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Transcriptome-wide interrogation of eukaryotic genomes has unveiled the pervasive nature of RNA polymerase II transcription. Virtually, any DNA region with an accessible chromatin structure can be transcribed, resulting in a mass production of noncoding RNAs (ncRNAs) with the potential of interfering with gene expression programs. Budding yeast has proved to be a powerful model organism to understand the mechanisms at play to control pervasive transcription and overcome the risks of hazardous disruption of cellular functions. In this review, we focus on the actors and strategies yeasts employ to govern ncRNA production, and we discuss recent findings highlighting the dangers of losing control over pervasive transcription.

Introduction

Over the last two decades or so, the deep exploration of prokaryotic and eukaryotic transcriptomes has revealed that pervasive transcription is a universal phenomenon [reviewed in 1]. The concept of pervasive transcription applies to the widespread production of RNAs from genomic regions different from those that encode proteins or RNAs with well-established structural, catalytic, and regulatory functions (e.g., rRNAs and tRNAs). In eukaryotic organisms, the RNA polymerase II (RNAPII) seems the most prone to transcribe pervasively as it can initiate transcription from almost any genomic region provided that the chromatin structure is favorable. Regions that are permissive for transcription are those devoid of nucleosomes (i.e., nucleosome-free regions or NFRs), which are typically located at the 5 0 end of genes and contain gene promoters. In both yeast and mammals, it has been shown that, while a fraction of RNAPIIs initiating from canonical gene promoters transcribe in the 'appropriate' direction, for the vast majority of analyzed genes, part of the polymerases transcribe antisense to the annotated gene, thus generating noncoding divergent transcripts [START_REF] Neil | Widespread bidirectional promoters are the major source of cryptic transcripts in yeast[END_REF][START_REF] Preker | RNA exosome depletion reveals transcription upstream of active human promoters[END_REF][START_REF] Xu | Bidirectional promoters generate pervasive transcription in yeast[END_REF]. This observation supports the notion that most eukaryotic gene promoters are intrinsically bidirectional. NFRs located at the 3 0 end of genes can also contain RNAPII cryptic promoters leading to the production of noncoding transcripts, which do not seem to differ substantially from canonical promoters of genes [START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF].

A large fraction of pervasive transcripts has remained 'hidden' for long because efficient nucleases exist to restrict the accumulation of these aberrant RNA species. In budding yeast, inactivation of different nucleases leads to the stabilization, and thus detection, of partially overlapping sets of noncoding RNAs (ncRNAs) that have received the name of CUTs, for Cryptic Unstable Transcripts [START_REF] Neil | Widespread bidirectional promoters are the major source of cryptic transcripts in yeast[END_REF][START_REF] Xu | Bidirectional promoters generate pervasive transcription in yeast[END_REF][START_REF] Wyers | Cryptic pol II transcripts are degraded by a nuclear quality control pathway involving a new poly(A) polymerase[END_REF] if they are degraded by the nuclear exosome (see below) or XUTs, for Xrn1-sensitive Unstable Transcripts [START_REF] Van Dijk | XUTs are a class of Xrn1-sensitive antisense regulatory noncoding RNA in yeast[END_REF]. Noncoding pervasive transcripts that are sufficiently stable (i.e., degraded less efficiently) to be detected in wild-type conditions have been dubbed SUTs, for Stable Unannotated Transcripts [START_REF] Xu | Bidirectional promoters generate pervasive transcription in yeast[END_REF] (Fig. 1). The cellular repertoire of pervasive transcripts can substantially vary among different environmental conditions and developmental stages as a consequence of widespread local modifications of the chromatin structure [START_REF] Nadal-Ribelles | Control of Cdc28 CDK1 by a stress-induced lncRNA[END_REF][START_REF] Nevers | Antisense transcriptional interference mediates condition-specific gene repression in budding yeast[END_REF][START_REF] Van Werven | Transcription of two long noncoding RNAs mediates mating-type control of gametogenesis in budding yeast[END_REF][START_REF] Xu | Antisense expression increases gene expression variability and locus interdependency[END_REF], involving changes in histone methylation and deacetylation [START_REF] Kim | Modulation of mRNA and lncRNA expression dynamics by the Set2-Rpd3S pathway[END_REF], or even as a result of an altered activity of the RNA degradation machineries, as it is the case during meiosis [START_REF] Lardenois | Execution of the meiotic noncoding RNA expression program and the onset of gametogenesis in yeast require the conserved exosome subunit Rrp6[END_REF]. More exhaustive lists of noncoding transcripts in budding yeast and other organisms can be found elsewhere [START_REF] Statello | Gene regulation by long non-coding RNAs and its biological functions[END_REF][START_REF] Till | A current view on long noncoding RNAs in yeast and filamentous fungi[END_REF].

The biological significance of pervasive transcription has been a matter of debate. It has been argued that this phenomenon could serve to generate new transcription units, among which some will acquire a functional status through evolution [START_REF] Baalsrud | De novo gene evolution of antifreeze glycoproteins in codfishes revealed by whole genome sequence data[END_REF][START_REF] Carvunis | Proto-genes and de novo gene birth[END_REF]. In some instances, the produced ncRNAs, or even the act of transcription itself, have proved to play a role in the regulation of gene expression (see below). However, overall pervasive transcription is potentially harmful for the expression and the integrity of the genome (see details below) and, thus, all organisms have developed different mechanisms to maintain this process under control.

