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PREFACE

The diversity of RNAs inside living cells is amazing. We have known of the more 
“classic” RNA species: mRNA, tRNA, rRNA, snRNA and snoRNA for some time now, 
but in a steady stream new types of molecules are being described as it is becoming clear 
that most of the genomic information of cells ends up in RNA. To deal with the enormous 
load of resulting RNA processing and degradation reactions, cells need adequate and 
efficient molecular machines. The RNA exosome is arising as a major facilitator to this 
effect. Structural and functional data gathered over the last decade have illustrated the 
biochemical importance of this multimeric complex and its many co-factors, revealing its 
enormous regulatory power. By gathering some of the most prominent researchers in the 
exosome field, it is the aim of this volume to introduce this fascinating protein complex 
as well as to give a timely and rich account of its many functions.

The exosome was discovered more than a decade ago by Phil Mitchell and David 
Tollervey by its ability to trim the 3’end of yeast, S. cerevisiae, 5.8S rRNA. In a historic 
account they laid out the events surrounding this identification and the subsequent 
birth of the research field. In the chapter by Kurt Januszyk and Christopher Lima the 
structural organization of eukaryotic exosomes and their evolutionary counterparts in 
bacteria and archaea are discussed in large part through presentation of structures. The 
functional implications of many of these are discussed in subsequent chapters dealing 
with the organizations and utilities of archea (Elena Evguenieva-Hackenberg), protist 
(Christine Clayton and Antonio Estevez) and plant (Heike Lange and Dominique 
Gagliardi) exosomes. 

Exosomes gain their functional properties by associating with exo- and endo-
nucleolytic subunits as well as with additional enzymes like RNA helicases and poly(A) 
polymerases. Collectively, this results in a flexible molecular machine capable of dealing 
with a multitude of cellular RNA substrates of both nuclear and cytoplasmic origin. 
Interestingly, prokaryotes employ a basic set of enzymes and therefore may illustrate 
the evolutionary origin of the eukaryotic system. These issues are discussed in three 
chapters: by Aleksander Chlebowski, Rafal Tomecki, Maria Eugenia Gas Lopez, Bertrand 
Seraphin, and Andrzej Dziembowski; by Daneen Schaeffer, Amanda Clark, Alejandra 
Klauer, Borislava Tsanova, and Ambro van Hoof as well as by Scott Butler and Phil 
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Mitchell. Recently discovered roles in the elimination of transcriptional noise and in 
heterochromatization underscore the tremendous flexibility of the RNA exosome. The 
chapters by Coy and Vasiljeva and Rougemaille and Libri deal with these effects of the 
exosome on gene silencing.

Finally, given the essential nature of the complex, it may come as no surprise that 
it is implicated with different human disease states. Even before exosome function was 
described in S. cerevisiae, sera of certain autoimmune patients identified a protein complex 
which later turned out to be the human exosome. The chapter by Staals and Pruijn gives 
a historic perspective on this parallel discovery of exosome and discusses the occurrence 
of autoantibodies to exosome components in autoimmune diseases and the connection 
of the exosome with cancer. 

In closing, I wish to thank all contributing authors for doing a fantastic job of 
portraying our current structural and mechanistic knowledge about the RNA exosome. 

Torben Heick Jensen, PhD
 Centre for mRNP Biogenesis and Metabolism, Department of Molecular Biology,

Aarhus University, Aarhus, Denmark
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CHAPTER 1 

FINDING THE EXOSOME

Phil Mitchell*,1 and David Tollervey*,2

1  
2Wellcome Trust Centre for Cell Biology, University of Edinburgh, Edinburgh, Scotland, UK. 

Abstract: We describe the events surrounding the identi cation of the exosome complex and 
the subsequent early development of the eld. Like many scienti c discoveries, the 
initial identi cation and characterization of the exosome was based on a combination 
of skill, good fortune—and the availability of cutting edge technology.

INTRODUCTION

The early 1990s were in some respects a frustrating time for ribosome research. On 
the one hand, established plasmid-based rDNA systems enabled the precise mapping 
and mutagenesis analysis of processing sites within the pre-rRNA sequence and a 
steady ow of processing factors were being identi ed by genetic, biochemical and 
bioinformatic approaches. However, genetic depletion of the identi ed trans-acting 
factors typically caused a common set of defects in pre-rRNA processing that led 
to a general loss of rRNA levels and it was therefore impossible to identify the 
speci c molecular function of the protein. We therefore decided to concentrate on 
trying to identify enzymes that participate in the pre-rRNA processing reactions. The 
identi cation of these factors promised opportunities for more insightful experiments 
such as in vitro biochemical analyses, targeted mutagenesis studies and studies on the 
regulation of the pathway.

RNA Exosome, edited by Torben Heick Jensen. 
©2010 Landes Bioscience and Springer Science+Business Media.
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FROM NORTHERNS TO NUCLEASES

We were therefore interested in screening banks of conditional yeast mutants for 
those showing blocks in speci c steps in the pre-rRNA processing pathway, rather than 
just the loss of the pre-rRNAs. The problem was that generating and testing banks of 
mutants required and still requires, a great deal of work. Happily, at about this time Zoe 
Lygerou, in the group of Bertrand Séraphin also working at EMBL, was attempting to 
identify mutants defective in the interaction between the U4 and U6 small nuclear RNAs. 
To this end they had generated a collection of around 250 temperature-sensitive (ts) lethal 
yeast strains, extracted RNA from each and resolved the RNA on nondenaturing gels 
suitable for separating low molecular weight RNAs. The gels were far from ideal for the 
analysis of pre-rRNA processing defects and carried RNA from only around 250 strains, 
not all of which had given usable separation (see Fig. 1). The blots were, however, at 
hand and so we screened them by northern hybridization for defects in processing of the 
similarly sized 5.8S rRNA.

Figure 1. Identi cation of strain At187 harboring the rrp4–1 mutation. A) RNA was extracted under 
nondenaturing conditions from a collection of temperature-sensitive mutant yeast strains, separated by 
native gel electrophoresis and analyzed by northern hybridization. Due to the native gel conditions 5.8S 
rRNA largely remains associated with the 25S rRNA, but the ITS2 probe in strain At187 lit bands 
above the 5.8S rRNA. B: Subsequent analyses on denaturing gels revealed that these represented the 
accumulation of 3  extended species. A sequencing ladder was run on the same gel and transferred to the 
northern lter as a size marker. Following back-crossing, the RRP4 gene was cloned by complementation 
of the ts-phenotype of the rrp4–1 mutation that is carried by this strain.
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A small number of the ts mutants showed apparent alterations in 5.8S rRNA levels 
and/or accumulation of potential precursors and for two of these, reanalysis of the mutant 
by RNA extraction and separation on denaturing gels con rmed the suggested phenotype. 
The rst mutant to be characterized was found to be defective in 5  maturation of both 
pre-tRNA and 5.8S rRNA. The corresponding gene was cloned by complementation 
of the ts growth phenotype. Subsequent analysis revealed that it encoded a protein that 
was a common component of the endoribonucleases RNase P and RNase MRP, the rst 
such protein to be identi ed.1 RNase P cleaves the 5  end of tRNAs (reviewed in ref. 2), 
whereas RNase MRP cleaves the pre-rRNA at site A3 both in vivo and in vitro.1,3,4 The 
protein is essential, conserved to humans and was designated Pop1 (for processing of 
precursor RNAs). This nding led us to propose that RNase MRP and RNase P have 
evolved from a common enzyme involved in ribosome synthesis.5

Encouraged by these results, we then turned our attention to the second ts mutation. 
In this case, better characterization of the pre-rRNA processing phenotype revealed 
a ladder of 3 -extended forms of the 5.8S rRNA. The corresponding gene was cloned 
and designated as RRP4 (rRNA processing defective); like Pop1, the Rrp4 protein was 
found to be essential and well conserved to humans. By expressing an epitope-tagged 
form of Rrp4 in yeast and purifying the protein from cell lysates, we showed that Rrp4 
had an associated 3  to 5  exoribonuclease activity. These observations led us to propose 
that the 3  end of the mature 5.8S rRNA is generated by a 3  to 5  exonuclease acting 
from the downstream C2 cleavage site.6

A GLIMPSE OF THE EXOSOME

Glycerol gradient ultracentrifugation analyses indicated that Rrp4 is a component of 
a moderately sized complex with an estimated mass of approximately 300–400kDa. To 
identify other protein components of this complex, the epitope-tagged Rrp4 was af nity 
puri ed from peak gradient fractions. These studies predated the establishment of the TAP 
tagging procedure7 and the puri cations were performed using a noncleavable protein 
A tag (see Fig. 2). After binding to IgG beads, retained proteins were nonspeci cally 
eluted with acetic acid and resolved by SDS-PAGE. A signi cant problem with early 
analyses was the predominance of IgG molecules on the protein gels due to acid leaching 
from the beads. This problem was partially minimized by using gel loading buffers 
lacking mercaptoethanol. At this time, the identi cation of proteins from excised gel 
bands was far from routine but, fortunately, Mathias Mann was then developing this 
approach and agreed to analyze the samples. Despite the large amount of IgG present in 
the samples, Andrej Schevchenko in Matthias Mann’s lab identi ed four other proteins 
from the rst gels, along with Rrp4. For consistency, we designated these proteins 
Rrp41, Rrp42, Rrp43 and Rrp44. The band containing Rrp41 was much stronger than 
expected in the initial gels, but 6 peptides sequenced by mass spectrometry (a lot for 
that time) all corresponded to Rrp41, leading us to conclude (incorrectly as it turned 
out) that it was present in multiple copies in the complex.8 Subsequent analyses were to 
reveal the presence of multiple, similarly sized proteins in the complex. Reassuringly, 
genetic depletion of each of the identi ed proteins elicited the same 5.8S rRNA 
processing phenotype observed in the original rrp4–1 ts mutant. To our delight, one 
of the proteins identi ed, Rrp44, was clearly homologous to bacterial RNase R, a 
member of the RNase II family of processive, hydrolytic exonucleases. We obtained a 
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recombinant expression construct for Rrp44 from the lab of Takeharu Nishimoto, who 
had previously identi ed the S.pombe homologue of Rrp44 (Dis3) through interactions 
with the Ran GTPase. Using this, we were able to show that Rrp44 had the predicted 
processive, exoribonuclease activity. We now had a candidate enzyme for the observed 
5.8S rRNA processing activity.

However, we noted that the processive activity of recombinant Rrp44 did not 
correlate with the distributive activity that was associated with Rrp4 pull-downs 
from yeast cell extracts, suggesting that either the activity of Rrp44 was altered upon 
assembly into the complex or that at least one other component of the complex also 
had catalytic activity. Both explanations eventually turned out to be correct. Before 
analyzing the Rrp4 complex, we had expressed Rrp4 in E. coli and tested the recombinant 

Figure 2. First analysis of the exosome complex. Analytical gel of the rst exosome preparation that 
was puri ed over a glycerol gradient. Western analyses of the gradient fractions identi ed two peaks 
of Rrp4, which were then puri ed by af nity chromatography on IgG sepharose beads, eluted with 
acetic acid and the proteins resolved by SDS-PAGE. Lane 1, pooled gradient fractions from peak I. 
Lane 2, supernatant from peak I. Lane 3, acid eluate from peak I. Lane 4, 10-fold enriched eluate 
fraction. Lanes 5–8, equivalent samples from peak II. The sizes (kDa) of molecular weight markers 
are indicated. Protein bands in the peak II eluate fraction that were subsequently identi ed by mass 
spectrometry are labeled.
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protein for exonuclease activity. We observed a distributive activity very similar to 
that seen with the af nity puri ed yeast complex, which convinced us that Rrp4 was 
a distributive exonuclease. This result proved to be irreproducible and presumably 
re ected the presence of a contaminant activity. Studies by Andrej Dziembowski and 
Bertrand Séraphin9 later showed that the distributive in vitro activity of the exosome 
was probably actually due to Rrp6, which was subsequently identi ed as a component 
of the complex.

THE COMPLETE COMPLEX

Bioinformatics analyses also played an important part in the characterization of 
the exosome complex. Initial BLAST analyses revealed that Rrp41 was homologous to 
another E. coli nuclease, RNase PH. BLAST searches failed to identify homologues for 
Rrp42 and Rrp43, but Sara Mian identi ed a family of yeast proteins related to RNase 
PH including Rrp41, Rrp42 and Rrp43.8,10 This family was also predicted to include the 
uncharacterized products of the YDR280w and YGR095c genes. Around this time Roy 
Parker and Reed Wickner discovered that Rrp41 was identical to the product of the 
previously identi ed but uncloned SKI6 gene, which the Parker lab then showed to 
function in cytoplasmic mRNA turnover.11,12 They also realized that yet another yeast 
protein, Mtr3, was homologous to Rrp41/Ski6 and RNase PH.

Based on this sequence homology, Christine Allmang made conditional mutants of 
the two uncharacterized genes and showed that depletion of the encoded proteins also 
led to the accumulation of 3  extended forms of 5.8S rRNA.13 We named these genes 
RRP45 and RRP46, respectively. Analysis of the mtr3–1 ts mutant, obtained from the 
lab of Alan Tartakoff, revealed a similar defect in 5.8S rRNA maturation. Exosome 
complexes from Archeae and plants exhibit exonuclease activity mediated by RNase 
PH related subunits,14-16 but this does not appear to be the case for other eukaryotic 
systems tested.

In the meantime, we had made two further modi cations to the exosome puri cation 
procedures. Firstly, we resolved the cell lysates by ion exchange chromatography prior 
to SDS-PAGE analysis. This enabled a signi cant scale-up of the experiments and 
provided a puri cation step that was considerably more rapid and as equally effective 
as resolving lysates through glycerol gradients. We subsequently adopted the technique, 
developed by Dirk Görlich, for eluting proteins retained on IgG beads with a gradient 
of increasing MgCl2 concentration.17 Together, these two approaches produced gels that 
allowed the identi cation of Rrp45, Rrp46, Mtr3 and two newly identi ed proteins, 
Rrp40 and Csl4, in addition to Rrp4 and Rrp41–44. Genetic depletion of Rrp40 and Csl4 
also led to the same 5.8S rRNA processing phenotype. The gels of the gradient eluate 
fractions also revealed that Rrp44 was not as stably bound to the complex as the other 
identi ed components, demonstrating the existence of a stable nonomeric “core”. We 
were also able to biochemically resolve two distinct forms of the complex that differed 
by the presence or absence of the nuclear protein Rrp6, another exoribonuclease that 
had been shown to function in 5.8S rRNA processing by the group of Scott Butler.18 
Subsequently, we and others identi ed three additional substoichiometric components 
of the complex, the cytoplasmic GTPase Ski7 and the nuclear RNA binding proteins 
Rrp47/Lrp1 and Mpp6.19-24
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A BROADER PERSPECTIVE

We generated cDNA expression constructs of the gene encoding the human 
homologue of Rrp4 from a HeLa cDNA library that was provided by Karsten Weis, 
who was then in the lab of Angus Lamond at EMBL and were able to show that 
overexpression of the encoded protein complemented the ts growth phenotype of the 
rrp4–1 mutant. Coimmunoprecipitation studies subsequently showed that a complex 
closely related to the yeast exosome was present in human cells, where it had initially 
been identi ed as the PM-Scl complex, a target of autoimmune antibodies in patients 
suffering from the unfortunate sounding polymyositis-scleroderma overlap syndrome 
(PM-Scl—now termed Scleromyositis).13,25 The human exosome complex was then 
puri ed by expressing epitope-tagged hRrp4 and shown to act in ARE-mediated 
mRNA decay.26

The barrel shape of the exosome was rst predicted by Ambro van Hoof and 
Roy Parker,27 who insightfully suggested that the structure might be analogous to the 
proteasome. Support for this model was provided by structural analysis of the Bacterial 
PNPase, which was shown to have a domain composition strikingly similar to that 
of the exosome.28,29 Finally, the crystal structures of the archaeal and then the human 
exosome con rmed the exosome structure as a barrel with a central cavity through 
which substrates pass.16,30-32

The distributive activity of yeast exosome complexes observed in vitro did not 
correlate well with genetic and biochemical data that indicated potent activity in vivo 
on highly structured RNA-protein complexes. The obvious hypothesis was that the 
exosome was largely dependent upon additional cofactors for substrate identi cation 
and activation in vivo and numerous cofactors have since been identi ed; reviewed in 
ref. 33. Recent studies have also revealed an endoribonuclease activity of Rrp44.34-36

Although the exosome was initially characterized as a pre-rRNA processing complex, 
it was immediately clear from the growth characteristics of the ts rrp4–1 mutant that 
it had additional functions that are essential for normal cell growth. In addition to the 
studies linking the exosome to cytoplasmic mRNA turnover,12 work in our lab and others 
soon revealed functions in the processing of small stable RNAs37 and subsequently 
showed it to function in surveillance pathways that eliminate aberrantly processed or 
assembled transcripts.38-41 Loss of these functions would nevertheless not be expected 
to trigger the rapid growth inhibition that can be seen in conditional exosome mutants. 
This may now have been largely explained by recent analyses of the plethora of cryptic 
noncoding RNAs; see for example reference 42 and reviews by references 33 and 43. 
These have revealed a fundamental function of the exosome and its cofactors as key 
gatekeepers of the transcriptome.

CONCLUSION

Despite many publications, the identi cation of a vast number of substrates and 
the characterization of numerous cofactors, key questions concerning the exosome 
remain unanswered. In particular, how are the distinct catalytic activities of the complex 
coordinated and how do the cofactors modulate the activity of the exosome complex at 
the molecular level? Resolving these questions will require a range of approaches—and 
should continue to provide a fruitful eld of study for some time to come.
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CHAPTER 2

STRUCTURAL COMPONENTS AND 
ARCHITECTURES OF RNA EXOSOMES

Kurt Januszyk and Christopher D. Lima*
Structural Biology Program, Sloan-Kettering Institute, New York, New York, USA. 
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Abstract: A large body of structural work conducted over the past ten years has elucidated 
mechanistic details related to 3  to 5  processing and decay of RNA substrates 
by the RNA exosome. This chapter will focus on the structural organization of 
eukaryotic exosomes and their evolutionary cousins in bacteria and archaea with 
an emphasis on mechanistic details related to substrate recognition and to 3  to 5  
phosphorolytic exoribonucleolytic activities of bacterial and archaeal exosomes 
as well as the hydrolytic exoribonucleolytic and endoribonucleolytic activities 
of eukaryotic exosomes. These points will be addressed in large part through 
presentation of crystal structures of phosphorolytic enzymes such as bacterial RNase 
PH, PNPase and archaeal exosomes and crystal structures of the eukaryotic exosome 
and exosome sub-complexes in addition to standalone structures of proteins that 
catalyze activities associated with the eukaryotic RNA exosome, namely Rrp44, 
Rrp6 and their bacterial counterparts.

INTRODUCTION

Enzymes that catalyze 3  to 5  RNA decay share evolutionary relationships 
throughout prokaryotic, archaeal and eukaryotic phylogeny (Fig. 1). 3  to 5  RNA 
decay is promoted by three distinct classes of enzymes that catalyze exoribonuclease 
activity in bacteria. One includes two related enzymes, RNase II and RNase R, which 
catalyze processive hydrolytic RNA decay. Another class includes the enzyme RNase 
D which catalyzes distributive hydrolytic RNA decay. The third class includes PNPase, 
a processive phosphorolytic exoribonuclease that is associated with the degradosome, 
a RNA decay complex comprised of PNPase, the endoribonuclease RNase E, the RNA 
helicase RhlB and enolase.1-2 PNPase is a multi-domain protein that homooligomerizes 

RNA Exosome, edited by Torben Heick Jensen. 
©2010 Landes Bioscience and Springer Science+Business Media.
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Figure 1. Schematics of domains in ‘exosomes’ from bacteria, archaea and eukaryotes. A) Bacterial 
RNase PH and PNPase subunits. Bacterial RNase PH contains a 3  to 5  phosphorolytic exoribonucleolytic 
active site (red circle). Bacterial PNPase contains ve domains: RNase PH 1, the alpha domain, 
RNase PH 2, a KH domain and an S1 domain. A 3  to 5  phosphorolytic exoribonucleolytic active site 
resides in the RNase PH 2 domain (red circle). B) Archaeal exosome subunits. Archaeal exosomes 
include four subunits: Rrp41, that contains a RNase PH 2-like domain with a 3  to 5  phosphorolytic 
exoribonucleolytic active site (red circle), Rrp42, that contains a RNase PH 1-like domain and either Csl4 
or Rrp4. Csl4 contains an N-Terminal Domain (NTD), a S1 domain and a KH domain. Rrp4 contains 
an N-Terminal Domain (NTD), a S1 domain and a Carboxy Terminal Domain (CTD). C) Eukaryotic 
exosome subunits. Protozoan and metazoan exosomes contain either ten or eleven components consisting 
of nine catalytically inert core components (Rrp41, Rrp42, Mtr3, Rrp43, Rrp46, Rrp45, Csl4, Rrp4 
and Rrp40) and two active components Rrp44 and Rrp6. Alternative names for each of the eukaryotic 
subunits are included. Rrp44 contains ve annotated domains: a PIN (PIlus N terminal) domain with a 
Cysteine-Rich sequence (CR3), two Cold Shock Domains (CSD1 and CSD2), a Ribo Nuclease Binding 
(RNB) domain and an S1 domain. The “hydrolytic” endoribonucleolytic activity is located within the 
PIN domain (yellow circle) and the processive 3  to 5  hydrolytic exoribonucleolytic activity resides in 
the RNB domain (green circle). Metazoan exosomes may vary in their utilization of Rrp44 (e.g., three 
in human H1, H2 and H3). Rrp6 contains three known domains: NTD (N-Terminal Domain), EXO 
(EXOribonuclease domain) and HRDC (Homology to RNase D domain C-terminal). It is hypothesized 
that a second HRDC domain (HRDC2) may be located C-terminal to HRDC. 3  to 5  distributive 
hydrolytic endoribonucleolytic activity is located within the EXO domain (green circle).
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to form a ring-like structure with a central channel that harbors the phosphorolytic 
active sites.

Archaeal exosomes are processive phosphorolytic enzymes that share mechanistic and 
structural similarities to bacterial PNPase3-4 (Fig. 1B). Archaeal exosomes are composed of 
up to four individually encoded proteins that oligomerize to form an analogous structure 
to PNPase, although in this instance intact exosomes form by oligomerization of six 
subunits that make the ring and three additional subunits that cap the ring.5-6 As with 
PNPase, archaeal exosomes have a central channel through which the RNA substrate 
must pass to gain access to the phosphorolytic active sites.7-8

The eukaryotic exosome core is architecturally similar to PNPase and archaeal 
exosomes, although it is more complex because it is composed of nine individually 
encoded subunits.9 The eukaryotic exosome also differs fundamentally from PNPase and 
archaeal exosomes, because it is not a phosphorolytic enzyme and instead has developed 
the ability to directly associate with Rrp44 and Rrp6, hydrolytic exoribonucleases that 
share evolutionary relationships to bacterial RNase II/R and RNase D, respectively.9-11

In this chapter, we will describe the individual domains and overall architectures of 
enzymes and proteins that contribute to 3  to 5  decay through formation of exosomes or 
exosome-related complexes in bacterial, archaeal and eukaryl organisms with an emphasis 
on what is currently known about their respective catalytic mechanisms and how the 
architecture of the intact exosome cores impacts their activities and function.

GLOBAL STRUCTURE OF THE EXOSOME

RNase PH, PNPase, archaeal and eukaryotic exosome cores are composed of 
evolutionarily related domains (Fig. 1) that oligomerize to form rings with central pores 
large enough to accommodate single stranded RNA (Fig. 2). RNase PH achieves this 
architecture through oligomerization of six RNase PH proteins (Fig. 1), resulting in a 
pseudo-hexameric ring with three-fold symmetry (Fig. 2A).12-14 The RNase PH ring 
includes six phosphorolytic active sites that are located in the interface between respective 
RNase PH proteins. The head to tail arrangement of RNase PH proteins around the ring 
generates a molecular two fold axis that situates three active sites on the bottom of the 
ring, another three active sites on the top of the ring and RNA binding surfaces situated 
within the pore (Fig. 3A).

Similar to RNase PH, PNPase forms a related pseudo-hexameric ring through 
oligomerization of three PNPase molecules that contain an N-terminal RNase PH-like 
domain which we term RNase PH 1, an alpha domain, a second RNase PH-like domain 
which we term RNase PH 2 which is then followed by a KH domain and an S1 domain 
(Fig. 1A). The RNase PH 2 domain contains residues responsible for phosphorolytic 
activity, while the amino terminal RNase PH 1 domain is catalytically inactive.2 The 
phosphorolytic active site and RNA binding surfaces are formed at the interface between 
the RNase PH 2 and RNase PH 1 domains (Fig. 3B). Because only one RNA PH-like 
domain in PNPase contains residues that form the phosphorolytic active site, only three 
active sites are formed in PNPase. In addition, the RNase PH 2 domain of PNPase is 
partially occluded from solvent by the alpha domain (bottom orientation) while additional 
putative RNA binding surfaces are formed by the KH and S1 domains (top orientation, 
Figs. 2B and 3B).
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Figure 2. ‘Exosomes’ from bacteria, archaea and eukaryotes have a similar architecture. RNase PH, 
PNPase, archaeal exosome and eukaryotic core exosome structures and schematics are depicted in two 
orientations which we denote bottom and top. Architectures emphasize a six-component ring with or 
without phosphorolytic active sites (shown as red dots in cartoon representation and red surfaces in the 
surface representations of the respective structures). A) RNase PH. The Aquifex aeolicus RNase PH 
structure (PDB ID  1UDN) forms a homohexamer of PH subunits (colored dark blue and light blue, 
for clarity). B) PNPase. The S. antibioticus PNPase structure (PDB ID  1E3P) forms a homotrimer. 
PNPase protomers are colored light yellow, dark yellow and light brown to distinguish the homotrimer 
of RNase PH 1-like (PH 1) and RNase PH 2-like (PH 2) domains. The  domain was omitted to enable 
visualization of the phosphorolytic active sites in the bottom view (red dots). C) Archaeal exosome. The 
S. solfataricus archaeal exosome (PDB ID  2JE6) is depicted with Rrp41 subunits (blue) and Rrp42 
subunits (green) which form the six-component ring. Top view in the schematic shows the orientation 
of Csl4 (N-Terminal Domain, S1 domain and C-Terminal Domain) and Rrp4 (N-Terminal Domain, S1 
domain and KH domain) labeled and shown in grey. The surface representation of the structure depicts 
the Rrp4-bound archaeal exosome. Residues in the active site are partially occluded from view such that 
the active site appears as two discontinuous red surfaces. D) Eukaryotic core exosome. The eukaryotic 
exosome is shown from H. sapiens (PDB ID  2NN6). Subunits Rrp41 (magenta), Rrp42 (red), Mtr3 
(orange), Rrp43 (yellow), Rrp46 (green), Rrp45 (blue) form the six-component ring. Subunits Rrp40 
(light pink), Csl4 (cyan) and Rrp4 (grey) form the three-component cap. No phosphorolytic active site 
exists in the eukaryotic core exosome.
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Figure 3. Structures of exosome domains. Residues in red indicate phosphate binding regions and residues 
in yellow highlight RNA binding surfaces. Structures depicted in cartoons with helices as tubes and 

-strands as arrows. A) RNase PH homodimerization interface (PDB ID  1UDN). Phosphate binding 
residues include T125 and R126. RNA binding residues: R86, R92, R96 and R99. B) PNPase RNase PH 
1/RNase PH 2 domain binding interface (PDB ID  1E3P). Phosphate binding residues include: T462 and 
S463. RNA binding interface residues: R100, R104, R107, R422 and R423. A second RNA binding site 
includes residues F84, F85, R86 and R87. C) Archaeal S. solfataricus exosome Rrp41/Rrp42 heterodimer 
interface (PDB ID  2JE6). Phosphate binding residues are from ssRrp41: S138 and R139. RNA binding 
interface residues from ssRrp41 are R98 and R99 and R112, R116 and R119 (ssRrp42). The second RNA 
binding region includes residues R67 and H68 (from ssRrp41) D) Eukaryotic H. sapiens Rrp41/Rrp45 
hetero-dimerization interface. Putative RNA binding interface residues include: K94, S95, R104, R108 
and R111 and the second putative RNA binding region includes residues R61 and A62. Structures for 
the archaeal three-component cap subunits (PDB ID  2BAO and 2BA1): E) A. fulgidus Csl4 and F) 
A. fulgidus Rrp4. Putative RNA binding surfaces are highlighted in yellow for the S1 domain and KH 
domain on a transparent surface representation. Similar structures exist for the human three-component 
cap subunits Csl4, Rrp4 and Rrp40 as discussed in the text (PDB ID  2NN6).
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Crystal structures from the hyper-thermophiles Sulfolobus solfataricus, Archaeoglobus 
fulgidus and Pyrococcus abyssi revealed that archaeal exosomes are composed of 
trimers of Rrp41-Rrp42 heterodimers which oligomerize to form pseudo-hexameric 
rings (Fig. 2C). Rrp41 contains residues that comprise the phosphorolytic active site 
that share sequence similarity with both the RNase PH 2 domain of PNPase and RNase 
PH (Fig. 1). Rrp42 shares sequence similarity with the RNase PH 1 domain and is 
catalytically inert (Figs. 2C and 3C). Analogous to bacterial PNPase, the RNA binding 
surfaces and active sites are located in a composite surface formed between the Rrp41 and 
Rrp42 heterodimer (Fig. 3C). The six-subunit rings are capped by three copies of Rrp4, 
Csl4, or combinations therein.5-7,15 Rrp4 and Csl4 both contain putative sites for RNA 
interaction via their S1 and KH domains or S1 domain, respectively. The phosphorolytic 
active sites are exposed to solvent and visible at the bottom of the ring while Rrp4 or Csl4 
cap the top of the ring to presumably restrict access or guide substrates into the pore for 
degradation (Fig. 2C, top view).

The human exosome core features a pseudo-hexameric six-component ring, 
three-component cap and a central pore, an architecture common to bacterial PNPase and 
archaeal exosomes (Figs. 1 and 2D).9 With that said, the human exosome architecture 
differs somewhat from archaeal exosomes because the nine-subunit core is formed 
through oligomerization of nine individually encoded subunits that form the ring (Rrp41, 
Rrp45, Rrp42, Rrp43, Mtr3 and Rrp46) or the three-component cap (Rrp4, Rrp40 and 
Csl4). While it is likely that the general architecture observed for the human exosome 
core is predictive of other eukaryotic exosomes, subtle distinctions between protozoa and 
metazoa are expected; for instance, metazoan Rrp45 subunits include a large ( 150 amino 
acid) C-terminal extension that is absent in lower eukaryotes (Fig. 1C). Interestingly in 
human Rrp45, this extension contains a phosphorylation-dependent SUMO interaction 
motif suggesting that this region of Rrp45 may be important for regulation of exosome 
activities or assembly.16

Subunits that comprise the six-component ring of eukaryotic exosomes share higher 
sequence and structural similarities to either archaeal Rrp41 or PNPase RNase PH 2-like 
proteins (Rrp41, Mtr3 and Rrp46) or archaeal Rrp42 or PNPase RNase PH 1-like proteins 
(Rrp42, Rrp43 and Rrp45). The six-component ring is formed by oligomerization of three 
distinct RNase PH 2-like and RNase PH 1-like heterodimers: Rrp41-Rrp45, Rrp43-Rrp46 
and Mtr3-Rrp42. However, unlike the archaeal exosome or PNPase, both classes of 
eukaryotic RNase PH-like domains are devoid of catalytic activity and do not contain 
key catalytic residues that are conserved in PNPase or archaeal exosome phosphorolytic 
active sites (Figs. 1C and 2D).5,9-11,17

Csl4, Rrp4 and Rrp40 contain N-terminal Domains (NTD) and putative RNA binding 
S1 domains, but they differ with respect to inclusion of either a KH domain (as observed 
in Rrp4 and Rrp40) or a C-Terminal Domain (CTD), as observed for Csl4 (Fig. 1C). In 
addition, subunits of the cap are required to stabilize interactions between the different RNase 
PH-like heterodimers. Speci cally in the human exosome, Rrp4 bridges interactions between 
Rrp41 and Rrp42, Rrp40 bridges the Rrp45 and Rrp46 interface and Csl4 interacts with 
Mtr3 and to a lesser extent with Rrp43 (Fig. 2D). This phenomenon of the three-component 
cap stabilizing the hexameric core is unique to eukaryotes, insofar as the archaeal exosome 
forms stable six-component rings in the absence of the three-component cap.5 A feature 
unique to eukaryotic and archaeal exosomes is that the S1 domains of the three-component 
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cap face the central pore surface, while in bacterial PNPase the KH domains face the central 
pore. The signi cance of the orientations for the S1 and KH putative RNA binding domains 
with respect to the central pore has not been ascertained.

RNase PH-LIKE DOMAINS IN BACTERIAL, ARCHAEAL  
AND EUKARYOTIC CORE EXOSOMES

RNase PH domains are comprised of a  fold and are conserved in RNase 
PH, PNPase, archaeal exosomes and eukaryotic exosomes.2,5-6,9 In RNase PH, two 
PH domains form a head to tail dimer generating a composite surface that includes 
residues that constitute RNA surfaces and the phosphorolytic active site (Fig. 3A). 
The location of the active site was determined by structures in which a sulfate ion or 
phosphate ion was observed in complex with RNase PH of B. subtillis or A. aeolicus, 
respectively.13-14 Because RNase PH is a homodimer, two equivalent RNA binding 
surfaces are generated along the interdomain surface, one at the entrance of the central 
pore and one proximal to the active site (Fig. 3A). The functional signi cance of this 
symmetry is not understood.

In PNPase, two RNase PH-like domains are fused in a single polypeptide, but they 
come together in a pseudo-dimeric head to tail interaction to form a similar ‘dimerization’ 
interface to that observed in RNase PH between its respective RNase PH 1 and RNase 
PH 2 domains (Fig. 3B). The phosphorolytic active site is encompassed by residues from 
the RNase PH 2 domain and is positioned along the bottom of the inter-domain interface. 
Two distinct RNA binding surfaces are also present in this interface, one composed of 
residues from the RNase PH 1 domain at the entrance to the central pore and one proximal 
to the active site that is primarily composed by residues from the RNase PH 1 and RNase 
PH 2 domains (Fig. 3B).

The archaeal exosome is structurally analogous to PNPase with respect to the 
location of the two RNA binding surfaces and the phosphorolytic active site, however in 
this instance the interface is formed by two separately encoded subunits, archaeal Rrp41 
and Rrp42 (Fig. 3C).12-14 Rrp41 contains key catalytic residues that constitute the active 
site, but it also contributes residues in combination with those from Rrp42 to form one 
of the two RNA binding surfaces.7,17-18 In contrast to PNPase which uses a RNase PH 1 
domain surface to interact with RNA at the top of the interface, a second distinct RNA 
binding surface is present at the top of the heterodimeric interface in archaeal exosomes 
and is comprised solely by residues from its RNase PH 2-like domain, archaeal Rrp41 
(Fig. 3C).

The eukaryotic exosome contains three heterodimeric RNase PH-like pairs 
(Rrp41-Rrp45, Rrp43-Rrp46 and Mtr3-Rrp42) that are arranged in similar head to tail 
con gurations as observed in RNase PH, PNPase and archaeal exosomes.9 While the key 
catalytic residues in RNase PH, PNPase and the archaeal exosomes are not conserved in 
any of the human or budding yeast RNase PH-like proteins, a few of the subunits, namely 
Rrp41 and Rrp45, include several basic residues that are conserved across evolution and 
believed to be important for RNA interactions located near the top of the Rrp41-Rrp45 
heterodimeric interface and proximal to the location where the phosphorolytic active site 
resides in archaeal exosomes and PNPase (Fig. 3D).9,19
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S1 AND KH CONTAINING DOMAINS IN BACTERIAL, ARCHAEAL  
AND EUKARYOTIC CORE EXOSOMES

Bacterial PNPase, archaeal exosomes and eukaryotic exosomes include putative 
RNA binding domains, KH Type I and S1, in the three-component cap subunits in their 
respective core complexes. KH Type I domains feature a 1- 1- 2- 2- 3- 3 secondary 
structure topology and a tertiary structure that consists of three beta-strands that form a 
sheet which packs against three alpha helices.20 Single stranded RNA typically binds a 
KH Type I domain via surfaces formed by residues within helix 1, a conserved GXXG 
motif between helices 1 and 2, helix 2, the variable loop between strands 2 and 

3 and residues within strand 2 (Fig. 3F). The S1 domain originally observed in the E. 
coli ribosomal protein S121-22 contains an OB (Oligonucleotide/oligosaccharide Binding) 
fold with a ve-stranded -sheet coiled to form a closed -barrel (Figs. 3E,F). A typical 
OB domain binds nucleic acid through surfaces composed of positively charged and 
hydrophobic residues on the solvent exposed -sheet (Figs. 3E,F). For instance, the RNase 
E S1 domain binds polymeric single-stranded nucleic acids via a positively charged 
surface that comprises strands 2 and 3 and the loops between strands 2 and 3 and 
strands 3 and 5.23 Both the KH and S1 domains of PNPase contribute to RNA binding, 
as simultaneous deletion of both domains impairs the apparent af nity of PNPase for 
RNA substrates.24-25 Interestingly, the orientation of these domains situates the canonical 
RNA binding surfaces of the KH domain toward the central pore while the putative RNA 
binding surfaces of the S1 domain face outward near the exterior of the complex.

