp. 339-348. Available at: https://doi.org/10.1038/s41586-023-05780-8.

Wang, Z. et al. (2022) ‘Coordinated regulation of RNA polymerase Il pausing and elongation
progression by PAF1’, Science Advances, 8(13), p. eabm5504. Available at:
https://doi.org/10.1126/sciadv.abm5504.

Wieland, 1. ef al. (1999) ‘Isolation of DICE1: A gene frequently affected by LOH and downregulated
in lung carcinomas’, Oncogene, 18(32), pp- 4530-4537. Available at:
https://doi.org/10.1038/sj.0nc.1202806.

Wu, Y. et al. (2017) ‘Molecular basis for the interaction between Integrator subunits IntS9 and IntS11
and its functional importance’, Proceedings of the National Academy of Sciences, 114(17), pp. 4394—
4399. Available at: https://doi.org/10.1073/pnas.1616605114.

Xing, Y. et al. (2006) ‘Structure of Protein Phosphatase 2A Core Enzyme Bound to Tumor-Inducing
Toxins’, Cell, 127(2), pp. 341-353. Available at: https://doi.org/10.1016/j.cell.2006.09.025.

Xu, C. et al. (2023) ‘R-loop-dependent promoter-proximal termination ensures genome stability’,
Nature, 621(7979), pp. 610-619. Available at: https://doi.org/10.1038/s41586-023-06515-5.

Xu, Y. et al. (2024) ‘Comprehensive bioinformatics analysis of integrator complex subunits: expression
patterns, immune infiltration, and prognostic signature, validated through experimental approaches in
hepatocellular ~ carcinoma’,  Discover  Oncology, 15(1), p. 246. Available at:
https://doi.org/10.1007/s12672-024-01118-6.

Yamaguchi, Y. et al. (1999) ‘NELF, a Multisubunit Complex Containing RD, Cooperates with DSIF

to Repress RNA Polymerase II Elongation’, Cell, 97(1), pp. 41-51. Available at:
https://doi.org/10.1016/S0092-8674(00)80713-8.

38


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

Yamamoto, J. et al. (2014) ‘DSIF and NELF interact with Integrator to specify the correct post-
transcriptional fate of snRNA genes’, Nature Communications, 5(1), p. 4263. Available at:
https://doi.org/10.1038/ncomms5263.

Yang, X. et al. (2009) ‘Studies of the 5" Exonuclease and Endonuclease Activities of CPSF-73 in
Histone Pre-mRNA Processing’, Molecular and Cellular Biology, 29(1), pp. 31-42. Available at:
https://doi.org/10.1128/MCB.00776-08.

Yang, J. et al. (2024) ‘Transcription directionality is licensed by Integrator at active human promoters’,
Nature  Structural &  Molecular  Biology, 31(8), pp. 1208-1221. Available at:
https://doi.org/10.1038/s41594-024-01272-z.

Yuo, C.Y., Ares, M. and Weiner, A.M. (1985) ‘Sequences required for 3’ end formation of human U2
small nuclear RNA’, Cell, 42(1), pp. 193-202. Available at: https://doi.org/10.1016/s0092-
8674(85)80115-x.

Zhang, F., Ma, T. and Yu, X. (2013) ‘A core hSSBI-INTS complex participates in DNA damage
response’, Journal of Cell Science, 126(21) pp. 4850-4855. Available at:
https://doi.org/10.1242/jcs.132514.

Zhang, Y. et al. (2025) ‘The enhancer module of Integrator controls cell identity and early neural fate
commitment’, Nature Cell Biology, 27(1), pp. 103—117. Available at: https://doi.org/10.1038/s41556-
024-01556-y.

Zheng, H. et al. (2020) ‘Identification of Integrator-PP2A complex (INTAC), an RNA polymerase 11
phosphatase’, Science, 370(6520), p. eabb5872. Available at: https://doi.org/10.1126/science.abb5872.

Zheng, H. et al. (2023) ‘Structural basis of INTAC-regulated transcription’, Protein & Cell, 14(9), pp.
698-702. Available at: https://doi.org/10.1093/procel/pwad010.

Zhou, Q. et al. (2021) ‘INTSS is a therapeutic target for intrahepatic cholangiocarcinoma via the

integration of bioinformatics analysis and experimental validation’, Scientific Reports, 11(1), p. 23649.
Available at: https://doi.org/10.1038/s41598-021-03017-0.

39


https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR
https://www.zotero.org/google-docs/?QGUEKR

