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Abstract

The eukaryotic exosome is a multisubunit complexes that is mainly responsible for 3’-5* exonucleolytic degradation
of RNAs, both in the nucleus and the cytoplasm. In this review we summarize the recent experiments that have
provided information on the organization, structure and activity of this large assembly. Interestingly, eukaryotic
exosomes have been implicated in a large number of RNA degradation pathways including recently discovered
RNA quality control mechanisms. A variety of cofactors have been shown to participate in substrate recruitment
and/or assist exonucleolytic activities. Despite this avalanche of new results, further analyses will be required to
improve our understanding of exosome regulation.
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1. Introduction

RNA metabolism produce a variety of substrates targeted to degradation, including by-way products of RNA
maturation (rRNA processing intermediates, debranched introns), non-functional mRNAs, intergenic polymerase 11
transcripts, abnormally folded non-coding RNAs or transcripts reaching the end of their lifespan. Several distinct
mechanisms are involved in the degradation of these species, which mostly occurs exonucleolytically either from
the 5’ to the 3’-end, or from 3’ to 5° [1]. Among the various nucleases implicated in these processes, the exosome
assumes most of the 3°-5° decay. In the cytoplasm, its activity contributes to the “minor degradation pathway” for
normal transcripts in yeast [2], and participates in the non-stop decay (NSD) [3] and nonsense mediated decay
(NMD) [4] of non-functional mRNAs; conversely, in the nucleus, it is required for rRNA, snoRNA and snRNA
processing [5], and constitutes the main component of the quality-control mechanisms which exerts on newborn or
newly processed transcripts.

The exosome was first identified in yeast as a complex of multiple 3’-5° exonucleases [6]. The current model for the
yeast exosome, as determined by recent structural and functional studies [7], consists of a conserved platform of 9
subunits, which shares similarity with the archaeal exosome and the bacterial PNPase, and of two catalytic subunits
harbouring 3’-5’ exonucleolytic activity, the RNase II-like Dis3, and the nuclear specific Rrp6. The composition of
the human exosome appears to be quite similar to that of S. cerevisiae [8], though the homologue of Dis3 in higher
eukaryotes does not seem to associate stably with the rest of the complex.

When measured in vitro, the intrinsic exonucleolytic activity of the exosome is quite low, but it can be stimulated by
a number of nuclear or cytoplasmic specific cofactors, which were shown to interact with the core exosome
subunits. These cofactors are thought to play a dual role in the degradation mechanism, on the one hand by selecting
bona fide substrates for the exosome and on the other hand by stimulating the activity of the catalytic subunits.

We review here the latest advances made in the understanding of the exosome structure and general mechanism of
action. Given the large diversity of the transcripts that undergo 3°-5’ degradation, one might wonder how they are
selected within the population of cellular RNAs, and specifically orientated towards the exosome. We thus focus on
the recruitment mechanisms that target substrates recognized for various features to exosome-mediated degradation.

2. Exosome structure

Eukaryotic exosome subunits were first identified genetically in the yeast Saccharomyces cerevisiae in independent
screens for mutants defective in rRNA maturation [9], accumulation of poly(A) RNA in the nucleus [10] or
expression of plasmid encoded toxins [11]. These original observations provided entry points for further genetic and
biochemical analyses, which revealed the existence of a large complex that was named the exosome [6]. Analysis of
the sequence of several of its subunits revealed similarities to subunits of bacterial PNPase/RNase PH or RNase II.
Further analysis demonstrated that the exosome is highly conserved in eukaryotic cells. Interestingly, the exosome
was found to be present in both the nuclear and cytoplasmic compartments even though its compositions differed
slightly.