In both the yeast and the mammalian system, the initiation of divergent noncoding transcription by RNAPII is limited by chromatin-related mechanisms involving the assembly and remodeling of nucleosomes [START_REF] Marquardt | A chromatin-based mechanism for limiting divergent noncoding transcription[END_REF][START_REF] Whitehouse | Chromatin remodelling at promoters suppresses antisense transcription[END_REF], histone deacetylation [START_REF] Churchman | Nascent transcript sequencing visualizes transcription at nucleotide resolution[END_REF], and possibly gene looping [START_REF] Zaugg | Gene loops enhance transcriptional directionality[END_REF]. General transcription regulatory factors can also suppress spurious initiation of noncoding transcription by physically occluding cryptic promoter sequences [START_REF] Challal | General regulatory factors control the fidelity of transcription by restricting non-coding and ectopic initiation[END_REF][START_REF] Wu | Repression of divergent noncoding transcription by a sequence-specific transcription factor[END_REF]. However, these mechanisms are only partially efficient and thus, pervasive transcription is Fig. 1. Scheme of the eukaryotic transcriptional landscape. Pervasive transcripts originate from RNAPII initiating transcription in chromatin permissive regions (i.e., nucleosome-free regions or NFRs) containing promoters that are most often bidirectional. This leads to the generation of numerous ncRNAs (shown in red), many of which are in antisense to protein-coding genes. Cryptic promoters are indicated by red arrows, whereas promoters of protein-coding genes are denoted by black arrows. Pervasive ncRNAs are categorized according to their sensitivity to different cellular ribonucleases (i.e., the nuclear exosome or Xrn1), and their turnover can occur in the nucleus or the cytoplasm. See text for details.

mainly controlled by downstream processes, namely early transcription termination and ncRNA degradation.

In this review, we focus on the postinitiation level of control of pervasive transcription and we summarize the main findings obtained in the model budding yeast, where such mechanisms are best characterized.

The actors in the control of pervasive transcription

The Nrd1-Nab3-Sen1 (NNS) complex

In budding yeast, pervasive transcription is terminated during early elongation by an essential trimeric complex composed of the RNA-binding proteins Nrd1 and Nab3 and the RNA/DNA helicase Sen1 (Fig. 2).

Nrd1 (Nuclear pre-mRNA Downregulation) is a $ 63 kDa protein that contains an RNA-recognition motif (RRM), which binds preferentially the GUAA motif [START_REF] Franco-Echevarr Ia | The structure of transcription termination factor Nrd1 reveals an original mode for GUAA recognition[END_REF], although it can also recognize multiple variants of this sequence [START_REF] Bacikova | Structure and semi-sequence-specific RNA binding of Nrd1[END_REF][START_REF] Creamer | Transcriptome-wide binding sites for components of the Saccharomyces cerevisiae non-poly(A) termination pathway: Nrd1, Nab3, and Sen1[END_REF][START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF][START_REF] Wlotzka | The nuclear RNA polymerase II surveillance system targets polymerase III transcripts[END_REF]. Nrd1 also contains an N-terminal region that interacts with the C-terminal domain (CTD) of the largest subunit of RNAPII (CID for CTD-interacting domain [START_REF] Kubicek | Serine phosphorylation and proline isomerization in RNAP II CTD control recruitment of Nrd1[END_REF][START_REF] Vasiljeva | The Nrd1-Nab3-Sen1 termination complex interacts with the Ser5-phosphorylated RNA polymerase II C-terminal domain[END_REF]. The CTD consists of tandem repeats of a hepta-peptide (YSPTSPS) that is dynamically phosphorylated throughout the transcription cycle and serves as a landing pad for many proteins involved in key transcription-related processes [reviewed in 32]. Specifically, Nrd1 recognizes the S5-phosphorylated (S5P) form of the CTD, which predominates during early elongation [START_REF] Kubicek | Serine phosphorylation and proline isomerization in RNAP II CTD control recruitment of Nrd1[END_REF][START_REF] Vasiljeva | The Nrd1-Nab3-Sen1 termination complex interacts with the Ser5-phosphorylated RNA polymerase II C-terminal domain[END_REF]. This interaction is important for the early recruitment of Nrd1 to the transcribing polymerase and for fully efficient transcription termination [START_REF] Tudek | Molecular basis for coordinating transcription termination with noncoding RNA degradation[END_REF].

Nab3 (Nuclear polyAdenylated RNA-Binding) is a 90 kDa protein that contains a central RRM that recognizes preferentially the UCUUG motif [START_REF] Creamer | Transcriptome-wide binding sites for components of the Saccharomyces cerevisiae non-poly(A) termination pathway: Nrd1, Nab3, and Sen1[END_REF][START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF][START_REF] Wlotzka | The nuclear RNA polymerase II surveillance system targets polymerase III transcripts[END_REF][START_REF] Hobor | Recognition of transcription termination signal by the nuclear polyadenylated RNA-binding (NAB) 3 protein[END_REF][START_REF] Lunde | Structural insights into cis element recognition of non-polyadenylated RNAs by the Nab3-RRM[END_REF]. Both Nrd1 and Nab3 recognition motifs are enriched in their target ncRNAs compared with mRNAs, which in general are not Nrd1 and Nab3 substrates [START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF]. Nab3 RRM has recently been shown to be a target of methylation by Set1, which could modulate Nab3 RNA-binding activity [START_REF] Lee | A crucial RNA-binding lysine residue in the Nab3 RRM domain undergoes SET1 and SET3-responsive methylation[END_REF]. In addition to its RRM, Nab3 possesses two low-complexity regions. The N-terminal low-complexity region is enriched in aspartate and glutamate and is dispensable for viability, while the C-terminal proline/glutaminerich domain is essential for cell growth and has prionlike properties [START_REF] Loya | A genetic screen for terminator function in yeast identifies a role for a new functional domain in termination factor Nab3[END_REF][START_REF] Loya | A network of interdependent molecular interactions describes a higher order Nrd1-Nab3 complex involved in yeast transcription termination[END_REF][START_REF] Loya | Yeast Nab3 protein contains a self-assembly domain found in human heterogeneous nuclear ribonucleoprotein-C (hnRNP-C) that is necessary for transcription termination[END_REF][START_REF] O'rourke | Amyloid-like assembly of the low complexity domain of yeast Nab3*[END_REF]. Nrd1 and Nab3 form a tight heterodimer, which is critical for the cooperative binding of these proteins to the RNA [START_REF] Hobor | Recognition of transcription termination signal by the nuclear polyadenylated RNA-binding (NAB) 3 protein[END_REF][START_REF] Carroll | Interaction of yeast RNA-binding proteins Nrd1 and Nab3 with RNA polymerase II terminator elements[END_REF]. It has been proposed that the Nab3 prion-like domain would drive oligomerization of Nrd1-Nab3 dimers on their target ncRNAs, which would be important for the function of these proteins in transcription termination [START_REF] Loya | Yeast Nab3 protein contains a self-assembly domain found in human heterogeneous nuclear ribonucleoprotein-C (hnRNP-C) that is necessary for transcription termination[END_REF].