Archaeal Csl4 contains three domains: the NTD, S1 domain and CTD. The NTD 
consists of 2 symmetrical three stranded -sheets and the CTD contains a 3-stranded 

-sheet that coordinates a Zn2  via four cysteine residues that is similar to the iron-binding 
portion of rubredoxins (Fig. 3E).26-27 Eukaryotic Csl4 shares structural similarity to 
archaeal Csl4 and contains an NTD, S1 domain and CTD; however, despite having a 
similar rubredoxin-like fold, the four cysteine residues in the CTD that coordinate zinc 
in archaeal Csl4 are not conserved in eukaryotes.9 Archaeal Rrp4 contains three domains: 
the NTD, KH Type I domain and a C-terminal S1 domain.6 Eukaryotic Rrp4 and Rrp40 
share structural similarity to archaeal Rrp4 and each contains an NTD, a central KH 
Type I domain and a C-terminal S1 domain; however both subunits lack the canonical 
GXXG motif in their KH domains that is believed to be important for RNA interactions.

The arrangement of Csl4 and Rrp4 subunits on the six-subunit ring in the archaeal 
exosome positions the positively charged putative RNA binding S1 domain surfaces 
facing toward the central pore while the NTD and KH domains are position nearer to 
the periphery of the complex (Fig. 2C). It remains unclear how these domains interact 
with RNA. For instance, Rrp4 from S. solfataricus promotes interactions with a poly(A) 
RNA substrate in the context of the exosome, as evidenced by its ability to increase the 
af nity for RNA by 30 fold compared to the archaeal Rrp41-Rrp42 six-component ring 
alone.28 However, X-ray structures of archaeal exosomes bound to RNA have so far only 
elucidated interactions between RNA substrates and residues within the central pore of 
the six-component Rrp41-Rrp42 ring, despite the presence of the three-component cap.7 
Eukaryotic Rrp4, Rrp40 and Csl4 subunits are similarly positioned on the human exosome 
core,9,28 directing putative RNA binding surfaces of the respective S1 domains toward 
the central channel and the putative RNA binding surfaces of the KH domains toward 
the periphery of the complex. Additional experiments will be required to characterize 
the relevance of the putative RNA binding surfaces in the three-subunit exosome cap.
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MECHANISM OF PHOSPHOROLYTIC ACTIVITY IN BACTERIAL PNPase 
AND ARCHAEAL EXOSOMES

Bacterial PNPase and archaeal exosomes contain three identical active sites within 
the central pore that catalyze the phosphorolytic 3  to 5  exoribonuclease activity 
(Figs. 2B,C).5,8,29 By analysis of the RNA-free and RNA-bound X-ray structures of 
PNPase, it was determined that the alpha domain, which partially obstructs the bottom 
entrance to the central pore, can transition from partially disordered to ordered upon 
RNA coordination.2,8 In addition, two narrow constrictions in the pore are believed to 
regulate access to the phosphorolytic active sites. The rst lies near the entrance to the 
central pore and features three phenylalanine side chains (Fig. 3B), one from each PNPase 
protomer, that each base stack with one nucleotide (presumably from three different RNA 
oligomers). The second constriction is located deep within the PNPase central channel 
near the active site (Fig. 3B).

Archaeal exosomes also recruit RNA to the active site via interactions with at least 
two RNA binding surfaces that reside in the Rrp41-Rrp42 heterodimer within the central 
pore (Fig. 3C). Interactions between the two RNA binding surfaces and RNA have been 
observed for X-ray crystal structures of archaeal exosomes using poly(A) or poly(U) RNA 
polymers of varying length.7,17-18 The rst interaction surface is located within a loop at the 
top of the central pore near the three-component cap interface and it features a histidine 
residue from Rrp41 that stacks with a nitrogenous base near the 5  end of the RNA. The 
second RNA interaction surface is proximal to the phosphorolytic active site and includes 
extensive contacts to the RNA substrate; this surface forms a 10 Å constriction of the 
central pore and thus it is believed to allow only one RNA molecule to pass through the 
pore at one time. Protein contacts to the RNA include ribose speci c interactions at the 
3 OH terminal nucleotide and contacts to the fourth to last nucleotide position through 
phosphate backbone interactions and nitrogenous base stacking interactions (Fig. 4C). 
No electron density has yet been observed for RNA nucleotides between these two RNA 
binding surfaces, thus it has been speculated that the intervening RNA nucleotides are 
not coordinated in any particular con guration.7,15,17

Structural insight into the catalytic mechanism during phosphorolysis can be gleaned 
by comparing active sites from a variety of X-ray crystal structures of bacterial PNPase 
and archaeal exosomes in complex with different ligands (Fig. 4). X-ray structures of 
PNPase with either manganese cations or tungstate revealed the identity of active site 
residues that coordinate magnesium or phosphate (Fig. 4A), respectively.8 Residues 
that coordinate the phosphate include Ser437, Ser438, Ser439 and key residues that 
coordinate the magnesium include Asp486 and Asp492. A phosphate-binding site 
composed of similar amino acid side chains was also deduced in an analogous position 
for the S. solfataricus archaeal exosome through identi cation of a chloride ion7 and for 
the A. fulgidus exosome through identi cation of a tungstate ion.6 Structures of the S. 
solfataricus archaeal exosome in complex with poly (A) RNA and the ADP product (Fig. 
4C,D) further identi ed residues that coordinate the phosphate of the NDP product and 
phosphodiester backbone of the RNA substrate (Arg99 and Arg139).17

A composite active site can be extrapolated from these structures onto the PNPase 
structure to provide a structural rationale for the phosphorolytic reaction mechanism 
(Fig. 4E). Two serine residues position a phosphate ion proximal to the phosphodiester 
linkage between the terminal and penultimate nucleotides. The magnesium ion, His403 
and Lys494 position the terminal bridging phosphate in the substrate in an appropriate 
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Figure 4. Phosphorolytic exoribonuclease catalytic mechanism for PNPase and the archaeal exosome. A) 
PNPase active site. A composite structure is depicted that shows the phosphate-mimic tungstate (green) 
and magnesium ion-mimic manganese (blue sphere) (PDB ID  1E3P and 3GME). Residues that bind 
“phosphate” include: S439, S438 and S437. Residues that coordinate “magnesium” are D486 and D492. 
B) S. solfataricus exosome active site. The phosphate-mimic chloride is shown as a yellow sphere and 
residues that bind the proposed phosphate-mimic chloride are: A136, G137 and S138 (PDB ID  2BR2). 
C) Left panel: D182A mutant S. solfataricus in complex with a ve-nucleotide poly (A) RNA substrate 
(PDB ID  2C38). Nucleotides are colored yellow and numbered in such a manner that the rst nucleotide 
(N1) is at the 3 OH end. (D) S. solfataricus in complex with the product ADP (PDB ID  2C39). ADP 
is colored in yellow with the -phosphate colored orange and -phosphate colored green. E) Proposed 
phosphorolytic exoribonuclease mechanism. Ser437 and Ser439 provide a binding pocket for phosphate 
(green). Asp486 and Asp492 coordinate a magnesium ion. The magnesium, with the aid of K494 and 
H403, positions the bridging phosphate between N1 and penultimate N2 nucleotides to facilitate in-line 
attack by the phosphate.
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con guration to facilitate in-line attack by the phosphate nucleophile, which ultimately 
results in the formation of the NDP product. Although S. solfataricus Asp182 and Asp188 
are predicted to be required for metal coordination based on sequence similarity, no metal 
ion has yet been observed in the active sites of S. solfataricus exosomes.

Rrp44, A EUKARYOTIC EXOSOME SUBUNIT WITH HYDROLYTIC 
ENDORIBONUCLEASE AND PROCESSIVE EXORIBONUCLEASE 
ACTIVITIES

As discussed earlier, none of the human or budding yeast subunits that comprise 
the 9-component exosome core retain phosphorolytic exoribonuclease activity because 
most of the key active site residues required for RNA binding or for metal and phosphate 
coordination have not been conserved across evolution.9-10,30 Studies with the budding 
yeast exosome have demonstrated that the tenth exosome subunit, Rrp44 (also known 
as Dis3), is solely responsible for the processive hydrolytic activity that is associated 
with the exosome in the cytoplasm.9-10,31 It is important to note that while human encodes 
three apparent homologs of budding yeast Rrp44, human Rrp44 has not yet been shown 
to associate with the human exosome core.9,32 Rrp44 exoribonuclease activity results in 
hydrolysis of RNA one nucleotide at a time in a 3  to 5  direction, releasing 5  nucleotide 
monophosphates in a sequence independent manner.30

Rrp44 contains ve domains: an endoribonucleolytic active site containing PIN 
(PIlus-forming N-terminus) domain, two cold shock domains (CSD1 and CSD2), a 
central hydrolytic exoribonucleolytic active site containing domain (RNB) and an S1 
domain (Fig. 1C).31 The overall architecture of Rrp44 has been determined based on 
two structures of Rrp44: one determined in complex with RNA in the absence of the 
PIN domain and one for full-length Rrp44 in complex with Rrp41 and Rrp45. These 
structures reveal the modular architecture of Rrp44 in which the PIN domain is located 
above the two CSDs and S1 domain with the RNB domain located below the two CSDs 
and S1 domain (Fig. 5A).19,30

Rrp44 is structurally and mechanistically related to bacterial RNase II and RNase R, 
however comparison of Rrp44 to structures of RNase II in apo- and RNA-bound states 
reveals that RNase II has a slightly different arrangement of the cold shock domains and 
S1 domain (Fig. 5B).33 An Rrp44-RNA complex showed that CSD1 engages in interactions 
with the RNA substrate to guide it into the RNB domain exoribonucleolytic active site 
(Fig. 5A, right panel) and interactions between the single stranded RNA substrate and 
CSD1 facilitate recruitment to the exoribonucleolytic catalytic site by a speci c orientation 
of the three OB-containing domains (CSD1, CSD2 and S1). In comparison, RNase II 
positions the three OB-containing domains in a different conformation that allows for 
single stranded RNA interactions with CSD2 and the S1 domains (Fig. 5B, right panel). As 
will be discussed, these two alternative modes of RNA interaction present fundamentally 
different paths that serve to guide the RNA to the exoribonucleolytic active site.

Rrp44 PIN DOMAIN

The PIN domain family, named after its apparent homology with the N-terminal 
domain of the pili biogenesis protein detected in some bacteria, includes over 300 members 
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found in bacteria, archaea and eukaryotes.34 The PIN domain consists of a central twisted 
ve-stranded  sheet anked by  helices and an active site that is capable of cleaving 

nucleic acid (Fig. 5C, left panel). Biophysical and structural studies of PAE2754 from 
Pyrobaculum aerophilum and the OT3 protein from Pyrococcus horkoshii revealed that 
PIN domains can form dimers and dimers of dimers, respectively.35-36 While the precise 
nature of the binding surfaces required for recruiting nucleic acids to the PIN domain 
active site remain unknown, it was postulated for PAE2754 that nucleotides thread through 
a central channel that is formed via tetramerization. Although many structures of PIN 
domains reveal dimers within the crystal lattice, it remains uncertain if dimerization is a 
functionally relevant feature for all catalytically active PIN domains.

The nucleolytic active site, detected within some but not all PIN domains,37 consists 
of four conserved acidic residues that coordinate two divalent cations. For the PIN domain 
in budding yeast Rrp44, all four acidic residues are present. In higher eukaryotes such 
as humans, the three Rrp44 paralogs vary with respect to the conservation of the acidic 
residues or the presence of an intact PIN domain (Fig. 1C). The functional consequence 
of this variation within higher eukaryotes has yet to be investigated. Structures of the 
PIN domains also reveal a striking structural homology to T4 RNase H, despite a dearth 
in sequence identity (Fig. 5C) and therefore the endoribonucleolytic activity of PIN 
domains is predicted to utilize a similar two metal-dependent catalytic mechanism for 
hydrolysis of nucleotides.38-39

Rrp44 RNB DOMAIN

3  to 5  exoribonuclease activity is catalyzed in an active site within the RNB domain 
which is located at the end of a narrow channel and composed by acidic residues that 
coordinate two divalent metal ions, motifs conserved in bacterial RNase II and RNase R. 
Analysis of the RNase II apo- and RNA bound structures provide insights to the catalytic 
mechanism of exoribonucleolytic decay.33 The active site of RNase II is composed by 
acidic residues Asp201, Asp207, Asp209 and Asp210 that coordinate two magnesium 

Figure 5, viewed on previous page. Eukaryotic Rrp44 structure and catalytic mechanism. A) Structures 
of S. cerevisiae Rrp44 with and without poly(A) RNA. The Rrp44 domains are PIN (pink), CSD1 (lime), 
CSD2 (orange), RNB (blue) and S1 (purple) (PDB ID  2WP8). Residues D91, E120, D171 and D198 
are colored yellow and indicate the position of the endoribonucleolytic active site. Residues D543, D540, 
D551N and D552 are colored green and indicate the position of the exoribonucleolytic active site. RNA 
(yellow spheres) was modeled into the full length Rrp44 (right panel) by alignment to the poly(A) RNA 
bound Rrp44 PIN structure (PDB ID  2VNU). B) Structures of E. coli RNase II with and without 
poly(A) RNA. RNase II domains are CSD1 (lime), CSD2 (orange), RNB (blue) and S1 (purple). Residues 
D201, D207, D209 and D210 are colored green and indicate the position of the exoribonucleolytic active 
site. The magnesium ion is shown as a blue sphere (PDB ID  2IXO). The poly(A) RNA (blue) bound 
structure of RNase II is shown in a similar orientation in the right panel (PDB ID  2IX1). C) Structures 
shown for the S. cerevisiae PIN from Rrp44 (left, PDB ID  2WP8) and E. coli bacteriophage T4 RNase 
H (right, PDB ID  1TFR). Active site residues are highlighted in yellow and magnesium ions shown 
as blue spheres. D) The hydrolytic exoribonucleolytic active site of RNase II. Left panel: Structural 
representation of relevant residues that coordinate magnesium ions, Mg-1 and Mg-2 (not detected) and 
residues that coordinate RNA are shown in green. Y253 and F358 are shown in blue and make base 
stacking interactions with the RNA substrate. Water molecules (W-1, W-2 and W-3), important for the 
reaction mechanism, are shown as red spheres. Right panel: Schematic representation of the active site. 
Representation depicts the binding of W-1 by magnesium ions and charged residues to facilitate nucleophilic 
attack of the bridging phosphate between nucleotides N1 and N2.
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ions (Fig. 5D).33 The rst (Mg-1) is coordinated by residues Asp201 and Asp210 and two 
waters, W-2 and W-3. The second (Mg-2) was not detected in X-ray structures of RNase 
II, but is speculated to be coordinated by Asp207 and Asp209. Interestingly, electron 
density for the Arg500 side chain was only detected when in the presence of RNA where 
it was observed coordinating the phosphate bridging the last two 3  nucleotides (N1 and 
N2), conceivably to stabilize the transition state during cleavage of the phosphodiester 
bond. The exoribonucleolytic reaction is believed to proceed through a two-metal-ion 
bimolecular nucleophilic substitution mechanism. W-1, coordinated by Asp207 and Mg-2, 
is the nucleophile for in-line attack of the phosphate between the last and penultimate 
nucleotide, ultimately resulting in release of the NMP product.

A ‘clamp’ action is thought to promote translocation between successive cleavage 
events, thus leading to the processive degradation activities observed for this enzyme 
family. RNase II achieves this function by employing base stacking interactions between 
N5 and F358 as well as N1 and Y253 to stabilize the RNA substrate within the active site.33 
A similar mechanism for catalysis and translocation can be inferred for budding yeast 
Rrp44 by comparing the conserved active site residues of the RNA bound Rrp44 PIN 
X-ray crystal structure.30 It should be noted that RNase II is unable to process structured 
RNA substrates, unlike the bacterial RNase R and eukaryotic Rrp44.9,19,30,40-41

Rrp44 AND THE 10-COMPONENT EXOSOME

Models for the structure of the eukaryotic 10-component exosome have been 
proposed based on the X-ray structure of the human nine-component exosome core 
(Liu et al, 2006), the X-ray structure of the budding yeast Rrp41-Rrp45-Rrp44 trimer19 
and a 20 Å resolution negative-stain EM structure of budding yeast Rrp44-bound to the 
core exosome (in the absence of Csl4).42 In the case of the Rrp41-Rrp45-Rrp44 trimer, 
the ten-component exosome was modeled by aligning the budding yeast Rrp41-Rrp45 
proteins to the respective human counterparts (Fig. 6).19 In the case of the EM structure, 
the human exosome core structure was positioned in the EM density followed by docking 
the Rrp44 RNB domain into remaining density. In each of these models, the PIN domain 
of Rrp44 interacts with the ‘bottom’ of the exosome core principally through interactions 
with Rrp41 and Rrp45. Although these models are in general agreement, additional 
interactions have been reported that include surfaces identi ed in the EM structure 
between the CSD1 of Rrp44 and Rrp4342 and protomer interactions between Rrp44, 
Rrp41, Rrp45, Rrp42 and Rrp4, detected by the presence of sub-complexes of budding 
yeast exosomes by mass spectrometry experiments.43 However, it should be noted that 
Rrp42 and Rrp4 may interact indirectly with Rrp44 through Rrp41 and Rrp45. Based on 
analysis of the architecture of the 10-component exosome and comparisons to the RNA 
bound Rrp44- PIN and RNA bound RNase II structures, it was predicted that RNA 
threads into the exosome core through the three-component cap, progressing through 
the central pore of the exosome to direct the 3  OH end of the RNA substrate into the 
hydrolytic exoribonucleolytic active site of the Rrp44 RNB domain (Fig. 6).

As discussed in previous sections, the path of the RNA substrate into the 
exoribonucleolytic active site differs signi cantly in structures of budding yeast Rrp44 and 
bacterial RNase II despite conservation of the CSD and S1 domains. Extrapolating the path 
of RNA observed in these structures within the context of a 10-component exosome model, 
RNA would be required to exit the bottom of the 9-component exosome, become solvent 
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exposed and would then be required to make a 45° turn around CSD1 of Rrp44 in order 
to enter into the Rrp44 channel that leads to the RNB active site (Fig. 6). While this route 
appears circuitous, it is consistent with both RNase protection and RNA exoribonuclease 
decay assays which indicated that RNA substrates required inclusion of at least 31-34 single 
stranded nucleotides at the 3  end to be engaged by the 10-component exosome.19 However, 
it is also conceivable that RNA binding could induce conformational changes in the complex 
to facilitate a more direct path for RNA substrates into the Rrp44 active site.

In contrast to the RNA path predicted for the 10-component exosome based on the 
RNA bound Rrp44- PIN structure, the path predicted for RNA based on the structure 
of an RNase II-RNA complex, would place the RNA perpendicular to the central pore 
of the 9-component exosome (Fig. 6). This model is not consistent with the utilization of 
the central pore for RNA interactions but is consistent with a role for the PIN domain in 
RNA interactions, as this RNA path, if extended, points directly toward the PIN domain. 
Taken together, these structural models suggest that alternative binding modes may exist 
to engage the RNB domain of Rrp44 either via interactions with the PIN or the central 
pore of the exosome.

Rrp6, A EUKARYOTIC EXOSOME SUBUNIT WITH DISTRIBUTIVE 
HYDROLYTIC ACTIVITIES

Rrp6 contains at least three domains: an N-terminal domain (NTD), an exoribonuclease 
domain (EXO) that contains the DEDD-Y active site amino acid motif detected in many 
DNA and RNA nucleases and a Helicase and RNase D Carboxy terminal (HRDC) 
domain (Fig. 1C).44 The structure of a catalytically active domain of budding yeast Rrp6 
shares structural homology to RNase D from E. coli (Fig. 7).45 RNase D contains the 
EXO domain with a DEDD-Y active site, but differs in that it contains two anking 
HRDC domains that together form a funnel shaped ring. The two HRDC domains in 
RNase D were proposed to recruit RNA substrates, channeling them to the active site for 
processing. While a second HRDC domain has not been identi ed in the 200 C-terminal 
residues in eukaryotic Rrp6, a similar hypothesis for RNA binding and recruitment to 
the active site has been suggested for the HRDC domain based on sequence similarity to 
the RecQ helicase protein family and the fact that this domain is critical for processing 
RNAs such as 5.8 S rRNA and snR40 snoRNA, as determined using Rrp6 isolated from 
S. cerevisiae.46

The DEDD active site is observed in a variety of nucleolytic enzymes that catalyze 
degradation of DNA and RNA as exempli ed by the Klenow fragment of DNA 
polymerase I.47 A two-metal assisted catalytic mechanism has been proposed based on 
X-ray crystal structures and mutational analysis, in which the negatively charged DEDD 
residues coordinate two metal ions that are required for cleavage of the phosphodiester 
bond.48 A similar model has been proposed for RNase D and Rrp6: a magnesium ion acts 
as a Lewis acid to deprotonate a water molecule and then the phosphodiester backbone 
is attacked by the resulting nucleophilic water at the penultimate nucleotide of the RNA 
substrate. The DEDD-Y active site of RNase D, Rrp6 and related enzymes is unique 
compared to other enzymes containing DEDD active sites, because they employ an 
additional tyrosine proximal to the DEDD active site to coordinate the nucleophilic 
water. The distributive 3  to 5  exoribonuclease activity observed for Rrp6 is consistent 
with the structure because unlike Rrp44, whose active site is sequestered at the end of 
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Figure 7. Structure of eukaryotic Rrp6 and the bacterial homolog RNase D. A) S. cerevisiae Rrp6 
structure (PDB ID  2HBL). Domains of Rrp6 are NTD (green), EXO (blue) and HRDC (pink). The 
active site residues (D238, E240, D296, D365 and Y361A) are shown coordinating two manganese 
ions (blue spheres). B) E. coli RNase D structure (PDB ID  1YT3). Domains of RNase D are EXO 
(blue), HRDC1 (pink) and HRDC2 (orange). The active site residues (D28, E30, D85, D155 and Y151) 
colored green are coordinating two zinc ions (blue spheres).

Figure 6. Model for RNA recruitment to the hydrolytic active site of Rrp44 within the eukaryotic 
exosome. A 10-component exosome model was created by aligning the S. cerevisiae Rrp41-Rrp45-Rrp44 
trimer (PDB ID  2WP8) onto the Rrp41-Rrp45 subunits of the human exosome (PDB ID  2NN6). 
Coloring for the 9-component exosome is described in Figure 2 and the Rrp44 component is shaded 
grey. The left panel depicts a side view of the complex with the Rrp44 exoribonucleolytic active site 
indicated as green spheres and the endoribonucleolytic active site as yellow spheres. The right panel 
depicts a bottom view of the complex. The RNA complexes determined for RNase II (blue spheres, PDB 
ID  2IX1) and Rrp44 PIN (yellow spheres, PDB ID  2VNU) were superimposed into the full-length 
Rrp44 structure to illustrate the paths of RNA in the complex. The Rrp44 molecule is outlined by a 
black line in the right panel where it overlaps with the exosome core.
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a deep channel, the Rrp6 active site is exposed on the surface of the enzyme. Further 
mechanistic insight to Rrp6 interactions with RNA substrates will require additional 
structures and biochemical analysis of Rrp6 complexes with RNA substrates as none 
are yet resolved.

Rrp6 INTERACTIONS WITH THE EXOSOME CORE

No detailed atomic resolution structures exist for Rrp6 in association with the exosome 
core, although a 35 Å resolution negative-stain EM structure of the L. tarentolae exosome 
core has been determined in complex with Rrp6 and Rrp47, an accessory protein that was 
reported to increase the exoribonuclease activity of the exosome.49 From this work, the 
authors proposed a model whereby Rrp6 and Rrp47 interact with the 9-component exosome 
core near the ‘top’ and adjacent to the three-component cap. While this organization may 
apply to the L. tarentolae exosome, it remains unclear if this organization will apply to 
other eukaryotic exosomes because yeast two-hybrid data demonstrated that human Rrp6 
interacts with Rrp41, Rrp43, Rrp46 and Mtr3 suggesting that Rrp6 may also interact with 
the six-subunit ring of the exosome.50

Unlike the exoribonucleolytic activities of Rrp44 which are clearly modulated or 
regulated via association with the exosome core,9,19 similar activities were observed in 
vitro for budding yeast Rrp6 prior to and after its association with the exosome core.9 
With that said, it is clear that Rrp6 association with the exosome core is important 
for targeting Rrp6 to its physiological substrates, as evidenced by the fact that a 
fragment of Rrp6 that loses its ability to interact with the core (but retains catalytic 
function) is not suf cient to complement many of the functions of Rrp6 in vivo.51 
However, it is also interesting that the activities of Rrp6 can be stimulated without 
the core exosome by association with members of the TRAMP complex, in a manner 
independent of the Trf4 poly(A) polymerase and Mtr4 RNA helicase activities.52 
Further investigations will be required to determine the structural basis for these 
seemingly disparate activities.

CONCLUSION

Structures and models derived for exosomes from bacteria, archaea and eukaryotes 
demonstrate a striking architectural similarity with respect to 1) the six RNase PH-like 
domains that oligomerize to form a pseudo-hexameric ring and 2) the orientation of the 
S1 and KH RNA binding domains that form a trimeric cap on top of the exosome. This 
structural framework results in formation of a central channel. In bacterial PNPase and 
archaeal exosomes, this channel harbors RNA binding surfaces and phosphorolytic active 
sites and because the central channel is narrow, only single stranded RNAs can thread 
through the central pore via interactions with two conserved RNA binding surfaces. 
Furthermore, the two RNA binding surfaces confer processivity during RNA decay, 
presumably by preventing RNA substrates from diffusing away from the complex between 
successive rounds of cleavage.

Eukaryotic exosomes have been reported to use the same strategy to engage RNA 
substrates by utilizing the inactive 9-component exosome core to bind and transport 
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RNA substrates through the pore to ultimately engage the hydrolytic exoribonuclease 
activities of Rrp44, although this has not been demonstrated in any structural detail. It 
also remains unclear how Rrp6 engages the exosome core and whether it too is in uenced 
by the RNA binding properties of the exosome core channel. On a nal note, it is known 
that the RNA exosome interacts with several other factors including the TRAMP and 
SKI complexes among others,53-55 suggesting that additional surfaces of the exosome core 
may be required for recruitment of these effectors to alter or regulate exosome activity. 
Although much has been accomplished since the discovery of the eukaryotic exosome 
more than ten years ago,56 it is clear that much work remains to fully understand how 
the molecular architecture of the eukaryotic exosome impacts on its biochemical and 
cellular functions.
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Abstract: The archaeal exosome is a protein complex with structural similarities to the eukaryotic 
exosome and bacterial PNPase. Its catalytic core is formed by alternating Rrp41 
and Rrp42 polypeptides, arranged in a hexameric ring. A exible RNA binding 
cap composed of the evolutionarily conserved proteins Rrp4 and/or Csl4 is bound 
at the top of the ring and seems to be involved in recruitment of speci c substrates 
and their unwinding. Additionally, the protein complex contains an archaea-speci c 
subunit annotated as DnaG, the function of which is still unknown. The archaeal 
exosome degrades RNA phosphorolytically in 3  to 5  direction. In a reverse 
reaction, it synthesizes heteropolymeric RNA tails using nucleoside diphosphates. 
The functional similarity between the archaeal exosome and PNPase shows that 
important processes of RNA degradation and posttranscriptional modi cation in 
Archaea are similar to the processes in Bacteria and organelles.

INTRODUCTION

The Archaea are a unique group of prokaryotic micro-organisms also named “the 
third domain of life”, since they have molecular characteristics that distinguish them 
from the Bacteria as well as from the Eukarya.1-3 The best known Archaea are the 
methanogens and the extremophiles (hyperthermophies, halophiles, acidophilies), but it 
should be noticed that the vast majority of archaeal species live as ubiquitous mesophiles 
in water and soil.3 Archaea are phylogenetically more closely related to Eukarya than to 
Bacteria,2 and many of the archaeal proteins and protein complexes are simpli ed versions 
of their eukaryotic counterparts.4,5 Since recombinant protein and protein complexes of 
hyperthermophilic Archaea can be relatively easily overproduced and crystallized, they 
are important research objects.
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Proteins involved in RNA metabolism belong to the evolutionarily most conserved 
ones and orthologs of several ribonucleases are found in all three domains of life.6 
Koonin at al. proposed the existence of an archaeal exosome in 2001, based on the 

nding that in most of the sequenced archaeal genomes, three orthologs of eukaryotic 
exosomal subunits (Rrp4, Rrp41 and Rrp42) are encoded in an array in a highly conserved 
superoperon.7 A fourth ortholog of a eukaryotic exosome subunit, Csl4, was found to 
be encoded in another operon in these genomes. The rst experimental evidence for 
the existence of an exosome-like complex in Archaea was presented in 2003,8 and in 
the following years the archaeal exosome was characterized as a phosphorolytic 3  to 
5  exoribonuclease, which can in an opposite reaction synthesize RNA9-14 similarly to 
bacterial polynucleotide phosphorylase (PNPase).15,16 Here present knowledge of the 
archaeal exosome is summarized.

CORE SUBUNITS OF THE ARCHAEAL EXOSOME

So far, the in vivo composition of the archaeal exosome was examined for 
the thermophilic species Sulfolobus solfataricus8,12 and Methanothermobacter 
thermoautotrophicus.17 The S. solfataricus exosome was puri ed by immunoprecipitation 
using polyclonal antibodies against the archaeal Rrp41 subunit and coprecipitating proteins 
were identi ed by mass spectrometry. The following proteins were found to copurify with 
Rrp41: Rrp42, Rrp4, Csl4, the archaeal DnaG-like protein, Cpn and a Cdc48 homolog.8 
The exosome of M. thermoautotrophicus was separated by Blue Native/SDS-PAGE and 
mass spectrometry analysis revealed the presence of Rrp41, Rp42, Rrp4, DnaG and the 
archaeal splicing endonuclease in the complex.17 In some experiments S. solfataricus Csl4 
is copuri ed in very low amounts with the exosome,12 and this may explain the failure 
to detect Csl4 in the exosome of M. thermoautotrophicus.

It is accepted that Rrp41, Rrp42, Rrp4 and Csl4 belong to the core of the archaeal 
exosome, since they can be assembled into a complex structurally similar to the eukaryotic 
nine-subunit exosome.10,18,19 The archaeal nine-subunit exosome is also structurally and 
functionally similar to bacterial PNPase,20 which degrades RNA phosphorolytically but is 
also responsible for RNA tailing in vivo.15,16 The nine-subunit form of the archaeal exosome 
contains three Rrp41, three Rrp42 and three Rrp4 and/or Csl4 polypeptides.10 Alternating 
Rrp41 and Rrp42 form the catalytically active hexameric ring,9,10 on the top of which three 
Rrp4 and/or Csl4 are located, forming an RNA-binding cap with a central pore.10,18

The archaeal DnaG protein was consistently copuri ed with the exosome and 
cosediments with Rrp41 and Rrp4 after fractionation of S. solfataricus cell-free extracts 
in glycerol density gradients by ultracentrifugation.21 Its binding to the exosome is very 
strong and comparable to the interactions between Rrp41, Rrp42, Rrp4 and Csl4—in 
coimmunoprecipitation experiments, all ve polypeptides still build a complex after 
washing with 1.8 M NaCl and elute together at low pH.21 The possibility that S. 
solfataricus DnaG accidentally sticks to the exosome was excluded: it was shown that 
coimmunoprecipitations with Rrp41-directed or with DnaG-directed antibodies result 
in puri cations of very similar protein complexes and that depletion of Rrp41 from the 
cell extract is paralleled by DnaG-depletion.12 Although DnaG strongly interacts with 
the archaeal exosome and can be considered as its tenth core subunit, the physiological 
role of the protein remains unknown. As previously discussed,8,12 its domain composition 
suggests an RNA-helicase or endoribonuclease function.
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The signi cance of copuri cation of Cpn and Cdc48 with the S. solfataricus exosome 
is not clear, since both proteins have chaperone properties.12 Based on the cosedimentation 
of large amounts of the S. solfataricus exosome with 30S and 50S ribosomal subunits in 
glycerol density gradients, it was proposed that this protein complex is involved in rRNA 
maturation like its eukaryotic counterpart.8 The interaction of the M. thermautotrophicus 
exosome with a homomultimer of the splicing endonuclease (bulge-helix-bulge 
endonuclease) in a 900 kDa complex17 strongly suggests that the endonuclease and the 
exosome participate in RNA processing in a coordinate manner.

STRUCTURE AND MECHANISM

The structure and the mechanism of the archaeal exosome were investigated in vitro 
using protein complexes reconstituted from puri ed recombinant subunits. Based on early 
reports about recombinant subunits of the eukaryotic exosome,22,23 it was expected that at 
least one of the RNase PH domain (RPD)-containing subunits of the archaeal exosome, 
Rrp41 or Rrp42, should exhibit phosphorolytic activity and that Rrp4 or Csl4 may show 
hydrolytic activity. However, none of the recombinant archaeal proteins Rrp41, Rrp42, 
Rrp4 or Csl4 showed any RNase activity in vitro, when used separately. It turned out 
that reconstitution of a protein complex containing Rrp41 and Rrp42 is needed for the 
phosphorolytic activity of the archaeal exosome.9,12 The activity is modulated in the 
presence of the RNA-binding subunits Rrp4 and/or Csl4, which do not act as RNases.10,12 
Not only is RNA degradation by the Rrp41/Rrp42 complex more ef cient in the presence 
of Rrp4 and/or Csl4,10,12,13 RNA binding by Rrp4 is also strongly increased when this 
protein is part of the exosome,24 demonstrating the interdependence of the exosomal 
subunits with respect to the function of the exosome.