These original pieces of work have led to our current view of exosome [12, 13]. The yeast exosome is composed of
a conserved core of 10 subunits (Rrp4, Rrp40, Csl4, Ski6/Rrp41, Rrp42, Rrp43, Rrp45, Rrp46, Mtr3, Dis3/Rrp44)
that is present both in the nucleus and the cytoplasm. In the cytoplasm, the core associates to the Ski7 protein that
has similarity to translation elongation factor 1 to form the full exosome structure specific of this compartment. In
contrast, the core binds Rrp6, a protein with similarity to bacterial RNase D and the Lrp1/Rrp47 factor, to form the
full nuclear exosome. It is important to note, however, that these descriptions are not definitive. Indeed, it is
currently unclear whether the two different forms of the exosome are totally stable entities or whether they represent
dynamic assemblies where exchange between subunits may occur with time in vivo. Thus, the same core exosome
unit could possibly shuttle between the nucleus and the cytoplasm and associate with specific subunits according to
the compartment in which it resides. Reciprocally, there is no clear evidence that compartment specific subunits are
only present and active as part of full exosomes. Even further, the yeast core exosome could itself represent a
dynamic assembly. This is less likely though given that, with the exception of Dis3 and/or Csl4, it appears to be
extremely stable in vitro [14].

Given the good conservation of the exosome subunits, it is widely accepted that the yeast exosome provides a good
model for eukaryotic species. Purification and analysis of the human exosome suggest that some differences may
however exist. For instance, affinity selection of the human exosome suggests that the Dis3/Rrp44 subunits may at
most only be weakly associated to the 9 other core subunits [15]. Even though this is not yet definitive, localisation
data suggest that PM/Scl-100, the human homologue of Rrp6, could be present both in the nucleus and cytoplasm of
human cells [16]. Finally, a nuclear specific subunit of the human exosome has been characterized, MPP6, for which
no homologue has been identified in yeast so far [17].

In addition to uncertainties concerning the exact composition and dynamics of the full cytoplasmic and nuclear
exosomes, the stoichiometry and organisation of the core exosome was also unclear for a long time. Indeed,
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biochemical fractionation and interaction studies could not discriminate between the presence of a mixture of
complexes containing different subunits in varying stoichiometry or the presence of a single well-defined assembly.
Two-hybrid analyses and purification of subunits co-expressed in E. coli suggested that the various subunits
associated in a limited number of possible manners [18-20]. Sequence comparisons had revealed similarities
between 9 eukaryotic core exosome subunits and various domains of the bacterial PNPase/degradosome, RNase PH
and subunits of archaeal exosome. Interestingly, these complexes have all been shown to be endowed with 3°-5’
phosphorolytic nuclease activity. Based on these sequence similarities, it was suggested that the eukaryotic exosome
adopted a similar shape with 6 subunits harbouring a RNase PH fold (namely Rrp41/Ski6, Rrp42, Rrp43, Rrp45,
Rrp46 and/or Mtr3) forming a ring structure and 3 subunits containing RNA binding domains (namely Rrp4, Rrp40
and/or Csl4) lying on top [21, 22]. This proposal was supported by electron microscopy analysis that confirmed the
general organisation as a ring structure but did not allow the definition of the exact subunit arrangement [21]. These
ambiguities were solved by a native mass spectrometry of purified core exosome [14]. This study demonstrated that
the yeast core exosome had a defined stoichiometry with each of the 10 subunits being present in a single copy.
Moreover, analysis of subcomplexes generated by the dissociation of core exosome complexes allowed the mapping
of the exact subunit interaction pattern, which differed significantly from proposals based on structural modelling or
some large-scale interaction analyses [21, 23]. The structural model of the yeast core exosome was recently
confirmed by the impressive reconstitution of the ring part of the human core exosome using 9 recombinant subunits
and the resolution of its structure by X-ray diffraction [8]. This study validated the subunit organisation scheme and
provided long-awaited details about sequences insuring specific subunit interactions. The location of Dis3 relative to
the ring subunits remains only poorly defined. Data obtained by native mass spectrometry of the yeast core exosome
gave some preliminary idea of the partners of this large subunit but its exact arrangement remained imprecise [14].
Recent electron microscopy analyses, combined with the structure of bacterial RNase II (which is similar to Dis3)
[24,25] have provided a more complete model of the yeast core exosome [26]. It is expected that further details will
be obtained through the structural analysis of Dis3 alone and/or in combination with other core subunits.