Sen1 (Splicing ENdonuclease) is a large ( $ 252 kDa) helicase belonging to the superfamily 1B. Sen1 is composed of a central catalytic domain with an overall architecture similar to that of helicases of the same family, as well as with distinctive structural features [START_REF] Leonait_ E | Sen1 has unique structural features grafted on the architecture of the Upf1-like helicase family[END_REF]. This domain is essential for viability and for transcription termination in vivo [START_REF] Chen | Saccharomyces cerevisiae Sen1 as a model for the study of mutations in human Senataxin that elicit cerebellar ataxia[END_REF][START_REF] Steinmetz | Genome-wide distribution of yeast RNA polymerase II and its control by Sen1 helicase[END_REF]. The helicase domain is flanked by an essential and large ( $ 100 kDa) N-terminal domain and an intrinsically disordered C-terminal region, both involved in protein-protein interactions. While the N-terminal domain interacts with the CTD of RNAPII [START_REF] Chinchilla | Interactions of Sen1, Nrd1, and Nab3 with multiple phosphorylated forms of the Rpb1 C-terminal domain in Saccharomyces cerevisiae[END_REF][START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF], the C-terminal domain contains the main nuclear localization signal [START_REF] Chen | Saccharomyces cerevisiae Sen1 as a model for the study of mutations in human Senataxin that elicit cerebellar ataxia[END_REF][START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF], a sequence that interacts with the phosphatase Glc7 [START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF] and a Nrd1-interaction motif that is the main determinant of the interaction of Sen1 with Nrd1 and Nab3 [START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF]. The interaction of Sen1 with the CTD of RNAPII is critical for transcription termination, whereas the interactions mediated by Sen1 C-terminal domain play only an accessory role [START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF].

It has been shown that Sen1 is responsible for the release of RNAPII and the RNA from the DNA, which in vitro requires exclusively the Sen1 helicase domain [START_REF] Han | Biochemical characterization of the helicase Sen1 provides new insights into the mechanisms of non-coding transcription termination[END_REF][START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. The helicase domain of Sen1 can bind to single-strand RNA and DNA molecules and translocate in the 5 0 to 3 0 direction upon ATP hydrolysis [START_REF] Leonait_ E | Sen1 has unique structural features grafted on the architecture of the Upf1-like helicase family[END_REF][START_REF] Han | Biochemical characterization of the helicase Sen1 provides new insights into the mechanisms of non-coding transcription termination[END_REF][START_REF] Brow | cerevisiae Sen1 helicase domain exhibits 5 0 to 3 0 helicase activity with a preference for translocation on DNA rather than RNA[END_REF], albeit with relatively low processivity [START_REF] Han | Biochemical characterization of the helicase Sen1 provides new insights into the mechanisms of non-coding transcription termination[END_REF]. The mechanism of transcription termination by Sen1 involves the loading of Sen1 onto the nascent RNA and its translocation toward the transcribing RNAPII. Transcriptional pausing is a strict requirement for termination [START_REF] Han | Biochemical characterization of the helicase Sen1 provides new insights into the mechanisms of non-coding transcription termination[END_REF][START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. Upon colliding with the paused RNAPII, Sen1 induces a conformational change on the transcription elongation complex that results in its destabilization and, ultimately, its dissociation [START_REF] Wang | Singlemolecule characterization of extrinsic transcription termination by Sen1 helicase[END_REF]. This process possibly involves specific interactions between Sen1 and RNAPII [START_REF] Leonait_ E | Sen1 has unique structural features grafted on the architecture of the Upf1-like helicase family[END_REF][START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. Interestingly, the interaction of Sen1 with the RNA and its capacity to induce transcription termination have been shown to be modulated by phosphorylation of a conserved residue within the RNA-interaction surface of the Sen1 helicase domain [START_REF] Haidara | Modulated termination of non-coding transcription partakes in the regulation of gene expression[END_REF].

Unlike Nrd1 and Nab3, Sen1 does not seem to interact with the RNA in a sequence-specific manner [START_REF] Creamer | Transcriptome-wide binding sites for components of the Saccharomyces cerevisiae non-poly(A) termination pathway: Nrd1, Nab3, and Sen1[END_REF], which might imply that Nrd1 and Nab3 would promote the specific recruitment of Sen1 to its target ncRNAs. This idea, however, has been recently challenged by a study showing that upon deletion of the Nrd1-interaction motif, Sen1 can still bind to most ncRNAs and induce efficient transcription termination [START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF]. Hence, it is not completely clear what is the actual role of Nrd1 and Nab3 in transcription termination. It has though been suggested that, by binding to the nascent RNA and the polymerase, these proteins could induce RNAPII pausing or alter the properties of RNAPII, thus sensitizing it to the action of Sen1 [START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF][START_REF] Schaughency | Genome-wide mapping of yeast RNA polymerase II termination[END_REF].

After the RNAPII and the nascent transcript have been released from the chromatin, Nrd1 and Nab3 remain bound to the RNA and promote the degradation of pervasive transcripts by the nuclear exosome and its cofactor, the TRAMP complex, which in turn allows the recycling of Nrd1 and Nab3 for the targeting of new ncRNAs [START_REF] Villa | Degradation of non-coding RNAs promotes recycling of termination factors at sites of transcription[END_REF].

The exosome

The RNA exosome is a multisubunit protein complex endowed with endoribonucleolytic and 3 0 to 5 0 exoribonucleolytic activities that is conserved throughout evolution from yeast to humans [reviewed in [START_REF] Januszyk | The eukaryotic RNA exosome[END_REF][START_REF] Mitchell | The exosome: a conserved eukaryotic RNA processing complex containing multiple 3 0 ?5 0 exoribonucleases[END_REF]. Its activity has a key role in the processing of stable cellular RNA molecules, turnover of mRNAs, surveillance and degradation of many RNA species, including aberrant RNAs deriving from incorrect maturation steps, and removal of the abundant cryptic transcripts resulting from the pervasive activity of RNAPII.