In the last years, recombinant exosomes from the hyperthermophilic Archaea 
S. solfataricus, Archaeoglobus fulgidus and Pyrococcus abyssi were analysed by 
crystallography, small angle X-ray scattering and mutagenesis, giving important 
information about the structure of this protein complex and its mechanisms.9,10,13,18,25,26

The Catalytically Active RPD-Hexamer

Crystallographic analyses revealed that the two RPD-containing subunits of the 
archaeal exosome Rrp41 and Rrp42 are arranged in a hexameric ring composed of three 
Rrp41/Rrp42 dimers. This hexameric ring is the minimal catalytic subunit of the complex, 
it exhibits phosphorolytic exoribonuclease activity in 3  to 5  direction and it strongly 
resembles the structure of the hexameric ring build of the two RPD domains present in 
each polypeptide of the homotrimeric bacterial PNPase.9,10,12,20 The phosphate binding 
sites were visualised using a phosphate-mimicking ion and structure-guided mutations 
localised the active sites in Rrp41, in close vicinity to Rrp42, near the bottom of the 
central channel of the hexamer (Fig. 1).9

Structures of Rrp41/Rrp42 hexamers bound to RNA were also resolved showing that 
the four most distal nucleotides of an RNA substrate (N1-N4, numbering form the 3 -end) 
are bound in a cleft of an Rrp41-Rrp42 dimer by ionic interactions with a ladder of arginine 
residues.27 Arginine side chains contributed by both Rrp41 and Rrp42 are involved in 
these interactions, explaining the importance of complex formation for enzymatic activity. 
Mutations of these arginines to glutamates abolish RNA degradation. The substrate 
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binding is performed mainly by electrostatic interactions with the phosphate groups of the 
ribose-phosphate backbone, ensuring sequence-unspeci c RNA degradation. The exosome 
speci city towards RNA is explained by interactions with 2 -OH of the sugar.27

The two most distal nucleotides of the substrate (N1 and N2) are bound directly at 
the active site (Fig. 1) and the bond between them is cleaved phosphorolytically, releasing 
a ribonucleotide 5 -diphosphate (rNDP). The active site of the archaeal Rrp41 is formed 
by two conserved arginine residues and a catalytically active aspartate residue (D182 
in S. solfataricus Rrp41). It was proposed that the positively charged arginine residues 
counteract the close positioning of two negatively charged groups (the phosphate moiety of 
N1 and the phosphate ion which attacks the phosphorester linkage at the 3 -terminus) and 
that they stabilize the transition state.27 The key residues of the active site are conserved 
in archaeal exosomes and in bacterial RNase PH and PNPase.25,27

However, the proposed general acid/base mechanism cannot fully explain the 
magnesium ion dependence of RNA degradation by all these enzymes.14,28 Recently, 
manganese was identi ed at the active site of E. coli PNPase.28 Mn2  can substitute for 
Mg2  and supports catalysis, but is easier identi able in crystal structures. The metal 
ion was found to be coordinated by two conserved aspartate residues and a conserved 
lysine residue and it was proposed that the aspartate residues support catalysis. It was 
also suggested that the activation of the phosphate for nucleophilic attack on the terminal 
phosphoester bond is metal dependent and that metal-assisted catalysis is conserved 
among phosphorolytic RNases including the archaeal exosome (Fig. 1).28

Figure 1. Schematic representation of the structure of the archaeal exosome with bound RNA. A) The 
nine-subunit exosome with the protruding 5 -end of an RNA substrate. Alternating RPD-containing 
subunits Rrp41 and Rrp42 (barrels marked with 41 and 42, respectively) are arranged in a hexameric 
ring. On the top of the ring, three RNA binding subunits (ovals representing Rrp4 or Csl4) are 
located. Rrp4 contains the N-terminal domain (N), the S1 domain and the KH domain; Csl4 contains 
the N-terminal domain, the S1 domain and the Zn-ribbon domain (Zn-r.). RNA (shown as a chain 
of pentoses) is bound to one of the Rrp4 or Csl4 subunits and its single stranded 3 -end is threaded 
through the S1-pore into the central channel of the hexamer. B) An Rrp41 subunit, an Rrp42 subunit 
and an RNA-binding subunit are removed to allow a view into the central channel of the hexamer. A 
narrow constriction (neck) formed by loops of the Rrp41 subunits interacts with the tenth nucleotide as 
numbered from the 3 -end of the substrate. These interactions as well as the interactions of the seventh 
and the fth nucleotide with more than one Rrp41-Rrp42 dimer are important for RNA degradation. 
The active sites are located in the Rrp41 subunits. Inorganic phosphate (Pi), the rst and the second 
nucleotide are bound directly at one of the active sites (asterisk) and the phosphoester bond between 
them is cleaved phosphorolytically. Most probably, the phosphate is activated by a magnesium ion also 
bound at the active site (for references see the text).
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The arising rNDP product is not released simply by diffusion, but a conformational 
change25 at the N1-binding site leads to controlled (active) release of the product through a 
conserved side channel25,27 in concert with the entry of an inorganic phosphate ion. Then, 
the RNA substrate is translocated in a way that the most 3 -end nucleotide is positioned at 
the N1-binding site.25 In a reaction reverse to phosphorolysis, the Rrp41-Rrp42 hexamer 
polymerises RNA,9 and the polymerisation seems to follow the steps described above 
in the opposite direction. Degradation and polymerization (tailing) of RNA are most 
probably two physiologically important functions of the exosome in Archaea, similar to 
the functions of PNPase in bacteria and chloroplasts.11

Following the path of RNA/protein interaction from an active site at the bottom to 
the top of the hexamer, the next nucleotide, N5, interacts with two Rrp41-Rrp42 dimers, 
N7 also interacts with two dimers and N10 interacts with all three dimers at the neck 
structure near the top of the hexamer (Fig. 1).25 These interactions are essential for RNA 
degradation.25,27 The interaction of N7 and N10 with the exosome is sequence-unspeci c 
but is mediated by the base and not by the phosphate-ribose backbone. The N7 and N10 
binding sites are exible structures of the exosome, which are stabilised upon RNA 
binding.25,27

The neck of 8 to 10 Å in diameter is formed by loops of the Rrp41 subunits and 
ensures that only single stranded RNA can be threaded into the channel to reach one of 
the active sites near the bottom of the hexamer.27 This was demonstrated using RNA 
oligoribonucleotides containing a stable stem-loop structure at the 5 -end followed by 
poly(A) tails of different length in degradation assays with the hexameric ring of the 
S. solfataricus exosome. Only substrates carrying tails of at least 10 nt were degraded 
and a tail of approximately 9 nt remained intact, verifying experimentally that the single 
stranded RNA substrate follows a path from the top to the bottom of the hexamer, even 
in the absence of the RNA-binding proteins Rrp4 and Csl4.27 This can be explained by 
the electrostatic surface of the hexamer, which is negatively charged at the bottom and 
on the side (excluding interactions with RNA in these regions) and is positively charged 
at the entry pore and at the central channel down to the active sites.10

The Flexible RNA-Binding Cap

In the nine-subunit form of the archaeal exosome, three polypeptides which can be 
represented by Rrp41 and/or Csl4, bind on the top of the hexameric ring forming a at, 
trimeric cap with a central pore.10 The trimeric cap (also called the RNA binding ring) 
contains multiple domains with RNA binding capability: Rrp4 comprises an N-terminal 
domain and the RNA binding S1 (ribosomal protein S1 homology) and KH (protein K 
homology) domains, while Csl4 is composed of an N-terminal domain and the RNA 
binding S1 and Zn-ribbon domains (Fig. 1).7 Crystallographic studies revealed that the 
hydrophobic surfaces of the nine domains of the trimeric cap are involved in protein-protein 
interactions between the individual domains and between the cap and the hexamer. The 
remaining cap surface represents the top of the nine-subunit exosome and is suitable for 
interaction with RNA substrates and accessory protein factors.10

A comparison of the crystal structures of the two isoforms of the A. fulgidus exosome, 
containing either Rrp4 or Csl4 revealed that in both cases the S1-domains are located at 
the centre and form a pore which is 15 Å wide (in the case of Rrp4) or 18 Å wide (in the 
case of Csl4). Although Rrp4 and Csl4 are anchored to the hexameric RPD-ring via their 
N-terminal domains and their S1-domains form the central entry pore for the substrate, 
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the positions of the KH and Zn-ribbon domains differ signi cantly in the two different 
isoforms. However, their positions do not exclude the existence of heterotrimeric caps, 
since the individual polypeptides of a cap bind independently to the RPD-hexamer and do 
not interact with each other. Indeed, it was possible to reconstitute recombinant exosomes 
with heterotrimeric caps.10

The spatial structure of the Rrp4-containing nine-subunit exosome of S. solfataricus 
was determined by two different groups.18,26 Lorentzen et al resolved the structure of a 
symmetric protein complex and noticed that the S1 and KH domains interact closely 
and seem to form a single structural unit. The S1/KH unit possesses higher temperature 
factors than the well ordered N-terminal domain, indicating that the S1/KH part of Rrp4 
is exible.18 In the structure resolved by Lu et al, the internal symmetry of the Rrp4-ring 
was broken by rigid body and thermal motions, although the intermolecular interactions 
between the Rrp4 ring and the RPD-hexamer of Rrp41 and Rrp42 were similar to the 
previously described.26 Each of the Rrp4 subunits was found to possess distinct thermal and 
conformational characteristics, while the RPD-hexamer was rigid. The major difference 
to the structure published by Lorenzen et al is the different position of the S1 and KH 
domains of one of the Rrp4 subunits—these domains are moved away from the central 
pore, which becomes wider.26

These data strongly suggest that the RNA binding ring on the top of the hexamer is 
a highly exible structure and several studies support this suggestion. As discussed by 
Lu et al,26 major conformational differences between the exosomes of A. fulgidus and 
S. solfataricus are observed in the RNA-binding ring. Moreover, the S1 and KH domains 
of bacterial PNPases are disordered and not visible in the crystal structures, consistent with 
a high exibility of these domains.20,29 Most importantly, the analysis of the Pyrococcus 
exosome in solution by small angle X-ray scattering revealed that the Rrp4 subunits are 
attached to the hexameric core (presumably by the N-terminal domain) as extended and 

exible arms13 (which probably consist of the S1 and KH domains).
In addition to providing a substrate binding surface, the exible RNA binding 

cap also in uences the structure of the RPD-hexamer. The shape and the size of the 
central channel of the hexamer is somewhat different between the two isoforms of the 
A. fulgidus exosome due to differences in the Rrp41 structure.10 The central channel of the 
RPD-hexamer of S. solfataricus is narrowed in presence of Rrp4, similarly to what was 
observed for E. coli PNPase.29 Such structural plasticity indicates that the two different 
RNA binding subunits may allosterically regulate the catalytically active core of the 
RPD-ring and is compatible with the observation that different isoforms of the exosome 
differ in their activities.10,12

It is important to notice that Rrp4 and Csl4 are conserved in the exosomes of 
Archaea and Eukarya,22,30-32 suggesting important differential roles for these proteins, 
most probably in substrate selection. The two different isoforms of the archaeal exosome 
(the Rrp4-exosome and the Csl4-exosome) harbor different RNA binding domains7 and 
different electrostatic surfaces,10 consistent with the idea that Rrp4 and Csl4 are responsible 
for the interaction with different molecules. Indeed, we found that the S. solfataricus 
Rrp4-exosome strongly prefers poly(A), while the Csl4-exosome more ef ciently degrades 
heteropolymeric RNA (Roppelt, V., Klug, G., Evguenieva-Hackenberg, E., submitted).

It is assumed that RNA is bound by the S1-subunits Rrp4 and/or Csl4 and the single 
stranded 3 -end is threaded through the central channel to reach an active site on the 
bottom of the hexameric ring (Fig. 1).18 Although the hexameric ring is suf cient for 
RNA degradation, the S1-subunits Rrp4 and Csl4 strongly increase RNA binding and 
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RNA degradation by the exosome.10,12,13,24 Importantly, highly structured, natural tRNA 
cannot be degraded by the S. solfataricus hexamer, but is easily degraded by the Rrp4- and 
Csl4 exosomes.14 Most probably, binding of tRNA by the multiple RNA binding domains 
at the top surface of the exosome leads to ATP-independent unwinding of secondary 
structures, a mechanism which was also proposed for degradation of structured RNA by 
RNase R and the eukaryotic exosome.33

PHYSIOLOGICAL FUNCTIONS

The recombinant archaeal exosome is capable to degrade RNA phosphorolytically 
and to perform the opposite reaction, untemplated synthesis RNA using rNDPs.9-12,14 
These activities are also exhibited by native coimmunoprecipitated exosomes and it was 
shown that the exoribonucleolytic and the polynucleotidylation activities of the cell-free 
extract of S. solfataricus can be assigned to the exosome.11,12 Both activities seem to 
be physiologically relevant, like in the case of PNPases in bacteria and chloroplasts, 
which acts in vivo as exoribonucleases and as RNA-tailing enzymes.15,16 RNA tails 
serve as loading platforms for exoribonucleases and tailed RNAs are thus destabilised 
and degraded faster than nontailed molecules.34 Like PNPase, the archaeal exosome 
synthesizes heteropolymeric RNA-tails.11,14 Sequences of posttranscriptionally added 
tails from exosome-containing Archaea were determined and tailed RNAs were identi ed 
as truncated mRNA and rRNA molecules. A tailed precursor of 16S rRNA was also 
detected.11,35 Since RNA tailing is an event preceding and enhancing RNA decay, these 
data suggest a function of the exosome in targeting mRNA and rRNA fragments for 
degradation and in rRNA maturation.34

The regulation of the dual function of PNPase and the archaeal exosome is still not 
clear. It was proposed that local changes in the concentration of inorganic phosphate, 
rNDPs and Mg2  contribute to this regulation, since such changes modulate the activity 
in vitro.14 The reversible phosphorolytic activity probably allows to save energy avoiding 
the necessity to use rNTPs for synthesis of RNA tails, but the dif culty to regulate the two 
directions of the reaction is possibly the reason why the eukaryotic nine-subunit exosome 
has lost its activity and the RNA degradation and polynucleotidylation functions were 
separated in higher organisms.36 The eukaryotic nine-subunit exosome is responsible for 
recruitment of substrates, their unwinding and channelling through the central hole of 
the hexameric ring, but RNA degradation is performed hydrolytically by Rrp44 which 
interacts with the bottom of the hexamer.33,36-38 The untemplated synthesis of short, 
destabilizing poly(A)-tails to RNA is performed by different protein complexes named 
TRAMP in eukaryotic cells.39,40

Although important and probably essential aspects in RNA processing and degradation 
depend on the exosome, not all Archaea harbour this protein complex: in most methanogens 
and in halophilic Archaea, the genes encoding Rrp4, Rrp41, Rrp42 and Csl4 were lost.7,11,35 
In such organisms, posttranscriptionally added RNA-tails are not detectable.11,35 The 
correlation of the presence of the exosome with the presence of heteropolymeric RNA 
tails in Archaea and the lack of genes encoding other polynucleotidylating enzymes in 
archaeal genomes supports the view that RNA tailing is a major function of the exosome. 
Interestingly, the exosome-less Archaea still harbour DnaG, suggesting an extraordinarily 
important role for this protein in RNA metabolism.34
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CONCLUSION

Although the archaeal exosome shows structural similarity to its eukaryotic counterpart, 
it is functionally similar to bacterial PNPase. This is in agreement with the structure of 
mRNA in the third domain of life, which is similar to bacterial and not to eukaryotic 
mRNA—archaeal mRNA is often polycistronic, does not carry long stabilizing poly(A) 
tails but short, presumably destabilizing heteropolymeric tails at the 3 -end and is not 
capped by methylguanosine.34 Recently we found that the S. solfataricus exosome is 
localized at the cell periphery and cosediments with membranes in sucrose gradients 
(Roppelt et al, submitted). The localization of the archaeal exosome at the membrane is 
an additional parallel between the machineries for RNA processing and degradation in 
Archaea and Bacteria. RNA-degrading protein complexes in E. coli and Bacillus subtilis 
were also shown to be membrane-bound,41-43 suggesting a need of prokaryotic cells to 
spatially organize RNA processing and degradation.
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NOTE ADDED IN PROOF

The two papers by Roppelt V et al were in press at the publication of this book:  
(1) Roppelt V, Klug G, Evguenieva-Hackenberg E. The evolutionarily conserved subunits 
Rrp4 and Csl4 confer different substrate speci cities to the archaeal exosome. FEBS 
Lett. 2010 May 17. [Epub ahead of print]; and (2) Roppelt V, Hobel CF, Albers SV  et 
al. The archaeal exosome localizes to the membrane. FEBS Lett. 2010 May 17. [Epub 
ahead of print].
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Abstract: The archaeal exosome contains three heterodimeric RNase PH subunits, forming 
a hexamer with RNase activity; on top sits a trimer of two different SI domain 
proteins. In animals and yeast, six different, but related subunits form the RNase 
PH-like core, but these lack enzyme activity; there are three different SI-domain 
proteins and enzyme activity is provided by the endo/exonuclease Rrp44 or—mainly 
in the nuclear exosome—the Rnase D enzyme Rrp6. Trypanosomes diverged 
from yeast and mammals very early in eukaryotic evolution. The trypanosome 
exosome is similar in subunit composition to the human exosome, but instead of 
being an optional component, trypanosome RRP6 is present in the nucleus and 
cytoplasm and is required for exosome stability. As in human cells and yeast, the 
trypanosome exosome has been shown to be required for processing and quality 
control of rRNA and to be involved in mRNA degradation. Electron microscopy 
results for a Leishmania exosome suggest that RRP6 is located on the side of the 
RnasePH ring, interacting with several exosome core proteins. Results of a search 
for exosome subunits in the genomes of widely diverged protists revealed varied 
exosome complexity; the Giardia exosome may be as simple as that of Archaea.

INTRODUCTION

Most studies of eukaryotic exosomes so far have focussed either on animals and 
yeast, or on Archaea. The archaeal exosome contains three heterodimeric RNase PH 
subunits, forming a hexamer; on top sits a trimer of two different SI domain proteins.1 In 
animals and yeast, six different, but related subunits form the RNase PH core and there 
are also three different SI-domain proteins.2 In addition, the yeast exosome contains the 
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exo/endoribonuclease Rrp44 and both yeast and human exosomes can associate with an 
RNase D enzyme, Rrp63 and an additional protein, Rrp47.4 Although plant exosomes appear 
to be similar to those of yeast,5-7 we do not know if this can be generalised to all other 
eukaryotes. A eukaryotic exosome similar to that of Archaea can readily be envisaged. 
If exosomes of intermediate complexity were to be discovered, studies of their function 
could yield valuable insights into possible roles of the different subunits in the human 
exosome and into the reasons for sequence divergence in the core subunits. Sequence 
comparisons from highly diverged eukaryotes can also pinpoint highly conserved residues 
that are likely to be essential for exosome function.

The most important properties of the exosome are its catalytic activity and its 
regulation. Both depend on the properties of the core exosome subunits and their 
interaction with other factors. Even the enzymatic activity, however, is not thoroughly 
understood. The core RNase PH subunits in yeast and human exosomes have lost catalytic 
activity,8 but Arabidopsis RRP41 retains the catalytic site and was shown to be active.9 
How many other eukaryotic species retain enzyme activity in the RNase PH subunits? 
In yeast, catalysis depends on the activities of two associated proteins, Rrp44 and 
Rrp6.10-12 In humans, some exosomes may depend on Rrp6 for activity, but there is only 
weak evidence for an association with Rrp44.13 Are Rrp44 and/or Rrp6 always present 
in eukaryotic cells? If so, are they exosome-associated? Can Rrp44 and Rrp6 act alone 
and to what extent are their activities guided by exosome association? Which exosome 
functions—and which modes of regulation—are conserved in all eukaryotic cells and 
which are specialised for particular species? Information from a wider range of species 
may help us to better answer some of these questions and could clarify the pathway by 
which the Archaeal complex increased in complexity.

There are six major groups of eukaryotes, which separated soon after the acquisition 
of the mitochondrion. Animals and yeast are both in one group, the Opisthokonta. Plantae 
are a second group. In this chapter we describe, in detail, the properties of the exosome 
from a representative of a third group and also brie y examine evidence for the exosome 
in other deeply divergent eukaryotes.

TRYPANOSOMES AS A MODEL SYSTEM FOR RNA PROCESSING 
AND TURNOVER

The Kinetoplastids, which include trypanosomes and leishmanias, are protists and belong 
to the Excavata, which branched away from the Plantae and Opisthokonta extremely early 
in eukaryotic evolution. Trypanosomes and leishmanias are parasites of diverse animals 
and plants and cause several diseases of medical, veterinary or agricultural importance, 
particularly in developing countries. For this reason alone, they have been studied with the 
aim of nding new chemotherapies or vaccines. However there is an additional motivation 
for studying trypanosome exosomes: trypanosomes are an excellent model system for studies 
of RNA processing and decay. In kinetoplastid organisms, transcription of protein-coding 
genes by RNA polymerase II is polycistronic and appears to be constitutive;14 individual 
mRNAs are generated by 5  trans splicing and 3  polyadenylation.15 The polycistronic 
units contain many mRNAs with unrelated functions and regulation patterns,16,17 so control 
of gene expression is posttranscriptional. Most evidence so far has pinpointed mRNA 
degradation and translation as the major control points.18,19 One consequence of this is that 
investigations of mRNA degradation and processing are not complicated by transcriptional 
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effects: this greatly simpli es quantitative analysis and interpretation of experimental results. 
A second consequence is that trypanosomes are uniquely reliant upon mRNA degradation 
for their survival: thus the enzymes that digest RNA and the proteins that regulate them, 
may constitute promising targets for new anti-trypanosomal drugs.

The African trypanosome Trypanosoma brucei is a particularly convenient subject 
for molecular investigation because it is readily culturable and reverse genetics, including 
convenient RNAi methods, are well established.

THE STRUCTURE OF THE TRYPANOSOME EXOSOME

The trypanosome exosome was puri ed by tandem af nity chromatography, using 
TAP-tagged TbRRP4 as the ligand. Mass spectrometry revealed the presence of three 
different S1 subunits, TbRRP4, TbRRP40 and TbCSL4 and six RNase PH subunits, 
which were designated TbRRP41A, TbRRP41B, TbRRP45, TbEAP1, TbEAP2 and 
TbEAP4.20,21 (The “EAP” stands for “Exosome Associated Protein”; although these 
proteins have RNase PH-like domains, they could not be assigned as homologues of 
any particular yeast subunit on the basis of sequence alignment alone.) In addition, the 
complex contained the RNase D-like protein TbRRP6 and TbEAP3—a likely homologue 
of yeast Rrp47. A gene encoding TbRRP44 was found and the expression of the protein 
was demonstrated. TbRRP44 was however not present in the puri ed exosomes and did 
not sediment with the exosome on glycerol gradients.21

To determine the relative arrangements of the different subunits, each subunit was 
depleted using RNA interference and the effects on the abundances of the other subunits 
and the migration of the exosome on glycerol gradients, were monitored.20 The complex 
seemed intact after depletion of any of the S1 subunits. In contrast, depletion of the 
RNase PH domain proteins TbRRP41A and TbEAP1 caused exosome disassembly, as 
judged by the distribution of TbRRP45 on the glycerol gradient. Depletion of any of the 
core PH subunits caused decreases in the abundance of TbRRP4. The results suggested 
that some of the RNase PH and S1 subunits were unstable if they were not associated 
in the complex. Strikingly, depletion of TbRRP6 and TbEAP3 caused a loss of both 
TbRRP45 and TbRRP4, suggesting that—in contrast to the situation in yeast or human 
cells22—TbRRP6 might have a structural role in the trypanosome exosome. Depletion 
of TbRRP44 had no effect on the exosome.

The mutual interactions of the subunits were also tested by yeast two-hybrid analysis.20 
The results suggested an overall arrangement of the six RNase PH subunits that was similar 
to that seen in yeast and indicated mutual links between the S1 domain proteins as well 
as binding of these to the PH core (Fig. 1A). They also showed an interaction between 
RRP6 and EAP3, but neither these two proteins, nor RRP44, showed interactions with 
the core subunits.

THE POSITION OF RRP6 RELATIVE TO THE EXOSOME CORE

The overall picture so far was of an eleven-subunit complex that contained RRP6 
but not RRP44. The fact that RRP6 depletion affected the rest of the exosome was 
surprising, given that this protein is associated only with the nuclear exosome in 
yeast. The results of localisation studies23 indicated that in contrast, TbRRP6 is in 
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the trypanosome cytoplasm as well as nucleus. In addition, TbRRP6 was found in 
a cytosolic exosome preparation.21 TbRRP6 was not affected by depletion of core 
exosome subunits and could also be over-expressed, so its stability does not depend upon 
exosome association.23 Nevertheless, in the absence of over-expression, all TbRRP6 
cosedimented with the exosome, suggesting that in vivo, its expression is coregulated 
with that of other exosome subunits.

All published crystal structures of eukaryotic exosomes describe complexes that 
have been reconstituted from subunits produced in E. coli. The reliance of trypanosomes 
(and related parasites) on mRNA degradation appears to have resulted in an unusually 
large amount of exosome per cell. Using the parasite Leishmania tarentolae, which grows 
to high densities in an economical (serum-free) medium it was therefore possible to prepare 
suf cient pure native exosome for structural analysis. As a consequence, the rst structure 
of an exosome containing homologues of Rrp6 and Rrp47 could be determined by electron 

Figure 1. A) Interactions of trypanosome exosome subunits, detected using the yeast 2-hybrid system. 
Colour coding is the same as in (B). B) Diagrammatic representation of our space- lling model of the 
kinetoplastid exosome, labelled with the names of the trypanosome proteins, taken from ref. 24. The 
blue proteins are the RNase PH subunits and the red-pink ones are S1 subunits. Dotted lines represent 
the outline of the Leishmania tarentolae exosome as determined by electron microscopy; the yellow 
portion is postulated to contain RRP6 and EAP3. C) Approximate t of the structure of the nine 
subunits of the human exosome2 into the EM map, taken from ref. taken from ref. 24. The grey is the 
Leishmania EM structure and the ribbon diagrams are the human exosome, with PH subunits in blue 
and S1 subunits in red. The image on the left is viewed from above the S1 subunits and the image 
on the right is viewed from the side. B,C) Used with permission from Cristodero et al, Mol Biochem 
Parasitol 2008; 159(1):24-9.24 Copyright 2008, Elsevier. A color version of this image is available at 
www.landesbioscience.com/curie.
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microscopy.24 In addition to the expected ring structure, which could be aligned with that 
of the yeast exosome, the Leishmania tarentolae exosome exhibited a prominent bulge 
on one side: presumably this represented TbRRP6 and TbEAP3 (Fig. 1B). The fact that 
TbRRP6 appeared to contact several core subunits, including TbRRP41A and TbRRP40, 
might explain why TbRRP6 is required for trypanosome exosome stability. This position 
of TbRRP6 appeared to preclude “feeding” of RNAs to the protein via the central RNase 
PH channel. If yeast Rrp6 occupies a similar position, this would allow simultaneous 
binding of Rrp44 to the “bottom” of the core. If it proves dif cult to obtain crystals of 
reconstituted Rrp6-containing exosomes, it would be worthwhile to attempt further 
optimisation of the Leishmania preparations for higher-resolution structural studies.

It was initially reported that puri ed exosome and recombinant RRP4 had 3 -5  
exoribonuclease activity.21 This was however most likely due to contamination, as seen 
for other eukaryotic exosomes.8 Multiple tests with the puri ed Leishmania exosome 
failed to detect exoribonuclease activity, despite the presence of RRP6.24 This could be 
a technical artefact, or could indicate that additional cofactors or speci c substrates are 
required for trypanosome exosome activity. Recombinant yeast Rrp6 activity appears 
not to be affected by association with the exosome;2,8 native recombinant trypanosome 
TbRRP6 is not available for testing, but the catalytic residues are conserved.

FUNCTIONS OF THE TRYPANOSOME EXOSOME IN THE NUCLEUS

The functions of the trypanosome exosome were tested by examining various RNAs 
after depletion of individual subunits by RNA interference, using stable cell lines in 
which expression of dsRNA was induced using a tetracycline-inducible promoter. In 
trypanosomes, the ef ciency of RNA interference not only varies between cell lines, 
but is also in uenced by cultivation and freezing of cell lines. Also, since antisera are 
not available for most subunits, the extent of protein depletion usually could not be 
monitored. It is therefore not possible to make quantitative judgements about exactly 
how much each protein was required for a particular process. The results of the RNAi 
nevertheless suggested that all exosome subunits and TbRRP44 were either essential for 
trypanosome survival, or at least required for normal growth.

The rst function of the nuclear exosome that was tested was the trimming of 5.8S 
rRNA precursors. Exosome subunit depletion resulted in accumulation of a 7S precursor 
and some intermediates, with a decrease in a 6S intermediate.21 The most severe defects 
were seen with RNAi targeting TbRRP4 and TbRRP45, although this could have been a 
re ection of RNAi ef ciency. Notably, despite the lack of any evidence for association 
of TbRRP44 with the exosome, depletion of TbRRP44 was equally effective in inhibiting 
5.8S rRNA maturation.21 Clearly, therefore, 5.8S rRNA maturation requires both the 
core exosome and TbRRP44, despite the lack of any evidence for a physical association 
between them. Possibly, the interaction is weak or transient, or substrate-dependent. It 
was notable that despite precursor accumulation, the steady-state level of 5.8S RNA was 
not affected; perhaps the decrease in rRNA processing was matched by the decrease in 
trypanosome growth.

In yeast, processing of nuclear RNAs is regulated by the TRAMP complex, which 
contains the helicase Mtr4, one of two possible RNA-binding proteins, Air1p or Air2p 
and a poly(A) polymerase, either Trf4 or Trf5. This complex catalyses the addition of 
oligo(A) tails to exosome targets, which primes them for exosome-mediated degradation.25,26 
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A search of the trypanosome genome revealed the presence of genes encoding trypanosome 
MTR4 and a nuclear poly(A) polymerase, TbNPAPL. Air1 and Air2 are not suf ciently 
conserved, at the sequence level, to allow clear identi cation even in the human genome 
and there were no obvious homologues in trypanosomes. RNAi experiments demonstrated 
that TbMTR4 and TbNPAPL were required for cell growth, and TbMTR4 depletion 
caused defects in 5.8S rRNA maturation that were indistinguishable from those seen after 
RRP6 RNAi.27 (It should be remembered that in trypanosomes, RRP6 RNAi affects the 
entire exosome.) To nd out whether polyadenylation was also involved in this, a small 
rRNA from the 3  end of the precursor, SR6, and a partially processed precursor, ITS7, 
were examined; these were chosen because these had been shown to be polyadenylated 
in a previous study.28 The presence of the polyadenylated RNAs was con rmed by 
RT-PCR.27 Depletion of TbMTR4 increased the lengths of the poly(A) tails, while 
depletion of TbNPAPL caused a decreased in the overall abundance of the tails. Neither 
co-immunoprecipitation nor af nity puri cation, however, revealed any evidence for the 
presence of a MTR4-NPAPL complex or for physical interaction with the exosome.27 
Thus although polyadenylation probably plays a role in exosome-mediated trimming 
of rRNA precursors, there was no evidence for the presence of a TRAMP complex. In 
human cells, Mtr4 interacts with exosomal cofactor Rrp47 via another protein, MPP6; 
it is not yet clear whether trypanosomes have a functional equivalent of MPP6 or not.

Trypanosomes have a multitude of snoRNAs and snRNAs, which might be subject to 
trimming by the exosome. Preliminary results suggest that indeed, TbMTR4 is involved 
in controlling levels of snRNAs and some, but not all, snoRNAs (S. Michaeli, Bar-Ilan 
University, Israel, personal communication). Other possible roles for the exosome 
might be in the destruction of fragments generated by the RNAi machinery, either in the 
nucleus or cytoplasm; this has yet to be tested. The full extent of trypanosome exosome 
function will be revealed when high-throughput sequencing data becomes available for 
subunit-depleted organisms.

FUNCTIONS OF THE TRYPANOSOME EXOSOME IN THE CYTOPLASM

African trypanosomes replicate in the gut of Tsetse ies and in body uids of a 
mammalian host. The two replicative forms, which are called “procyclic forms” and 
“bloodstream forms” respectively, differ in their energy metabolism and in surface protein 
expression. The bloodstream forms express variant surface glycoprotein (VSG) and rely 
heavily on glycolysis, while the procyclic forms express EP procyclin and have more 
complex energy metabolism. Depending on the criteria adopted, between 200 and 1000 
mRNAs (out of about 8000 open reading frames) change in abundance as the parasites 
differentiate from the bloodstream form to the procyclic form.29-31 Regulation of mRNA 
turnover plays a major role in this: the half-lives of mRNAs range from several hours 
to minutes.18,32 For example, mRNAs encoding mitochondrial enzymes are more stable 
in procyclic forms than in bloodstream forms.33 Experiments with reporter genes have 
demonstrated that the half-lives of most trypanosome mRNAs tested are determined by 
sequences in their 3 -untranslated regions.18,19

About 5% of the bloodstream form mRNA encodes VSG32 while in the procyclic 
form, 3% of mRNA encodes EP procyclin. These genes are, exceptionally, transcribed by 
RNA polymerase I34 and subject to transcriptional regulation. VSG genes are completely 
shut off in procyclic forms, but the EP gene transcription is down-regulated only 10-20 
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fold in bloodstream-forms. The steady-state EP mRNA levels are however much more 
strongly regulated: EP mRNA has a half-life of hours in procyclic forms, but is degraded 
within minutes in bloodstream forms. The half-life is determined mainly by U-rich region 
in the 3 -untranslated region.35

In both mammalian cells and yeast, classical mRNA degradation is generally 
initiated by removal of the poly(A) tail. This is followed by decapping and 5 -3  degradation 
and/or degradation from the 3 -end by the exosome (see e.g., ref. 36). Exceptionally, 
RNAs may be subject to deadenylation-independent decapping. In addition they can be 
subject to endonucleolytic cleavage, either by specialised endonucleases or by the RISC 
complex; here too the products become exosome substrates (see e.g., ref. 37).

To determine the direction of mRNA degradation in trypanosomes and leishmanias, 
various approaches were undertaken. Using reporter genes, secondary structures were 
introduced to inhibit exoribonuclease progression and degradation intermediates were 
mapped by RNase H digestion.38,39 In addition, in trypanosomes, the effects of RNAi 
targeting the exosome,40 deadenylases39,41 and TbXRNA (the major mRNA-targeted 
5 -3  exoribonuclease42) were assessed. Most of the work was done in bloodstream-form 
trypanosomes. The results showed that the decay of mRNAs with half-lives over 15 
min was initiated by deadenylation, as usual.41 In contrast, two very unstable mRNAs—
including the EP procyclin mRNA—seemed to be subject to two pathways. One started 
with deadenylation,39 while the other involved direct attack on the 5 -ends of polyadenylated 
mRNA.42 For these very unstable mRNAs, there was some evidence that the exosome 
was involved in 3 -5  digestion of deadenylated mRNA.43 Exosome depletion led to a 
delay in the decay of reporter mRNAs with three different stabilising 3 -UTRs40 and 
stabilised deadenylated RNA. It did not, paradoxically, lead to a detectable increase in the 
steady-state abundances of the tested RNAs. Overall, therefore, the evidence suggests that 
the exosome plays a relatively minor role in trypanosome mRNA degradation. Experiments 
to examine the pathway of mRNA degradation in the related parasite Leishmania infantum 
also provided evidence for the existence of both 5 -3  and 3 -5  pathways.38

In other organisms, proteins involved in mRNA degradation are concentrated in 
“processing bodies” (P-bodies).44 After various stresses, some of these proteins, but also 
translation factors and polyadenylated mRNA, become concentrated in stress granules.45 
The current consensus is that the exosome is not located in either of these structures. 
In trypanosomes, antibody to TbRRP6 detected tiny granules spread throughout the 
trypanosome cytoplasm as well as a more uniform staining of the nucleus;23 the granules 
could however have been a xation artefact. Inducibly expressed TAP-tagged TbRRP4 
was concentrated in the nucleus, while TAP-tagged TbEAP1 was more uniformly spread 
in the cytoplasm as well. There is no unequivocal evidence for the presence of P-bodies 
in trypanosomes, but stress granules can be induced by heat shock46 or starvation.47 It is 
not known whether these granules contain exosome components.

The yeast Lsm complex preferentially binds to the 3  ends of oligoadenylated mRNAs 
and is thought to be involved in the recruitment of the decapping complex and possibly 
also the exosome.48 Exosome-dependent mRNA degradation in yeast is also stimulated 
by the Ski complex. Ski proteins are not present in trypanosomes, but an Lsm complex 
is. In yeast, the 7-subunit Lsm complex has a compartment—speci c component—the 
Lsm2 of the nuclear complex is replaced by Lsm1 in the cytosol. The trypanosome Lsm 
complex consists of LSM2-LSM8 in both compartments and depletion of either TbLSM3 
or TbLSM8 inhibited degradation of two different mRNAs.49
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CONSERVATION OF THE EXOSOME IN EUKARYOTIC EVOLUTION

To determine the degree of exosome conservation beyond trypanosomes, plants 
and Opisthokonts, we have performed BLASTp analysis with a small number of highly 
diverged genomes. We used yeast or human exosome subunit query sequences and 
checked dubious matches by reciprocal BLASTp and by domain searches. In some cases 
we could also search directly for annotated RNase PH domains. The genomes searched 
were of Dictyostelium discoideum, Plasmodium berghei, two ciliates (Paramecium 
tetraurelia, Tetrahymena thermophila), the Chromalveolate Thalassiosira pseudonana; 
and Trichomonas vaginalis, Giardia lamblia and Giardia intestinalis (like trypanosomes, 
members of the Excavata) (Fig. 2). For all results we must bear in mind that genome 
assemblies may be incomplete and that bona de homologues can be missed in BLASTp 
searches due to low sequence conservation.

The numbers of RNase PH subunits found was variable. Interestingly, there were 
usually fewer than 6 different subunits; these always, however, included one or more 
versions of Rrp45. The minimal set was one Rrp45 and one other RNase PH similar to 
Rrp41 or Rrp43. This small set is seen in the two available Giardia genomes (C6LR86/
A8BNT9 and A8B493/C6LWS9) and in the two ciliates—for Tetrahymena, Q23PW9 and 
EAR84452. Tetrahymena has an additional Rrp45 which, despite being almost double 
the normal size, has only one RNase PH domain. The arrangement of the PH subunits in 
these organisms would be of interest—are there three copies of each subunit, arranged 
as dimers, as in Archaea?

Most of the searched organisms had two or three S1 domain subunits, but 
Trichomonas had only one. Mtr3 was not found; Rrp46 was present only in 
Dictyostelium. Rrp44 was conserved in all of the searched genomes, but we did not nd any 
trace of Rrp6 in Plasmodium or Giardia. If Rrp6 is missing, but the exosome is active in 

Figure 2. Relative positions of Dictyostelium discoideum, Plasmodium berghei, Tetrahymena thermophila, 
Thalassiosira pseudonana, Trichomonas vaginalis and Giardia on an evolutionary tree. Paramecium 
tetraurelia is a ciliate, like Tetrahymena. The six major groups are on the right. The diagram is heavily 
simpli ed from reference 50; none of the branch lengths are to scale. No full genome is currently 
available for Cercozoa. For more details see also http://tolweb.org/tree/.
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these species, the 3 -5  exoribonuclease activity could reside in the PH subunits themselves; 
alternatively, it might be conferred by Rrp44 should Rrp44 be exosome-associated.

This brief survey suggests that in some eukaryotes, the exosome shows a complexity 
that is intermediate between those found in Archaea and Opisthokonts. Since Giardia 
had two S1 subunit sequences, two RnasePHs and no Rrp6, its exosome appears to be as 
simple as that of Archaea. A more thorough genomic search, followed up with biochemical 
analysis, will be needed to nd out whether this is indeed the case.

CONCLUSION

Trypanosomes are heavily reliant on posttranscriptional mechanisms for regulation 
of gene expression, with mRNA degradation playing a crucial role. The trypanosome 
exosome is, correspondingly, as complex as that of human cells. As in human cells and 
yeast, the trypanosome exosome has been shown to be required for processing and quality 
control of rRNA and to be involved in mRNA degradation. The origin of RNase activity 
in the trypanosome exosome remains a mystery since none was demonstrated in puri ed 
exosomes containing TbRRP6. It is also not known whether TbRRP44 ever associates 
with the trypanosome exosome: further investigation of TbRRP44 would be warranted. 
Similarly, a thorough analysis of exosomes in widely diverged eukaryotes is likely to 
yield insights into exosome function. In particular, the exosome of Giardia appears to 
have Archaeal composition although it must—presumably—ful l the functions required 
of the eukaryotic complex.
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Abstract: One of the most versatile RNA degradation machines in eukaryotes is the 3'-5' RNA 
exosome. It consists of nine conserved subunits forming the core complex, which 
associates with active ribonucleases, RNA binding proteins, helicases and additional 
co-factors. While yeast and human exosome core complexes are catalytically inactive, 
the plant core complex has probably retained a phosphorolytic activity. Intriguingly, 
the down-regulation of individual subunits of the plant core complex in Arabidopsis 
mutants led to distinct developmental defects, suggesting an unequal contribution of 
the core subunits to the in vivo activities of the plant exosome complex. In addition, 
some of the plant core subunits as well as some associated factors are encoded 
by duplicated genes, which may have both overlapping and speci c functions. 
Together, these results suggest an unique and complex organisation of exosome-
mediated RNA degradation processes in plants. This chapter reviews our current 
knowledge of plant exosomes and discusses the impact of 3'-5' RNA degradation 
on the posttranscriptional control of plant genome expression.