Analysis of the interaction pattern of subunits specifically present in the nuclear or cytoplasmic full exosome, or
regulatory factors, is clearly lagging behind. Figure 1 summarizes information currently obtained by a variety of
approaches including two-hybrid studies, affinity purifications and biochemical analyses. Again, in the near future,
structural analysis of these factors as independent subunits or in complexes will probably provide us with a better
understanding of the interactions occurring in this dynamic network. Such data have, for example, already been
obtained for subdomains of the yeast Rrp6 protein confirming the presence of an RNase D fold in this protein
endowed with 3°-5 hydrolytic activity [27].

3. Catalysis of RNA degradation by the eukaryotic exosome

Given the similarity of the ring part of the human and yeast exosomes to bacterial PNPase/degradosome, RNase PH
or archaeal exosome, the eukaryotic exosome was long thought to be endowed with 3’-5° phosphorolytic activity.
This idea was supported by early activity analysis with recombinant subunits for which phosphorolytic activities,
albeit weak, were reported [6]. However, a detailed analysis of the activity of highly purified yeast core exosome
failed to support this model [7, 8]. Instead, Dis3 was observed to be responsible for all 3’-5° exonucleolytic activity
of the yeast core exosome, both in vitro and in vivo. This hydrolytic exonuclease activity was abolished by a single
point mutation in the RNase II-type catalytic site of Dis3. Consistently, early assays performed with material
immunoprecipitated from yeast had also revealed the exclusive presence of a hydrolytic activity [9]. The data
obtained with the yeast core exosome suggested that the 9-member ring structure was thus inactive. Analysis of the
homologous human structure produced recombinantly has demonstrated that it is also inactive [8, 28]. It is however
possible that this feature does not apply to all eukaryotic exosomes as analysis of a highly purified recombinant
plant exosome subunit suggests that it can catalyze RNA degradation in a phosphorolytic reaction [29].

If Dis3 appears to be the main catalytic subunit of the core exosome, its action is strengthened in the nucleus by
Rrp6 that is also endowed with 3’-5° hydrolytic exonuclease activity [30, 31]. Indeed, structural analysis of a
fragment of the yeast Rrp6 protein has provided some insights into its interaction with reaction products [27]. It is
currently unclear, however, neither how the activities of Dis3 and Rrp6 in RNA degradation are coordinated nor
whether they cooperate to degrade given substrates. Alternatively, one could think that each activity is specialized
for the degradation of specific targets. Moreover, the mode of interaction of RNA substrates with the exosome
remains uncertain. On the one hand, evidence for direct interaction of substrate RNA with Dis3 has been provided
[32]. On the other hand, the role of the inactive 9-mer ring subunits, which have been proposed to channel substrate
RNAs to the active site of archaeal exosomes [33], remains mysterious as, despite their lack of detectable catalytic
activity, each one of these 9 subunits has been shown to be essential for viability in yeast. Further work should
certainly reveal the role of the various subunits and catalytic sites of eukaryotic exosome in substrate degradation.
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4. Exosome-mediated degradation pathways

Considering the variety of transcripts that undergo exosome-mediated, 3°-5’ decay, several distinct pathways are
likely to detect and target substrates towards the exosomal scaffold. Indeed, a number of experimental evidence
indicate that, depending on its nature and sub-cellular localization, each substrate is recognized by specific exosome
cofactors, which in turn determine its fate. Here, we aim to give an overview of various substrate recognition
strategies and the cofactors they involve, then to define some common features between pathways; more complete
descriptions of each mechanism can be found in recent reviews of the topic [1, 34-36] or in this issue. Figure 1
recapitulates the involvement of the known exosome cofactors in distinct nuclear and cytoplasmic degradation
pathways.