The exosome exists in both a cytoplasmic and a nuclear form and is composed of a core made by nine subunits (Exo9) organized in a ring-shaped structure of six subunits, and a three-subunit cap. While all of these subunits are essential for viability in Saccharomyces cerevisiae, none display any catalytic activity. At the bottom of the barrel-like core is associated the Dis3/Rrp44 catalytic subunit that has both endonucleolytic and processive 3 0 to 5 0 exonucleolytic activities [START_REF] Dziembowski | A single subunit, Dis3, is essentially responsible for yeast exosome core activity[END_REF][START_REF] Lebreton | Endonucleolytic RNA cleavage by a eukaryotic exosome[END_REF][START_REF] Liu | Reconstitution, activities, and structure of the eukaryotic RNA exosome[END_REF]. In the nucleus, the exosome associates on the cap side with the nuclear-specific Rrp6 subunit carrying an EXO domain with distributive 3 0 to 5 0 exoribonuclease activity [START_REF] Allmang | Functions of the exosome in rRNA, snoRNA and snRNA synthesis[END_REF]. Although central for the correct and efficient processing of nuclear RNA precursors and CUTs, Rrp6 is not essential for cell viability and it has both overlapping and complementary roles to Dis3 [START_REF] Januszyk | The eukaryotic RNA exosome[END_REF][START_REF] Gudipati | Extensive degradation of RNA precursors by the exosome in wild-type cells[END_REF][START_REF] Schneider | Transcriptome-wide analysis of exosome targets[END_REF]. Intriguingly, despite being separated by the interposed core structure, the catalytic activity of Dis3/Rrp44 and Rrp6 appears to be interdependent, likely through allosteric interactions involving RNA binding and conformation changes of the core central channel [START_REF] Wasmuth | Exo-and endoribonucleolytic activities of yeast cytoplasmic and nuclear RNA exosomes are dependent on the noncatalytic core and central channel[END_REF].

Apparently then, the eukaryotic exosome core has evolved in such a way that the scaffold provides an essential surface for the binding of its catalytic subunits and has also the capacity to modulate the exosome catalytic activities [START_REF] Wasmuth | Exo-and endoribonucleolytic activities of yeast cytoplasmic and nuclear RNA exosomes are dependent on the noncatalytic core and central channel[END_REF][START_REF] Zinder | Nuclear RNA exosome at 3.1 A reveals substrate specificities, RNA paths, and allosteric inhibition of Rrp44/Dis3[END_REF]. Current structural and biochemical data support models whereby the RNA substrates longer than 30 nucleotides in a singlestranded form enter the exosome barrel from the top and are threaded through the central channel to reach the Dis3 catalytic subunit. Otherwise, RNAs shorter than 14 nucleotides can bypass the Exo9 central channel and reach directly the Dis3 catalytic site. Alternatively, RNA substrates can go straight into the active site of Rrp6, either directly without the involvement of other subunits or by making contacts with subunits located on the exosome side between the cap and the ring [START_REF] Dziembowski | A single subunit, Dis3, is essentially responsible for yeast exosome core activity[END_REF][START_REF] Liu | Reconstitution, activities, and structure of the eukaryotic RNA exosome[END_REF][START_REF] Bonneau | The yeast exosome functions as a macromolecular cage to channel RNA substrates for degradation[END_REF][START_REF] Makino | Crystal structure of an RNA-bound 11-subunit eukaryotic exosome complex[END_REF][START_REF] Makino | RNA degradation paths in a 12subunit nuclear exosome complex[END_REF][68]. A broader overview of the structural and functional features of the exosome can be found in recent reviews [START_REF] Kilchert | The regulation and functions of the nuclear RNA exosome complex[END_REF][START_REF] Lingaraju | To process or to decay: a mechanistic view of the nuclear RNA exosome[END_REF][START_REF] Zinder | Targeting RNA for processing or destruction by the eukaryotic RNA exosome and its cofactors[END_REF].

The TRAMP complex

In order to act both efficiently and specifically upon its substrates, the exosome relies on the interaction with several cofactors. The conserved TRAMP (Trf4/5-Air2/1-Mtr4-Polyadenylation) complex is the main exosome cofactor in the nuclei of eukaryotic cells and plays a key role in promoting degradation of essentially all RNA targets of the exosome. In budding yeast, the heterotrimeric TRAMP complex is composed of either the Trf4 or Trf5 non-canonical poly(A) polymerases, the Air1 or Air2 zinc knuckle RNAbinding proteins, and the DExH-box helicase Mtr4 [START_REF] Wyers | Cryptic pol II transcripts are degraded by a nuclear quality control pathway involving a new poly(A) polymerase[END_REF][START_REF] Lacava | RNA degradation by the exosome is promoted by a nuclear polyadenylation complex[END_REF][START_REF] Vanacova | A new yeast poly(A) polymerase complex involved in RNA quality control[END_REF]. TRAMP binding to its substrates is mediated by Air1/2, while Trf4/5 adds a short oligo(A) tail to the RNA 3 0 -ends. The addition of this short unstructured A-tail is supposed to favor substrate engagement by the Mtr4 helicase, which can therefore further unwind the RNA such that 3 0 single-stranded tails can be easily fed to the exosome and threaded through the central channel [START_REF] Jia | RNA unwinding by the Trf4/Air2/Mtr4 polyadenylation (TRAMP) complex[END_REF].

This mechanism of action is supported by several elegant structural and biochemical studies of either the TRAMP complex alone or in complex with the exosome [START_REF] Falk | The molecular architecture of the TRAMP complex reveals the organization and interplay of its two catalytic activities[END_REF][START_REF] Schuch | The exosome-binding factors Rrp6 and Rrp47 form a composite surface for recruiting the Mtr4 helicase[END_REF][START_REF] Falk | Mpp6 incorporation in the nuclear exosome contributes to RNA channeling through the Mtr4 helicase[END_REF]. During the initial phases of unwinding, the RNA substrate is first exposed to the distributive activity or Rrp6. Subsequently, as the Mtr4 helicase engages the core through stable binding to the exosome, it effectively orients the unwound RNA 3 0 end toward the central channel. Interestingly, such binding also displaces a module formed by Rrp6 and its stoichiometric binding partner and nuclear exosome cofactor Rrp47, committing the RNA to processive degradation by Dis3 and suggesting a possibly regulated competition between the Rrp6-ad Dis3-mediated paths for RNA decay [START_REF] Gerlach | Distinct and evolutionary conserved structural features of the human nuclear exosome complex[END_REF][START_REF] Schuller | Structure of the nuclear exosome captured on a maturing preribosome[END_REF].