INTRODUCTION

Exoribonucleolytic 3 -5  RNA degradation makes a major contribution to RNA 
maturation, turnover and surveillance in all genetic compartments of plant cells. In 
chloroplasts and mitochondria, the major players are two organelle-speci c polynucleotide 
phosphorylases (PNPases). In both the nucleus and the cytoplasm, the main 3 -5  degradation 
machine is the exosome complex. RNA degradation by both PNPases and the exosome 
can be stimulated by the addition of oligo-A tails, a feature extensively discussed in 
Chapters 1, 6 and 8. PNPases and exosome complexes are structurally and evolutionary 
related. The present chapter will focus on some intriguing peculiarities that distinguish 
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plant exosomes from their animal and fungal counterparts. At the end of the chapter we 
will discuss the impact of 3 -5  degradation mechanisms to the posttranscriptional control 
of genome expression in the different compartments of plant cells

COMPOSITION OF PLANT EXOSOME CORE COMPLEXES

The eukaryotic exosome core complexes consist of three heterodimers of the 
PH-domain proteins RRP41-RRP45, RRP42-MTR3 and RRP43-RRP46 that form a 
ring-like structure, to which a “cap” of three S1/KH domain proteins, RRP4, RRP40 
and CSL4, is bound (see Chapter 2 by K. Januszyk and C. Lima). Homologs of all nine 
core proteins are encoded in plants. Depending on the specie, a few proteins are encoded 
by duplicated genes. For instance, a short and a longer version of RRP45 (RRP45A and 
RRP45B) are encoded in the genomes of Arabidopsis thaliana, Poplar trichocarpus and 
Glycine max.1 In contrast, Vitis vinifera, Ricinus communis, Oryza sativa and Zea mays seem 
to have either only the short or the long RRP45 protein. In addition, Arabidopsis thaliana 
harbours two nearly identical copies of RRP40 (termed AtRRP40A and AtRRP40B).2

The plant exosome complex was recently puri ed and characterised using transgenic 
Arabidopsis lines expressing tagged versions of AtRRP4 or AtRRP41, respectively. 
This revealed that the plant core exosome complex contains homologs of RRP4, CSL4, 
RRP41, RRP42, RRP43, RRP46 and MTR3. Under the experimental conditions used, 
only AtRRP40A and AtRRP45B were incorporated into the core complex.2 Whether 
alternative core complexes containing AtRRP40B and/or AtRRP45A can be assembled, 
for instance in other tissues or other developmental stages, has not been determined 
yet. However, Arabidopsis single mutants lacking either AtRRP45 A or B have no 
phenotype or only a mild one, respectively, while simultaneous downregulation of 
both proteins is lethal.1 Thus, it appears that AtRRP45A can partially complement 
for the loss of AtRRP45B. Moreover, expression of either AtRRP45A or AtRRP45B 
could restore the growth of a yeast rrp45 null mutant. Together, these results suggest 
that AtRRP45A can indeed be incorporated into a functional core complex, at least 
under some circumstances.

Although composition and structural organisation of plant exosomes resemble 
those in other eukaryotes, plant exosomes have major peculiarities concerning the 
contribution of different core subunits to the in vivo activity of the exosome complex. 
In Saccharomyces cerevisiae, all nine subunits of the conserved core complex are 
essential.3-5 Downregulation of individual subunits results in similar rRNA processing 
phenotypes, notably the characteristic accumulation of a 3 -extended transcript of the 5.8S 
rRNA. Moreover, the X-ray crystallographic analysis of the human exosome revealed 
unique interactions between all subunits of the core complex with each other.6 It is 
therefore believed that all nine subunits are required to assemble a stable and functional 
core complex.7 This appears to be different in Arabidopsis, because downregulation of the 
AtCSL4 subunit did not result in any obvious phenotype (Fig. 1) and size-fractionation 
from cells lacking AtCSL4 yielded nearly intact exosome complexes.2 Interestingly, 
knock-down of the TbCSL4 subunit of Trypanosome brucei exosomes also did not result 
in degradation of other subunits, nor in disassembly of the core complex. Therefore, in 
both plants and trypanosomes, the CSL4 subunit of the cap appears to be dispensable 
for exosome function.8,9 Interestingly, recent data indicate that the major part of CSL4 is 
also dispensable in yeast, because severely truncated versions of yeast CSL4, containing 
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either only the N-terminal RRP27 domain or the C-terminal Zn-ribbon-like domain, are 
suf cient to promote essential exosome functions.10

Another interesting aspect of plant exosomes concerns the enzymatic activity of 
the core complex. Structural-assisted sequence analysis and biochemical assays with 

Figure 1. Phenotypes of plant RNA exosome mutants. The plant core exosome consists of six 
PH-domain proteins forming a ring-like structure (represented by dark grey balls) and three S1-domain 
proteins forming the cap (represented by light grey balls). Downregulation of distinct subunits of 
the core complex results in different defects of plant development: 1) Homozygous rrp4 seeds arrest 
at a early stage of embryo development. Reprinted with permission from: Chekanova JA et al. Cell 
2007; 131(7):1340-1353;2 ©2007 Elsevier. 2) In contrast to other eukaryotic RNA exosomes where 
all subunits are catalytic inactive, the AtRRP41 subunit of the plant exosome has a phosphorolytic 
activity (indicated by the star). Heterozygous rrp41/RRP41 plants produce viable seeds and aborted 
ovules (visible as empty spaces in siliques) in an 1:1 ratio. Reprinted with permission from: 
Chekanova JA et al. Cell 2007; 131(7):1340-1353;2 ©2007 Elsevier. 3) RRP45B is required for proper 
expression of CER3, a protein of unknown function implicated in wax biosynthesis. Plants lacking 
RRP45B fail to express a CER3-GUS reporter gene (producing a blue indicator product) in stems 
and have defects in cuticular wax deposition. Reprinted with permission from: Hooker TS et al. Plant 
Cell 2007; 19(3):904-913;1 ©2007 American Society of Plant Biologist. 4) Barley mutants lacking 
HvRRP46 are more sensitive to pathogen-induced apoptosis of leaf tips. Reprinted with permission 
from: Xi L et al. Plant Cell 2009; 21(10):3280-3295;15 ©2009 American Society of Plant Biologists. 
5) Arabidopsis plants lacking the CSL4 subunit do not display any obvious phenotype. These data 
indicate that subunits of the core complex have specialised roles in plant growth and development 
and make unequal contributions to the in vivo activity of the plant exosome.
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puri ed or reconstituted exosome complexes indicated that in yeast, ies and animals, all 
nine subunits of the core complex are catalytically inactive.6,11,12 By contrast, the critical 
residues of the catalytic site of the archaeal phosphorolytic RRP41 protein are conserved 
in AtRRP41. Moreover, recombinant AtRRP41 protein has a phosphorolytic activity 
in vitro.13 If this activity is maintained upon complex assembly, plant exosomes 
would have a catalytic activity similar to archaeal exosomes (see Chapter 3 by E. 
Evguenieva-Hackenberg). Interestingly, the in vitro activity of recombinant AtRRP41 
was stimulated after addition of short poly-A tails to the RNA substrates.13 It is therefore 
possible that the exosome core complex itself degrades polyadenylated substrates in plant 
nuclei—unlike in yeast, where this activity depends on the nuclear exosome-associated 
exoribonuclease RRP6 (see next section).

FUNCTIONAL SPECIALISATION OF INDIVIDUAL SUBUNITS?

In contrast to the situation in yeast and trypanosomes, where depletion of individual 
subunits results in similar molecular phenotypes, depletion of individual subunits of the 
plant exosome give rise to distinct phenotypes on both the molecular level and on plant 
development.2

The rst plant exosome mutant characterised was the Arabidopsis cer7 mutant originating 
from a screen aimed at identifying wax biosynthesis genes (eceriferum lines).14 CER7 
was found to be allelic to RRP45B,1 encoding one of the PH-domain proteins copurifying 
with the exosome core complex.2 Both plants carrying the cer7 point mutation and plants 
harbouring a T-DNA insertion in the RRP45B gene have reduced levels of CER3/WAX2 
transcripts, which encode a protein of unknown function required to produce wild type levels 
of cuticular wax in Arabidopsis stems (Fig. 1).1 This suggests that CER7/AtRRP45B acts 
as a positive regulator of CER3 expression, probably by degrading transcripts of a putative 
CER3 repressor. It is yet unclear if this function of AtRRP45B is linked to its function as 
an exosome subunit, or due to an exosome-independent activity of the protein. The RNA 
substrate (of either RRP45B or the exosome complex) that would explain the surprising 
speci c phenotype of cer7/rrp45b mutants has not yet been identi ed. However, loss of 
RRP45B nally leads to a reduced cuticular wax load and reduced seed viability, but not to 
major defects in growth or development (Fig. 1). Plants lacking the closely related protein 
RRP45A have normal levels of cuticular wax, normal seed viability and do not exhibit 
any obvious phenotype, while the simultaneous disruption of RRP45A and B is lethal.1 
This indicates that the two RRP45 proteins have both distinct and overlapping functions. 
Furthermore, this result strongly suggests that at least one RRP45-like subunit is required 
for plant exosome assembly and/or function and, in conclusion, that functional exosomes 
are essential for plant viability. However, this view could be challenged by recent results 
obtained in Hordum vulgare (barley). While studying response reactions to the pathogen 
Blumeria graminis (abbreviated bgh, Barley-powdery Mildew), Xi et al isolated a barley 
mutant carrying a deletion of six genes, among them the gene encoding the exosome core 
subunit RRP46.15 The bcd1 (for bgh-induced tip cell death 1) mutation and virus-induced 
gene silencing of RRP46 alone, resulted in rapid cell death in the top 2-3 cm of developing 
leaves after inoculation with the bacterial pathogen (Fig. 1). Pleiotropic symptoms such 
as a certain amount of sterile orets and a reduced number of tillers were also observed 
in both infected and non-infected plants. On the molecular level, loss of HvRRP46 leads 
to accumulation of polyadenylated, misprocessed rRNA precursors and, probably in 
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a compensatory reaction, to a constitutive upregulation of ribosomal proteins. It 
was therefore suggested that the misregulation of ribosome biosynthesis pathways 
observed upon loss of HvRRP46 renders the plants more vulnerable to stress-induced 
cell-death.15 However, these data suggest that HvRRP46, although clearly required 
for “classical” exosome-associated processing and degradation reactions, is not 
essential in barley. By contrast, it is also possible that a second RRP46-like protein 
with overlapping functions is encoded in the barley genome, or that one of the other 
subunits can replace HvRRP46 in the exosome core complex.

Interestingly, loss of AtRRP41 or AtRRP4, each encoded by a single gene 
in Arabidopsis, results in growth arrest at different stages of plant development 
(Fig. 1).2 Heterozygous rrp41/RRP41 mutants produce viable seeds and aborted 
ovules in an 1:1 ratio and the resulting progeny segregates 1:1 for wild type and 
heterozygous plants, indicating that AtRRP41 is required for female gametogenesis 
(Fig. 1). By contrast, loss of AtRRP4 does not affect pollen or ovule development, 
but severely impairs postzygotic processes because rrp4 mutant seeds arrest in an 
early stage of embryo development with most seeds containing two-cell embryos 
and noncellularized endosperm (Fig. 1). However, downregulation of both AtRRP4 
or AtRRP41 in seedlings using an inducible RNAi strategy leads to growth arrest 
and plant death, demonstrating that each of the two core subunits is also essential 
for post-embryonic growth.

In an exhaustive genome-wide tiling analysis Belostotsky and colleagues 
compared the polyadenylated RNA substrates that accumulated upon downregulation 
of AtRRP4 or AtRRP41 with those accumulating in csl4 mutants.2 They found that loss 
of AtCSL4 affected only a minor fraction of the RNA substrates affected upon loss of 
AtRRP4 and/or AtRRP41, suggesting that exosome complexes without AtCSL4 are 
still mostly functional. This study demonstrated also that downregulation of AtRRP4 
or AtRRP41 affects overlapping, but also distinct pools of RNA substrates.2 How can 
we explain that two essential subunits of the core complex make unequal contributions 
to the in vivo activity of the plant exosome? Apparently AtRRP41, or a RRP4-less 
core exosome, is suf cient to promote ovule development and a few cell divisions post 
fertilisation, while a fully assembled complex containing all nine conserved subunits is 
required to proceed into embryo development. One possible hypothesis is that AtRRP41, 
which in contrast to all other core subunits is catalytically active, can perform some 
functions as a monomer, or when assembled into the ring structure of the core exosome 
complex only. Another possibility is that alternative 9-subunit complexes, where RRP4 
might be replaced by CSL4 or RRP40, can assemble and promote female gametogenesis 
and fertilisation, but not embryo development. It was therefore suggested that the ring 
and the cap structure may be less intertwined in plant exosomes than in yeast or human 
exosome complexes.16

Taken together, the available data strongly suggest that individual subunits of the 
Arabidopsis exosome core complex make unequal contributions to complex integrity and 
function. This challenges our all-or-nothing concept of the exosome complex and opens 
the possibility that distinct complexes with specialised functions can be assembled in 
plants. Interestingly, distinct cellular distribution patterns for individual subunits have 
been observed in Drosophila melanogaster, suggesting that complexes with different 
composition of subunits may also exist in ies.17
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EXOSOME COFACTORS AND AUXILIARY PROTEINS IN PLANTS

Depending on the subcellular compartment, the core complex of yeast and animal 
exosomes associates with distinct exoribonucleases and other factors that confer both 
activity and speci city.18,19 In yeast and drosophila both cytosolic and nuclear exosome 
preparations contain RRP44,3,20 which has both an endonucleolytic and a hydrolytic 
3 -5  exoribonucleolytic activity (see Chapter 6 by A. Chlebowski and collegues).10,21-23 
Because the core exosome complex is catalytically inactive,6,11,12 RRP44 is probably also 
responsible for the in vivo activity of the exosome of human and trypanosomes, despite 
the fact that RRP44 was not yet detected in exosome preparations from these organisms.

All plant genomes sequenced so far encode proteins with clear sequence similarity 
to RRP44. It appears that both dicots and monocots have two RRP44-like proteins, one 
containing and one lacking the PINc domain that confers the endonuclease activity 
in yeast and humans. However, no homologue of RRP44 was copuri ed with the 
Arabidopsis exosome complex,2 and none of the plant proteins have been functionally 
characterised to date. Hence, the question whether and in which conditions one or 
both RRP44-like proteins can associate with the plant exosome and how this may 
in uence substrate speci city and activity is unsolved.

Another protein that is stably associated with the nuclear exosome in yeast and 
with both nuclear and cytosolic exosomes in humans is RRP6/Pm-Scl100,4 another 
hydrolytic exoribonuclease belonging to the RNase D family. The genomes of 
Arabidopsis, poplar and rice encode three RRP6-like (RRP6L) proteins.2,24 RRP6L1 
and RRP6L2 are more closely related to their yeast and animal counterparts, while 
RRP6L3 proteins appear to form a plant-speci c subgroup. Interestingly, GFP-fusion 
protein analysis of stable Arabidopsis transformants revealed that the three RRP6-like 
proteins are localized in distinct subcellular or subnuclear compartments: RRP6L1 is 
detected mainly in the nucleoplasm, RRP6L2 was enriched in nucleoli and RRP6L3 
appears to be cytoplasmic.24 It remains unknown whether any of the three RRP6-like 
proteins can bind to the core complex, because no RRP6-like protein was copuri ed 
with the Arabidopsis exosome.2 However, the nucleolar isoform RRP6L2 was shown 
to be involved in the degradation of the 5  external transcribed spacer,24 a maturation 
by-product of rRNA processing which accumulated also upon downregulation of either 
RRP41 or RRP4.2 This indicates that RRP6L2 and the exosome core complex have at 
least some common substrates. Interestingly, the 5  ETS appears not to be a substrate for 
RRP6L1, suggesting that the two nuclear RRP6-like proteins have distinct functions.24

Depending on the species and on experimental conditions, other proteins such as 
RNA binding proteins and RNA helicases have been detected in exosome preparations 
from yeast, ies, trypanosomes and humans. These cofactors include proteins of the 
cytosolic SKI-complex and the nuclear proteins RRP47/C1D/Lrp1 and MPP6 (see 
Chapter 8 by J.S. Butler and P. Mitchell).9,25-31 In addition, some activities of the 
exosome require other cofactors that do not necessarily bind directly and/or stably to 
the core exosome complex, for instance the nuclear TRAMP (for TRF4/5-Air1/2-MTR4 
-Polyadenylation) complex which is responsible for the oligo-adenylation of nuclear 
exosome substrates in S. cerevisiae and Schizosaccharomyces pombe.32-34 In plants, 
no exosome cofactors have been characterised to date although candidates for most 
factors are present in Arabidopsis.
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For instance, Arabidopsis expresses a large number of DEVD-box helicases, four of 
which share convincing sequence similarity with MTR4 and SKI2, respectively.35 One 
of these helicases, ISE2, is involved in posttranscriptional gene-silencing and required 
for development of functional plasmodesmata during embryo development.35 A second 
candidate, HEN2, is involved in ower organ identity.36 Whether ISE2 or HEN2 participate 
in degradation processes mediated by the cytoplasmic exosome, or associate with other 
proteins resembling a SKI-like or TRAMP-like complex remains to be investigated. The 
fact that downregulation of exosome subunits or RRP6L2 results in the accumulation 
of polyadenylated substrates demonstrates the involvement of a noncanonical poly(A)
polymerase in exosome-mediated RNA decay in plants.2,24 Several candidate poly(A)
polymerases are encoded in Arabidopsis, two of which have signi cant sequence similarity 
with the TRF4/5 proteins of the yeast TRAMP complex. One of these proteins, MEE44, 
appears to be essential for development of the female gametophyte alike AtRRP41, but 
has not been further characterised yet.37,38

Taken together, the contribution of associated exoribonucleases and other factors to 
the in vivo functions of the plant exosome is largely unknown. It remains possible that 
plant exosomes depend less on association with hydrolytic exoribonucleases, because 
the core complex may have retained a phosphorolytic activity that could be suf cient 
for some exosome functions.2,13 Vice versa, RRP44 or RRP6-like proteins could also 
function independently of any physical association with the core complex. Such 
exosome-independent activities have already been described for yeast and drosophila 
RRP6.39,40 The plant homologs of RNA helicases and poly(A)polymerases that function 
in exosome-mediated RNA decay and eventual plant-speci c exosome cofactors remain 
to be identi ed.

RNA SUBSTRATES OF THE PLANT EXOSOME COMPLEX

Arabidopsis was the rst organism whose exosome substrates have been 
characterised on a genome wide level. Using high-resolution tiling arrays covering the 
entire Arabidopsis genome, Chekanova and colleagues determined the polyadenylated 
RNA species that accumulated in seedlings upon RNAi-induced downregulation of 
AtRRP41 or AtRRP4, respectively.2 This study identi ed about 1100 substrates probably 
of the nuclear exosome, since addition of short poly A tails tags nuclear transcripts 
for degradation.18 Other potential exosome substrates such as deadenylated cytosolic 
mRNAs41-43 or nonpolyadenylated nuclear transcripts, remain to be characterised.

About 300 transcripts accumulated either only in the RRP4-depleted or only in the 
RRP41-depleted sample. This con rmed that individual subunits of the core complex 
affect speci c substrates and have different contributions to the in vivo activity of the 
exosome, as was already suggested by the distinct phenotype of the mutants. However, 
about 500 transcripts were upregulated in both samples and likely represent the common 
substrates of the exosome core complex.

Among those, a prominent group of transcripts were polyadenylated RNAs 
corresponding to rRNA precursor transcripts and maturation by-products removed 
during rRNA processing such as the external and internal transcribed spacer regions. 
This result con rmed that, as in other eukaryotes, one prominent function of the plant 
exosome is the removal of incompletely processed or misprocessed rRNA precursors 
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and rRNA maturation by-products. In addition, plants downregulated for either RRP41 
or RRP4 expression accumulate intermediates and by-products of miRNA processing, 
without affecting the levels of mature miRNAs. Interestingly, no tRNAs were observed, 
except tRNA-Tyr, a tRNA that undergoes multiple base modi cation steps during its 
maturation. It was therefore suggested that the plant exosome may participate in quality 
control of highly modi ed tRNAs as it was observed in yeast.33

In addition, other stable structural RNAs were identi ed as exosome substrates. 
These include some small nuclear RNAs (snRNA), most small nucleolar RNAs 
(snoRNA) and the RNA-polymerase III transcripts MRP/7-2 RNA and 7SL RNA. In 
most cases, both correctly processed and 3 -extended precursor transcripts accumulated 
as polyadenylated transcripts, suggesting that polyadenylation-assisted RNA decay by 
the plant exosome mediates both turnover of stable structural RNAs at the end of their 
lifetime and removal of misprocessed species. Alternatively, 3  extended transcripts 
could represent maturation intermediates, i.e., incompletely processed precursor 
RNAs, since the exosome itself may trim the 3  ends of some snoRNAs or other stable 
structural RNAs. The downregulation of plant exosome subunits also resulted in the 
upregulation of a number of mRNA loci, some of which accumulated either only in 
the RRP4-depleted or in the RRP41-depleted sample. However, as cytosolic mRNAs 
are assumed to undergo de-adenylation prior to degradation by the cytosolic exosome, 
it remains unclear whether the upregulated poly A  mRNAs found in this study 
represent true substrates of the exosome, or whether these mRNAs were upregulated 
due to secondary effects caused by the depletion of functional exosomes. In addition, 
a signi cant fraction of these upregulated regions corresponded to sense and antisense 
transcripts derived from potential (intronless) pseudogenes, or appeared to be aberrant 
readtrough transcripts from protein-coding genes.

Taken together, the results demonstrate that one of the major roles of the plant 
exosome is the degradation of all types of misprocessed and potentially nonfunctional 
transcripts including left-overs of nuclear or nucleolar RNA processing events. 
Moreover, plants depleted for RRP41 or RRP4 also accumulated a large variety of 
novel transcripts with no protein-coding potential and no predicted function.2 In contrast 
to most of the above mentioned RNA species, these novel transcripts have extremely 
low steady-state levels and therefore were not detected by previous studies using wild 
type plants. A considerable fraction of these new RNAs derived from centromeric and 
pericentromeric heterochromatic regions that give also rise to small RNAs. Another 
group of short-lived noncoding transcripts of 100-600 nt corresponded to the 5  regions 
of mRNAs. Similar noncoding RNAs, termed CUTs (cryptic unstable transcripts) or 
PROMPTs (promoter upstream transcripts) have been observed in yeast and mammals, 
respectively.34,44,45 Yeast CUTs have been proposed recently to be global regulators of 
gene expression, because their synthesis might regulate transcription of neighbouring 
genes.46,47 In plants, it remains to be explored to what extent these novel transcripts, 
the “dark matter of the transcriptome”, have regulatory functions, or rather represent 
transcriptional noise. Understanding the nature and the origin of these spurious 
RNAs may give us some mechanistic insights into upstream processes as for example 
transcription initiation. However, the accumulation of this “hidden layer” of transcripts 
in absence of a functional exosome demonstrates that one of the important roles of the 
plant exosome is to counterbalance widespread transcription from heterochromatic and 
intergenic regions of the nuclear genome.
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The total number of about 1100 loci that were found upregulated in plant exosome 
mutants is not as high as could be expected for the main 3 -5  degradation machine 
of a eukaryotic cell. Very likely, other RNA degradation pathways, in particular 5 -3  
exoribonucleolytic decay by XRN2, XRN3 and XRN4 can partially compensate for loss 
of exosome activity.48 Vice versa, the cytosolic exosome complex may compensate for 
loss of the cytosolic 5 -3  exoribonuclease XRN4, because only a relative small number of 
mRNAs were found upregulated in xrn4 mutants.49 A similar overlap of substrate speci city 
can be assumed for the nuclear compartment, as loss of the nuclear proteins XRN2 and 
XRN3 is associated with the accumulation of RNA excised from miRNA precursors,50 
similar to those that accumulate in exosome mutants.2 Hence, it is very likely that in both 
cytosol and nucleus, a large proportion of transcripts can be degraded from either their 
5 - or their 3  end. In addition, when default degradation pathways are blocked, aberrant 
transcripts can enter silencing pathways that lead to the formation of small RNAs.50-52

In many cases this would subsequently result in endonucleolytic cleavage of the 
template by RISC, thereby generating new 3  and 5  ends accessible for both the exosome 
and 5 -3  exoribonucleases. Indeed, it was shown that aberrant RNAs no longer removed 
by XRN4 become substrates of RNA-dependent RNA polymerases which results in the 
generation of small RNAs.51,53 XRN2 and XRN3 also act as silencing suppressors.50 In 
S. pombe, loss of the polymerase TRF4, which is responsible for the polyadenylation of 
exosome substrates, results in the generation of small RNAs predominantly from rRNAs 
and tRNAs.54 These “false” small RNAs can compete with repeat-associated small RNAs 
for incorporation into Ago1 and have the potential to impair transcriptional silencing 
of heterochromatic and centromeric regions.54 The overlap of exosome substrates with 
small-RNA generating loci suggests a similar relationship between silencing and 3 -5  
decay in plants.2 However, a role of the plant exosome as silencing suppressor has not 
been directly demonstrated yet.

In conclusion, the impact of the nuclear exosome on plant RNA turnover, RNA 
quality control and nuclear RNA surveillance as revealed by the genome-wide tiling 
of exosome mutants is probably only the tip of the iceberg and 5 -3  exoribonucleolytic 
degradation or silencing pathways, respectively, may have a similar broad and important 
impact on the nal transcriptome of a plant cell.

Polyadenylation-assisted RNA degradation exists also in the two other genetic 
compartments of plant cells, in chloroplast and mitochondria.37,55 The main 3 -5  
exoribonucleases in plant organelles are chloroplast and mitochondrial polynucleotide 
phosphorylase (cpPNPase and mtPNPase), respectively.56,55 PNPases are homo-trimeric 
enzymes containing six PH-domains that form a doughnut shape analogous to the ring 
structure of the exosome core complex. Alike the nuclear exosome, cpPNPase and 
mtPNPase degrade both coding and noncoding RNAs following polyadenylation of 
substrates. However, the impact of the poly(A)-assisted 3 -5  RNA decay on the nal 
transcriptome is remarkably different in the three compartments.37 Downregulation of 
cpPNPase has only little effect on chloroplast mRNA abundance, suggesting that this 
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pathway contributes to, but does not play a major role in controlling mRNA steady state 
levels.57,58 Furthermore, most polyadenylation sites map to endonucleolytic cleavage sites, 
suggesting that endonucleases are important components of chloroplast RNA turnover.59,60 
In addition, a 5 -3  RNA degradation pathway possibly involving homologs of RNase E 
and/or RNase J appears to have a more important impact on chloroplast mRNA levels 
than the 3 -5  pathway.61-65 To which extent the different pathways contribute to the 
removal of rRNA or maturation by-products has not been yet determined. Similarly, 
it is not known whether spurious transcription of intergenic regions, counterbalanced 
by rapid RNA decay, occurs in chloroplasts. By contrast, mitochondrial PNPase 
(mtPNPase) is essential in Arabidopsis.66,67 Like the exosome in the nucleus, mtPNPase 
degrades antisense RNAs and cryptic transcripts that are generated from intergenic 
regions due to a relaxed transcriptional control and all sorts of nonfunctional RNAs 
such as maturation by-products of rRNA and tRNA processing.56,68,69 In addition, plants 
lacking mtPNPase accumulate 3  extended versions of mRNAs and rRNAs, suggesting 
that mtPNPase also mediates 3  processing or quality control, or both.

While northern blots suggested that the accumulation of exosome substrates in rrp41 
and rrp4 mutants is only moderate,2 plants lacking mtPNPase accumulate tremendous 
high levels of some mitochondrial substrates.56 This suggests that compensatory pathways 
exist in the nucleus, but are virtually absent in plant mitochondria. As a consequence, 
polyadenylation-assisted 3 -5  RNA degradation by the exoribonuclease mtPNPase appears 
to be the main RNA processing and degradation pathway in plant mitochondria, with an 
enormous impact on the nal mitochondrial transcriptome.

CONCLUSION

Structural and biochemical data obtained in other organisms strongly suggested 
an all-or-nothing mechanism for the eukaryotic exosome: all subunits are required to 
assemble a functional core complex, which, although it has no catalytic activity itself, 
serves as an essential assembly platform for active ribonucleases, RNA binding proteins 
and RNA helicases.70-72 Hence, the most striking result of the recent characterisation 
of several plant exosome mutants is probably the unexpected unequal contribution 
of core subunits to the in vivo activity of the plant exosome.1,2,15 Interestingly, 
depletion of individual exosome subunits in yeast and drosophila also affected both 
overlapping and distinct transcripts,73,74 suggesting that a certain extent of functional 
specialisation may be a common feature of eukaryotic exosome subunits. Another 
unsolved issue is the contribution of cofactors to both activity and substrate speci city 
of exosome-mediated RNA decay in plants. The initial characterisation of the three 
RRP6L proteins showed that such potential cofactors can differ in their intracellular 
distribution and their substrate speci city.24 Similarly, several Arabidopsis isoforms 
exists for most of the known exosome cofactors and to determine their intracellular 
localisation, their possible assembly with the exosome core or into other functional 
entities and their substrates will certainly help to better understand the complexity 
of 3 -5  RNA degradation in plants. Finally, we need to understand the respective 
impact of 5 -3  RNA degradation and silencing pathways to unravel how they are 
intertwined and to fully appreciate the impact of RNA degradation on plant growth 
and development.
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Abstract: The eukaryotic exosome complex is built around the backbone of a 9-subunit 
ring similar to phosporolytic ribonucleases such as RNase PH and polynucleotide 
phosphorylase (PNPase). Unlike those enzymes, the ring is devoid of any detectable 
catalytic activities, with the possible exception of the plant version of the complex. 
Instead, the essential RNA decay capability is supplied by associated hydrolytic 
ribonucleases belonging to the Dis3 and Rrp6 families. Dis3 proteins are endowed with 
two different activities: the long known processive 3 -5  exonucleolytic one and the 
recently discovered endonucleolytic one. Rrp6 proteins are distributive exonucleases. 
This chapter will review the current knowledge about the catalytic properties of 
theses nucleases and their interplay within the exosome holocomplex.

INTRODUCTION

When the exosome was rst described, it was as a “multienzyme ribonuclease 
complex” and three subunits of the yeast complex, Rrp4, Rrp41 and Dis3, were shown 
to be active ribonucleases in vitro.1 The study demonstrated three different RNase 
activities within the complex: a distributive hydrolytic one for Rrp4, a processive 
phosphorolytic one for Rrp41 and a processive hydrolytic one for Dis3. Notably, the 
three modes of RNA degradation were ascribed to proteins that are vastly different: 
Rrp41 is similar to the bacterial phosphorolytic enzyme, RNase PH, Dis3 is a member 
of the RNR family of hydrolytic ribonucleases, whereas Rrp4 contains no domains 
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with known RNase activity. The latter led to Rrp4 becoming the founding member of 
a new superfamily of ribonucleases.2

As more components of the exosome were discovered, they were assumed to be 
ribonucleases based on sequence similarity to Rrp4 and Rrp41.3 Expectations grew for 
the complex to be a very complicated machine with numerous tools for the destruction 
of RNAs and speculations began about how the many activities are spatially organized, 
selected for action and coordinated. Structurally, the exact protein stoichiometry was still 
unknown, it was even unclear, whether the exosome population is homogenous or not, 
that is whether all exosome particles share the same subunit composition. And if not, 
whether the composition of particular complexes is constant or dynamic.

The rst clues to the structure of the exosome came relatively early, from analyses of 
archaeal genomes.4 It was revealed that most of them encode only two proteins homologous 
to RNase PH, while no less than six such proteins are encoded in eukaryotic genomes. It 
was then proposed that, as in the case of the proteasome, the same multimeric structure 
is assembled using either multiple copies of two proteins or individual copies of six 
different ones. This pointed to the exosome consisting of, among others, six proteins with 
the RNase PH fold and three containing the S1 domain or multiples thereof.

RNase PH and S1 domains with a 6:3 stoichiometry were also found in the trimeric 
structure of Streptomyces antibioticus PNPase5 and thus the yeast exosome was predicted 
to assume a related architecture, which was con rmed by electron-microscopy studies.6 
These observations were followed by a steady ow of structural data on archaeal and 
yeast exosomes, strengthening the notion that the exosome is homogenously built 
around a structure of de ned composition.7-9 Finally the crystal structure of the human 
ring complex was solved, giving the rst high-resolution view of a 9-subunit exosome 
complex.10 Recently a crystal structure was also obtained for yeast Dis3 bound to some 
ring subunits.11

As the structural characterization of the exosome progressed, knowledge about 
its catalytic properties was revolutionized. Solving the structure of the human ring 
complex10 coincided with the contributions of particular subunits to exosome activity 
being carefully reevaluated.12 Both studies showed beyond doubt that the 9-subunit 
ring complex is catalytically inactive in yeast and human. The current view of the 
exosome is thus quite different from the initial one: only a few proteins in the complex 
are active RNases. The precise function of the remaining majority is elusive but their 
involvement in substrate recruitment is often suggested and a recent study indicates a 
role in substrate selection.11

EXOSOME COMPOSITION

The eukaryotic exosome is composed of a ring-like structure and accessory subunits.* 
The ring consists of nine proteins: six composed of a single domain homologous to 

* The name “exosome core” is used to describe several structural elements. Most commonly, it refers 
to the 9-subunit complex, archaeal or eukaryotic, but has also been used to mean the hexameric ring 
of RNase PH subunits of Archaea, as well as the 10-subunit complex of eukaryotes, encompassing the 
9-subunit ring and Dis3. To avoid confusion we shall refrain from using “exosome core” throughout 
the chapter and instead use the term “exosome ring” to denote the 9-subunit complex of six RNase PH 
subunits and three S1/KH subunits.



65CATALYTIC PROPERTIES OF THE EUKARYOTIC EXOSOME

the phosphorolytic enzyme RNase PH and three containing RNA binding domains: 
S1 and KH. The RNase PH subunits form a toroidal hexamer with the RNA binding 
subunits residing on one side (considered to be the “top”) and a channel running along 
the pseudosymmetry axis of the complex.10 The RNase PH-like subunits are: Rrp41, 
Rrp42, Rrp43, Rrp45, Rrp46 and Mtr3 and the RNA binding subunits are: Rrp4, Rrp40 
and Csl4.

Despite extensive similarity to RNase PH all of the ring subunits are catalytically 
inactive in yeast and human, having lost the key catalytic amino acid residues of the 
bacterial enzyme.10,12 The enzymatic activities detected previously in Rrp4 and Rrp41 
were apparently artefactual. Of all eukaryotic exosome ring proteins studied so far, 
only plant Rrp41 homologues seem capable of catalysis. Indeed, Rrp41 of Arabidopsis 
thaliana has been convincingly shown to have phosphorolytic activity,13 indicating 
that exosome mediated RNA turnover pathways in plants may differ substantially 
from those of other organisms. This is covered in detail in Chapter 5 by H. Lange 
and D. Gagliardi.

The exosome ring associates with additional subunits that supply catalytic activity 
to the complex. In yeast these are the essential Dis3, present both in the nucleus and the 
cytoplasm and the non-essential Rrp6, which is found only in the nucleus.14 Thus, the 
yeast exosome exists in two forms: the 10-subunit cytoplasmic and the 11-subunit nuclear 
form, both of which interact with more factors and protein complexes in their respective 
compartments. This model of exosome composition was thought to be ubiquitous among 
eukaryotes until some recent studies have challenged this assumption, as more catalytic 
exosome proteins were discovered.

The human genome encodes two proteins of the Dis3 family, named DIS3 and 
DIS3-like (DIS3L) and the same appears to be true for all vertebrates. DIS3, the closest 
homologue of yeast Dis3, is localized mostly, if not exclusively, in the nucleus, while 
DIS3L is strictly cytoplasmic. It would seem the nuclear and cytoplasmic functions of 
yeast Dis3 have been divided between two proteins in vertebrates. Notably, in human 
cells DIS3 is absent from nucleoli, unlike the yeast protein, which is enriched in this 
compartment.15,16 Interestingly, the single human Rrp6 protein is found not only in the 
nucleus (with nucleolar enrichment typical of exosome ring proteins) but also in the 
cytoplasm, unlike its yeast counterpart.15,16

In plants on the other hand, while only one protein of the Dis3 family is encoded 
in currently known plant genomes, three genes of the RRP6 family are present in 
Arabidopsis, rice and poplar, encoding the proteins AtRRP6L1, AtRRP6L2 and 
AtRRP6L3 in Arabidopsis. Like the vertebrate Dis3 paralogues, the plant Rrp6 proteins 
are differentially localized in the cell: AtRRP6L1 and AtRRP6L2 were both found to 
localize in the nucleus, although with different distributions, whereas AtRRP6L3 was 
exclusively cytoplasmic.17 The subcellular localization of Dis3 in plants has not been 
determined. Neither have physical interactions between the plant exosome ring and any 
of the putative catalytic subunits been observed so far.18 Thus the interplay between the 
catalytic subunits of the exosome may be quite different between eukaryotic taxa. The 
different isoforms of the exosome are depicted in Figure 1.