4.1. Nuclear quality control mechanisms

In S. cerevisiae, a large part of the nuclear quality control on nascent transcripts relies on the activity of a complex
called TRAMP (for Trf4/5-Airl/2-Mtr4 Polyadenylation complex) [37, 38]. This control affects a wide range of
RNA species, among which hypomodified tRNAs [39], precursors or abnormal maturation intermediates of
snoRNAs, snRNAs and rRNAs [37, 40, 41], as well as the so-called CUTs (Cryptic Unstable Transcripts), a
category of newly described, very short half-lived intergenic RNA polymerase II transcripts [38, 42]. Such abnormal
RNAs are virtually absent from wild type cells, and accumulate in TRAMP and exosome mutants.

TRAMP complexes constitute of a non-canonical poly(A) polymerase (Trf4 or Trf5), associated with a zinc knuckle
protein (Airl or Air2), and a RNA helicase of the DExD/H family (Mtr4). Airl/2 proteins are thought to be involved
in the binding of the RNA substrates, thus permitting their polyadenylation by Trf4/5. TRAMP activity is followed
by the complete degradation of the transcripts by the exosome, a process which evocates the recruitment of the
degradosome to polyadenylated substrates in prokaryotes [12, 43].

In exosome mutant strains, polyadenylated forms of abnormal RNAs accumulate [37, 38]. Moreover, the stimulation
of the activity of the exosome by TRAMP is reduced in Trf4 catalytic site mutants [38]. Nevertheless, the mere
polyadenylation of the substrate is not sufficient for efficient degradation. Indeed, purified exosome preparations
were shown to deadenylate in vitro adenylated tRNAs, but a complete, processive degradation required the addition
of purified TRAMP complex, and could be obtained even in the absence of ATP [37]. This experiment suggests that
TRAMP cooperates with the exosome to stimulate its exonucleolytic activities, through direct interactions and
independently of polyadenylation. These data do not exclude, however, that in vivo, several rounds of TRAMP-
mediated polyadenylation followed by exosome trimming might be required for the complete processing of
structured substrates.

Aside from this pathway, a fraction of the nuclear exosome substrates fall into TRAMP-independent decay
mechanisms, as the 7S rRNA intermediate, the processing of which leads to the formation of 5.8S rRNA [6], and the
5’-ETS (External Transcribed Spacer) resulting from the cleavage of the 35S pre-rRNA precursor at sites A,, which
is eliminated by the exosome. Mtr4, but not the other TRAMP components, appears to be required for the
recruitment of the exosome to these transcripts [44].

Homologues of TRAMP components can be found in other eukaryotes, where they are likely to play the same
function. A complex similar to TRAMP has been identified in S. pombe, where it participates in gene silencing
through nuclear polyadenylation activities [45, 46]. The human genome also displays close homologues of Trf4/5
[47] and Airl/2, as well as one homologue of Mtr4, hMtr4, which is required for rRNA processing [48]. However,
whether these components associate to form human TRAMP complexes is still an open question.

4.2. Cytoplasmic quality control mechanisms

Even if the major cytoplasmic RNA degradation pathway occurs from 5’ to 3°, in a process involving Xrnl, the
cytoplasmic exosome has been shown to participate in a variety of 3’-5° degradation activities such as mRNA
turnover [2], NSD [3] and NMD [4]. In all these pathways, the yeast exosome is activated by Ski7 [49, 50], a small
GTPase belonging to the family of translation elongation factors EFla., and the Ski complex [2]. The latter has been
proposed to be a hetero-tetramer constituted by the Ski2 DExH-box putative helicase, Ski3 and two copies of Ski8
[51, 52]. The interaction of Ski7, through its N-terminal region, with both the exosome and the Ski complex, was
shown to be essential for the 3’-5 decay of mRNAs [50]. So far, little is known about the molecular mechanisms
that allow the activation of the exosome by Ski7 and the Ski complex.