Recent mass-spectrometry analyses have revealed three main forms of the TRAMP complex containing Mtr4 together with Trf4-Air2, Trf4-Air1, and Trf5-Air1 [START_REF] Delan-Forino | Substrate specificity of the TRAMP nuclear surveillance complexes[END_REF]. Complementary transcriptome-wide analyses of the TRAMP RNA targets indicated that the different forms of the TRAMP complex have distinct substrate preferences. While Trf4 and Air2 are more enriched on ncRNAs like CUTs, SUTs, and XUTs, Trf5 is preferentially associated with pre-mRNAs. Such substrate specialization is likely the result of further interactions of Trf4/5 with different RNA-binding proteins. For instance, the NNS complex component Nrd1 recognizes a motif in Trf4 that resembles the CTD of RNAPII via its CID (Fig. 2) and this interaction likely underlies the specific function of Trf4-Air2 in ncRNA degradation [START_REF] Tudek | Molecular basis for coordinating transcription termination with noncoding RNA degradation[END_REF].

In addition to the association of Nrd1 with Trf4, additional interactions between the NNS complex and exosome components act in concert to ensure efficient degradation of pervasive transcripts. Specifically, Nrd1 CID can also recognize a Nrd1-interaction motif in the exosome cofactor Mpp6 [START_REF] Kim | Exosome cofactors connect transcription termination to RNA processing by guiding terminated transcripts to the appropriate exonuclease within the nuclear exosome[END_REF] and both Nrd1 and Nab3 seem to bind the exonuclease Rrp6, although the specific interaction regions have not been identified yet [START_REF] Tudek | Molecular basis for coordinating transcription termination with noncoding RNA degradation[END_REF][START_REF] Fasken | Nab3 facilitates the function of the TRAMP complex in RNA processing via recruitment of Rrp6 independent of Nrd1[END_REF].

Other actors

Among the different classes of pervasive transcripts mentioned above, the NNS complex efficiently restricts CUTs and to a much lesser extent SUTs and XUTs [START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF]. Several independent pieces of evidence suggest that SUTs and XUTs are mostly pervasive transcripts that have escaped termination by the NNS pathway and are terminated by the canonical pathway for transcription termination at protein-coding genes [START_REF] Van Dijk | XUTs are a class of Xrn1-sensitive antisense regulatory noncoding RNA in yeast[END_REF][START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF][START_REF] Malabat | Quality control of transcription start site selection by nonsense-mediated-mRNA decay[END_REF][START_REF] Marquardt | Distinct RNA degradation pathways and 3 0 extensions of yeast non-coding RNA species[END_REF], which depends on a multisubunit complex composed of the Cleavage and Polyadenylation Factor and the Cleavage Factors IA and IB [in short, CPFcomplex, reviewed in 85]. Thus, these classes of ncRNAs can be originated from either a fraction of transcription events from CUT-producing loci that fail to terminate through the NNS pathway and proceed to a downstream CPF-dependent terminator or from noncoding regions that generate transcripts lacking the properties that are required for efficient targeting by the NNS complex. Termination by the CPF-dependent pathway is coupled with RNA 3 0 end cleavage and polyadenylation by a processive poly(A) polymerase dubbed Pap1. The resulting poly(A) tails are then bound by a poly(A) binding protein, which protects transcripts from degradation and promotes transcript export to the cytoplasm for subsequent translation, in the case of mRNAs. Consistent with the idea that SUTs and XUTs are somewhat recognized by certain cellular pathways as mRNA-like molecules, these types of ncRNAs were found to crosslink more efficiently with CPF-complex components and a typical export factor than CUTs [START_REF] Tuck | A transcriptome-wide atlas of RNP composition reveals diverse classes of mRNAs and lncRNAs[END_REF]. However, because SUTs and XUTs lack protein-coding information, once in the cytoplasm they are typically recognized by the translation-coupled nonsense-mediated RNA decay (NMD) pathway that promotes their degradation by the 5 0 to 3 0 exonuclease Xrn1 [START_REF] Malabat | Quality control of transcription start site selection by nonsense-mediated-mRNA decay[END_REF].

The control strategy: specific targeting of pervasive transcripts

Cells may employ two different kinds of strategies to keep pervasive transcription under control. The first one would consist in developing mechanisms to specifically target pervasive transcripts for destruction. The second one would involve the action of abundant and rather 'unspecific' machineries that would attack any RNA molecule not perceived as functional. The first strategy would require coevolution of specific features in the targets and dedicated activities recognizing such features, while for the second one most cellular resources would be employed to mark and protect the useful RNAs or transcription events.

In budding yeast, the 'specific targeting' strategy seems to be predominant as this organism possesses a protein complex (i.e., the NNS complex) whose main function is to promote early termination and degradation of pervasive transcripts. The specificity of the NNS complex is achieved by a combination of multiple elements. One of the main determinants of specificity is the presence of recognition motifs for Nrd1 and Nab3 in the target RNAs, as mentioned above. The number of motifs present in bona fide NNS targets is highly variable, ranging from very few to dozens, and there is no clear correlation between this number and the efficiency of termination. However, as indicated above, some sequences have a higher affinity for Nrd1/Nab3 in vitro and are found more frequently than others in vivo, so it is possible that the required efficiency can be achieved by either a lower number of optimal motifs or a larger number of suboptimal sites [START_REF] Franco-Echevarr Ia | The structure of transcription termination factor Nrd1 reveals an original mode for GUAA recognition[END_REF][START_REF] Creamer | Transcriptome-wide binding sites for components of the Saccharomyces cerevisiae non-poly(A) termination pathway: Nrd1, Nab3, and Sen1[END_REF][START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF][START_REF] Wlotzka | The nuclear RNA polymerase II surveillance system targets polymerase III transcripts[END_REF]. The relative position of the motifs seems also relevant for their functionality, and some arrangements of sites are likely optimized to support efficient termination with an overall lower number of motifs [START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF]. Furthermore, the presence of AU-rich sequences in close proximity to Nrd1 and Nab3 is also important possibly because they decrease the likelihood of the target RNAs to adopt secondary structures that would prevent their binding by Nrd1 and Nab3 [START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF]. Therefore, the sequence context of Nrd1-Nab3 binding motifs also contributes to the capacity of an RNA to be efficiently targeted by the NNS complex.