Notably, genomes of eukaryotes, including plant and vertebrate, do seem to encode 
other proteins of the RNR family than Dis3, but these are unlikely to physically interact 
with the exosome, given their lack of the PIN domain (see below). Their potential role 
in RNA metabolism notwithstanding, they are not considered to be exosome proteins.
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DIS3

Dis3 proteins are highly conserved in all eukaryotes and although there are differences 
at the sequence level, in terms of domain organization they are all identical. The generic 
Dis3 protein is a representative of the RNR superfamily of ribonucleases, with similarity 
to bacterial RNase II and RNase R. Like the bacterial enzymes, it consists of three RNA 
binding domains (two cold-shock (CSD) and one S1) and one catalytic domain (RNB). 
However, unlike the bacterial RNases, Dis3 additionally has a long N-terminal region 
containing a PIN domain that is responsible for stable association of the protein with 
the exosome ring. This is absolutely crucial for Dis3 to function as part of the exosome 
complex.11,19 The domain composition of Dis3 is shown in Figure 2.

Enzymes of the RNR family all exhibit hydrolytic activity against RNA, which they 
digest processively in the 3 -5  direction. When presented with a substrate, they release 
nucleoside 5 -monophosphates and end products: short oligonucleotides, 2-5 nt in length, 
depending on the particular enzyme.12,20 However, they can have quite different substrate 
speci cities. For instance, RNase II acts only on single-stranded RNA and stops a few 
nucleotides before structured regions, RNase R on the other hand is able to digest through 
both intra- or intermolecular RNA secondary structures, provided a single-stranded region 
at the 3  end is available for the protein to bind.20 All RNR proteins require the presence 
of divalent metal ions for catalysis, preferably magnesium.

RNB is a well characterized domain. Crystal structures of substrate-bound Escherichia 
coli RNase II and Saccharomyces cerevisiae Dis3 reveal the structural basis for magnesium 
ion dependent hydrolytic RNA cleavage as well as for the substrate speci cities of the 
enzymes. The active site lies buried deep within the domain and is connected to the 
surface by a narrow channel that can only accommodate single-stranded substrates. Two 
magnesium ions are coordinated in the active site by conserved aspartic acid residues and 
mutation of one of those residues results in complete loss of catalytic activity.21,22

Figure 1. Composition of yeast and human exosome complexes and differential localization of catalytic 
subunits. The exosome ring is localized in the cytoplasm, nucleus and nucleoli in all eukaryotes. In 
Saccharomyces cerevisiae (left) the single Dis3 protein is present in all three compartments and the 
single Rrp6 protein is con ned to the nucleus. In Homo sapiens (right) the single RRP6 homologue is 
found in all compartments. One Dis3 paralogue—DIS3—is mostly, if not only, nuclear, but excluded 
from nucleoli, while the other—DIS3L—is strictly cytoplasmic.
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The PIN domain is found in proteins of different functions and was initially associated 
with signaling pathways23 but some PIN domains were later predicted and shown to have 
nuclease activity.24,25 Cleavage of RNA by the PIN domains in vitro requires the presence 
of divalent metal ions, usually manganese.26

Crystal structures of different PIN domains show an RNase H-like fold with the 
catalytic site placed in a ridge running along the surface of the domain.24 Metal ions are 
coordinated in the active site by four conserved acidic amino acid residues and mutation 
of any of these residues abolishes RNase activity.24,26 Interestingly, some PIN domains 
act as oligomers with different catalytic properties.24

Exonuclease Activity

Since the rst demonstration that yeast Dis3 is an exoribonuclease1 the exonucleolytic 
activity of Dis3 has been exhaustively assayed and while the majority of studies 
concerned the activity of the yeast protein, those of the Drosophila melanogaster and 
human homologues have also been described.12,15,16,27 As expected of an RNR protein, 
Dis3 is a processive 3 -5  exoribonuclease that requires divalent metal ions, releases 
5 -mononucleotides and leaves a short end product.

Maximum activity of Dis3 in vitro is observed for unusually low concentrations 
of magnesium ions, about 50 M.12 This is a little puzzling, given that the intracellular 
concentrations of this cation are more than ten times higher.28 Apparently the cell 
“intentionally” keeps exosome activity low by maintaining a suboptimal environment or 
perhaps the activity is enhanced by some unidenti ed cofactors. However, such results and 
conclusions should be taken with a pinch of salt. One must keep in mind that determining 
actual amounts of free magnesium ions in relevant environments is dif cult: magnesium 
is bound by free trinucleotides and RNA and these species are very abundant in cells as 
well as in enzymatic assay reaction solutions. For these reasons we will concentrate more 
on qualitative results of activity studies than on quantitative ones.

Dis3 is active on various substrates, but does exhibit some speci city when degradation 
ef ciency is considered. The strongest activity was observed for AU-rich substrates, which 
may re ect a role of the exosome in degrading ARE-containing mRNAs.29,30 Activity on 
adenine homopolymers or oligoadenylated heteropolymers was more modest, but they 
were still degraded completely.10,22

Figure 2. Domain organization of the RNR superfamily. All RNR proteins contain one catalytic domain, 
RNB and three RNA binding domains: CSD1, CSD2 and S1. Proteins of the Dis3 subfamily, found in 
all eukaryotes but never in prokaryotes, also contain a catalytic PIN domain. The latter is inactive in 
the Dis3l proteins, missing two of the conserved acidic amino acid residues (light gray/blue arrows).
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Importantly, Dis3 is able to degrade structured substrates, making it biochemically 
more similar to RNase R than to RNase II. Like RNase R, Dis3 appears to bind RNA 
very ef ciently and even though the rate of hydrolysis drops signi cantly on structured 
regions, the protein does not dissociate and degrades the molecule to end products.10

Degradation of Structured Substrates

Dis3 is one of the very rare exonucleases that can degrade both single- and 
double-stranded substrates. The enzyme cannot bind blunt-ended dsRNA molecules, but 
rather needs a single stranded 3  end.22 Once bound, Dis3 begins processive hydrolysis 
and even if secondary structures are encountered, the protein does not dissociate, slowly 
moving through the structured region. These RNA unwinding properties apply to both 
inter- and intramolecular secondary structures.10,12,22

Like RNase II, the RNR part of yeast Dis3 has also been crystallized and its structure 
solved, giving more insight into the modus operandi of the RNR family of nucleases. 
Both proteins were expressed as mutants unable of catalysis (RNase IID209N and Dis3D551N) 
and crystallized in the presence of ssRNA and both show that the active site of the RNB 
domain is situated at the bottom of a narrow channel deep enough to accomodate 5 or 6 
nucleotides.21,22 Comparison with RNase II reveals strong structural conservation within 
all individual domains, but a markedly different spatial arrangement of the RNA binding 
domains. This results in the substrate strand taking a different route on its way to the 
inward channel of the RNB domain: in RNase II the substrate is threaded between the 
CSD2 and S1 domains only (Fig. 3A), while in Dis3 it is threaded between the CSD1 
and RNB domains, contacting different surfaces (Fig. 3B). It has been suggested that this 
different positioning of domains and the resulting bending of the RNA strand by Dis3 is 
responsible for the difference between RNase II and RNase R-like activity on structured 
RNA substrates. Speci c point mutations, designed according to the structure model, 
impaired Dis3 activity on double-stranded, but not on single-stranded RNA, lending support 
to this hypothesis.22 But that is not the end of it. The problem has also been tackled by 
a comparative study of RNase II and RNase R, in which the contribution of individual 
domains to enzymatic activity was measured. Curiously, the difference between the two 
bacterial enzymes lies within the RNB domain itself, whereas the CSD and S1 domains, 
while important for substrate binding and greatly enhancing the catalytic properties of 
the proteins, are not essential and have no bearing on substrate speci cities.31 The same 
authors demonstrated that high-af nity binding of substrate by the RNB domain of 
RNase R allows the enzyme to take advantage of thermal breathing of RNA duplexes 
and thus move along and digest structured substrates.32

The two models, while not strictly exclusive, seem contradictory. Either one of 
them is wrong or RNase R and Dis3 have developed completely different strategies to 
achieve the same result. Such functional convergence would be very interesting since the 
proteins are closely related, but it seems more likely that the underlying mechanism of 
structured substrate digestion is the same throughout the RNR superfamily. In an attempt 
to reconcile the two hypotheses it has been suggested that the positioning of the single 
RNA strand in the Dis3 crystal is in fact artefactual.32

According to this model, in an RNase R-like enzyme there are two paths for RNA 
to take: one leading between the CSD2 and S1 domains toward the channel entrance and 
the other leading away from the channel entrance, between the CSD1 and RNB domains 
and outward. The free 3  end of an otherwise structured substrate would approach the 
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RNB domain by the rst path, as observed for RNase II.21 When the double-stranded 
region would reach the entrance to the channel, the enzyme would cleave off the last 
easily accessible nucleotide at the 3 -end and then pause but not dissociate, due to high 
af nity of the RNB domain towards RNA.31 A wedge is then postulated to protrude 
from the surface of the RNB domain and push into the double-stranded region of the 
RNA, disrupting the structure and enhancing thermal breathing effects. Upon transient 
melting of the secondary structure, the enzyme would immediately move along the 
substrate, driven by the thermodynamically favourable lling of the active site by 
the 3  terminus of the RNA and push the other strand into the second path. Thus the 
double-stranded region would be passively unwound, split on the edge of the channel 
in the RNB domain (Fig. 3C).

The hypothesis is supported by several observations. First, activity of RNase R 
against structured substrates depends on temperature to a greater extent than its activity 
against ssRNA, suggesting involvement of thermal breathing.32 Second, the RNB domain 
of RNase R binds RNA much stronger than the RNB domain of RNase II, probably 
by making strong contacts between the RNA backbone and the walls of the channel.31 
Only two such contacts are seen in the crystal structure of RNase II.21 Furthermore, 
an RNase R mutant, in which some residues within the channel are changed to those 
found in RNase II have catalytic properties similar to those of RNase II, including faster 
action on unstructured substrates and problems with structured ones.32 Third, blocking 
the second path by introducing a bulky amino acid side chain makes it harder for Dis3 

Figure 3. Unwinding secondary structures by Dis3. A) Substrate position observed in crystals of 
Escherichia coli RNase II. The RNA approaches the RNB channel between the RNA binding domains, 
making contacts with CSD2 and S1. B) Substrate position observed in crystals of Saccharomyces 
cerevisiae Dis3. The RNA takes a different route, between CSD1 and RNB. C) Proposed position of 
a structured RNA molecule in Dis3. The 3  portion of the substrate reaches the catalytic site and is 
processively hydrolyzed. The double stranded segment approaches the RNB channel between the RNA 
binding domains, but is too wide to enter RNB itself. As the 3  end is pulled into the active site with 
each successive cleavage event, the secondary structure is pulled apart, the 3  nucleotide entering the 
RNB channel and the 5  nucleotide leaving the protein between RNB and CSD1. Presumably, once 
the secondary structure is completely unwound, the 5  portion of the RNA is pulled back and threaded 
into the RNB channel to be completely digested.
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to digest structured substrates with no effect on its activity towards unstructured ones. 
Such blockage occurs naturally in RNase II.22 Finally, the second path is blocked in the 
crystal structure of yeast Dis3 bound to ring components (Rrp41 and Rrp45), while the 

rst remains open and a ring Dis3 complex is still able to degrade structured substrates.11 
The latter not only is consistent with the thermal breathing-driven mechanism of RNA 
unwinding by pulling one strand into a narrow channel, but also indicates that secondary 
structures can be split on other surfaces than the RNB domain itself.

Endonuclease Activity

Recently three groups independently discovered an additional endoribonuclease 
activity of yeast Dis3, which resides in the PIN domain.19,33,34 The protein was able to 
digest circular substrates as well as linear ones and the latter produced similar patterns of 
products regardless of which end of the substrate was labeled. No cleavage was observed 
in double-stranded regions of structured substrates.19 The endoribonuclease activity was 
dependent on divalent metal ions, highest with manganese, but also supported by zinc 
and, to a small extent, magnesium.

The endonuclease activity of the PIN domain is unspeci c to substrate sequence, but 
has been reported to be speci c towards phosphorylated 5  ends. When linear substrates 
were used, molecules with 5  phosphate groups were cleaved very ef ciently, whereas 
ones with 5  hydroxyl groups were not.34 However, another group was unable to reproduce 
this result and observed comparable activity for 5 -phosphorylated and -unphosphorylated 
substrates (Rafa  Tomecki, unpublished data). Phosphorylation of the 3  terminus is 
irrelevant for the endoribonuclease activity.34

Paralogy in the Dis3 Family

Vertebrate cells differ from others in that they contain two Dis3 proteins, called 
Dis3 and Dis3l, most likely resulting from a gene duplication event. The two subfamilies 
have diverged signi cantly: in terms of sequence similarity Dis3l proteins are equally 
distant from their respective Dis3 paralogue and from Dis3 of Saccharomyces cerevisiae. 
Nevertheless, the domain structure has remained the same in both paralogous lines. The 
human proteins, DIS3 and DIS3L have recently been characterized after puri cation from 
human cell cultures.16 Both were found to be exoribonucleases with properties typical of 
the RNR family. However, only DIS3 exhibited endonuclease activity like yeast Dis3. 
This is consistent with Dis3l proteins lacking two of the amino acid residues that were 
shown to be important for catalysis in PIN domains of other proteins.

Active Sites

The active site of the RNB domain is formed by a short stretch of the polypeptide 
chain containing four aspartic acid residues that coordinate magnesium ions. In all 
RNR proteins tested so far, exoribonuclease activity can be abolished by a single point 
mutation targeting one of those residues. This mutation is D209N in RNase II,35 D280N in 
RNase R,36 D551N in yeast Dis3,12 and for human proteins: D487N in DIS3 and D486N 
in DIS3L15,16 (Fig. 2).

Endoribonuclease activity of the Dis3 PIN domain is dependent on coordination 
of manganese ions by four acidic amino acid residues and mutation of any of these 
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residues results in an inactive protein. These residues are D91, E120, D171, D198 for 
yeast Dis3,19,33,34 and in human D69, E98, D146, D177 for DIS3 and D62, A91, T140, 
D166 for DIS3L.16 Notably two of the residues in DIS3L are naturally non-acidic and 
consequently DIS3L does not have endoribonuclease activity (Fig. 2).

The exoribonuclease activity of the RNB domain and the endoribonuclease activity 
of the PIN domain are independent of each other in that the disruption of one does not 
affect the other. This was shown by testing mutant proteins and is also apparent from 
the properties of DIS3L.16,19,33,34

Rrp6

Rrp6 proteins are not as strongly conserved as Dis3. They are related to Escherichia 
coli RNase D, but again, the similarity is not as strong as within the eukaryotic and bacterial 
branches of the RNR superfamily. RNase D is ubiquitous in eukaryotes, but very rare 
in bacteria and archaeans lack the enzyme altogether. In fact, it has been suggested that 
bacteria have acquired RNase D by horizontal gene transfer from eukaryotes. RNase D 
and Rrp6 belong to the DEDDy family, a subset of the large DEDD superfamily, which 
contains various nucleases, including the nuclease domain of DNA polymerases and 
oligoribonuclease. The hallmark of the DEDD family is four acidic amino acid residues 
(three aspartate and one glutamate) required for catalysis, which is dependent on divalent 
metal cations. The DEDD residues do not form a continuous motif, but are distributed 
between three separate motifs.2

The domain structure of yeast Rrp6 entails the catalytic DEDD domain with the four 
conserved residues and one HRDC domain of unknown function. Notably, these two 
domains cover only one-third of the polypeptide chain and little is known about the rest of 
the protein. The crystal structure of Rrp6 shows the conserved amino acid residues, D238, 
E240, D296, D365 and Y361 coordinating two ions, one zinc and one manganese.37

Yeast Rrp6 has a strong tendency to aggregate and is dif cult to work with, which 
may explain why numerous attempts at puri cation and thorough characterization have 
failed. Puri cation of the free protein from yeast is additionally complicated by its 
very high af nity to the exosome ring12 and RNA (Andrzej Dziembowski, unpublished 
data). The few studies that succeeded revealed that the protein releases nucleoside 
5 -monophosphates in a distributive manner. It is active only on 3  ends with hydroxyl 
groups, but not on ones with phosphate groups and is unable to process structured RNAs. 
End products are oligonucleotides of 4-5 nt. Human Rrp6 has similar properties to the 
yeast protein.10,14

HOLOENZYME ACTIVITIES

Dis3 Exonuclease

The rst studies concerning activity of the holoexosome involved puri cation of the 
native complex from Saccharomyces cerevisiae. This was achieved by copuri cation 
with tagged versions of either Dis3 itself or exosome ring proteins used as bait.12,22 More 
or less at the same time the yeast and human exosome complexes were reconstituted 
in vitro. Ring subunits were expressed in Escherichia coli, individually or in pairs, 
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puri ed and then mixed. Dis3 and Rrp6 were also expressed in bacteria, puri ed 
separately and added to the reconstituted exosome ring to obtain 10- and 11-subunit 
versions of the complex.10

In the rst study demonstrating holoenzyme activity12 the native ring Dis3 complex 
had essentially the same activity on both unstructured and structured substrates, a 
synthetic oligonucleotide and an in vitro transcribed tRNA precursor, respectively. 
Differences were observed but were very modest and these activities were very similar 
to those observed for Dis3 alone. Later studies, however, showed that the activity of 
yeast Dis3 on structured substrates containing duplexes 17 bp long was inhibited by 
the exosome ring.22 A different result was obtained even though the same puri cation 
procedure was applied. The reason for this inconsistency is discussed below.

For the proteins puri ed from bacteria, exonuclease activity of yeast Dis3 on 
single-stranded substrates was slightly attenuated by the ring complex, but apart 
from slowing down, substrate speci city and extent of degradation were unaffected. 
However, when structured substrates were applied, hardly any activity of the ring Dis3 
complex was observed.10 On the other hand, in a later study such a complex did 
degrade structured substrates, but required a signi cantly longer single-stranded 
stretch at the 3  end to do so.11 These observations are readily explained by RNase 
protection assays and structural data. The unstructured 3  end that Dis3 requires in 
order to initiate degradation is threaded into the channel of the RNB domain and 
reaches the catalytic site. Only when hydrolysis occurs, can secondary structures 
be unwound. For Dis3 alone an unpaired stretch of 10 nt is perfectly suf cient.10,22 
When Dis3 is bound to the exosome ring, the substrate must rst pass through the 
ring channel before it can enter the RNB domain, so a longer unstructured stretch is 
necessary: the 10-subunit complex is inactive on substrates with a 10 nt overhang, 
but completely digests those with a 35 nt overhang.11 See Figure 4 and Chapter 2 by 
K. Januszyk and C. Lima for more details.

Figure 4. Substrate filtering by the exosome ring complex. Any RNA molecule with secondary 
structure can be digested by Dis3, provided it has a single stranded stretch at the 3  end long enough 
to reach the active site buried within the RNB domain. A) Molecules with free ends shorter than 
4 nt are resistant to hydrolysis. B) Molecules with free ends of 5 nt and longer can be digested to 
end products by free Dis3. C) Substrates threaded through the exosome ring require a longer free 
end to reach the active site of Dis3 and thus molecules with single-stranded 3  ends as long as 30 nt 
are protected. D) Free ends longer than 33 nt are sufficient to reach the Dis3 active site through 
the exosome ring.
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The exosome ring does not inhibit Dis3 activity on structured substrates as such, but 
simply changes the minimal length of the 3  overhang that can be bound and digested (Fig. 4). 
Thus it is puzzling why the rst study testing holoexosome activity showed that binding 
to the exosome ring had no signi cant effect on the activity of Dis3 against structured 
substrates,12 especially since a very strong effect was observed in later studies.22

One possible explanation is that the two studies used different structured substrates: 
an in vitro transcribed pretRNA was degraded with similar ef ciency by yeast Dis3 alone 
and the 10-subunit complex, whereas an intermolecular duplex with 3  overhangs of 
14 nt and less was only degraded by free Dis3. Both these substrates contain secondary 
structures, but with arguably different stabilities. Notably, the ef ciency of hydrolysis 
by Dis3 is to a certain extent dependent on the length of the free 3  end: highest activity 
is observed with overhangs of 10 nt and longer, but substrates with overhangs as short 
as 5 nt can still be degraded.22 This is because the protein requires a single-stranded 
binding site in order to thread the 3  terminus into the active site, which is also true 
for the exosome complex.11 It is easy to imagine how an unstable secondary structure 
constitutes a smaller obstacle to binding, thermal breathing events transiently elongating 
the single-stranded region.

The duplex used in the second study contained a continuous 17 bp region, making 
for great stability. The pretRNA from the rst study on the other hand was completely 
unmodi ed, which could locally weaken secondary structures and allow for ef cient 
binding by both Dis3 and the complex. Such an effect would be in line with the ability 
of yeast Dis3 to recognize hypomodi ed tRNAs, presumably due to their misfolding.38

Rrp6 and Dis3 Endonuclease

Endonuclease activity of yeast Dis3 was not assayed in the study that rst demonstrated 
complex reconstitution, as it was unknown at the time. It was later shown that binding of 
the protein to the ring complex has little or no effect on the activity. This suggests that 
RNA can access the PIN active site directly, without going through the ring channel.11

Activity of yeast Rrp6 was also unaffected by binding to the ring. Although activity 
of a ring Rrp6 complex was never tested directly, assays were performed for Rrp6, 
ring Dis3 and ring Dis3 Rrp6. Degradation patterns for the 11-subunit complex were 
the sum of the patterns obtained with Rrp6 alone and with the 10-subunit complex, 
revealing no modulation of Rrp6 activity.10

Cooperation of the Three Activities

Rrp6 and Dis3 can bind to the ring concomitantly, as evidenced by copuri cation of 
the two proteins3,12 and successful reconstitution of the 11-subunit complex.10 The three 
activities of the catalytic subunits can be brought together in one molecular assembly 
and possibly act on the same substrate, but whether the cell prefers 11- to 10-subunit 
complexes (ring Dis3 or ring Rrp6) is unknown. Certainly in yeast Dis3 and Rrp6 can 
act at different steps of one process, as exempli ed by processing of the 5.8S rRNA. 
A precursor molecule is rst processed by Dis3, producing an intermediate elongated 
by 30 nt at the 3  end,39 which is then trimmed by Rrp6, leaving an 8 nt extention, 
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later removed by the Rex RNases.40 The length of the tail in the intermediate left by 
Dis3 is perfectly rationalized by threading of substrates through the exosome ring 
and into Dis3, although why the complex dissociates is not explained.11 Processing 
of precursor RNAs rst by processive and then by distributive RNases has also been 
suggested in tRNA maturation in bacteria41,42 and is probably a general mechanism 
of RNA maturation, preventing overzealous processive enzymes from damaging the 
body of mature molecules.41

Sequential cooperative action of the endo- and exonuclease activities may also 
enhance the degradation potential of the exosome, allowing it to destroy troublesome 
molecules. It was suggested that the endoribonuclease activity of Dis3 serves to create 
additional entry points in substrates that cause the exosome to stall.33 This hypothesis 
is strongly supported by the fact that a yeast mutant devoid of the exoribonuclease 
activity (dis3D551N) accumulates decay intermediates resulting from structured molecules 
having been cut in predicted single-stranded regions. The same type of cleavage was 
observed in vitro.19,33

NONCATALYTIC ACTIVITIES OF THE EXOSOME RING

The exosome ring has only a modest effect on the enzymatic properties of the 
catalytic subunits, raising questions about the function of the ring proteins in fungi and 
animals. So far three explanations have been proposed for the continued existence of 
the ring even without catalytic functions: substrate recruitment, substrate restriction and 
interaction with regulatory factors.

Substrate Recruitment

The ring is considered too ancient and important to remove. The consensus is that 
an exosome ring-like molecular machine, a “proto-exosome” so to speak, arose even 
before differentiation of the three domains of life. Pathways of RNA processing and decay 
already existed and all were centered around a capped hexameric ring of phosphorolytic 
RNases. Later the system diverged into the ones we observe today: PNPase and the 
archaeal and eukaryotic exosomes. They do have different additional proteins and 
biochemical activities, but are still major knots in the RNA degradation frameworks of 
their respective cell systems. In bacteria and eukaryotes hydrolytic activities have been 
attached to the proto-exosome, both endo- and exonuclease and even though analogous 
proteins have not been identi ed in archaeans, their existence can hardly be excluded. All 
the while the proto-exosome has been a crucial meeting point for RNA decay substrates 
and effectors. In eukaryotes it lost its catalytic activity, but its other functions were too 
complex to be easily taken over by active enzymes. The system became trapped with an 
inactive assembly of proteins that are still required for bringing together enzymes, their 
substrates and regulatory factors.12

Exosome Activation

Concordantly, the exosome can and in vivo may need to, be activated by the action 
of additional cofactors, such as the TRAMP complex in the nucleus, which marks RNAs 
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for exosomal destruction by polyadenylation,43,44 the Ski complex in the cytoplasm45 and 
possibly even some AU-rich element binding proteins (AUBPs).29,30 Both TRAMP and Ski 
complexes contain RNA helicases44,46 and the AUBP RHAU was also shown to bear helicase 
activity that is necessary for exosome activation by that protein.47 Moreover, the Ski complex, 
as well as some AUBPs, have been shown to interact with the exosome ring,29,45 and even 
a direct interaction of the human Rrp45 with AU-rich elements was reported.30 Thus, the 
function of the ring as an interaction platform seems relatively well documented.

Substrate Filtering

It is clear that the presence of the exosome ring does not alter the activity of Dis3, 
but rather acts as a substrate lter, rejecting substrates with free 3  ends too short to 
reach the catalytic site. This observation sheds a light on how the exosome works in the 
cell. It was suggested on several occasions that RNAs are targeted to degradation when 
their structure is compromised.48 Be it due to a transcription error or hypomodi cation, 
deviation from the proper structure would be recognized and the molecule would be 
removed. Weakening the structure might expose a free 3  end long enough to be bound 
by Dis3, which was indeed observed: yeast Dis3 preferentially binds to a hypomethylated 
tRNAi when presented with total RNA.38 Still, since Dis3 needs a very short overhang 
to bind a molecule, such activity would put many normal RNAs in danger of becoming 
falsely identi ed as misfolded. Association of Dis3 with the exosome ring prevents the 
enzyme from attacking RNAs unless they have a long unstructured stretch (unbound 
by proteins), ltering potential substrates. At the same time the ring provides a way 
for a substrate RNA to be tagged for degradation by adding an unstructured tail, such 
as in the case of polyadenylation mediated by the TRAMP complex.43,44

This hypothesis also explains why the exosome is activated by complexes containing 
helicase activity. If normal, undamaged RNAs must be removed, the protective effect 
of their “healthy” structure and bound proteins may need to be counteracted. In vitro 
data suggest that Dis3 and the holoexosome can degrade quite stable secondary 
structures, but this was never tested on large molecules such as rRNA. Neither is 
there any indication of how quickly marked RNAs should be removed, but intuitively 
the process should be rapid and ef cient. Attaching an RNA helicase activity to the 
exosome would speed up the process, preventing both accumulation of marked RNAs 
and sequestering of the exosome.

The situation of Dis3 in the complex is such that the only entrance to the RNB 
domain leads through the ring channel, but the active site of the PIN domain is exposed 
outward and freely accessible. Rrp6 is positioned on top of the ring and appears to be 
accessible at all times too.49 So far regulation of these activities by the ring has not 
been observed.10,11 For them the function of the ring seems to be limited to substrate 
recruitment and activation.

Why the exosome would carefully restrict access to one of its active sites, but 
permit access to two others is dif cult to explain. Though perhaps no explanation is 
needed. It is very unlikely that such a central piece of the cell machinery would be 
left unchecked. It makes sense for the most aggressive activity (Dis3 exonuclease) to 
be the most conspicuously restrained and its control mechanism was relatively easily 
unraveled. The mechanisms controlling the other two activities surely exist, but are 
for the time being unknown.
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CONCLUSION

The data reviewed above indicate that the eukaryotic exosome is a multiprotein 
complex endowed with ribonuclease activity. Its key structural feature is a nine-subunit 
entity here called the exosome ring. This ancient structure, conserved in Archaea and with 
analogues among Bacteria, has no catalytic activity in yeast and human, but is likely to 
be a phosphorolytic enzyme in its own right in plants. Despite being inactive, the ring is 
far from useless. It mediates interaction with some exosome substrates as well as with 
proteins and protein complexes that can activate the exosome. It also protects some 
molecules, which could be recognized as exosome substrates from undue degradation. 
Thus, while not necessary for catalysis itself, the ring is vital for directing the catalytic 
activity of the complex.

The ribonuclease activities of the exosome are provided by additional subunits: 
Dis3, bearing both endonuclease and processive 3’-5’ exonuclease activities, and 
Rrp6, a distributive 3’-5’ exonuclease; both proteins are hydrolases. In vertebrates 
and plants variants of Dis3 and Rrp6 exist. Existing data give some hints that they do 
not have identical activities or subcellular locations. Further work will be required to 
understand how the exosome composition, activity and localization is controlled in 
multicellular organisms.

It has now become evident that various classes of RNA are important elements of 
life at the molecular level, contributing to cells’ normal behaviour and to their reactions 
to environmental challenges. As the exosome exerts its in uence on most of these RNAs 
and has been shown to act in virtually all facets of RNA decay, both homeostatic and 
regulated, its signi cance can hardly be underestimated. It is known that the different 
activities of the exosome can contribute to the same physiological processes. Likewise, 
activities of Rrp6 and Dis3 have been shown to have their own functions. How they are 
coordinated and in fact whether they are coordinated at all, remain unknown.
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Abstract: The exosome consists of a core of ten essential proteins that includes the ribonuclease 
Rrp44p and is present in both the cytoplasm and nucleus of eukaryotic cells. The 
cytoplasmic exosome has been extensively characterized in the budding yeast 
Saccharomyces cerevisiae and some characterization of its metazoan counterpart 
indicates that most functional aspects are conserved. These studies have implicated 
the cytoplasmic exosome in the turnover of normal cellular mRNAs, as well as several 
mRNA surveillance pathways. For this, the exosome needs a set of four proteins 
that do not partake in nuclear exosome functions. These cofactors presumably direct 
the exosome to speci c cytoplasmic RNA substrates. Here, we review cofactors 
and functions of the cytoplasmic exosome and provide unanswered questions on 
the mechanisms of cytoplasmic exosome function.

INTRODUCTION

The eukaryotic exosome is present in both the nucleus and cytoplasm and carries out a 
variety of RNA processing and degradation reactions. The nuclear and cytoplasmic forms 
of the exosome contain the same 10 essential subunits as reviewed in other chapters in 
this book. Also described in other chapters in this book are the various RNA processing 
and degradation events catalyzed by the nuclear exosome, with the help of a number of 
nuclear cofactors. In this chapter we will focus on the cytoplasmic roles of the exosome 
and on four cofactors solely required for cytoplasmic functions of the exosome.
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THE CYTOPLASMIC EXOSOME REQUIRES FOUR COFACTORS

Three genetic screens have been performed that identi ed cofactors of the cytoplasmic 
exosome. Two screens for host mutants that affect the killer virus system (see below) 
identi ed exosome subunits as well as four proteins named superkiller, or Ski, proteins.1,2 
These four Ski proteins were later shown to be cytoplasmic exosome cofactors.3,4 The 
cytoplasmic exosome is also required for the rapid degradation of nonstop mRNAs 
(see below). A genetic screen of the genome-wide collection of yeast knock-outs for 
mutants defective in nonstop mRNA decay identi ed the same four SKI genes.5 In this 
nonstop mRNA decay screen, a number of other mutants also showed smaller effects 
on the expression of nonstop mRNAs, but these additional mutations do not appear to 
be in exosome cofactors. Since the killer virus screen identi ed many alleles of each of 
the four SKI genes and the genome-wide nonstop decay screen identi ed the same four 
genes, it appears that there are only four cofactors of the cytoplasmic exosome. Various 
experiments have shown that these four Ski proteins are needed for all known functions of 
the cytoplasmic exosome.3,6-8 This differs from the nuclear exosome cofactors, which are 
more numerous and mostly appear to be required for only a subset of exosome functions 
(with the exception of Mtr4p). An additional difference is that the cytoplasmic exosome 
cofactors are not required for viability, while many nuclear exosome cofactors and the 
exosome subunits themselves are essential. This indicates that the activity of the cytoplasmic 
exosome is not essential, presumably because its role overlaps with that of Xrn1p (see 
below). Since deletion of the SKI genes does not appear to affect the distribution of the 
exosome between the nucleus and cytoplasm (A. van Hoof and Roy Parker; unpublished 
data), the Ski proteins are most likely directly involved in exosome function.

The Ski Complex

Three of the Ski proteins form a Ski complex, consisting of Ski2p, Ski3p and two 
copies of Ski8p.9,10 Ski2p is the only Ski protein with a catalytic function, while Ski3p 
and Ski8p contain motifs thought to be needed for protein-protein interactions. Ski2p is a 
putative DExH-box RNA helicase and mutating the DEVH motif to AEVA disrupts Ski2p 
function, suggesting that Ski2p is catalytically active and that this activity is required 
for its function.11 Ski2p contains 1287 amino acids and the C-terminal 960 amino acids 
resemble the nuclear exosome cofactor Mtr4p. The structure of Mtr4p was recently solved 
and revealed four domains that are shared with a family of eukaryotic and archaeal RNA 
and DNA helicases (the Ski2-like family of DExH helicases) and thus form a helicase 
core.12 In addition, a fth domain shared between Mtr4p and Ski2p has been termed the 
arch domain, because it forms an arch-like structure on one side of the helicase core.12 
This arch domain is present in all eukaryotic Ski2p and Mtr4p orthologs, but not in any 
other protein, distinguishing exosome-associated RNA helicases from other helicases. 
Although the Mtr4p arch domain is required for exosome-mediated RNA decay and 
processing, its molecular functions and the function of the Ski2p arch, are not yet clear.12 
Mtr4p and Ski2p also contain a large conserved surface area, which has been suggested to 
interact with the conserved surface of the cap proteins of the exosome.12 The N-terminal 
320 residues of Ski2p do not show any sequence similarity with Mtr4p and likely provide 
functions required for Ski2p, but not Mtr4p. Consistent with this, Wang et al.11 used yeast 
two-hybrid and co-immunoprecipitation experiments to show that this region of Ski2p is 
necessary and suf cient for interaction with Ski3p and Ski8p. Therefore, the Ski complex 
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seems to have a general helicase core and two accessory domains. The rst accessory 
domain is an arch domain that is shared only with exosome-associated RNA helicases, 
while the second accessory domain is a Ski complex-speci c part and consists of Ski3p, 
two copies of Ski8p and the N-terminus of Ski2p.

Although the function of cytoplasmic exosome cofactors has not been extensively 
studied in other eukaryotes, such as humans, the available evidence suggests that the 
function of all four is conserved in Metazoans. The Drosophila Ski2p (a.k.a. twister), 
Ski3p and Ski8p are required for cytoplasmic 3  to 5  mRNA degradation and thus carry 
out essentially the same function as the yeast orthologs.13-15

Most eukaryotes, including humans, have two RNA helicases of the Mtr4p/Ski2p 
group with one more closely resembling Ski2p and the other more closely resembling 
Mtr4p (unpublished observations), however the very early diverging genera Trypanosoma, 
Leishmania and Giardia have only one recognizable ortholog that is most similar in 
sequence to Mtr4p (unpublished observations and ref. 16). It is not entirely clear whether, 
in these species, one protein carries out both the Mtr4p and Ski2p function, or whether 
they only need Mtr4p or Ski2p function. The T. brucei protein resembles Mtr4p in that 
when overexpressed and tagged it is mainly nuclear,16 it forms a TRAMP complex17 and 
knocking down its expression causes a defect in rRNA processing.16 In addition, T. Brucei 
lacks readily identi able orthologs of Ski3p and Ski8p. Thus, while most eukaryotes have 
a Ski complex, T. brucei may lack Ski complex function. Interestingly, the exosome in 
T. brucei is mostly cytoplasmic18 and thus may function independently of a Ski complex.

Ski7p

In addition to the Ski complex, the cytoplasmic exosome also requires Ski7p, 
which is composed of two functional domains. The N-terminus of Ski7p interacts with 
the cytoplasmic exosome and the Ski complex19 and is needed for exosome-mediated 
degradation of both normal and nonstop mRNAs.8,19 Interestingly, this region appears 
unique to Ski7p orthologs and is not similar to any known protein. The C-terminal domain 
of Ski7p is homologous to the translation factors eEF1A and eRF34,19,20 and is important 
in nonstop mRNA decay (see below; ref. 8).