The detection of the substrates is slightly better understood. For instance, in the yeast NMD mechanism, loading of
the Upf1/2/3 surveillance complex to a mRNA with a premature termination codon, followed by binding of Ski7 to
Upfl via its N-terminal domain, allows the recruitment of the 3’-5° decay machinery [4, 53]. Ski7 is also thought to
allow the recognition of mRNAs devoid of a stop codon when ribosomes reach the 3’—endby occupying the empty
A site. This interaction is permitted by the structural similarity of the Ski7 GTPase with both eEF1A and eFR3,
which respectively brings aminoacylated tRNAs to sense codons during translation elongation, or allows translation
termination when the ribosome encounters a stop codon.
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In mammalian cells, the exosome, together with the 5’-3 decay pathway, is also involved in the regulation of the
levels of certain transcripts by a sequence-based recognition. The ARE-mediated decay (AMD) sends AU-Rich
Elements (ARE)-containing transcripts towards degradation, through their recognition by ARE-binding proteins
(ARE-BPs), such as BRF-1, TTP and KSRP [54, 55], which interact directly with the cellular decapping,
deadenylation and decay machineries [56]. As for general mRNA turnover, exosome-mediated AMD seems to
affect a minor fraction of transcripts, the major part undergoing the major 5°-3” decay pathway [57].

4.3. The role for RNA helicases in 3’5’ decay

A common feature between all 3’-5" decay pathways seems to be the requirement for cofactors belonging to the
DExD/H-box family of RNA helicase. Strikingly, this is not typical of eukaryotic mechanisms, since the DEAD-box
helicase RhIB, though not essential for viability, is an important component of E. coli degradosome [12]. In yeast,
the essential nuclear DExH-box protein Mtr4, and its cytoplasmic counterpart Ski2, are respective cofactors of the
nuclear and cytoplasmic forms of the exosome.

Strong evidence indicates that Mtr4 is required for both TRAMP-dependent and independent activities of the
nuclear exosome [41, 44], with the exception of the final trimming of structured substrates such as 5.8S + 30 and
certain pre-snoRNAs that might require the activity of Rrp6 alone, through the involvement of its HDRC domain
(helicase RNase D C-terminal domain) [34, 58].

Regardless of its central role in nuclear exosome function, the precise mechanism of action of Mtr4 is still unclear.
Its RNA-dependent ATPase activity, as well as its ability to unwind RNA duplexes, was recently reported [59]. It is
thus tempting to speculate that this RNA helicase would unwind structures in RNA substrates in order to allow
exosome progression. Like other members of the family [60, 61], Mtr4 might also act as an RNPase, assisting the
exosome by removing proteins from RNA molecules without duplex unwinding. Alternately, Mtr4 could also
mediate the recruitment of the exosome to substrates through direct protein-RNA and protein-protein interactions,
independently of any helicase activity.

Functional hints regarding the mechanism of action of Mtr4 could be provided by recent data obtained for Suv3,
which is the RhIB homologue in the degradosome counterpart of eukaryotic mitochondria [62]. The mitochondrial
helicase and RNase components of the degradosome prove to tightly cooperate, leading the authors to propose a
model where the helicase moiety of the complex would act as a molecular motor feeding the nuclease with RNA
substrates.

5. Substrate recognition mechanisms: sequence versus structure

The mechanisms resulting in the targeting of substrates towards the exosome are diverse, and highly depend on the
nature of the transcript. Here we try to point out a few prototypic mechanisms resulting in the processing of definite
classes of transcripts.

5.1. Sequence-based mechanisms of substrate recruitment

Certain classes of transcripts are recognized through sequence-based mechanisms, as was described for AMD in the
previous paragraph. Apart from RNAs containing AU-rich elements in their 3’-UTRs, transcripts containing Nrd1 or
Nab3 binding sites would also undergo such mechanisms.

Nrdl and Nab3 are yeast RNA-binding proteins involved, together with the helicase Senl, in the 3’—endformation of
non-poly(A)-polymerase II transcripts such as snRNAs and snoRNAs [63, 64]. Binding of Nrd1 and Nab3 to their
specific sites (GUA[A/G] and UCUU, respectively) mediates transcript termination through a polyadenylation-
independent mechanism; the formation of heterodimers allows their cooperative recruitment to transcripts
containing multiple binding sites [65]. Similar 3’—endformation mechanisms account for the termination of CUTs
[64, 66, 67]. Nab3-Nrd1 dependent termination was shown to be required, though not sufficient, for the elimination
of CUTs mediated by TRAMP and the exosome [65, 67]. Since Nrd1 and Nab3 can interact with the nuclear form of
the exosome [68], these proteins are proposed to link the transcription and nuclear RNA quality control, through a
direct recruitment of substrates as their 3’—endis being formed.