Nevertheless, the informational content of RNA sequence elements is limited since the same sequence that supports efficient termination by the NNS complex in its genuine location, that is, close to the promoter, can no longer be used by this complex when placed about 1 kb downstream of the transcription initiation site. This is true not only for natural CUTs, but also for artificial sequences selected in an in vivo screening exclusively for their capacity to promote NNS-dependent termination [START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Gudipati | Phosphorylation of the RNA polymerase II C-terminal domain dictates transcription termination choice[END_REF]. Therefore, the position of Nrd1 and Nab3 binding sites is critical for a transcript to be specifically targeted for termination coupled with degradation.

When NNS target sequences are mislocalized at further downstream positions, they are actually used by the CPF-complex to induce RNAPII transcription termination. This implies that both termination pathways have at least partially overlapping sequence requirements and highlights the necessity for having backup mechanisms to constrain pervasive transcription [START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Gudipati | Phosphorylation of the RNA polymerase II C-terminal domain dictates transcription termination choice[END_REF].

This position dependency of NNS action has been proposed to relate to the phosphorylation status of RNAPII CTD. On the one hand, during early elongation S5P levels are high, which favors the association of Nrd1 CID with the CTD. Y1P levels also remain low during early elongation, which is important for the Nrd1-CTD interaction as well since Y1 phosphorylation antagonizes Nrd1 binding [START_REF] Schreieck | RNA polymerase II termination involves C-terminal-domain tyrosine dephosphorylation by CPF subunit Glc7[END_REF]. On the other hand, Y1 dephosphorylation is somehow necessary for promoter-proximal RNAPII pausing, which seems to play a more crucial role in NNSdependent termination than the association of Nrd1 with the CTD [START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF][START_REF] Collin | RNA polymerase II CTD tyrosine 1 is required for efficient termination by the Nrd1-Nab3-Sen1 pathway[END_REF]. It is important to mention that although the precise role of Nrd1-Nab3 in transcription termination is not completely clear, their binding seems a more discriminative feature of NNSdependent pervasive transcripts than Sen1 binding since the latter associates with virtually all cellular RNAs whereas only a subset of them are a substrate for termination [START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF][START_REF] Schaughency | Genome-wide mapping of yeast RNA polymerase II termination[END_REF].

Finally, the destruction of SUTs and XUTs in the cytoplasm can also be considered as an example of 'specific targeting' strategy since the same features that trigger NMD for other kinds of aberrant RNAs drive these pervasive transcripts to decay.

The dangers of 'unruly' pervasive transcription

Whatever the strategy designed by cells to control levels of pervasive transcripts, it has become increasingly clear that loss of tight control over transcribing RNAPII or the unscheduled persistence of these aberrant RNAs exerts an impact on several aspects of cell metabolism. In this section, we will provide some notable examples of the consequences of perturbing mechanisms that control pervasive transcription.

Transcriptional interference and protein-coding gene deregulation

Transcriptional interference, or the suppression of one transcriptional process by another [START_REF] Palmer | Transcriptional interference by RNA polymerase pausing and dislodgement of transcription factors[END_REF][START_REF] Shearwin | Transcriptional interferencea crash course[END_REF], has been among the first effects to be ascribed to cryptic transcription. As outlined above, several individual examples of noncoding transcription events promoting the regulation of their cis-associated protein-coding gene by transcriptional interference have been described in detail early on [START_REF] Nadal-Ribelles | Control of Cdc28 CDK1 by a stress-induced lncRNA[END_REF][START_REF] Van Werven | Transcription of two long noncoding RNAs mediates mating-type control of gametogenesis in budding yeast[END_REF][START_REF] Bird | Repression of ADH1 and ADH3 during zinc deficiency by Zap1induced intergenic RNA transcripts[END_REF][START_REF] Castelnuovo | Bimodal expression of PHO84 is modulated by early termination of antisense transcription[END_REF][START_REF] Martens | Intergenic transcription is required to repress the Saccharomyces cerevisiae SER3 gene[END_REF][START_REF] Pinskaya | H3 lysine 4 di-and tri-methylation deposited by cryptic transcription attenuates promoter activation[END_REF]. These studies have led to a prevailing model whereby the act of transcribing the ncRNA results in the deposition of repressive chromatin marks in the promoter regions of coding genes in the wake of RNAPII. Specifically, histone methyltransferases traveling with transcribing RNAPII mediate the deposition of specific methylation marks (i.e., H3K4me2/3 and H3K36me3) on nucleosomes surrounding promoter regions. Recruitment of histone deacetylases by methylated nucleosomes in turn results in their subsequent deacetylation and a repressed chromatin state [START_REF] Castelnuovo | Role of chromatin, environmental changes and single cell heterogeneity in non-coding transcription and gene regulation[END_REF][START_REF] Murray | Sense and antisense transcription are associated with distinct chromatin architectures across genes[END_REF]. This chromatin-based model has been further refined by the finding that reduced histone acetylation results in decreased affinity of the bromodomain-containing chromatin remodeler RSC at the À1/+1 nucleosomes bordering the NFRs. As RSC is required for the maintenance of NFRs [START_REF] Kubik | Sequence-directed action of RSC remodeler and general regulatory factors modulates +1 nucleosome position to facilitate transcription[END_REF], its reduced binding would determine the shrinkage of the NFRs and consequent gene repression [START_REF] Gill | Fine chromatin-driven mechanism of transcription interference by antisense noncoding transcription[END_REF]. It is possible that pervasive RNAPIIs that invade the promoter of a neighboring gene might also contribute to gene repression by directly provoking the physical eviction of the preinitiation complex (PIC) from promoters. However, the restricted PIC formation that is typically observed at promoters repressed by transcriptional interference may simply be the consequence of promoter closure (Fig. 3A).