While the evolutionary history of the Ski complex is straightforward, the yeast SKI7 
gene has a peculiar history. About 100 million years ago, the ancestor of yeast duplicated 
its genome. Subsequently, most of the duplicated genes were lost, but both SKI7 and its 
paralog HBS1 were maintained.21,22 As a consequence of this duplication, S. cerevisiae and 
its close relatives have both a SKI7 gene and an HBS1 gene, but most other eukaryotes 
have only one corresponding gene that presumably performs the functions of both SKI7 
and HBS1. Consistent with this, the single S. kluyveri gene can perform both SKI7 and 
HBS1 function.23 In addition, knocking down the expression of the Drosophila HBS1/
SKI7 ortholog inhibits cytoplasmic exosome function, although to a lesser extent than 
knocking down a component of the Ski complex (leading to a 2-fold increase in the 
abundance of an mRNA decay intermediate, compared to a 10-fold increase after Ski 
complex knockdown; ref. 14).

In conclusion, most, but not all, eukaryotes have orthologs of the four SKI genes 
identi ed in yeast and these orthologs presumably carry out the same functions. The function 
of the yeast SKI genes has been characterized using genetics and based on these analyses, 
the Ski complex and Ski7p are thought to recruit the cytoplasmic exosome to speci c 
RNA substrates. However, their biochemistry and how they act on the molecular level 
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is still largely unexplored. The structures of Mtr4p12 and Ski8p24 and future biochemical 
approaches should be very useful in increasing our understanding of the function of the 
cytoplasmic exosome cofactors.

THE EXOSOME FUNCTIONS IN ONE OF TWO GENERAL PATHWAYS 
FOR CYTOPLASMIC mRNA DEGRADATION

Two general pathways of mRNA degradation have been identi ed using S. cerevisiae 
as a model system and both pathways appear conserved in most other eukaryotes (Fig. 1). 
The initiating and rate-limiting step in both pathways is the shortening of the poly(A) tail 
in a process termed deadenylation. Following deadenylation, transcripts can be degraded 
from their 5 - and 3 -ends. The 5  to 3  mRNA decay pathway is initiated by removal 
of the 5  cap by Dcp2p.25-27 This exposes the 5 -end of an mRNA to degradation by the 

Figure 1. The degradation of eukaryotic mRNAs is generally initiated by removal of the poly(A) tail, 
which can be carried out by various deadenylases (Ccr4p, Caf1p, Pan2p and/or PARN). Deadenylation 
can be followed by removal of the cap structure, which makes the RNA susceptible to the 5  to 3  
exoribonuclease Xrn1p. Alternatively, deadenylation can be followed by 3  to 5  degradation by the 
exoribonuclease activity of the cytoplasmic exosome. This activity of the exosome also requires Ski7p 
and the Ski complex.
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5  to 3  exoribonuclease Xrn1p.12,28-30 Deadenylation can also trigger the degradation of 
an mRNA by the cytoplasmic exosome.3 Following exosome-mediated decay of the body 
of the transcript, the scavenger decapping enzyme, Dcs1p in yeast and DcpS in humans, 
removes the 5  cap from the remaining oligonucleotide.31,32

These two general decay pathways are redundant and mRNAs can be degraded 
either by the decapping or the exosome pathway. Consistent with this, neither pathway 
is essential for yeast viability, but simultaneous inactivation of both mRNA degradation 
pathways is lethal.3,33 Although mRNAs can be degraded by either pathway, normal yeast 
mRNAs are mostly degraded through the decapping pathway, with the exosome making 
a smaller contribution. This conclusion is based on the observation that several normal 
cellular mRNAs are stabilized in mutants of the decapping enzyme or of Xrn1p, but not 
in mutants defective in cytoplasmic exosome function. Careful determination of key 
decay characteristics suggests that exosome-mediated decay is about 2-5 fold slower than 
decapping-mediated decay in yeast.34 Quanti cation of this difference required the use of 
null mutants that are unavailable in most other organisms, thus it is not clear whether this 
2-5 fold rate difference is conserved, or whether there are conditions or other eukaryotic 
cells where the relative importance is reversed.

The exosome contains both endoribonuclease and 3  to 5  exoribonuclease domains35-37 
and the 3  to 5  exoribonuclease activity is the major contributor to the exosome’s 
mRNA decay function. This conclusion is based on two observations. First, a mutation 
that inactivates the 3  exoribonuclease domain leads to accumulation of mRNA decay 
intermediates (in a strain background also lacking decapping activity; ref. 38). Second, 
this same 3  exoribonuclease mutation is synthetic lethal with deletion of the 5  to 3  
exoribonuclease Xrn1p, while a mutation inactivating the endoribonuclease activity of 
the exosome is not.37

Although all mRNAs are subject to both mRNA decay pathways, individual mRNAs 
are degraded at different rates. For example, mammalian transcripts that contain AU-Rich 
Elements (ARE) in their 3  untranslated region are more rapidly degraded.39,40 These AREs 
are recognized by ARE-binding proteins, including KSRP and TTP, which also interact 
with the exosome to promote rapid mRNA degradation.41-43 Thus, sequence-speci c RNA 
binding proteins can accelerate the decay of speci c mRNAs by recruiting the exosome 
to these mRNAs.

THE CYTOPLASMIC EXOSOME FUNCTIONS IN mRNA SURVEILLANCE

In addition to degrading “normal” cellular transcripts and mRNAs with speci c 
sequences, the cytoplasmic exosome is also involved in the quality control of mRNAs 
in the cytoplasm. In these specialized mRNA surveillance pathways, exosome cofactors 
and adaptor proteins distinguish aberrant mRNAs from normal mRNAs and ultimately 
direct these aberrant transcripts to the exosome for rapid degradation. Most importantly, 
the cytoplasmic exosome is required for the rapid degradation of mRNAs that lack a stop 
codon. The cytoplasmic exosome also contributes to several other mRNA surveillance 
pathways, including the degradation of mRNAs with premature stop codons and mRNA 
fragments that are generated by various endoribonucleases. Not surprisingly, the 
rate-limiting step of deadenylation is bypassed in these mRNA surveillance pathways 
to rapidly rid the cell of these potentially harmful transcripts.
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Nonstop mRNA Degradation

Mutations that inactivate the cytoplasmic exosome have little effect on the stability of 
normal mRNAs, but dramatically stabilize mRNAs that lack a stop codon.8,44 These types 
of transcripts can arise from mistakes in gene expression, including genetic mutations, 
defects in transcription, or premature polyadenylation, due to inaccurate 3  end formation 
or through the use of a cryptic polyadenylation site. In the current model of nonstop mRNA 
decay, the translating ribosome reads through the poly(A) tail and stalls at the 3  end of 
the mRNA (Fig. 2A). Based on its homology to translation factors, the C-terminus of the 
cytoplasmic exosome cofactor Ski7p is thought to recognize the stalled ribosome with an 
empty A-site. Consistent with this, deletion of this C-terminal domain stabilizes nonstop 
mRNAs, but does not affect other exosome functions. Along with the Ski complex, Ski7p 
recruits the exosome to rapidly degrade the transcript from the 3 -end.8 For a more detailed 
review of nonstop mRNA decay see Wilson et al.45

Nonsense-Mediated mRNA Degradation (NMD)

mRNAs that contain a premature nonsense codon are rapidly degraded by an mRNA 
surveillance pathway called nonsense-mediated mRNA degradation (NMD). How these 
mRNAs are distinguished from normal mRNAs is not yet clear, although the spatial 
relationship between the termination codon and various other features of the mRNA have 
been implicated.46-49 The recognition and/or decay of these NMD targets requires a set 
of three Upf proteins that are conserved in most eukaryotes.50-54 In yeast, NMD targets 
are predominantly degraded by decapping and 5  to 3  decay.55 Nonsense transcripts are 
also degraded, to a lesser extent, by the cytoplasmic exosome.7,56 The key observation 

Figure 2. A) mRNAs that lack a stop codon are recognized by the C-terminal domain of Ski7p. This 
recruits the exosome and the Ski complex, which mediates their degradation. B) A variety of triggers 
can cause an mRNA to be cleaved by an endonuclease. The resulting 5  cleavage products are degraded 
by the cytoplasmic exosome. This activity of the exosome also requires Ski7p and the Ski complex.
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supporting this conclusion is that nonsense mRNAs are more stable in xrn1  upf1  or 
dcp1-2 upf1  double mutants than in xrn1  or dcp1-2 single mutants.7,56

Degradation of Endoribonuclease Products

While eukaryotes contain two general mRNA decay pathways that are mediated by 
exoribonucleases, in speci c cases mRNA decay can be initiated by endoribonuclease 
cleavage (Fig. 2B). One example of mRNA decay initiated by endonucleolytic cleavage is 
found in the NMD pathways in Drosophila and humans.13,57,58 Here, nonsense transcripts 
are endonucleolytically cleaved by SMG6, which generates a 5 - and 3 -degradation 
fragment. The 5 -fragment is degraded by the cytoplasmic exosome, in a manner that 
also requires the Ski complex. The 3 -degradation fragment is degraded by the 5  to 3  
exoribonuclease Xrn1p.13,57,58

A second example of mRNA decay that is initiated by endonucleolytic cleavage is 
a process termed no-go decay. No-go decay is triggered by translational pauses caused 
by secondary structures such as stem loops in the mRNA, but can also be activated to 
a lesser extent by pseudoknots and rare codons.6 In the current model of no-go decay, 
Dom34p and Hbs1p promote, but are not absolutely required for, the endonucleolytic 
cleavage of the transcript in the vicinity of the stalled ribosome. After cleavage, 5  and 3  
fragments of the translational stall site are released.6 The 5 -fragment is degraded by the 
exosome and this reaction also requires the Ski complex and Ski7p, while the 3 -fragment 
is degraded by Xrn1p.

A third example of mRNA decay that is initiated by endoribonucleolytic cleavage 
is RNAi. In RNAi, double-stranded RNA (dsRNA) is processed by Dicer into 21-22 
nucleotide small interfering RNAs (siRNAs).59-62 These siRNAs are then incorporated into 
the RNA-induced silencing complex (RISC), which can endonucleolytically cleave target 
transcripts at a site complementary to the siRNA.63,64 The 5 - and 3 -fragments generated 
by endonucleolytic cleavage in RNAi in Drosophila cells are degraded by the cytoplasmic 
exosome and Xrn1p, respectively. The 3  decay of the 5 -fragment also requires the Ski 
complex.14

Finally, endoribonucleolytic cleavage can be initiated by hammerhead ribozymes. 
This can either occur because of natural ribozyme sequences in an mRNA,65-67 or because 
of arti cially introduced ribozymes. Meaux and van Hoof68 used either a hammerhead 
ribozyme, or a mutated group I intron to arti cially generate cleaved mRNAs in yeast. 
The 5  cleavage product of these reactions was degraded by the cytoplasmic exosome, 
with the help of cytoplasmic exosome cofactors. These 5  cleavage products were very 
unstable in wild type cells (half-life 1 minute). In most of the other endoribonucleolytic 
cleavage reactions mentioned above, the cleavage products are not detectable unless the 
activity of the cytoplasmic exosome is reduced, suggesting that the degradation of these 
cleavage products by the exosome is also very rapid.

THE ANTIVIRAL FUNCTION OF THE CYTOPLASMIC EXOSOME

Many yeast strains contain the L-A virus and the M satellite RNA. The M satellite 
RNA encodes a protein toxin that is secreted from infected cells that kills uninfected cells. 
Thus, this toxin gives infected cells an advantage in their competition with uninfected 
cells for nutrients. Mutants in the SKI genes were discovered as “superkiller” mutants, 
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or mutants that had an increase in viral toxin production.2 Speci cally, it was shown that 
disruption of any of the SKI genes resulted in an increase in viral copy number and increased 
toxin production.1,69,70 These observations suggest that the Ski proteins have an antiviral 
function and regulate the replication of RNA viruses.71 It was rst hypothesized that the 
Ski proteins inhibit translation of nonpoly(A) viral mRNA. This hypothesis was based on 
the observation that only RNA that lacked a poly(A) tail were affected by ski mutations.71,72 
In addition, Ski7p is homologous to translation factors, suggesting that at least Ski7p has 
a role in translation.20 More recent studies, however, have shown that a major function of 
the Ski proteins is in the decay of cytoplasmic mRNAs (see above). From these results 
an alternative mechanism for the Ski genes appears more likely: Instead of regulating 
translation, the Ski proteins target mRNAs that lack a poly(A) tail, including viral RNA, 
for exosome-mediated degradation. An increase in viral RNA stability would allow an 
increase in toxin production, thus explaining the superkiller phenotype. The M and L-A 
viral mRNAs resemble the endoribonuclease cleavage products discussed above, since 
both lack a poly(A) tail. This raises the possibility that recognition of endoribonuclease 
cleavage products and viral RNAs uses the same molecular mechanism. If such a common 
mechanism exists, it may have initially evolved as an antiviral defense, or as an mRNA 
surveillance pathway to correct errors in gene expression. A deeper understanding of the 
recognition mechanism is required to provide insight in this area.

Eukaryotes have numerous pathways that recognize viral RNAs and trigger antiviral 
defenses. Typical eukaryotic mRNAs are single-stranded, have a 5  cap and a 3  poly(A) 
tail. Host cells initiate innate immune defense pathways in response to RNAs that lack these 
speci c characteristics. Examples of this include the recognition of dsRNA by toll-like 
receptors, by MDA5, by PKR and by 2-5A synthetase in mammalian cells (reviewed in 
refs. 73-75). Other eukaryotes use the RNAi machinery to recognize dsRNA and defend 
against viruses (e.g., refs. 76-79). The human RIG-I recognizes uncapped RNAs that end 
in a triphosphate, possibly with some sequence speci city.80-82 The exosome-mediated 
decay of unadenylated mRNAs may similarly be considered an innate immune pathway. 
Whether viral mRNAs in other eukaryotes are similarly targeted is unknown.

CONCLUSION AND FUTURE PERSPECTIVES

The cytoplasmic exosome plays a dual role in eukaryotic gene expression. First, 
the exosome regulates gene expression by participating in general mRNA turnover to 
degrade transcripts that are no longer needed. Second, the exosome acts as a quality 
control mechanism to maintain the delity of gene expression by rapidly degrading 
aberrant transcripts. Speci cally, the cytoplasmic exosome degrades transcripts that 
lack termination codons in the nonstop mRNA decay pathway and contributes to the 
degradation of transcripts that have premature termination codons or that have been 
cleaved. Importantly, the Ski complex and Ski7p in yeast, are needed for both general 
mRNA degradation and for mRNA surveillance in the cytoplasm.

Despite extensive studies of the cytoplasmic exosome in mRNA degradation, important 
questions remain unanswered. First, how is the exosome recruited to RNA substrates? In 
each of the mRNA surveillance pathways described here, one or more proteins recognize 
an aberrant RNA, which is then targeted for rapid degradation by the exosome. It is not 
yet known how these proteins and exosome cofactors recruit and/or potentially activate 
the nuclease activities of the exosome. Second, what is the relationship between the 
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cytoplasmic and nuclear exosome? Does the exosome shuttle between the two compartments, 
or are there separate pools of nuclear and cytoplasmic exosomes? Where is the exosome 
assembled and how is it targeted to the nucleus, cytoplasm and nucleolus? Third, is the 
recently characterized endoribonuclease activity of the Rrp44p PIN domain involved 
in any of the functions of the cytoplasmic exosome? Fourth, are there any proteins that 
protect exosome substrates from degradation? All of the proteins and cytoplasmic exosome 
cofactors described here aid in mRNA destabilization. However the data reviewed here, 
do not exclude the possibility that there are proteins that stabilize cytoplasmic exosome 
substrates. Fifth, is the cytoplasmic exosome involved in other cytoplasmic RNA surveillance 
pathways? Future studies are needed to answer these questions.
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NOTE ADDED IN PROOFS

A second paper describing the Mtr4p structure was recently published, which con rms 
the domain structure of Mtr4p and Ski2p.83
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Abstract: This chapter reviews the present state of knowledge on the activity of enzymes that 
function with the RNA exosome in the nucleus. In this compartment, the exosome 
interacts physically and functionally with the exoribonuclease Rrp6 and several 
cofactors, most prominently Rrp47 and the TRAMP complex. These interactions 
decide the fate of RNA precursors from transcription through the formation of 
mature ribonucleoprotein particles (RNPs) and the export of the RNPs to the 
cytoplasm. The nuclear exosome catalyzes the formation of the mature 3  ends of 
many of these RNAs, but in other cases degrades the RNAs to mononucleotides. 
Cofactors such as Mpp6, TRAMP and the Nrd1/Nab3 complex play important roles 
in determining the outcome of the interaction of RNPs with the nuclear exosome. 
The details that govern the speci city of these decisions remain a rich source for 
future investigation.

INTRODUCTION

The RNA exosome plays an essential role in the processing and degradation of 
RNAs in eukaryotic organisms. In the nucleus and the cytoplasm the nine-subunit 
exosome core, Exo9, and the ribonuclease Dis3/Rrp44 function as a unit, designated 
Exo10. In Saccharomyces cerevisiae this complex interacts physically and functionally 
with a nucleus speci c enzyme, Rrp6, to form the nuclear exosome, Exo11. While the 
majority of Rrp6 resides in the nucleus in S. cerevisiae, evidence suggests its presence 
in the cytoplasm in humans, T. brucei and A. thaliana.1-3 In S. cerevisiae, where Rrp6 
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has been studied most extensively, deletion of the sole copy of its gene (RRP6) causes 
a slow growth phenotype at 30oC and extremely poor growth at 37oC.4 Nevertheless, 
the fact that deletion of any of the other exosome genes causes lethality has made the 
use of rrp6-  strains a valuable tool for the study of exosome defects in nuclear RNA 
processing. These studies revealed a critical role for Rrp6 in maturation and degradation 
pathways that include all known classes of RNA. The targeting of Rrp6 and Exo10 to these 
different RNA processing pathways is speci ed by interactions with protein co-factors 
such as Rrp47, Mpp6 and the TRAMP complex. Moreover, studies in rrp6 mutants, or 
cells depleted of Rrp6, uncovered the existence of RNA polymerase II transcripts from 
virtually every part of the genomes of organisms as divergent as yeast, plants and humans.  
These revelations along with evidence that Rrp6 regulates the levels of speci c mRNAs 
indicate that the nuclear exosome and its co-factors may have key functions in the control 
of gene expression and organismal development.

STRUCTURE AND ACTIVITY OF Rrp6

Rrp6 belongs to the RNaseD family of the DEDD superfamily of exoribonucleases, 
which use a two-metal ion mechanism for RNA hydrolysis (Fig. 1).5 Structure-function 
studies of Rrp6 proteins with point mutations in the exonuclease domain con rmed the 
two-metal ion mechanism and suggested that, like the exonuclease domains of DNA 
polymerases, Rrp6 utilizes a phenylalanine to stabilize the hydroxyl anion intermediate 
activated for phosphodiester bond cleavage.6,7 Unlike Dis3/Rrp44, whose activity is 
attenuated by interaction with Exo9, Rrp6 retains its characteristic properties in the Exo11 
complex.8 Rrp6 contains two HRDC (Helicase RNaseD C-terminal) domains, only one 
of which was predicted by sequence homology. The Rrp6 HRDC1 domain folds into 
a characteristic 5-helix structure nearly identical to the homologous portion of E. coli 
RNaseD (Fig. 1).7,9 Surprisingly, a second HRDC domain appears directly after this in 

Figure 1. Structure of Rrp6. The top diagram illustrates the polypeptide structure of Rrp6. The bottom 
panels compare the crystal structures of E. coli RNaseD and a N-terminal and C-terminal truncated 
version of Rrp6 from S. cerevisiae. The molecules in the panels were derived from the Protein Data 
Base using PyMol.
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the RNaseD structure, despite a paucity of sequence similarity to HRDC1 or other HRDC 
domains. Although the polypeptide used for crystal structure analysis of S. cerevisiae 
Rrp6 did not carry HRDC2, it seems reasonable to believe that this region folds to create 
a similar structure in eukaryotes. Comparison of the activities of S. cerevisiae Rrp6 
derivatives deleted for either HRDC1 or HRDC2 indicated that HRDC2 plays a critical 
role in the ability of the protein to interact with Exo10 in vivo.10 Rrp6 deleted for HRDC2, 
but not HRDC1, carries out RNA 3  end processing of pre-snoRNAs and pre-5.8S rRNA 
(see below), but fails to degrade certain rRNA intermediates that require cooperation 
between the activities of Rrp6 and Dis3/Rrp44. Thus, the HRDC2 domain appears to 
facilitate protein-protein interaction between Rrp6 and Exo10. Rrp6 and its eukaryotic 
homologues carry an N-terminal region (PMC2NT) not found in bacteria. This region 
is dispensable for interaction with Exo10, but is necessary and suf cient for binding 
to the Rrp6 cofactor Rrp47/Lrp1 (C1D in humans; see below).11 Thus, for RNA 3  end 
maturation reactions the interaction of Rrp6 with Rrp47 appears more important than 
the ability of Rrp6 to bind Exo10.

THE ROLE OF Rrp6 IN THE MATURATION OF NONCODING RNAs

Early studies showed that Rrp6 plays a critical role in the maturation of 5.8S pre-RNA.4 
Rrp6 catalyzes the 3  end trimming of 5.8S pre-rRNA from its 5.8S 30 form to the 6S form, 
whose end is trimmed to the mature 5.8S rRNA by cytoplasmic Ngl2.4,12 Rrp6 requires 
Rrp47/Lrp1 in budding yeast, or its homologue C1D in humans, for ef cient trimming 
of 3  extended 5.8S precursors.11,13,14 The 5.8S 30 pre-RNA substrate results from 3 -5  
processing by Exo10 of a longer precursor, 7S pre-rRNA, generated by cleavage at the C2 
site within the pre-rRNA internal transcribed spacer.15 Thus, generation of 6S pre-rRNA 
in the nucleus requires the concerted 3 -5  exoribonuclease activities of Dis3/Rrp44 (in 
the context of Exo10) and Rrp6, suggesting that the Exo11 complex converts 7S to 6S 
pre-rRNA. However, a mutation that disrupts the interaction between Rrp6 and Exo10 
in vivo has no apparent effect on the conversion of 5.8S 30 pre-RNA to 6S pre-rRNA, 
indicating physical independence of Rrp6 and Exo10 in this step.10

Likewise, Rrp6 and Exo10 carry out stepwise 3  end formation of snoRNAs and 
snRNAs precursors.16,17 The independently transcribed snoRNAs and some of the snRNAs 
are synthesized as 3  extended precursors that are trimmed in the 3 -5  direction by 
Exo10, followed by removal of the last few nucleotides by Rrp6. Like the processing of 
7S pre-rRNA to 6S pre-rRNA, the last step, catalyzed by Rrp6, occurs ef ciently in an 
Rrp6 mutant defective for interaction with Exo10, but requires interaction with Rrp47 
via the Rrp6 PMC2NT domain.11,18 Several studies suggest that some portion of mature 
snoRNAs results from the 3  trimming of extended, polyadenylated forms of snoRNA 
precursors, as opposed to their total degradation by an exosome catalyzed surveillance 
mechanism.19-21 This raises a longstanding question of how Rrp6 and Exo10 recognize 
which RNA substrates should be destroyed and which should be trimmed to their normal 3  
ends. Presumably, the answer depends on whether the RNAs have the combined RNA and 
protein structural information to keep the RNPs in a productive biogenesis pathway.
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THE ROLE OF Rrp6 IN mRNA SURVEILLANCE

Rrp6 was discovered by virtue of the fact that loss of function mutations suppress 
the temperature sensitive growth phenotype of a S. cerevisiae strain carrying a mutation 
(pap1-1) in the gene encoding the canonical mRNA poly(A)-polymerase Pap1.4 
Interestingly, loss of Rrp6 activity allowed the accumulation of poly(A)  mRNAs under 
conditions where partial inactivation of Pap1 otherwise resulted in the disappearance 
of most mRNAs.22 Localization of Rrp6 to the nucleus, demonstration of its hydrolytic 
exoribonuclease activity and the fact that loss of its activity allowed accumulation of 
poly(A)  mRNAs in pap1-1 strains without changing the rate limiting step in mRNA 
decay lead to the proposal that the enzyme plays a role in a nuclear mRNA surveillance 
pathway.22 Indeed, loss of Rrp6 activity reverses the disappearance of mRNAs caused by 
defects in other components of the mRNA 3  end formation pathway, as well as cis-acting 
defects that inhibit polyadenylation.23-25

The role of Rrp6 in nuclear mRNA surveillance includes an interesting, but poorly 
understood function in the accumulation of incompletely processed mRNAs at, or near, 
their site of transcription.26 Retention of speci c transcripts in single nuclear foci in budding 
yeast occurs as a result of defects in 3  end processing, or defects in the formation of 
export competent RNPs.27 Strains lacking Rrp6 fail to form these foci and the transcripts 
exit the nucleus. These observations suggest that, in addition to its role in degrading 
aberrant transcripts, the presence of Rrp6 slows the transition of pre-mRNAs to export 
competent RNPs. Indeed, defects in components of the THO/Sub2 complex, which 
bridges posttranscriptional events with mRNA export, result in mRNA degradation and 
Rrp6-dependent retention of pre-mRNAs in nuclear foci.27-29 The mechanistic details of 
the connection between the THO/Sub2 complex and the nuclear exosome remain unclear, 
but recent evidence suggests that THO/Sub2 defects inhibit the activity of the mRNA 3  
end processing machinery.29,30 One interpretation of these ndings is that disruption of the 
transition from pre-mRNA to an export competent RNP may feedback to down regulate 
mRNA 3  end processing, thereby exposing transcripts to degradation by Exo11.

Defects in Rrp6 and other exosome components render yeast and human cells 
hypersensitive to the chemotherapeutic drug 5- uorouracil (5FU).31-33 This effect; (i) 
results from incorporation of the base analogue into RNA, (ii) is abolished by a mutation 
in Rrp6 that inhibits its degradation, but not by one that inhibits its 3  end maturation 
function, (iii) correlates with the accumulation of poly(A)  RNA degradation intermediates 
and (iv) is independent of the transcription-coupled DNA repair pathway.32,34 Moreover, 
hypersensitivity of rrp6-  strains to 5FU requires a catalytically active pseudouridine 
synthetase, Cbf5.35 Some pseudouridine synthetases cannot convert 5FU into psuedouridine 
and the incomplete enzymatic reaction results in covalent adducts between the enzyme and 
5FU-RNA. These ndings suggest that a signi cant component of 5FU cytotoxicity in 
S. cerevisiae may result from the inability of Rrp6 to degrade RNA molecules trapped 
in complexes with Cbf5.

THE ROLE OF Rrp6 IN THE REGULATION OF mRNA LEVELS

Rrp6 controls the levels of normal mRNAs as exempli ed by the autoregulation of 
the nuclear poly(A)-binding protein Nab2 activity in budding yeast.36 The interaction 
of Nab2 with an oligoadenylate sequence in the 3  UTR of its own mRNA destabilizes 
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the transcript in a manner dependent on Rrp6 activity. Interestingly, NAB2 mRNA 3  
end formation occurs by a noncanonical mechanism that requires Exo10 and the Trf4 
component of the TRAMP complex.37 A similar mechanism forms the mature end of the 
CTH2 mRNA and, possibly other mRNAs.38 Rrp6 and the TRAMP complex regulate the 
levels of histone mRNAs by degrading the transcripts and contributing to their removal at 
the end of the S-phase of the cell cycle. The requirement for Rrp6 suggests that the negative 
effect of histone synthesis beyond the end of S-phase requires the rapid destruction of 
their mRNAs in the nucleus as well as in the cytoplasm.39,40 In Drosophila melanogaster, 
depletion of Rrp6 leads to mitotic defects that may re ect altered accumulation of mitotic 
mRNAs.41 Similarly, loss of Rrp6 activity causes meiotic defects in Schizosaccharomyces 
pombe and evidence suggests that the Mmi protein targets meiosis-speci c pre-mRNAs 
for degradation by Rrp6.42,43 Rrp6 also participates in a pathway that degrades mRNAs 
that exit the nucleus slowly; either due to defects in nuclear export, or naturally slow, 
mRNA-speci c export rates.44 In this pathway, called DRN (Degradation of RNA in the 
Nucleus), Rrp6 acts in concert with the nuclear RNA cap-binding complex to accelerate 
the degradation of slowly exported mRNAs.25 These ndings indicate that cells utilize 
the nuclear mRNA surveillance function of Rrp6 and perhaps Exo11 to regulate the 
concentration of a number of mRNAs for the purposes of simple feedback control and 
more complex regulation of cell cycle events. It seems likely that the list of mRNAs 
whose levels are subject to regulation by Rrp6 and the exosome will continue to grow.

Rrp6 AND THE TRAMP COMPLEX

The surprising discovery of polyadenylated noncoding RNAs and the existence of 
noncanonical poly(A)-polymerases revealed a role for Rrp6 and Exo10 in a polyadenylation 
dependent pathway for the degradation of aberrant RNA processing intermediates and 
transcripts arising from pervasive transcription of the genome. The rst clues to the 
existence of this pathway came from experiments that demonstrated the accumulation 
of polyadenylated sn- and snoRNAs and pre-rRNAs in budding yeast strains lacking 
Rrp6.16,17,45 A key experiment also revealed that the degradation of hypomodi ed 
pre-tRNAi

Met requires the activity of Dis3/Rrp44 and Rrp6.46 Importantly, these studies 
identi ed a requirement for the activity of the noncanonical poly(A)-polymerase Trf4 
in destruction of the aberrant pre-tRNAi

Met. Later studies showed that Trf4 and another 
noncanonical poly(A)-polymerase, Trf5, exist in complexes with putative RNA-binding 
proteins Air1 and Air2, as well as with the RNA helicase Mtr4.47,48 These complexes, 
called TRAMP4 and TRAMP5 respectively, play an essential role in the degradation 
of noncoding RNAs in eukaryotes.49-51 In some cases, these transcripts may arise from 
pervasive transcription of the genome that produces a surprising array of sense, antisense 
and intergenic transcripts, in addition to gene-encoding RNAs.52-54 Many of these RNAs, 
as well as intermediates in the biogenesis pathways producing sn-/snRNAs and rRNAs, 
are polyadenylated by the TRAMP complexes, which facilitates their hydrolysis by 
Rrp6 and Exo10.

This surveillance mechanism ensures the destruction of aberrant RNA processing 
intermediates and disposes of transcripts that result from pervasive bi-directional 
transcription initiation by RNA polymerase II.55,56 While some of the RNAs generated in 
this manner appear to lack any function, evidence from budding yeast and Arabidopsis 
thaliana suggests that some in uence gene regulation, development and gene silencing.57-60 
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Experiments in S. pombe revealed a requirement for TRAMP and Rrp6 in the degradation 
of transcripts arising from silenced heterochromatin and in posttranscriptional control 
of RNAi-dependent gene silencing.61-63 TRAMP complexes likely play a critical role 
in determining the levels of these regulatory transcripts, since polyadenylation by 
TRAMP enhances RNA degradation by the nuclear exosome. However, how TRAMP 
distinguishes between RNAs destined for rapid turnover and other stable RNAs remains 
a major unanswered question.

THE EXOSOME COFACTOR Rrp47

The yeast protein Rrp47 (also known as Lrp1 or yC1D) and its mammalian 
homologue C1D are eukaryotic, nuclear proteins that bind both RNA and DNA.11,14,64,65 
Research on Rrp47 has focussed on its physical association with the exosome nuclease 
complex.13,66,67 and the role of this complex in RNA processing and degradation 
pathways (for recent reviews of exosome structure and function, see),52,68-71 while C1D 
was initially characterised as a DNA-binding protein that functions in transcription and 
DNA repair.64,72,73 Nevertheless, there is strong evidence of functional conservation of 
Rrp47/C1D; both proteins interact directly with the catalytic exosome component Rrp6 
(known as PM-Scl100 in humans),11,14 yeast  mutants show defects in DNA 
repair74,75 and similar defects on 5.8S rRNA maturation are observed in yeast rrp47-  
and rrp6-  mutants and upon depletion of C1D in mammalian cells.4,13,14

STRUCTURE OF Rrp47

Rrp47 and C1D are small, basic proteins of 21kDa and 16kDa, respectively. 
There is no detailed structural data currently available for these proteins but sequence 
homology and secondary structure prediction programmes76 suggest that the rst ~120 
amino acid residues of Rrp47 comprise a conserved N-terminal -helical domain, while 
the C-terminal region is less structured and more variable. The C-terminus of Rrp47 
and homologous proteins is rich in basic residues and presumably contributes to RNA 
binding.11,77 Rrp47 and C1D can both be phosphorylated in vitro73,78 but the functional 
relevance of this is not clear. In contrast to other exosome proteins including Rrp6, Rrp47 
has not been observed as a phosphoprotein in mass spectrometric analyses of exosome 
complexes79,80 or in orthophosphate in vivo labeling experiments (our unpublished data).

The conserved N-terminal region of Rrp47/C1D spans the bioinformatically de ned 
Sas10/C1D domain (residues 10-89 of Rrp47)81 also present in Sas10 (also known as 
Utp3) and Lcp5, two U3 small nucleolar RNA (snoRNA)-associated proteins that are 
components of the small subunit processosome or pre-90S subunit.82-86 Overexpression 
of Sas10 partially suppressed silencing of transcriptionally repressed chromatin in 
a Sir-independent manner,87 an effect that has also been reported for mutants in the 
exosome and TRAMP complexes.88,89 One possibility is that overexpression of Sas10 
may (partially) titrate out the complex between Rrp47 and Rrp6. A Sas10/C1D domain 
is also found in the protein neuroguidin, an eIF4E-binding protein that is required for 
cytoplasmic polyadenylation-dependent translational control in neuronal cells.90 Sas10, 
Lcp5 and neuroguidin also have basic regions at their C-termini that may contribute to 
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RNA binding but whether the Sas10/C1D domain represents an RNA-binding domain 
requires further experimentation.

BIOCHEMICAL ACTIVITIES OF Rrp47

Rrp47 and C1D are associated with Rrp6-containing exosome complexes13,67 and 
interact directly with Rrp6 in vitro.11,14 Binding occurs via the N-terminal PMC2NT 
domain of Rrp691 and the N-terminal -helical region of Rrp47 (our unpublished 
observations). Westerns of epitope-tagged proteins show that Rrp47 and Rrp6 are 
expressed at comparable levels in yeast,11 Rrp6 being present at approximately 2,000 
molecules per cell.92 Normal expression levels of Rrp47 in yeast are dependent upon 
this interaction with Rrp6.11 Therefore, the interpretation of data from experiments 
using  null alleles should take into account that Rrp47 expression levels are 
also signi cantly affected.

Rrp47 and C1D show speci city for structured RNA in vitro.11,14 Consistent with 
an important role for Rrp47 RNA binding activity in vivo, RNAs that accumulate in 

 mutants, such as the 3  extended 5.8S rRNA precursor, are predicted to have 
double stranded regions at their 3  termini.93 The dissociation constant of yeast Rrp47 
for RNA and DNA is approximately 1 M (calculating the protein concentration based 
on the predicted molecular weight of the monomeric protein).11 C1D is reported to have 
“exceptional DNA af nity”64 but the dissociation constant for DNA or RNA has not 
been reported and it is not clear whether the native protein has a preference for DNA 
or RNA substrates. Assuming there are approximately 2,000 molecules of Rrp47 per 
yeast cell and the protein is distributed evenly throughout the nucleus, which has a 
volume of approximately 3 m,94 the intracellular concentration of Rrp47 is close to its 
dissociation constant. Therefore, small regulatory changes in the effective concentration 
of Rrp47 would impact strongly on the ef ciency with which this protein would bind 
its target substrates. Notably, overexpression of C1D is toxic.95

THE ROLE OF Rrp47 IN RNA PROCESSING AND DEGRADATION

Yeast strains lacking Rrp47 or Rrp6 accumulate a common set of cellular RNAs 
that, in wild type cells, are normally ef ciently processed to mature RNAs or rapidly 
degraded. Rrp47 is not required for normal Rrp6 expression levels or the association 
of Rrp6 with exosome complexes.13 Since a trimeric complex can be formed between 
Rrp47, Rrp6 and RNA, it has been suggested that Rrp47 promotes substrate binding 
to Rrp6.11 Puri ed Rrp6 degrades unstructured RNA ef ciently but is blocked by stem 
loop structures,8,22 suggesting that Rrp47 may facilitate degradation of structured RNA. 
Rrp47/C1D does not have any sequence homology to RNA helicases. Rrp47 might 
simply increase the retention time of Rrp6 on structured substrates or it may function 
sterically by positioning the 3  end of structured RNA close to the catalytic centre of 
Rrp6, as has been proposed for the C’-terminal HRDC domain of RNase D.9 Notably, 
while the pattern of stable RNA precursors observed in  and  strains 
by northern blot analyses are largely indistinguishable,13 distinct effects are seen in 
these mutants upon analysis of global mRNA pro les.75,96 This suggests that Rrp6 can 
function independently of Rrp47 on some substrates.
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Figure 2. Substrate recognition and degradation by the nuclear exosome. The schematic depicts the 
general pathway of exosome recruitment and substrate digestion/processing by the nuclear exosome 
complex. The exosome is recruited to its RNA substrates (either polymerase-engaged transcription 
termination complexes or RNP particles with accessible 3  ends) through a poorly understood set of 
interactions that, in most cases, will involve both RNA binding with undetermined sequences or structures 
and protein recognition with poorly characterised partner proteins (labelled “X”). The DNA binding 
activity of Rrp47 may also promote recruitment of the exosome to termination regions. Degradation/
processing of the RNA can be promoted by Trf4- or Trf5-mediated oligoadenylation and by the RNA 
helicase activity of Mtr4, all of which are components of the TRAMP complex, while Rrp47, Mpp6 
and the Air proteins contribute to RNA binding. RNA hydrolysis by the Rrp6 and Rrp44 exonucleases 
progresses until enzyme activity is blocked by the preassembled RNP particle, allowing 3  end maturation. 
In the absence of correct RNP particle assembly, the RNA is degraded completely by the exosome 
and TRAMP complexes. Other substrates are generated by endonucleolytic cleavage or arise through 
delayed transcription/processing events. For some substrates, Rrp6 can function together with Rrp47 
and TRAMP, independently of the core exosome complex.
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Rrp47 might also function in substrate recognition, either through interaction with 
RNA or other processing factors (Fig. 2). Interactions between the Nrd1 termination 
complex and the exosome and TRAMP complexes are thought to recruit the degradation/
processing machinery to some of its RNA substrates97 and Rrp47 is present in such 
large RNA processing/degradation complexes.98 Nrd1 and the associated protein Nab3 
are RNA-binding proteins that bind cooperatively to multiple copies of tetrameric 
recognition sequences present in the terminator regions of target transcripts.99 The  
mutation is synthetic lethal with the RNA-binding defective nrd1-102 mutation,100 
suggesting that the RNA-binding activity of Rrp47 may play an important role in the 
recruitment of the exosome to the termination complex. It has also been suggested 
that the interaction between Rrp47 and DNA may help position exosome complexes 
at transcriptionally active sites.101

Rrp47/C1D is well annotated as a DNA repair factor. Yeast strains lacking Rrp47 
or Rrp6 are defective in the degradation of speci c mRNA transcripts upon exposure 
to UV irradiation and in the repair of UV irradiation-induced cyclobutane dimers and 

 mutants are synergistically sick in combination with  mutants.75 The 
sensitivity of  and  mutants to UV irradiation may re ect a quality control 
function of the exosome to eliminate aberrant transcripts that arise as a result of DNA 
damage in transcription-coupled DNA repair.102

THE EXOSOME COFACTOR MPP6

Mpp6 (MPP6 in humans) shares a number of similarities with Rrp47, both being 
exosome-associated RNA-binding proteins that are small and basic in nature. The 
proteins have distinct substrate speci cities, however, Rrp47 recognising structured 
RNA while Mpp6 binds pyrimidine-rich sequences.11,14,98,103 While Rrp47 is functionally 
linked to the activity of Rrp6, the role of Mpp6 in exosome function is less clear.