It is still unclear whether the Nab3/Nrd1 termination of transcripts is an active process, or whether this constitutes a
“by default” mechanism, affecting transcripts devoid of regular cleavage and polyadenylation sites. Both hypotheses
are likely to occur on distinct classes of RNAs, the former being required for the 3’—endformation of snRNAs and
snoRNAs, the latter permitting the degradation of aberrantly transcribed species such as CUTs, when Nab3/Nrd1
sites are encountered more or less randomly within the sequence. The question is still open about how the choice
between partial trimming or triggering of a complete degradation of transcripts operates. The density of Nrdl and
Nab3 sites at the 3’—endof transcripts might be the keystone of the problem, by promoting a more or less intense
nucleation of Nab3-Nrdl heterodimers on 3’-ends [65]. One of the proposed mechanisms suggests that the
progression of the nuclear exosome would be blocked by the structures of correctly folded RNPs, and/or by the
Nab3/Nrd1 complexes, hence resulting in the formation of proper 3’-ends in snRNA and snoRNAs; otherwise, the
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degradation would be complete [67, 68]. The effective role of the TRAMP complex in this process also remains
poorly understood.

Sequence-specific recruitment of the exosome is also involved in rRNA processing events. In vitro, the human M-
phase phosphoprotein 6 (MPP6) was reported to bind preferentially pyrimidin-rich RNAs, and displays affinity for
the internal transcribed spacer 2 (ITS2) in rRNA precursors [17]. In vivo, the knockdown of its expression results in
defects in 5.8S rRNA 3’—endformation. MPP6 is proposed to mediate the recruitment of the nuclear exosome to a
CCCCUUCCCCCUCCCCCC sequence within the ITS2 [17], together with KIAA052, C1D and PM/Scl-100 (the
human homologues of Mtr4, Lrpl and Rrp6, respectively) [48].

5.2. Structured-based mechanisms of substrate recruitment

Independently of their sequence, some transcripts appear to be rather orientated towards the exosome according to
their structural properties. Two distinct processes can be defined: on the one hand, abnormally folded RNAs have to
be detected and eliminated by quality control mechanisms; on the other hand, certain classes of transcripts
harbouring typical structural motifs can also undergo exosome-mediated degradation.

Abnormally folded RNA species appear to be recognized in yeast by the TRAMP complex, which enables their
complete degradation by the exosome, instead of a partial trimming. The precise mechanisms involved in the
detection of these species are still hypothetical. One possible explanation relies on a proposed model for the
degradation of prokaryotic RNA [69]. Abnormally folded RNA species would expose protruding 3’-ends, accessible
for polyadenylation, and would then be processed from 3’ to 5’ by the polynucleotide phosphorylase (PNPase). On
the contrary, fully functional RNAs would be structured so that these ends would be buried into the structure of
RNPs, and as a consequence protected from degradation. Based on the thermodynamic instability of a number of
TRAMP-exosome substrates [39, 70], a similar model has been proposed for the TRAMP-mediated quality control
[35].

Another possible mechanism is that thermodynamically stable secondary structures, or association to proteins within
RNPs, would block the progression of the exosome on certain transcripts, and thus orientate their fate, by operating
the choice between a partial trimming and a complete degradation. Such a mechanism has been anticipated for the
maturation of snRNAs and snoRNAs as reported above [68], as well as for the control of the 5.8S rRNA 3’—
endformation from its 7S precursor [5].