It is worth noting that the mechanisms of repression may differ slightly for sense and antisense noncoding transcription events. When an upstream in tandem noncoding transcription unit invades the promoter of a downstream coding gene, this results often in the generation of an mRNA-like chimeric transcript, which will be exported to the cytoplasm and degraded by NMD [START_REF] Malabat | Quality control of transcription start site selection by nonsense-mediated-mRNA decay[END_REF], the establishment of repressive chromatin marks only ensuing (Fig. 3A). In the case of antisense noncoding transcription, invasion of the promoter of the associated sense coding gene will determine closure of the NFR, thus impairing transcription initiation.

A number of studies tried to address the obvious question of whether antisense transcription plays a general role in gene regulation. No significant global anticorrelation could be clearly established between coding sense and antisense noncoding transcription [START_REF] Murray | Sense and antisense transcription are associated with distinct chromatin architectures across genes[END_REF]. However, when analyses were restricted to specific classes of genes, it was found that higher levels of antisense transcription robustly correlate with downregulation of sense coding transcription [START_REF] Nevers | Antisense transcriptional interference mediates condition-specific gene repression in budding yeast[END_REF][START_REF] Xu | Antisense expression increases gene expression variability and locus interdependency[END_REF][START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF]100]. In particular, this was found to be the case for genes with larger expression variability, such as stress-response and condition-specific genes, strongly suggesting that optimization of their repression at times when expression is not required in the cell relies on the increased transcription of the associated antisense RNAs. Because an important fraction of antisense noncoding transcription events is normally terminated by the NNS pathway, an attractive possibility is that the NNS-dependent termination efficiency may be modulated under specific conditions, a calculated risk for the cell to fine-tune regulation of gene expression. Indeed, the phosphorylation status of NNS-components or their association with the RNA has been shown to be altered under nutritional stress [101-103]. Moreover, a very recent study has shown that the catalytic activity of Sen1 is partially inhibited by phosphorylation, leading to impaired termination at a subset of noncoding genes and the repression of neighboring protein-coding genes by transcriptional interference [START_REF] Haidara | Modulated termination of non-coding transcription partakes in the regulation of gene expression[END_REF].

Nevertheless, irrespective of the possible role of some noncoding transcription events in promoting gene regulation, the potential danger of pervasive transcription interference with coding gene expression has become increasingly clear. Indeed, depletion or mutation of NNS-components leads to the deregulation of hundreds of genes and, consequently, the impairment of multiple cellular functions and lethality, which highlights the importance of this control mechanism [START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF][START_REF] Steinmetz | Genome-wide distribution of yeast RNA polymerase II and its control by Sen1 helicase[END_REF][START_REF] Han | Termination of non-coding transcription in yeast relies on both an RNA pol II CTD interaction domain and a CTD-mimicking region in Sen1[END_REF][START_REF] Gill | Fine chromatin-driven mechanism of transcription interference by antisense noncoding transcription[END_REF] (Fig. 3A).

Impact on replication and genome stability

In yeast, there are about 300-400 autonomously replicating sequences (ARSs), which are the locations where DNA replication starts. In S-phase, replication origins are bound by the origin recognition complex (ORC) on specific primary and secondary ARS consensus sequences (ACSs), and a well temporally and spatially defined cascade of events leads to origin licensing and subsequent firing, ensuring duplication of the genome. Not all origins are fired at the same time or with the same strength, but all origins reside within NFRs and, as such, are within the very same workspace shared by pervasively transcribing RNAPII. Thus, shielding all these structures from RNAPII is of the utmost importance to preserve the faithfulness of the genome duplication program.

Recent genome-wide studies have addressed the question of the relationship between pervasive transcription and replication in yeast cells, reaching similar conclusions [104,105]. Origins are generally protected from incoming transcription by the binding of ORC that acts as a roadblock to RNAPII. However, ORC binding to ARSs is asymmetric, resulting in lower protection from pervasive transcription approaching the ARS from one side relative to the other [104]. Thus, a low but significant degree of pervasive transcription can be detected within ARSs. Seemingly, this has a negative impact on the efficiency of origins licensing and firing, and such inhibitory effect appears to be correlated to the levels of invading noncoding transcription. Further, as mentioned above for promoter-containing NFRs, higher levels of pervasive transcription within ARSs correlate with lower levels of histone acetylation, increased levels of methylated histone marks, and a higher occupancy of nucleosomes, which results in lower ORC access to the origin [105] (Fig. 3B).

Clearly, the consequences of losing control of pervasive transcription around replication origins are potentially extremely dangerous as perturbing the replication program may lead to incomplete or defective duplication of the DNA and corruption of the genetic content. On the contrary, because of the different degree of pervasive transcription occurring around differently active ARSs, it will be interesting to investigate whether any regulatory mechanism is at play to adapt origins activity under definite circumstances.

Titration of important cellular factors

Recent studies have highlighted how deleterious effects of defective NNS termination on cellular programs derive not only from the act of transcription reading through functional regions as promoters and replication origins pervasively but also from the very presence of excess transcribed RNAs.

It had already been observed that mutations in the exosome and TRAMP complexes not only elicit inefficient degradation of RNA substrates but also negatively affect the recruitment and activity of the NNS complex, resulting in global termination defects at many NNS targets [START_REF] Castelnuovo | Bimodal expression of PHO84 is modulated by early termination of antisense transcription[END_REF]106,107]. This led to the proposal that the nuclear RNA surveillance complexes could play a direct role in NNS-mediated termination. However, recent genome-wide analyses of yeast cells lacking the Rrp6 subunit of the nuclear exosome clearly revealed what is the outcome of defective pervasive RNA degradation [START_REF] Villa | Degradation of non-coding RNAs promotes recycling of termination factors at sites of transcription[END_REF]108]. Inhibition of exosome activity triggers the accumulation of undigested ncRNAs still in complex with the Nrd1 and Nab3 components of the NNS complex. Thus, the persistence of these RNAs effectively sequesters the NNS termination factors, impeding their efficient recycling back to elongating RNAPII and therefore impairing subsequent rounds of NNS-dependent termination (Fig. 3C). This genome-wide effect could be effectively mimicked by an aptly designed pervasive RNA-like decoy [START_REF] Villa | Degradation of non-coding RNAs promotes recycling of termination factors at sites of transcription[END_REF]108].