MPP6 was rst identi ed as a nuclear protein that is phosphorylated and distributed 
throughout the cell during mitosis.104 MPP6 copuri es with exosome complexes that 
contain the Rrp6 homologue PM-Scl100 and hMtr4 but which lack the Rrp44/Dis3 
homologue.105 Thus, the interaction between MPP6 and the exosome is independent of 
Rrp44. Interactions between MPP6 and PM-Scl100 or hMtr4 were rst suggested by 
two-hybrid interaction106 and subsequently shown to be direct by pull-down experiments 
using recombinant and in vitro translated proteins.14 The binding sites within Rrp6 
for MPP6 and C1D apparently do not overlap, since a stable trimeric complex could 
be assembled.

Depletion of MPP6 caused an accumulation of 3  extended forms of 5.8S rRNA 
similar to that seen upon loss of exosome function.103 Notably, the 3  extended 5.8S 
pre-rRNA that accumulates upon depletion of MPP6 contains a pyrimidine-rich sequence 
at its 3  end, suggesting that MPP6 might target the exosome to this substrate. Consistent 
with a role in pre-rRNA processing, both the mammalian and yeast proteins are found 
associated with large ribosome-containing complexes.103,107

The yeast protein Mpp6 was rst demonstrated to be associated with the exosome 
complex in a global proteomics study86 and subsequently shown to be required for 
viability of  mutants.98 In common with other exosome mutants,  
strains showed defects in 5.8S rRNA maturation, accumulated the IGS1-R rDNA 
intergenic transcript and suppressed the loss of mRNA observed in rna14-1 and prp2-1 
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strains.23,88,89,98,108 Notably, the accumulation of the NEL025C CUT upon loss of both 
Mpp6 and Rrp47 was signi cantly greater than each single mutant,98 suggesting that 
an exacerbated accumulation of regulatory RNA transcripts might contribute to the 
synthetic lethality of  strains.

The  mutation is also synthetic lethal with the  mutation.98 This 
implies that Mpp6 and Rrp47 do not function in a functionally redundant manner to 
target substrates to Rrp6. It has been proposed that Mpp6 might promote the activity 
of the other exosome catalytic subunit, Rrp44.98 Given that the human MPP6 protein 
physically interacts with PM-Scl100 and hMtr4,14 that it is associated with the exosome 
in the absence of Rrp44105 and that the yeast  mutation shows strong genetic 
interactions with  mutations,98,109 another possibility is that Mpp6 promotes the 
functional coupling between Rrp6 and the TRAMP complex.

CONCLUSION

The recent discovery of diverse noncoding RNAs that are stabilised in the absence of 
Rrp655,56,110 has dramatically increased the number of substrates known to be processed or 
degraded by the nuclear exosome. The molecular mechanisms by which the exosome is 
targeted to its substrate molecules and how RNA processing substrates are distinguished 
from those targeted to complete degradation, however, remain largely unresolved. 
These outstanding questions address fundamental issues concerning the links between 
transcription termination, RNA processing and RNP particle assembly and the distinction 
between RNA processing events and RNA surveillance. A general point appears to 
be the redundancy seen for nucleolytic, polymerase and RNA-binding activities in 
exosome-mediated RNA 3  processing that presumably facilitate ef cient processing 
and provide a system that is well buffered against genetic modulation.
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Abstract: Heterochromatic silencing is important for repressing gene expression, protecting 
cells against viral invasion, maintaining DNA integrity and for proper chromosome 
segregation. Recently, it has become apparent that expression of eukaryotic genomes is 
far more complex than had previously been anticipated. Strikingly, it has emerged that 
most of the genome is transcribed including intergenic regions and heterochromatin, 
calling for us to re-address the question of how gene silencing is regulated and 
re-evaluate the concept of heterochromatic regions of the genome being transcriptionally 
inactive. Although heterochromatic silencing can be regulated at the transcriptional 
level, RNA degrading activities supplied either by the exosome complex or RNAi also 
signi cantly contribute to this process. The exosome also regulates noncoding RNAs 
(ncRNAs) involved in the establishment of heterochromatin, further underscoring its 
role as the major cellular machinery involved in RNA processing and turn-over. This 
multilevel control of the transcriptome may be utilized to ensure greater accuracy of 
gene expression and allow distinction between functional transcripts and background 
noise. In this chapter, we will discuss the regulation of gene silencing across species, 
with special emphasis on the exosome’s contribution to the process. We will also 
discuss the links between transcriptional and posttranscriptional mechanisms for gene 
silencing and their impact on the regulation of eukaryotic transcriptomes.

INTRODUCTION

Recently, genome-wide studies have revealed that more than 90% of the genome is 
transcribed in eukaryotes.1-3 These studies have demonstrated that the majority of RNA 
polymerase II (pol II) transcriptional activity takes place outside of protein coding genes, 
producing numerous new species of ncRNAs from compartments of the genome previously 
thought to be transcriptionally silent, including intergenic regions and even more strikingly, 
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heterochromatin. These newly discovered RNAs are kept at low levels in the cell and 
have evaded detection until the development of modern, highly sensitive microarray 
and sequencing technologies. This raises the important question of how ncRNAs are 
regulated. The major cellular RNA degrading/processing machinery is the evolutionarily 
conserved exosome complex, an assembly of 10 protein subunits. The exosomes’ 3   5  
exonucleolytic and endonucleolytic activities play extremely versatile functions in the cell, 
such as regulating the stability of a variety of cellular RNAs, participating in the destruction 
of viral RNAs,4-8 3 -processing of stable structured RNAs and providing quality control 
for RNA processing, folding and assembly into ribonuclear protein complexes (RNP).9 
Recent data have also implicated the exosome complex to be involved in various aspects 
of ncRNA metabolism, as well as contributing to gene silencing.10-12 The analysis of yeast, 

y, plant and human transcriptomes revealed dramatic changes of gene expression pro les 
in exosome mutants.2,3,5,10,11,13-16 In ssion yeast, mutations of exosome subunits lead to 
the loss of transcriptional silencing from centromeric, telomeric and mating type loci and 
caused changes in the chromatin modi cation pattern suggesting that the exosome might be 
involved in the assembly of silent chromatin.12,17-20 These data imply that posttranscriptional 
RNA degradation is an important step in regulating the eukaryotic transcriptome. Here, 
we focus on recent studies that have unveiled the critical role of the exosome complex 
in silencing gene expression in different organisms. We compare various aspects of the 
exosome-mediated silencing pathway to the well studied RNA interference (RNAi) pathway 
involved in gene silencing and heterochromatin formation and discuss how these pathways 
cooperate to achieve ef cient silencing of gene expression.

HETEROCHROMATIN

In eukaryotes genomic DNA is assembled with histone proteins into nucleosomal 
structures, forming chromatin. Chromatin remodeling factors along with DNA and histone 
modifying enzymes are invloved in transcriptional regulation, as well as other DNA 
transactions such as DNA replication and DNA repair. These activities can alter chromatin 
structure and therefore make it more accessible for the transcription machinery. Historically, 
heterochromatin and euchromatin were distinguished as two different genomic compartments, 
based on the degree of chromatin compaction.21,22 In contrast to transcriptionally active 
euchromatin, heterochromatin was therefore believed to be inaccessible for transcription. 
Heterochromatin is an epigenetically heritable and conserved state of eukaryotic chromosomes 
and has important functions in protecting genomes from transposable elements, maintaining 
genome integrity and regulating gene expression. It is typically formed around repetitive 
DNA sequences, such as those originating from transposable elements, or genes that 
are found in multiple copies in the genome. Thus, heterochromatin is associated with 
telomeric, centromeric and ribosomal DNA (rDNA) arrays, together with silenced mating 
type loci in fungi. Furthermore, the process of gene dosage compensation in mammals 
involves heterochromatic inactivation of the entire X chromosome in somatic cells. A 
typical feature of heterochromatin shared by all eukaryotes is hypoacetylation of histones, 
which is achieved through the enzymatic activity of a conserved NAD -dependent histone 
deacetylase (HDAC) known as Sir2 (Silent Information Regulator) in the budding yeast 
Saccharomyces cerevisiae. In ssion yeast and metazoans, this process requires additional 
HDAC activities. Hypoacetylated histones form a more compact chromatin structure with 
DNA that was believed to block the recruitment of pol II to DNA (Fig. 1). Indeed, for a long 
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time the Sir2 dependent mechanism was thought to be suf cient for complete silencing of 
pol II transcription within the heterochromatin of budding yeast. However, recent studies 
challenged this notion by demonstrating that although Sir2 reduces the levels of pol II 
recruitment, heterochromatin remains accessible for pol II, suggesting that silencing is 
also regulated downstream of pre-initiation complex (PIC) formation.10,23-25 Indeed, in yeast 
and ies gene silencing has been shown to occur after PIC formation.24,26,27 Furthermore, 
promoter-proximal pausing of pol II seems to be a general feature of eukaryotic promoters, 
which perhaps re ects an important regulatory stage during pol II transcription.28,29 The 
presence of pol II within heterochromatin whilst no detectable RNA is produced, suggested 
that other mechanisms could contribute to heterochromatic silencing: First, early pol II 
transcription inhibition/termination and second, RNA degradation. Depletion or mutations 
of the Nrd1/Nab3/Sen1 complex or exosome subunits (Rrp6 and Rrp4) recently revealed 
the presence of heterochromatic RNA species.10 Disruption of the Nrd1-exosome pathway 
also leads to de-repression of reporter genes integrated into the rDNA array or telomeric 
regions.10 Nrd1 associates with transcription complexes proximal to the promoter region 
by interacting with the phosphorylated form of early elongating pol II.30,31 This allows 
Nrd1 to control transcription early in elongation by promoting pol II termination.32 The 
Nrd1 complex interacts with the exosome and promotes RNA degradation or processing 
by facilitating exosome recruitment to the 3 -ends of RNA substrates.33 Similar effects 
were also seen when Trf4, a poly(A)polymerase component of the TRAMP complex and a 
cofactor of the nuclear exosome,34,35 was deleted.11 Therefore, heterochromatic silencing in 
budding yeast is regulated at multiple levels including Sir2-mediated chromatin repression, 
transcriptional repression and degradation of heterochromatic RNAs.

The proposed multilevel repression system in S. cerevisiae has interesting parallels 
to heterochromatic repression mediated by the RNAi machinery, the mechanism by 
which this is achieved will be discussed later (Fig. 1). Recent data suggests that in 
the ssion yeast Schizosaccharomyces pombe, both heterochromatin formation and 
the subsequent degradation of nascent heterochromatic transcripts is carried out by the 
RNAi and exosome machineries.12,17-20,36,37 Both of these pathways appear to require the 
spliceosome for the formation of pericentric heterochromatin.17,38 The RNAi pathway 
stimulates heterochromatin formation by promoting the establishment of tri-methylation 
on lysine 9 of histone H3 (H3K9me3), a hallmark of heterochromatin in ssion yeast and 
higher eukaryotes through recruitment of the histone methyltransferase (HMT) Clr4.39 
The H3K9me3 mark provides a high af nity-binding site for the recruitment of Swi6 in 
S. pombe or heterochromatin protein 1 (HP1) in metazoans and allows for the spreading 
of heterochromatin. Additionally, heterochromatic domains in plants and mammals are 
known to be methylated through the action of DNA methyltransferases, further contributing 
to the repression of transcription.

GENE SILENCING PATHWAYS: RNAi AND THE EXOSOME

RNAi is one of the best characterized mechanisms of gene silencing in eukaryotes 
and is highly conserved. It is essential for protecting cells from invasion by foreign 
DNA and RNA (transposons, pseudogenes, retroelements and viruses), as well as for 
the establishment and maintenance of heterochromatin.40 The RNAi pathway utilizes 
small ncRNAs, which interact with target RNAs by base pairing and thereby achieve 
silencing by promoting the degradation of these complementary RNAs and/or translational 
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inhibition (post-transcriptional gene silencing (PTGS)).41 Moreover, a similar ncRNA-based 
mechanism mediates transcriptional repression by recruiting chromatin and/or, in some 
organisms, DNA modifying activities to heterochromatic regions (transcriptional gene 
silencing (TGS)). Several classes of small ncRNAs have been described in yeast, plants, 

ies and mammals. Amongst these are small interfering RNAs (siRNAs), microRNAs 
(miRNAs) and PIWI interacting RNAs (piRNAs). The RNAi pathway is triggered by 
siRNAs that are generated by the endonuclease Dicer from long double-stranded RNA 
(dsRNA) precursors which arise as a result of RNA-dependent RNA polymerase (RdRP) 
activity, transcription of repetitive inverted transposable elements integrated in the genome, 
or from the dsRNAs of viruses in many organisms that lack RdRP (such as budding yeast, 

ies and mammals) (Fig. 2). In light of the recent ndings that abundant antisense RNAs 
are produced from both eu- and heterochromatic domains in eukaryotes,2,3,14,42-45 it is 
tempting to speculate that antisense RNAs might function by forming duplex RNA thus 
activating the RNAi pathway. Double stranded, ~22 nucleotide long, siRNAs produced 
by Dicer cleavage are loaded onto Argonaute containing complexes, the RNA-induced 
transcriptional silencing complex (RITS) that regulates heterochromatin in the nucleus 
during TGS, or the RNA-induced silencing complex (RISC) that mediates PTGS in the 
cytoplasm, both of which direct the cleavage of target RNA.

Although RNAi is an essential pathway in many organisms, it has been lost in some 
unicellular eukaryotes with small genomes, such as S. cerevisiae, Trypanosoma cruzi, 
Leishmania major, Cyanidioschyzon merolae and Paramecium falciparum.40 However, 
functional RNAi has been retained in other species closely related to S. cerevisiae, such 
as Saccharomyces castellii, Kluyveromyces polysporus and Candida albicans and can be 
reconstructed in S. cerevisiae if the major RNAi components from S. casteli, Dicer (Dcr1) 
and Argonaute (Ago1), are re-introduced.46 Analysis of the S. cerevisiae transcriptome  
has revealed that expression of DCR1 leads to an accumulation of retrotransposon Ty1 
siRNA and reduction in the level of corresponding Ty Gag protein and mRNA. These 
data suggest that a major function of the RNAi pathway is to mediate the silencing of 
transposable elements; conversely, the lack of RNAi in S. cerevisiae suggests that this 
species relies on alternative pathway(s) to suppress expression of retrotransposons. 
Importantly, the alternative pathway(s) present in S. cerevisiae must be very effective 
not only because it allowed the loss of RNAi but also because it keeps Ty1 copy number 
very low (3.1% of the genome).47 In S. cerevisiae Ty silencing is mediated in trans by an 
unstable antisense Ty1 RNA. Over-expression of this antisense RNA from a plasmid, or 
stabilization of the antisense RNA upon deletion of cellular 5   3  (XRN1) or 3   5  
(RRP6 and TRF4) exonucleolytic activities results in decreased levels of Ty1 RNA. The 
antisense RNA from the Ty1 element has also been proposed to be part of a posttranslational 
mechanism that limits retro-transposition by reducing the level of proteins required for 
replication and integration.48

The function of the RNAi pathway in silencing transposable elements is conserved 
amongst species. The presence of an ef cient silencing system may be even more important 
for multicellular organisms, considering that 42% of the human genome consists of 
retrotransposons.49 In Drosophila and other multicellular eukaryotes, a piRNA-based 
mechanism defends the germline against transposons. This surveillance system plays an 
important role in development, since if transposition occurs within the genome of germline 
cells, transposons will be passed to the next generation. Interestingly, plants also make 
use of the exosome complex that operates as a part of the siRNA pathway50 to silence 
transposable elements.2 Tiling microarray experiments in Arabidopsis thaliana revealed 
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an accumulation of complementary pairs of sense and antisense transcripts, precursors 
for the ~24 nt endogenous heterochromatic siRNAs, in RRP4- and RRP41-depleted 
cells. These siRNAs guide repressive modi cations (methylation) of DNA and histones 
at transposon containing loci.

While the function of RNAi as an important cellular defense mechanism is well 
established51 and ef ciently used in therapeutic applications to target viral RNAs,52 diverse 
roles of the exosome machinery during the cellular response to viral invasion have only 
recently begun to emerge. The nuclear exosome complex down-regulates transcripts 
encoded by the human endogenous retrovirus (HERV), expressed from within the human 
genome.4,5 Furthermore, the exosome also degrades viral mRNA upon infection by RNA 
viruses such as Moloney murine leukemia virus (MLV) and Sindbis virus (SIN). This 
exosome-mediated viral silencing is regulated by the Zinc- nger antiviral protein (ZAP), 
a host antiviral factor that speci cally binds to its target mRNAs and recruits the exosome 
for degradation.6 Cells therefore utilize several redundant mechanisms (RNAi and the 
exosome) to ef ciently silence transposons and viruses and prevent their proliferation 
in the cell. However, in some instances an invading virus has been shown to hijack the 
exosome machinery as part of the disease course. For instance, the virus-encoded SOX 
(ShutOff and eXonuclease) protein is proposed to regulate exosome function following 
infection by Karposi’s sarcoma-associated herpesvirus (KSHV)7 and the exosome core 
protein Rrp46, which mediates RNA processing and degradation, is involved in the 
initiation of programmed cell death caused by a virus in barley.8

In addition to its function in silencing transposons, RNAi promotes the establishment 
and spreading of heterochromatin.53 Similar to the regulation of protein coding genes, 
heterochromatic silencing is achieved as a result of transcriptional and posttranscriptional 
regulation (Fig. 1). The epigenetic regulation of heterochromatin silencing by RNAi was 
initially reported in ssion yeast, plants and ies and more recently has been suggested to 
occur in mammals.54,55 During TGS, the RNAi containing RITS complex targets nascent 
heterochromatic transcripts and mediates their degradation (Fig. 2).36 As previously 
mentioned, this process leads to changes in the methylation status of histone tails that 
subsequently result in transcriptional repression. Strikingly, the spliceosome was recently 
suggested to play a role in the generation of siRNAs and in the degradation of heterochromatic 
RNA precursors during TGS.38 This was proposed to facilitate the ampli cation of siRNAs 
to high levels and thus promote effective heterochromatic silencing. Unexpectedly, the RNA 
duplexes that induce transcriptional silencing can also induce transcriptional activation in 

Figure 2, viewed on previous page. Model illustrating roles of the exosome complex in the RNAi 
pathway based on the data compiled from various organisms. Generic names of proteins and complexes 
are used. 1) During the process of cotranscriptional silencing, the RITS complex is recruited to nascent 
heterochromatic ncRNAs and contributes to the deposition of methyl marks (yellow ags) on histone 
tails, which facilitates the formation of heterochromatin. In cooperation with the spliceosome, the 
exosome also facilitates the establishment of H3K9 methylation. HP1 proteins such as Swi6 speci cally 
associate with methylated histones and facilitate the spread of heterochromatin. 2) RNA—dependent RNA 
polymerase (RdRP) activity synthesizes complementary RNAs resulting in the production of dsRNA, 
which is cleaved into siRNAs by Dicer. 3) The quality of siRNAs is monitored by the exosome complex 
and aberrant RNAs are selectively degraded. 4) siRNAs are loaded onto the Argonaute (Ago) containing 
RITS complex in the nucleus, or RISC complex in the cytoplasm, which can recognize and stimulate 
the degradation of speci c complementary RNAs. 5) In the cytoplasm, the exosome and Xrn1 also 
mediate the degradation of RISC targeted RNAs by their respective 3  to 5  and 5  to 3  exonuclease 
activities. A color version of this image is available at www.landesbioscience.com/curie.
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human cell lines.56 The precise mechanism by which the same pool of small RNAs can 
induce both silencing and activation of transcription is unknown.

The exosome complex also contributes to heterochromatic silencing independently of 
RNAi.2,17 One mechanism by which the exosome regulates heterochromatic silencing is 
by directly degrading RNAs produced from these regions. In S. cerevisiae, the exosome 
degrades heterochromatic transcripts produced by pol II from rDNA and telomeric loci10,11 
and released as a result of transcription termination by the Nrd1 complex. The exosome 
cofactor Trf4 is also required for the degradation of these cryptic RNAs. Similarly, Cid14, 
the S. pombe homologue of S. cerevisiae Trf4, promotes exosome-mediated degradation of 
heterochromatic transcripts.12 Furthermore, the exosome also cooperates with components 
of the spliceosome to degrade heterochromatic RNAs.17 Dis3, a subunit of the exosome 
that mediates its endo- and exonucleolytic activities, was shown to colocalize with splicing 
factor Spf30 and facilitate its recruitment to pericentric heterochromatin. Mutations in 
Spf30 and Rrp6 lead to reduced H3K9me3 at the centromeres and Dis3 de ciency results 
in reduced recruitment of Swi6,19 suggesting that both splicing and exosome complexes 
may contribute to heterochromatin formation.

Finally, RNAs targeted by the RNAi pathway can be cleaved by RISC and degraded 
in the cytoplasm, in a process that again converges the RNAi pathway with exosome 
activity (Fig. 2). In Drosophila, 5  mRNA fragments generated by RISC cleavage are 
rapidly degraded from their 3  ends by the exosome, whereas the 3  fragments are degraded 
from their 5  ends by XRN1.57 Similarly, in the algae Chlamydomonas reinhardtii, the 
exosome is involved in degrading RNA fragments cleaved by the RISC complex;58 RNAs 
generated by RISC are polyadenylated by MUT68, which is thought to promote exosome 
mediated degradation. In conclusion, the exosome plays versatile functions in regulating 
gene silencing both independently of RNAi and as a part of the RNAi system.

MULTILEVEL REGULATION OF GENE EXPRESSION

As illustrated above a three level model can be used to explain the silencing 
of heterochromatic transcription in eukaryotes, in which silencing is established at 
chromatin, transcriptional and posttranscriptional levels (Fig. 1). Although all three 
levels of repression could function completely independently, the cross-talk between 
transcriptional and posttranscriptional processes appears to be important to achieve 
ef cient silencing. Indeed, on-going pol II transcription is required for ef cient RITS 
mediated heterochromatic silencing36 and the exosome complex is physically and 
functionally linked to transcription.17,33,59 The RNAi pathway is proposed to operate in 
a reverse feedback loop, whereby it regulates chromatin by regulating the processing of 
heterochromatic precursor RNAs (Fig. 2).

The multilevel repression of heterochromatin is not limited to RNAi containing 
species, S. cerevisiae also uses multilevel mechanisms to repress pol II transcription 
within heterochromatin. Complete repression is achieved by the combined actions of 
Sir2, the Nrd1 transcription terminator complex and the exosome. The Nrd1 complex 
mediates termination of transcripts such as short (about 500 nt) mRNAs, snoRNAs and a 
recently described new class of ncRNAs-Cryptic Unstable Transcripts (CUTs). CUTs are 
widespread throughout both heterochromatic and euchromatic domains of the eukaryotic 
genome and are usually degraded by the exosome.3,5,13,60-63 However, recent studies have 
shown that transcription of noncoding regions can have important regulatory functions. 
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They demonstrate that the act of noncoding transcription per se can affect interactions 
between nearby DNA and histones or other DNA binding proteins and can thus regulate the 
expression of neighboring genes. Indeed, the failure to properly terminate CUT transcription 
leads to dramatic changes in chromatin structure within the rDNA region, most notably an 
increase in histone acetylation, suggesting that the role of pol II nc transcription within the 
rDNA array could be to regulate the transcription of ribosomal genes.10 This seems to be 
an important general mechanism for regulating gene expression, since a number of genes 
have been shown to be regulated according to this scenario. For example, transcription of 
ncRNA is required for chromatin remodeling and activation of the fbp1  locus.64 This was 
convincingly demonstrated by inserting a transcription terminator upstream of the fbp1  
gene that prevented formation of an open chromatin structure and lead to transcriptional 
repression of the gene. Similarly, antisense transcription at the PHO5 promoter was shown 
to activate transcription of the PHO5 gene.65 Conversely, nc transcription can negatively 
affect the transcription of neighboring genes as was reported for the SER3 and FLO11 
genes.66,67 In Arabidopsis, transcription of the intergenic region by RNA polymerase IVb/
Pol V, required for siRNA-mediated gene silencing of transposons, results in transcriptional 
silencing of overlapping and adjacent genes.68

Interestingly, genetic evidence further supports the notion of a functional connection 
between RNA turn-over and chromatin structure.69,70 The exosome cofactors Nrd1 and 
Trf4 show strong negative genetic interactions with the components of the Rpd3L HDAC 
complex (Pho23, Sap30, Sds3, Rxt2 and Sin3)69,70 and with Set1 methyltransferase, which 
introduces H3K4me marks, suggesting a functional connection between these genes (Terzi 
and Buratowski, personal communication). Additionally, strains combining the deletion 
of RRP6 and TRF4 genes with deletions of Set1 complex components (SDC1 and SWD1) 
also exhibit a synthetic sick phenotype.71 Furthermore, in budding yeast Set1 HMT activity 
is known to contribute to heterochromatic silencing, in addition to Sir2.72 Similarity in the 
distribution pattern of H3K4me3 and Nrd1 localization at the 5  end of genes implies that 
these two proteins may cooperate in regulating early events during pol II transcription. 
Indeed, further analyses revealed that Set1 and the Rpd3L complex acting downstream 
of Set1, facilitate the recruitment of Nrd1 and thereby contribute to Nrd1 mediated gene 
silencing within heterochromatin. These data may help to explain earlier studies that 
implicated a role for Set1 in transcriptional repression within heterochromatin,72-74 which 
were somewhat contradictory to the well established role that Set1 plays in activating 
euchromatic transcription75,76 Interestingly, in humans H3K4me helps to recruit components 
of the spliceosome77 and in S. pombe, the spliceosome was shown to be involved in the 
establishment and maintenance of heterochromatic chromatin.17,38 Together with the 
evolutionary conservation of H3K4me these observations suggest an intriguing possibility 
that cross-talk between chromatin and RNA processing pathways is a common theme 
used by eukaryotes to control gene silencing.

Although RNAi has been shown to regulate gene silencing in ssion yeast, 
RNAi-independent pathways are also used. As in S. cerevisiae, these pathways also rely 
on the exosome.12,17-20,37,78 Consistent with its role in the destruction of spurious ncRNAs, 
combining the deletion of rrp6 with mutations in CLR6 (HDAC) in S. pombe leads 
to a synergistic increase in antisense transcription.20 Additionally, HIRA (replication 
independent histone chaperone complex) components, involved in transcriptional 
silencing at heterochromatic loci79 and suppression of antisense transcription, show 
synthetic lethality when combined with rrp6.8 Furthermore, the conserved variant 
histone H2A.Z (PTH1 gene) that regulates heterochromatic silencing at centromeres and 



114 RNA EXOSOME

spurious intergenic transcription in ssion yeast37,80 is loaded onto the 5  ends of genes by 
the Swr1 complex, in cooperation with either RNAi or exosome components, to suppress 
antisense transcription.37 In S. cerevisiae, H2A.Z is also implicated in preventing the 
spread of silent heterochromatin.81 Similar to its homologues from S. pombe and other 
eukaryotes,82 S. cerevisiae H2A.Z is found at the 5 end of genes,83 indicating that its’ 
suppression of antisense transcription may be an evolutionarily conserved mechanism. 
Furthermore, double mutants lacking Htz1 (the gene encoding for H2A.Z in S. cerevisiae) 
and the exosome cofactors Trf484,85 or Pab171,86 show a synthetic growth defect. A similar 
growth defect was observed for double mutants lacking Nrd1, Trf4 and the exosome 
subunit Rrp6 together with components of the SWR1 complex (Swr1, Swc3, Swc5 and 
Swc6), involved in deposition of H2A.Z.69,70 Together, these data strongly support the 
proposed cross-talk between RNA turn-over and chromatin.

Finally, recent studies have established ncRNAs themselves as regulators of chromatin. 
The function of the exosome in regulating the expression of regulatory ncRNAs thus 
introduces another level to the regulation of gene silencing which is discussed below.

REGULATING THE REGULATORS: HOW THE STABILITY OF ncRNAs 
DETERMINES THEIR FUNCTION IN HETEROCHROMATIN FORMATION

ncRNAs show no obvious sequence or structural conservation and vary largely 
between different organisms. However, a common theme emerging from the model systems 
analyzed to date is their role in regulating gene expression at the level of chromatin. 
Classical examples include Xist, Tsix and roX RNAs involved in dosage compensation, 
and Air and H19 RNAs involved in genomic imprinting. Over recent years, the repertoire 
of ncRNAs has expanded, as efforts to look into the transcriptional output of eukaryotic 
genomes have increased. As previously mentioned, most of these newly found ncRNAs 
are highly unstable, posing an interesting question as to whether the RNA produced is 
functional, or the result of transcriptional noise.87 Accumulating evidence implicates 
many ncRNAs in regulating gene silencing. Interestingly, their function in the cell can 
be dynamically controlled by the exosome complex, which maintains appropriate levels 
of ncRNAs in the cell, thus implicating the exosome as a regulator of gene silencing.

Recently, mammalian and yeast telomeres were found to be actively transcribed 
into telomeric repeat-containing RNA (TERRA) molecules.88-91 TERRA associates with 
telomeric regions of metaphase chromosomes in cis to provoke telomere shortening 
and genomic instability. This appears to be achieved by two mechanisms. First, it was 
demonstrated biochemically that TERRA inhibits telomerase, a reverse transcriptase 
that can add telomeric repeats onto chromosome ends.92 Other studies later demonstrated 
that TERRA is involved in the establishment of H3K9me3, an epigenetic modi cation 
typical of highly compacted heterochromatin and a common feature of telomeric repeats 
in all organisms.93,94 H3K9me3 plays an important role in telomere-length homeostasis,90 
indeed, mouse loss of function studies have revealed that impairment of the telomeric 
heterochromatin structure alters telomere length.92 Importantly, studies using immortalized 
mouse cell lines showed that the average telomere length correlates with TERRA levels, 
implying that maintaining an appropriate amount of TERRA in the cell is important for 
its function.92 Interestingly, earlier studies from the Gottschling laboratory established 
an initial connection between cellular levels of TLC1 RNA (the RNA component of the 
telomerase complex in S. cerevisiae) and telomeric silencing.95,96 These studies demonstrated 
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that plasmid driven over-expression of TLC1 RNA results in a dramatic loss of telomeric 
silencing. With such key roles in regulating heterochromatic silencing and chromosome 
stability, it is critical that the levels of TERRA and telomerase RNAs are appropriately 
controlled. Interestingly, the effectors of nonsense-mediated messenger RNA decay, SMG 
proteins (Suppressors with Morphogenetic defects in Genitalia) were shown to modulate 
the actions of TERRA and telomerase RNA molecules during telomere length regulation 
by affecting their levels and cellular localization. SMG1 regulates TERRA function 
by promoting its displacement from telomeric chromatin,88 whilst other SMG proteins 
UPF1 (SMG2) and EST1A (SMG6), associate with telomeric chromatin and physically 
interact with the RNA component of telomerase, contributing to its activity in replicating 
telomere ends.97-99 Furthermore, in S. cerevisiae, the nuclear 5   3  exonuclease Rat1 
degrades TERRA RNA and thus promotes telomere elongation.89 Telomeric RNA levels 
are also regulated by the cytoplasmic 5   3  exonuclease Xrn1 and the cofactor of the 
nuclear exosome complex Trf4.100 Moreover, exosome mutants display an accumulation 
of TLC1 RNA,101 (Coy and Vasiljeva, unpublished) and its polyadenylated precursor,102 
suggesting that the exosome may be involved in regulating TLC1 RNA levels and 
processing. In support of this view, mutations of the exosome subunits Rrp6 and Rrp47 
lead to a shortening of telomere ends.101,103 Together, these studies represent an example 
of a molecular link between RNA regulation and the maintenance of telomere length 
homeostasis. Furthermore, a global role for the exosome complex in regulating the stability 
of antisense RNAs is also becoming apparent. Recent studies in a variety of organisms have 
demonstrated that the vast number of antisense transcripts are stabilized upon inactivation 
of the exosome.2,3,5,13-16 This phenomenon is exempli ed by the antisense Ty1 RNA100,104 
and antisense PHO84 RNA, both of which direct the silencing of transcription from the 
opposite strand in S. cerevisiae.105,106 In each case, stabilization of antisense RNAs is a 
key event in the silencing pathway. The stabilization of Ty1 antisense RNA observed in 
strains harboring a deletion of the cytoplasmic exonuclease Xrn1, caused trans-silencing 
of Ty1 expression. Although primarily regulated by Xrn1, the exosome too participates 
in controlling the abundance of Ty1 antisense RNA, since deletion of Rrp6 or Trf4 
also lead to its accumulation. The stability of antisense PHO84 RNA is dynamically 
controlled by the nuclear exosome complex during the process of chronological aging. 
The antisense RNA accumulates in aging cells, correlating with a decrease in PHO84 
mRNA. According to the model proposed by the authors, antisense PHO84 RNA directs 
recruitment of the Hda1 histone deacetylase complex, promoting H3K18 deacetylation 
and subsequent silencing of sense PHO84 transcription in cis and in trans. Given that 
antisense transcription is widespread in eukaryotic genomes it is tempting to speculate 
that this could be a general mechanism contributing to gene regulation.

Unlike most of the newly found ncRNAs, Xist and its antisense Tsix are relatively 
stable RNAs (in undifferentiated embryonic stem cells Xist half-life (t1/2) is 3-6hrs, Tsix 
t1/2 is 1hr).107 Xist is known to silence transcription from the inactive X chromosome in 
mammals while Tsix is believed to function as a negative regulator of Xist.108 Xist promotes 
heterochromatization in cis by coating the X chromosome, a process that coincides 
with an accumulation of transcriptionally repressive H3K27me3 and ubiquitination of 
lysine 119 on histone H2A (uH2A) marks, mediated by polycomb group proteins.109,110 
Strikingly, down-regulation of Exosc10, the human homologue of Rrp6 and Rent1, the 
homologue of Upf1, leads to subsequent down-regulation of Xist RNA and inhibition 
of the onset of X-inactivation.111 It remains to be seen whether this effect is direct; the 
decrease in Xist RNA levels, as opposed to the accumulation of RNA normally associated 
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with exosome mutants implies that the exosome is not directly involved in this process. 
Alternatively, the exosome may be involved in the regulation of Tsix RNA, whose expression 
inversely-correlates with the expression of Xist.112 Recently an intriguing link between 
X chromosome inactivation and the RNAi pathway was also found. The complementary 
Xist and Tsix RNAs were shown to form duplexes that are processed into siRNA in a 
Dicer-dependent manner. These Dicer generated siRNAs are thought to be important for 
the accumulation of H3K27me3 and for X chromosome silencing.113 However, results of 
Nesterova et al114 argued against a direct role for RNAi in X chromosome inactivation by 
showing that upon depletion of DNA histone methyltrasferases in Dicer-de cient male 
ES cell lines, despite an increase in Xist expression, X chromosome silencing still occurs. 
Interpretation of the results is complicated by the death of Dicer mutants shortly after 
implantation, leaving a very short window in which to assay for chromosome inactivation, 
but clearly additional studies are needed to determine what role if any RNAi plays in the 
process of X chromosome inactivation.