The specific addressing of structured substrates to the exosome is likely to involve specific cofactors. The yeast
protein Lrp1/Rrp47, or its homologue in higher eukaryotes C1D, is probably one of them. This factor binds RNAs
with a preferential specificity for structured species [48, 71]. Rrp47 was also reported to form a hexameric complex,
which interacts with the PMC2NT of Rrp6 and stimulates its activity [71, 72]. It is therefore supposed to promote
the degradation of Rrp6 substrates containing structured motifs such as tRNAs and snRNAs, as well as the potential
RNA duplexes created by the hybridization of antisense CUTs with target mRNAs [71].

6. Conclusion

Given its barrel-like structure, the exosome has sometimes been compared to the proteasome, as a macromolecular
cage devoted to RNA degradation [13]. Nevertheless, though the global architecture of the ring is conserved
between the prokaryotic and eukaryotic phyla, the location of the nucleolytic centers prove to have diverged across
evolution; if these activities are buried inside the central channel in both the archaeal exosome and the bacterial
degradosome, they reside on more labile subunits — Dis3 and Rrp6 — in several of their eukaryotic counterparts [28].
Henceforth, the stable macromolecular structure adopted by the 9 ring subunits appears more like a central scaffold,
which may coordinate the activities of the nucleases and potential regulation mechanisms. An appealing hypothesis
is that the ring subunits may control the accessibility of substrates to the catalytic sites due to steric considerations,
hence limiting the nucleolytic capacities of the RNAses compared to free subunits [26]. The macromolecular
structure could also contribute to the reaction by gathering in close vicinity the substrates, the exonucleases and
various cofactors.

If the molecular function of most cofactors is still unclear, they turn out to play a major part in the process, either by
selecting the substrates, or by assisting the exonucleases. A large part of the future works aiming at understanding
the exosome mode of action will probably concentrate on solving the exact roles of these cofactors. Apart from the
main ones cited above, which display a physical association with exosome components, other partners may
influence exosome activity; among them, the Ran GTPase Gspl is likely to play a crucial role in the quality control
of precursors of ribosomal subunits. Indeed, mutants of this protein display 5.8S maturation defects very similar to
that of Dis3 mutants, and can be compensated by overexpression of either Dis3 or Mtr4 [73]. Considering the role of
Gspl in the export of pre-ribosomal subunits from the nucleus to the cytoplasm, this protein might bridge the quality
control of the ribosomal RNAs with the regulation of export.

In addition to quality control mechanisms described here, the exosome and its cofactors were shown to participate in
other cellular processes, such as regulations of specific mRNA levels. A few such regulatory pathways have been
described to date, including the autoregulation of NRDI mRNA levels by degradation induced by premature
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transcription termination [74], the control of transcription of the /MD2 locus by short, polyadenylated, promoter-
associated transcripts that are substrates for the exosome [75], or the regulation of histone mRNA amounts by
TRAMP-exosome mediated decay [76]. Recent evidence also suggest that the exosome may participate in gene
silencing mechanisms; for instance, in Schizosaccharomyces pombe, polyadenylation of transcripts produced within
centromeric repeats by Cid14, which show sequence similarity to Trf4/5, results in gene silencing by recruitment of
the exosome or the RNAi machinery [45]. In the unicellular green alga Chlamydomonas reinhardtii, MUT68,, a
poly(A)-polymerase of the same family, polyadenylates RNA intermediates resulting from siRNA-directed
cleavage, thus stimulating exosome-mediated degradation [77]. Altogether, a number of functional data converge
towards a view in which the exosome would be the final end of a large variety of pathways involved both in
quantitative and qualitative RNA quality controls.
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Figure 1. Interaction network between the yeast nuclear and cytoplasmic exosomes and their cofactors. Each
reported interaction between several factors is represented by a plain or dashed colour line. “Direct” interaction
designate in vitro-reconstituted complexes. “Complex” refers to various techniques of protein complex purification
by affinity chromatography. “Genetic” interactions are considered in bulk, regardless of their nature (i.e. synthetic
lethal, dosage rescue, etc.). For more convenience, factors that are known to form complexes with a defined
stoichiometry are grouped together, and lines are eluded; when affinity-purification data link one factor with several
members of a same complex, only one interaction is represented. All factors taking part in a common biological
process are gathered within the same grey unit.
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