Hence, a major consequence of perturbing the degradation mechanism that controls pervasive transcripts is the out-titration of limiting cellular factors that are important to regulate the production of these ncRNAs, further compromising other facets of cell metabolism. Many other proteins partaking in the control of pervasive transcription may be limiting in the cell, and ncRNA levels may fluctuate in different metabolic conditions, or even in different cells within a population. Thus, it would not come as a surprise if other instances of regulation based on titration by varying levels of pervasive transcripts existed, offering additional options for fine-tuning other steps of this intricate chain.

Concluding remarks

Pervasive transcription has emerged as a universal feature of both prokaryotic and eukaryotic genomes. Although this phenomenon provides evident opportunities for the regulation of gene expression, it is also a threat to transcriptome integrity and genome stability. In the previous sections, we have detailed the major mechanisms employed by budding yeasts to maintain pervasive transcription under control. Although two major actors of the NNS-dependent pathway, Nrd1 and Nab3, are not conserved in multicellular eukaryotes, clear parallels can be drawn between yeasts and more complex organisms. Indeed, metazoans possess a multisubunit complex dubbed Integrator that plays a key role in restricting pervasive transcription by eliciting early termination at loci producing short ncRNAs [109-111]. As for the NNS complex, recruitment of Integrator at promoter-proximal regions is enabled by the recognition of specific phosphorylation marks in the CTD of RNAPII [112]. Integrator contains two subunits (i.e., INTS9 and INTS11), with homology to components of the mRNA cleavage and polyadenylation (CPA) machinery (i.e., CPSF100 and CPSF73), which together with the Symplekin-like scaffolding protein INTS4 forms the cleavage module of the complex [113,114]. It has been proposed that this module cleaves ncRNAs, which subsequently favors transcription termination by mechanisms that are still unclear [110,111]. Cryptic PA sites are both more frequent and more accessible in pervasive transcripts than in non-target RNAs as these sequences appear often masked in pre-mRNAs by the binding of splicing factors, in particular the U1 snRNP [115,116]. However, there is no clear evidence that Integrator uses such cryptic PA sites, since a recent genome-wide study concluded that Integrator cleaves pervasive RNAs in a largely sequence-independent manner [110]. Those sites might be recognized by the CPA machinery, which seems to partake, although to a lesser extent, in early termination of short and unstable noncoding transcripts [110].

Similarly to the NNS-dependent pathway, the action of Integrator is coupled with ncRNA degradation by the nuclear exosome, which plays a major role in the post-transcriptional control of pervasive transcription also in metazoans [START_REF] Preker | RNA exosome depletion reveals transcription upstream of active human promoters[END_REF]109,110]. It remains unclear whether the human homolog of Sen1, senataxin, partakes in Integrator-mediated transcription termination by promoting the release of pervasive polymerases from the chromatin. However, in bacteria an analogous RNA helicase, the termination factor Rho, plays a major role in restricting antisense noncoding transcription [117]. Thus, it seems that evolutionary distant organisms use a common toolbox to tame pervasive transcription.

Using the budding yeast NNS pathway as a paradigm, we have illustrated how failure in the mechanisms controlling pervasive transcription can have multiple deleterious effects such as the interference with gene expression and DNA replication and the titration of important limiting RNA-binding proteins by the accumulation of aberrant RNAs. This underscores the essential contribution of these mechanisms to cell homeostasis.

Hence, researchers should be cautious when drawing conclusions about the direct role of transcription quality control factors in specific cellular functions based on the effect of mutations or loss of these proteins. Indeed, the prolonged dysfunction of such factors could alter the expression of genes involved in virtually any biological process. Abundant data from the literature could probably be re-analyzed and re-interpreted with these considerations in mind for a more accurate definition of the function of the key actors operating such fundamental control.
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 2 Fig. 2. NNS-dependent pathway in the control of pervasive transcription. Depiction of the different phases of the control cycle over pervasive transcripts by transcription termination coupled with degradation of ncRNAs. The NNS-components Nrd1 and Nab3 are recruited to transcribing RNAPIIs via the interaction of Nrd1 with the S5P-form of the CTD of RNAPII and the recognition of specific sequences in pervasive transcripts by Nrd1 and Nab3. The subsequent association of Nrd1-CTD-interaction domain with a Nrd1-interaction motif (NIM) in Sen1 that resembles the RNAPII CTD enhances the recruitment of Sen1 to the nascent RNA. Sen1 translocates along the RNA and induces the release of RNAPII and the transcript from the DNA. Nrd1 and Nab3 remain bound to the released RNA and promote the polyadenylation and subsequent degradation of the transcript by the TRAMP and the exosome complexes, respectively. The recognition of a NIM in Trf4 by Nrd1 plays an important role in this process. Finally, RNA turnover is required for Nrd1-Nab3 recycling for new rounds of transcription termination.

Fig. 3 .

 3 Fig.3. Three major consequences of loss of control over pervasive transcription. (A) Transcriptional interference by noncoding transcription events occurring either in tandem with or antisense to protein-coding genes determines the deposition of repressive chromatin marks, closure of promoter-containing NFRs and lower formation and/or eviction of PICs. When noncoding transcription in tandem with a downstream protein-coding gene is not terminated by the NNS complex, pervasive RNAPIIs typically transcribe until the natural terminator of the downstream gene generating a chimeric transcript that is exported to the cytoplasm as mRNAs but is degraded by the NMD pathway. Promoters of noncoding and protein-coding genes are denoted by red and black arrows, respectively. (B) Invasion of replication origins by pervasive RNAPIIs similarly modifies chromatin and restricts ORC access, negatively impacting origin licensing. (C) Accumulation of undigested ncRNAs still in complex with Nrd1-Nab3 upon deletion of the Rrp6 exonuclease effectively out-titrates these factors impeding further cycles of NNS-mediated transcription termination.
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