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Figure 1 Schematic diagram of the structural composition of the INTAC complex. The INTAC complex comprises six structural modules: backbone,
shoulder, endonuclease, phosphatase, auxiliary and SOSS module. Endonuclease module: Cleaves RNA to mediate promoter-proximal transcription
termination; Phosphatase module: Dephosphorylates Pol II to release paused transcription; Auxilary module: Provides docking sites for transcription

factors, enabling epigenetic silencing; SOSS module: Prevents R-loop accumulation to maintain genome stability
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KINTACK A ATERE B L 3" box (AT snRNAZ 1-A7 5 1 o5 BE QRSP 6P ), VIR AE #9/hRNA

Figure 2 Schematic diagram illustrating the mechanism by which the INTAC complex mediates enhancer RNA production and small nuclear RNA
processing. (a) Enhancer loci are activated by sequence-specific transcription factors that recruit the coactivator Mediator complex. Following Mediator
recruitment and assembly of the transcription preinitiation complex (not depicted), bidirectional transcription initiates at enhancers, generating sense and
antisense transcripts exceeding 200 bp in length (termed enhancer RNAs, eRNAs). Both sense- and antisense-oriented RNA polymerase 11 (Pol 1I)
holoenzymes recruit the INTAC complex to terminate transcription and release eRNAs without triggering polyadenylation. (b) Small nuclear RNA
(snRNA) gene loci contain unique promoter elements—the distal sequence element (DSE) and proximal sequence element (PSE)—which bind to the
OCT1(POU2F1) transcription factor and the snRNA-activating protein complex (SNAPc), respectively. OCT1 and SNAPc cooperatively recruit
transcription-competent Pol II holoenzymes containing DRB sensitivity-inducing factor (DSIF), negative elongation factor (NELF), and the INTAC
complex. Phosphorylation (P) of Ser7 residues within the C-terminal domain (CTD) of Pol II’s largest subunit (RBP1) triggers INTAC-mediated
cleavage of nascent snRNAs after transcription traverses the “3' box,” a highly conserved motif at all snRNA termination sites
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Figure 3 The molecular switch governing Pol II fate regulation: Schematic diagram illustrating the mechanistic role of the INTAC-PEC complex.
During early termination, Pol II assembles with DSIF and NELF to form a paused elongation complex (INTAC-PEC), transiently arresting 20—100 bp
downstream of the transcription start site (TSS). The paused Pol II may either resume productive elongation or undergo premature termination. The
INTAC-PEC mediates promoter-proximal termination through its dual enzymatic activities: the phosphatase module dephosphorylates Ser2/Ser5/Ser7
residues on the Pol II C-terminal domain (CTD), thereby suppressing P-TEFb recruitment and elongation signaling, while the endonuclease module
recognizes termination signals on nascent RNA and cleaves the transcript 15-50 nucleotides downstream of Pol II to trigger transcription complex

disassembly
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The precise spatiotemporal regulation of gene expression is essential for organismal survival and development.
Transcription by RNA polymerase II (Pol II) serves as the molecular executor of developmental and differentiation
programs. Aberrant transcription dynamics underlie diverse pathologies, including malignancies, metabolic disorders, and
neurodegenerative diseases. In metazoans, Pol II transcription progresses through tightly regulated phases: initiation,
promoter-proximal pausing, productive elongation, and termination. Promoter-proximal pausing—a rate-limiting
checkpoint—determines transcriptional outcomes via kinetic competition between elongation activation and premature
termination.

One of the major players in this process is the 1.59 Megadalton Integrator-PP2A-AC complex (INTAC), a metazoan-
specific multi-subunit complex, forming a stable complex with the protein phosphatase PP2A core enzyme (PP2A-AC). In
short, INTAC complex is composed of a backbone module, a shoulder module, a phosphatase module, an endonuclease
module, an auxiliary module and the SOSS module. As an essential regulator for virtually all classes of RNA polymerase 11
(Pol II)-transcribed genes, the INTAC complex harbors both an RNA cleavage activity from Integrator and a phosphatase
activity from the core enzyme of PP2A (PP2A-A and PP2A-C). These two catalytic modules are structurally connected by
the scaffolding backbone and shoulder modules, yet have different roles in transcription regulation at gene promoters or
enhancers. Specifically, the RNA endonuclease module primarily induces promoter-proximal termination at promoters and
attenuates nonproductive transcription at enhancers, while the phosphatase module mainly prevents the release of paused
Pol II to limit transcription activation.

By playing a pivotal roles in transcriptional control, INTAC dysfunction is closely linked to abnormalities in
physiological processes and disease pathogenesis. Therefore, understanding the structure and function of the INTAC
complex is critical to uncovering the mechanisms of gene expression and developing potential therapeutic strategies for
related diseases.

In this review, we first provide an overview of the discovery and the modular compositions of the INTAC complex. We
then summarize functional advancements of the INTAC complex, with a focus on dissecting its multifaceted roles in
transcriptional regulation. The INTAC complex participates in the biogenesis of enhancer RNA and is involved in small
nuclear RNA processing. Moreover, the INTAC complex participates in the premature transcription termination of genes.
INTAC serves as a transcriptional gatekeeper, licensing productive elongation through kinetic proofreading. We further
outline the key functions of INTAC in physiological homeostasis and disease contexts, highlighting its broad significance
in eukaryotic biology. These insights not only enhance our understanding of transcriptional regulatory network, but also
unveil novel mechanisms underlying critical biological processes of INTAC complex, offering a conceptual roadmap for
future investigations into elucidating its crosstalk with chromatin remodelers and transcriptional factors in disease models.

Despite the rapid advancements, the mechanism of how the INTAC complex terminates Pol II remains incompletely
understood. Future investigations aimed at elucidating the transcriptional regulatory mechanisms mediated by the INTAC
complex, as well as delineating its mechanistic roles in critical biological processes and understanding of epigenetic
regulation and disease pathogenesis.

INTAC, integrator, PP2A, Pol II, transcriptional termination
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