In contrast to mammals, in Drosophila transcription from the single X chromosome 
in males is up-regulated to compensate for two transcriptionally active X chromosomes 
in females.115 The MSL complex, an assembly of several proteins and two ncRNAs, 
roX1 and roX2 (RNA on the X), encoded by the male speci c lethal genes is involved 
in up-regulating the expression of genes on the male X chromosome. Currently, the 
mechanism by which the MSL RNA-protein complex acts to regulate dosage compensation 
in ies is not understood. Interestingly, the MSL complex copuri es with components of 
the exosome.116 It has been speculated that recruitment of the nuclear exosome complex 
to transcription sites regulated by the MSL complex is necessary to prevent excessive 
production of mRNAs and to destroy cryptic transcripts that may result from open 
chromatin.

The levels and quality of siRNAs and miRNAs can also be regulated in the cell. In 
S. pombe the conserved exonuclease Eri1 speci cally degrades siRNA duplexes. Upon 
deletion of Eri1 there is an increase in the proportion of siRNAs associated with the RITS 
complex, corresponding to an increase in heterochromatic silencing that is accompanied 
by increased levels of H3K9me3.117 Along with the majority of other cellular RNAs, 
the exosome also monitors quality of siRNAs and dysfunctional RNA molecules are 
destroyed.58,118 Similar to other exosome substrates, siRNAs that are selected for exosome 
mediated degradation are marked by either poly(A) or poly(U) tails, which appears to be 
a conserved mechanism in RNAi containing organisms as well in S. cerevisiae. In the 
algae Chlamidomonas, the terminal transferase MUT68 directs untemplated uridylation 
of siRNAs and thus stimulates their degradation by the exosome.118 It was speculated 
that the exosome monitors the quality of these small RNAs and destroys dysfunctional 
molecules (Fig. 2). The same enzyme can also catalyze addition of oligo(A) tails to the 
3  end of RISC generated RNAs that are degraded by the exosome.58 Furthermore, in 
Caenorhabditis elegans a new class of small RNAs (22G-RNAs) associating with two 
distinct Argonaute proteins, (WAGOs) and CSR-1, has recently been implicated in the 
silencing of transposons and repetitive elements, as well as chromosome segregation. 
These small RNAs are also oligouridylated and in the absence of CDE-1 poly(U) 
polymerase they accumulate to inappropriate levels. These data suggest that 22G-RNAs 
may be targeted by the exosome complex for degradation. Elevated 22G-RNA levels are 
associated with erroneous gene silencing, most likely through the inappropriate loading 
of siRNAs onto other Argonaute proteins, resulting in defects in both meiotic and mitotic 
chromosome segregation.119
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CONCLUSION

It is becoming increasingly clear that the regulation of gene silencing is a complex 
process composed of multiple interconnected steps. Traditionally, gene regulation has 
been thought to occur at the chromatin level through regulating the access of polymerases. 
It now transpires that gene silencing is controlled at multiple levels, also encompassing 
the regulation of transcription and RNA stability. The cross-talk between different levels 
of regulation is a well-conserved phenomenon of eukaryotes and may have been crucial 
in allowing the evolution of complex organisms.

The exosome, with its critical roles in regulating the abundance of RNA transcripts, 
has been unveiled as a key component in the story of gene regulation. In addition to 
protecting the genome against viral invasion, the exosome contributes to heterochromatic 
silencing by degrading RNA products from heterochromatic loci. In this role the exosome 
acts independently and is partially redundant with the RNAi machinery also capable of 
silencing heterochromatic RNA transcripts via the RITS complex. Interestingly, whilst 
some unicellular organisms have lost components of the RNAi pathway, an exosome 
complex is conserved in all phyla. It is therefore likely that the exosome existed to regulate 
gene expression before the evolution of the RNAi system. Indeed, as the complexity of 
eukaryotic genomes increased, so too did the proportion of noncoding RNAs expressed, 
correlating with increased demand for RNA degradation machineries. The redundancy 
between different gene silencing mechanisms could be important in the constant battle 
faced by the cell in policing the transcriptome, since the additional monitoring ensures 
that any errors are rapidly recognized and effectively suppressed, thus increasing the 

delity of transcription.
The emergence of regulatory ncRNAs as functional entities in their own right, 

together with the discovery that RNA synthesis is far more abundant than originally 
thought, have challenged our understanding of genome regulation. Non-coding RNAs 
have emerged as important regulators of genome silencing both at the transcriptional 
and posttranscriptional level. Consequently, the exosome and other RNA degrading 
enzymes have been shown to play critical roles in regulating ncRNA metabolism. Thus, 
the exosome is transpiring to be a versatile machine capable of recognizing a range of 
substrates. It seems that the exibility of the exosome has been harnessed by the cell to 
allow the high levels of transcription recently exposed in eukaryotic genomes. Future 
challenges will focus on establishing the speci c roles of these RNAs, how their expression 
is regulated and exactly how their interaction at the chromatin level is mediated. One 
thing is clear: the complexity of gene expression will continue to fascinate us for quite 
sometime to come.
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Abstract: Over the last few years, the development of large-scale technologies has radically 
modi ed our conception of genome-wide transcriptional control by unveiling an 
unexpected high complexity of the eukaryotic transcriptome. In organisms ranging 
from yeast to human, a considerable number of novel small RNA species have been 
discovered in regions that were previously thought to be incompatible with high 
levels of transcription. Intriguingly, these transcripts, which are rapidly targeted 
for degradation by the exosome, appear to be devoid of any coding potential and 
may be the consequence of unwanted transcription events. However, the notion that 
an important fraction of these RNAs represent by-products of regulatory transcription 
is progressively emerging. In this chapter, we discuss the recent advances made 
in our understanding of the shape of the eukaryotic transcriptome. We also focus 
on the molecular mechanisms that cells exploit to prevent cryptic transcripts from 
interfering with the expression of protein-coding genes. Finally, we summarize data 
obtained in different systems suggesting that such RNAs may play a critical role in 
the regulation of gene expression as well as the evolution of genomes.

INTRODUCTION: NEW PERSPECTIVES ON THE SHAPE 
OF THE TRANSCRIPTOME

The genetic information encoded in the DNA has been classically de ned by two 
major parameters: rst, the “punctuation” of the DNA string (e.g., transcription initiation 
and termination sites and the position and nature of processing sites), which de nes the 
fraction of the genome encoding informative RNAs; and second, the expression level 
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of the gene and its regulation, which has traditionally been linked to transcription rates. 
The assessment of these qualitative and quantitative parameters has mostly relied on the 
product of transcription, i.e., the sequence and steady state abundance of the mature RNA 
and its function as a coding or noncoding molecule.

This conception has been partially challenged by the recent discovery of “hidden” 
transcription in the genome.1-9 It is becoming increasingly clear that the fraction of the 
genome that is transcribed is much larger than previously thought in organisms ranging 
from yeast to human. Classical punctuation rules (i.e., the de nition of the “borders” of 
a gene) are also challenged by the discovery of widespread overlapping and antisense 
transcription. The establishment of this new concept is historically connected to conceptual 
and technological advances in two important parameters of analysis. First, considering the 
stability of transcripts, most often by analyzing the transcriptome in mutants of the RNA 
degradation machinery; i.e., the exosome. In fact, the absence of a given RNA species does 
not necessarily mean that the transcript is not produced (and therefore that there is no gene 
coding for it), but could also imply that the RNA is transcribed and degraded so rapidly and 
ef ciently that it cannot be detected using conventional biochemical methods. The second—
and related—parameter is the possibility to directly assess the position of the transcription 
machinery by a plethora of approaches including chromatin immunoprecipitation (ChIP), 
genomic nuclear run on (NRO) and large scale sequencing analyses. Therefore, inferring 
the presence of RNA polymerase (RNAP) in a given region of the genome is not anymore 
uniquely de ned by the detection of an associated and stable RNA molecule. Importantly, 
these new approaches are open ended, as they are generally not biased by the preconception 
of transcription occurrence. Thus, RNAPs and/or RNA molecules have been frequently 
detected in regions of the genome and in orientations that where previously not suspected 
or even thought to be incompatible with ef cient gene expression, e.g., antisense to known 
ORFs or in heterochromatin regions. This almost ubiquitous presence of RNAPs, de ned 
“pervasive”, has been suggested to result from a leaky control on transcription initiation, or 
from the inherent ability of polymerases to transcribe in both directions once the assembly 
of the transcription machinery on a given promoter has taken place4,6-9 (see below).

A DEDICATED PATHWAY OF NUCLEAR RNA DEGRADATION

RNA decay is an important factor de ning the steady state abundance of cellular 
transcripts. Ef cient RNA degradation is also necessary to allow rapid changes in 
transcript amount and failure to control RNA stability has been implicated in many 
diseases, including cancer (for reviews see refs. 10,11). In metazoans, most RNA 
degradation occurs in the nucleus (for review see ref. 12) as illustrated by all the products 
of processing that have to be discarded: introns, endonucleolytic fragments and portions 
of primary transcripts that are removed exonucleolytically. Nuclear degradation of 
RNA also occurs in yeast, but perhaps less so than in metazoans as noncoding segments 
(essentially introns) are generally less extensive than coding regions. However, even 
though the recent discovery of cryptic transcription in yeast has signi cantly altered 
this balance, a more precise estimate must await quantitative analyses on transcription 
levels of stable and unstable transcripts.

The main actor in nuclear RNA decay is the exosome, a conserved complex comprising 
a dozen of subunits that has been implicated in a large number of RNA degradation and 
processing pathways (for recent reviews see refs. 13,14 as well as other chapters in this book). 
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Present in both the nucleus and the cytoplasm,15 the exosome complex consists of a core 
containing ten polypeptides, but only the Dis3p/Rrp44p subunit provides a processive 
hydrolytic 3  to 5  exoribonuclease activity.16-18 Importantly, structural and biochemical 
analyses suggested that RNAs targeted for degradation thread through the central channel 
of the core to reach the Dis3p exoribonuclease site.18 In addition, the RNase D homologue 
Rrp6p (PM/Scl-100 in humans), the eleventh subunit of the nuclear exosome,19 contributes 
a distributive hydrolytic exoribonuclease activity.16,17,20 However, the catalytic activity of the 
exosome is not uniquely related to 3 -5  decay as recent studies have led to the discovery 
that Dis3p is also endowed with an endoribonuclease activity mediated by a conserved PIN 
domain.21-23 Both endo- and exonuclease activities of Dis3p appear to actively cooperate 
in exosome functions as yeast strains carrying mutations in the two catalytic domains are 
nonviable. As expected, processing of various rRNAs substrates as well as degradation 
of products resulting from cryptic transcription are defective in those mutants21-23 (see 
below). The relative contribution of these two enzymatic activities in vivo is still poorly 
understood: it is possible that the different activities of the Dis3p subunit are responsible 
for degradation of different classes of RNA substrates. Alternatively, the endonuclease 
activity might serve as a backup mechanism that allows degradation of RNA species that 
contain highly structured regions impeding the progression of 3  to 5  decay.

The wide variety of transcripts undergoing exosome-mediated decay suggests 
that several distinct pathways detect and target substrates to the exosome complex. 
Supporting such versatility, a number of different exosome cofactors have been identi ed 
during the last decade. Among these is the conserved TRAMP (Trf4p Air1-2p Mtr4p 
Polyadenylation) complex that has been functionally linked to the nuclear exosome.2,24,25 
This complex is composed of one poly(A) polymerase, Trf4p or Trf5p, the DEVH-box 
ATP-dependent putative RNA helicase Mtr4p and one of the putative RNA binding 
proteins Air1p or Air2p. Akin to the poly(A)-dependent degradation of mRNAs in E. 
coli,26 it is believed that the TRAMP complex stimulates exosome activity by adding 
a poly(A) tail on substrates targeted for degradation, thus facilitating their remodeling 
and the progression of the exosome through regions of secondary structure.24 TRAMP 
has been involved in the polyadenylation-assisted degradation of various RNA species 
including hypomodi ed tRNAs,27,28 precursors of snoRNAs, snRNAs and rRNAs,2,24,25,28 
as well as the so-called CUTs (Cryptic Unstable Transcripts) which are very short-lived 
RNAPII products that were originally identi ed in several intergenic regions2 (see below). 
Interestingly, the stimulatory activity of TRAMP on exosome function is not only linked 
to its polyadenylation function, but might also relate to addressing the degradation enzyme 
to its substrates, possibly through the RNA-binding activity of the Air1/2p proteins.29

WIDESPREAD TRANSCRIPTION IN EUKARYOTIC GENOMES

The concept of hidden transcription, i.e., the existence of short-lived RNA molecules 
that are not detectable at steady state in a wild type environment, has emerged early during 
the last decade based on the observation of large-scale transcriptional activity in human 
cells.1 Evidence for hidden transcription in yeast rst came from microarray analysis of 
the transcriptome of strains lacking the Rrp6p nuclear subunit of the exosome. Increased 
expression of numerous transcripts arising from intergenic regions, previously thought 
to be silent, was detected in this mutant.2 Importantly, similar levels of RNAPII were 
observed by ChIP in the  strain when compared to a wild type strain, suggesting 
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that detection of these RNAs does not result from transcriptional up-regulation.2 These 
ndings led to the surprising conclusion that some transcripts are produced and rapidly 

targeted for degradation following transcription. For these reasons, they were dubbed 
CUTs. Subsequent characterization established that CUTs have extremely short half-lives, 
are relatively small in size (200-600 nucleotides), possess a cap at their 5  end and have 
heterogenous 3  ends. Importantly, these 3  ends are polyadenylated in a Trf4p-dependent 
manner and, consistent with this observation, degradation of CUTs depends on the combined 
action of the TRAMP and exosome complexes.2 More recent work has extended these 

ndings by showing that the Dis3-dependent endonucleolytic activity of the exosome is 
also required for ef cient degradation of these enigmatic transcripts.21

Five years after their discovery, it is now known that the occurrence of CUTs is 
widespread in the yeast genome. Originally estimated to derive from at least 10% of all 
intergenic regions,2 CUTs were subsequently shown to be present in other regions of the 
genome: promoter-associated, overlapping or antisense to known ORFs.3,30-32 Recent work 
performed in the Steinmetz and Jacquier laboratories,8,9 together with our unpublished 
observations, has allowed the de nition of a complete map of the distribution of CUTs 
throughout the genome. This has led to the surprising conclusion that CUTs are as abundant 
as other RNAPII transcripts, indicating that a large share of polymerase activity is devoted 
to the production of RNAs with no coding potential and possibly no function. Another 
important conclusion from these studies is that most promoters in yeast are bi-directional, 
expressing, depending on the sequence context, any possible combinations of stable or 
unstable transcripts.8,9 The pattern of CUTs distribution highlights the potential role of 
these elements as regulators but also as products of unwanted transcription initiation events.

The observation of abundant transcription from intergenic regions of mammalian 
chromosomes (for review see ref. 33) rst suggested the evolutionary conservation 
of widespread transcription. Recent landmark genome-wide studies have con rmed 
the generality of this phenomenon and revealed a previously unanticipated level of 
complexity of the metazoan transcriptome.4-7 A considerable fraction of antisense and 
promoter-associated transcripts have indeed been detected in various organisms, including 

ies, mice and humans.4-7,34

In analogy to the yeast model, human cells depleted for the hRrp40p core subunit of 
the exosome accumulate polyadenylated unstable transcripts called PROMPTs (PROMoter 
uPstream Transcripts) arising from both strands, upstream of many, if not all active, gene 
promoters.6 Although the sizes of these RNAs are so far unknown, the regions from 
which PROMPTs derive are characterized by chromatin modi cations associated with 
transcription initiation but not elongation, suggesting that they are relatively small. The 
physiological relevance of PROMPTs remains elusive but it is possible that, like CUTs 
in yeast, they represent products of spurious transcription events or somehow regulatory 
elements of gene expression.

TRANSCRIPTION TERMINATION AND THE HALLMARK 
OF CUTs INSTABILITY

One important question regarding CUTs instability is how they are distinguished from 
stable noncoding RNAs and mRNAs. What are the signals and determinants responsible 
for their rapid degradation by the TRAMP and exosome complexes? Several studies 
have shed light on the general mechanism that leads to the degradation of CUTs and to 
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their recognition as unstable RNAs. Indeed, it was shown that the extreme instability 
of CUTs is directly linked to the mechanism of transcription termination of the loci 
encoding these RNAs.31,36 In yeast, there are two major pathways that elicit termination 
of transcription: one that is dedicated to mRNA production and requires the cleavage 
and polyadenylation complex (CPF/CF) and one that directs transcription termination of 
stable noncoding RNAs, such as sno- and sn-RNAs.37 This latter pathway involves the 
action of the Nrd1p complex that contains two RNA binding proteins, Nrd1p and Nab3p 
and one helicase, Sen1p.37,38 Nrd1p interacts directly with the RNAPII carboxy terminal 
domain (CTD)39,40 and recognizes GUAA/G sequences on the RNA, while Nab3p binds 
to UCUU motifs.38 It has been proposed that binding to both the nascent transcript and the 
polymerase leads to the release of the transcription machinery from the DNA template. In 
addition, the Nrd1p-Nab3p-Sen1p complex also associates with the nuclear exosome,41 
which is thought to couple transcription termination to 3 -5  exonucleolytic degradation/
processing. In the case of snoRNAs, it is believed that the assembly of factors onto the 
nascent RNA molecule impedes the progression of the exosome thereby de ning the 3  
end of the mature RNA.

Transcription termination of CUTs also requires the Nrd1-Nab3-dependent pathway.31,36 
CUTs contain multiple Nrd1p and Nab3p binding sites in their sequences and mutation 
of these motifs leads to both transcription termination failure and stabilization of longer 
species deriving from downstream Nrd1p-independent transcription termination. Further 
supporting a direct role for this termination pathway, the absence of a functional Nrd1p 
complex also strongly stabilizes CUTs as longer RNA species.31,36 Thus, a pathway that 
directs 3 -end processing of stable noncoding RNAs (sn- and snoRNAs) is also devoted 
to control pervasive transcription, which, considering the large number of transcription 
units producing CUTs, might indeed be its primary function. Interestingly, transcription 
arising spuriously within genes, as in mutants having a defective chromatin structure (e.g., 
the histone chaperones Spt6p and Spt16p),42,43 does not produce unstable RNAs. This is 
presumably because in these cases the cryptic transcription events use the 3’-end termination 
signals of the host genes, underscoring the linkage between stability and 3 -end processing.

Since degradation is coupled to transcription termination, the RNAs produced are 
degraded extremely fast after their production, ensuring that they interact for only a 
short period of time with the gene expression pathways of the cell. This ts with both 
hypotheses that these RNAs are discard products of spurious transcription events, or 
short-lived regulatory molecules (see below).

AN RNAPII “CTD CODE” FOR THE FATE OF NASCENT TRANSCRIPTS

Because Nrd1p-Nab3p binding sites are very frequent in the yeast genome, the 
robust expression of coding genes that are often several kilobases long is potentially 
jeopardized by their presence. Which mechanisms have cells implemented to avoid 
the spurious occurrence of Nrd1p-dependent transcription termination events? One 
possibility would be to select against Nrd1p and Nab3p binding sites in coding regions, 
but this would imply a high evolutionary cost for long genes. Rather, recent evidence 
indicates that Nrd1p-dependent transcription termination depends on a mechanism that 
senses the length of the transcribed gene and confers immunity to Nrd1p-dependent 
termination (and nuclear degradation) once a given threshold has been reached44 (Fig. 1). 
Biochemical and genetic analyses have revealed that such a mechanism is based on 
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the phosphorylation status of the RNAPII CTD. This domain is composed of several 
repeats (26 in yeast and 52 in mammals) of a heptapeptide (YSPTSPS) that contains 
serine (Ser) residues at position two, ve and seven, each of which are substrates for 
different kinases acting at various stages of the transcription cycle. During the early 
phases of transcription, the RNAPII CTD is mainly phosphorylated at Ser 5, while late 
steps in transcription are associated with Ser 2 phosphorylation. It has been shown that 
termination by the Nrd1p complex is preferentially occurring during the early phase of 
transcription, when the CTD is phosphorylated on Ser 5.40,44 Hence, the polymerase 
becomes insensitive to the presence of Nrd1p and Nab3p binding sites during the late 
phases of transcription, when phosphorylation is mainly directed to Ser 2.44 Therefore, 
an “odometer” for transcription is provided by the phosphorylation status of the CTD: 
sensing the position of RNAPII determines sensitivity to Nrd1p-dependent termination 
until a given threshold of transcription (Fig. 1). Consistent with this nding, most, if 

Figure 1. Schematic representation of the fate of nascent transcripts according to the transcription 
termination pathway they are targeted to. Two complexes mediate transcription termination of nascent 
RNA molecules: the Nrd1p-Nab3p-Sen1p complex that associates with RNAPII during the early phases 
of transcription when the CTD is phosphorylated on Ser 5 (left) and the CF/CPF complex that interacts 
with the CTD when it is phosphorylated on Ser 2, during the late phases of the transcription cycle 
(right). In the case of CUTs, Nrd1p-dependent termination occurs soon after transcription elongation has 
started and promotes the release of the transcript that is subsequently targeted for TRAMP-dependent 
polyadenylation and exosome-mediated degradation (left). However, once a given threshold has been 
reached, RNAPII becomes insensitive to Nrd1p termination signals and the nascent RNA is subjected 
to termination by the CF/CPF complex. This is associated with a polyadenylation step mediated by the 
canonical poly(A) polymerase Pap1p that promotes stabilization of the transcript (right). The ruler at 
the top of the schema illustrates this “length effect” that governs the fate of nascent RNA molecules.
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not all, CUTs that are terminated by the Nrd1p-dependent pathway are relatively short 
(200-600 bp) relative to mRNA coding genes.

In addition to phosphorylation of Ser residues, the RNAPII CTD can also be targeted 
for noncovalent changes, such as prolyl isomerization. The CTD heptapeptide contains 
two Ser-Pro peptide bonds (i.e., S2P3 and S5P6), which are potential substrates for peptidyl 
prolyl cis/trans isomerases. This modi cation is believed to trigger conformational 
changes within the CTD that may affect the binding of RNAPII cofactors (for review 
see ref. 45). In budding yeast, the essential CTD prolyl isomerase Ess1p preferentially 
binds and isomerizes phospho-S5P6 within the CTD, when compared to phospho-S2P3.46 
Interestingly, recent work demonstrated that Ess1p is required for Nrd1p-dependent 
termination of noncoding RNAs, including snoRNAs and CUTs, presumably by controlling 
the phosphorylation status of the CTD Ser 5.47,48

Together, these ndings have important consequences on the mechanisms by which 
the cell control the occurrence of spurious (or regulatory) transcription while permitting 
the robust expression of “established” genetic information. The Nrd1p complex only 
impacts transcription events for which the otherwise frequent termination signals have 
not been counter-selected in the early region of the transcribed region. However, after 
transcription has proceeded beyond a given threshold, termination cannot occur by 
this pathway and the production of a stable transcript is ensured (Fig. 1). In light of the 
con rmed existence of pervasive transcription, it is particularly signi cant that extremely 
sensitive mechanisms exist to cope with “lost” polymerases (transcription termination) 
and potentially toxic transcripts (degradation). The “length effect”, intimately associated 
with a “CTD code”, provides a fail-safe mechanism to protect protein-coding genes from 
such a quality control.

REGULATORY ROLES OF CRYPTIC TRANSCRIPTION

The biological signi cance of cryptic transcription is still the subject of debate. Does 
it re ect background transcriptional noise or is it the source of novel regulatory pathways 
for the control of gene expression? While a number of cryptic RNAs and transcription 
events are likely to derive from a leaky control on transcription repression by chromatin 
structure, it is becoming increasingly clear that at least some unstable noncoding 
transcripts are implicated in the regulation of gene expression. Although there is little 
evidence that the most abundant class of CUTs, that is the one produced by divergent 
transcription, is functional, the less frequent sense CUTs have in some cases been shown 
to associate with regulatory events. For instance, it was shown that expression of the SRG1 
locus (producing noncoding RNAs some of which are CUTs) prevents transcriptional 
activation of the downstream SER3 gene by blocking the binding of transcription factors 
and pre-initiation complex formation (PIC) at the promoter.49,50 This mechanism of gene 
regulation constituted the rst example of transcription interference in budding yeast and 
recent large-scale analyses have indeed revealed that the expression of sense CUTs and 
their associated mRNAs are often anti-correlated.8

Another mechanism of regulation that implicates CUTs occurs at several genes 
belonging to the nucleoside triphosphate biosynthesis pathway, including IMD2, URA2, 
URA8 and ADE8 . In these cases, the expression of a sense CUT and the downstream 
mRNA depends on the same promoter and PIC, but surprisingly, is driven by distinct 
transcription start sites (TSS).32,51,52 Upon nucleotide starvation, transcription initiates at 
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a downstream site and a functional mRNA is produced. However, in conditions of high 
nucleotide concentrations, transcription initiation occurs at upstream sites and leads to 
the accumulation of unstable transcripts (CUTs) that are not protein encoding. Nrd1p 
and Nab3p-binding sites between the two alternative TSSs ensure early transcription 
termination and rapid degradation of the CUT, but are skipped when the downstream start 
site is selected, allowing the production of a long and functional mRNA. Thus, contrary to 
most known cases in which regulation of gene expression occurs at the level of promoter 
activation, transcription of genes involved in nucleotide biogenesis is constitutively 
activated but is diverted on a nonproductive pathway in repressing conditions. The 
event that leads to the functional activation of the gene is a switch in the selection of the 
transcription start site, which is unprecedented in eukaryotes.

In addition to the mechanisms listed above, the production of antisense RNAs is also a 
source of gene regulation. Indeed, antisense transcription at the IME4 and PHO84 loci53,54 has 
been shown to regulate expression of the cognate sense transcripts, either by transcriptional 
interference (IME4) or by an epigenetic mechanism that involves the recruitment of 
chromatin-modifying enzymes to prevent transcriptional activation (PHO84). Only in the 
latter example, the noncoding RNA plays an essential role in regulation by recruiting a 
histone de-acetylase. At the IME4 locus, regulation is dependent on antisense transcription 
more than on the transcript that can be considered as a by-product.

Although most studies on the role of cryptic transcripts have been performed in yeast, 
speci c examples of regulatory intergenic transcription in Drosophila, mouse and humans 
have also been described.55-57 Moreover, speci c human promoter-associated transcripts 
have been shown to downregulate the expression of adjacent genes.58 Therefore, pervasive 
transcription might play important regulatory roles in gene expression throughout the 
eukaryotic kingdom.

CONCLUSION

The classical view of the expression of genetic information has been profoundly 
challenged by the recent discovery of widespread transcription and the identi cation of 
numerous novel RNA species. Hidden and pervasive transcription are now known to be 
a common feature of eukaryotic transcriptomes.2,4-7,35 These discoveries have resulted 
in a major upheaval in the eld and led to the reconsideration of the basic mechanisms 
of transcription and its regulation. However, so far the ndings raise more fundamental 
questions than they give answers. How can the cell cope with a multitude of converging 
polymerases that produce overlapping or complementary transcripts? How are potential 
collisions between converging transcription machineries dealt with? Is the potential 
interference of nearby expression units exploited to evolve complex regulatory pathways? 
Why does the cell “correct” spurious RNAP transcription initiation rather than implement 
an error-proof mechanism? An intriguing hypothesis is that error-prone mechanisms of 
transcription initiation generating cryptic transcripts are maintained both because of their 
more “economical” nature and because this might allow more opportunities for evolution. 
Transcribing more than the “established” genes provides a chance to expose additional, 
potentially useful information to selective pressure, possibly providing an opportunity for 
generating new functions. Accordingly, the combination of transcription termination and 
degradation mechanisms ensures the elimination of unwanted RNA molecules without 
precluding the process of transcription itself. In this perspective, cryptic transcripts can 
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be considered as potential “genes-to-be” to the same extent as random mutations generate 
genetic variability that will be subjected to the selective pressure. A major challenge for 
future studies will be to understand whether cryptic transcription widely contributes to 
the regulation of gene expression and whether it impacts the evolutionary process that 
may allow the acquisition of novel functions through yet unidenti ed mechanisms.
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Abstract: Long before the RNA degrading exosome was rst described in the yeast 
Saccharomyces cerevisiae, the use of autoantibodies found in the sera of certain 
autoimmune patients allowed the identi cation of a complex of polypeptides which 
later appeared to be the human exosome. Today, the most extensively documented 
association of the exosome with disease is still its targeting by the immune system 
of such patients. The highest frequency of autoantibodies to components of the 
exosome complex is found in polymyositis-scleroderma overlap patients and 
therefore the exosome is termed PM/Scl autoantigen in the autoimmune eld. More 
recently, one of the core components of the exosome was identi ed as a protein 
associated with chronic myelogenous leukemia. In this chapter we will describe the 
identi cation of the PM/Scl autoantigen from a historical perspective, discuss our 
current knowledge on the occurrence of autoantibodies to exosome components in 
autoimmune diseases and end with the data that connect the exosome with cancer.

INTRODUCTION

As described in the other chapters of this book, the exosome is implicated in the 
processing/maturation and degradation of many different species of RNA. The exosome 
complex is evolutionary conserved and can therefore be found in virtually all eukaryotic 
and archaeal forms of life, although the composition of the complex might differ to some 
extent from one species to another. In eubacteria a similar complex in terms of structure 
and function can be discerned, which is called the degradosome. The presence of exosome 
or exosome-like complexes in these different species suggests that it ful lls an essential 
role in RNA metabolism. In agreement with the assumption that eukaryotic cells can 
probably not survive without a functional exosome, studies in yeast and humans have 
shown that an intact exosome core is required for normal cell growth.1-3
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The discovery of the human exosome complex was facilitated by its association with 
autoimmunity. A response of the immune system to self-components is observed in a 
plethora of diseases, in particular connective tissue diseases. The autoimmune response 
can be directed to a variety of biomolecules, including proteins, nucleic acids and lipids. 
In most cases, it is neither known how immunological tolerance to self-components is 
broken, nor whether the immune response plays a pathophysiological role or is merely an 
epiphenomenon. Autoimmunity is generally detected by the appearance of autoantibodies 
in the serum of patients. Autoantibodies in a distinct group of autoimmune patients target 
components of the exosome complex and these autoantibodies have been instrumental 
in the identi cation of a complex of proteins that was later found to represent the human 
exosome complex.

As already mentioned above, the rst indication of the existence of a human exosome 
complex dates back from 1977 when Wolfe and colleagues showed that autoantibodies in 
the sera of patients suffering from certain muscle disorders were capable of precipitating 
an antigen from a calf thymus extract as determined by an immunodiffusion assay.4 This 
antigen was initially called “PM-1”, as 17 out of the 28 sera (61%) that were scored as 
‘positive’ (in terms of successfully precipitating the antigen) were derived from patients 
that were diagnosed with polymyositis.

Polymyositis, literally meaning “many muscle in ammations”, is a progressive, 
chronic disorder that belongs to the group of connective tissue diseases (CTD), along 
with other diseases including dermatomyositis (DM) and systemic sclerosis (SSc, also 
referred to as scleroderma, Scl). Symptoms of PM include weakening and/or loss of 
mass of the muscles, which is particularly evident in the legs, shoulders and pelvis of the 
patient, thereby severely hampering the patient’s abilities in everyday’s activities such 
as climbing stairs, standing up or even walking. While some of these PM-symptoms are 
shared with DM and SSc, the latter two disorders have more prominent visual effects on 
the skin, such as the appearance of rash, hardening of the skin and disposition of calcium 
under the skin (Fig. 1). When patients have symptoms of both SSc and PM or DM, the 
disorder is referred to as polymyositis/scleroderma-overlap syndrome (PM/Scl). A total 
of 8 patients suffering from this overlap syndrome were also included in Wolfe’s study 
and all but one of these appeared to contain anti-PM-1 antibodies, indicating that these 
autoantibodies are more common in this group of patients. More importantly however, 
the disease-speci city of the autoantibodies indicated that they might be exploited as a 
biomarker for clinical diagnosis, which was not yet available for these patients at that 
time. In view of the strongest association of the autoantibodies with PM/Scl patients, 
the antigen was renamed “PM/Scl-antigen” in 1984. In the same period other research 
groups con rmed the high prevalence of these autoantibodies in patients suffering from 
the PM/Scl-overlap syndrome.5,6

An obvious next step was the identi cation and characterization of the molecules 
that make up this particular antigen. By immunoprecipitation experiments it was 
demonstrated that the PM/Scl-antigen consists of at least 11 polypeptides, with relative 
molecular masses ranging from 20,000 to 110,000.7 Subsequently, it took about 5 years 
before two of the major autoantigenic proteins targeted by the sera of PM/Scl-patients 
were identi ed and their cDNAs were cloned.8-10 The identi ed proteins were named 
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according to their relative molecular mass as determined by SDS-PAGE: a Mr 75,000 
protein designated PM/Scl-75 and a Mr 100,000 protein designated PM/Scl-100. It should 
be noted that the PM/Scl-75 protein migrates aberrantly in SDS-PAGE gels, most likely 
due to the clustering of charged amino acids in its C-terminal region.11 In addition, four 
isoforms of the PM/Scl-75 protein have been described. The original cDNA reported by 
Alderuccio and coworkers8 was probably incomplete in the region corresponding to the 
N-terminus, which was substantiated by the lack of association with the exosome complex 
in two-hybrid experiments.12 By screening human EST databases sequences encoding 84 
additional amino acids in the N-terminal region were found. Importantly, the polypeptide 
corresponding to the longer isoform did show two-hybrid interactions with components 
of the exosome core complex.11 Another variation in the PM/Scl-75 sequence is resulting 
from an alternative splicing event, which leads to the incorporation of a 17 amino acids 
encoding optional exon in the C-terminal region of the protein.

When the yeast exosome complex was identi ed3 and Allmang and colleagues found 
that two of its protein components, Rrp45 and Rrp6, were homologous to the human PM/
Scl-75 and PM/Scl-100 proteins, respectively,2 the suggestion was raised that the PM/
Scl complex might in fact represent the human counterpart of the yeast exosome. This 
was con rmed by the cloning of cDNAs encoding the other components of the human 
exosome, which was based upon either the homology with their yeast counterparts or the 
copuri cation with the human exosome during af nity-puri cations.13,14

Originally, the detection of autoantibodies in patient sera was mainly performed by 
immunodiffusion (or the related technique counterimmunoelectrophoresis) and by indirect 
immuno uorescence (IF). With the latter technique a typical nucleolar staining pattern 
was indicative for the presence of anti-PM/Scl autoantibodies and therefore anti-PM/
Scl autoantibodies were categorized as anti-nucleolar antibodies (ANoA), together with 
anti-Th/To (antibodies to protein components of the RNase MRP and RNase P particles) 

Figure 1. Clinical features of scleroderma and polymyositis. A) Sclerodactyly, a typical symptom often 
seen in patients suffering from scleroderma, which is characterized by thickening and tightening of the 
skin. B) Muscle bers of a polymyositis patient, showing the in ltration of in ammatory cells (a.o. 
lymphocytes) in the endomysium.
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and anti-U3 (antibodies to proteins of the U3 snoRNP particle, in particular to brillarin). 
Although this method is not very speci c for the detection of anti-PM/Scl autoantibodies, 
ANoA and ANA (anti-nuclear antibodies) are at least indicative for many CTD, especially 
since they are usually absent from healthy controls.15,16 For this reason, this technique was 
often used as an initial screening method, which was followed by either immunodiffusion 
(ID), immunoprecipitation (IP), immunoblotting (IB) or enzyme-linked immunosorbent 
assays (ELISA).

A combination of the data from many studies addressing anti-PM/Scl reactivity in 
patient sera by either ID, IF and/or IP showed that this reactivity can be found in 31% of 
PM/Scl patients (Table 1). The frequency of anti-PM/Scl reactivity in patients diagnosed 
with PM, DM and SSc was 8%, 11% and 2%, respectively.

The cloning of cDNAs encoding individual protein subunits of the exosome and 
the production of the corresponding recombinant proteins in various expression systems 
created new possibilities to characterize the anti-PM/Scl autoimmune response and to 
screen patient sera for the occurrence of anti-PM/Scl autoantibodies. This facilitated the 
detection of autoantibodies to individual protein components of the exosome, e.g., by 
ELISA. Since IP assays can be quite laborious, especially when large cohorts of patients 
have to be analyzed and due to the poor recognition of the main antigens (PM/Scl-75 in 
particular) by the patient sera on IB, ELISA has become the method of choice to detect 

Table 1. Anti-PM/Scl reactivity in PM, DM, Scl, PM/Scl-overlap and nondifferentiated 
idiopathic in ammatory myopathy (IIM) patients monitored by ID, IF and/or IP

IIM PM DM Scl PM/Scl

Study
# 

pos./n %
# 

pos./n %
# 

pos./n %
# 

pos./n %
# 

pos./n % Method

Wolfe 
(1977)

9/14 64 1/6 17 7/8 88 ID

Treadwell 
(1984)

2/22 9 2/32 6 9/77 12 ID

Reichlin 
(1984)

9/114 8 ID

Reimer 
(1988)

8/646 1 IF/IP

Reichlin 
(1988)

8/168 5 ID

Oddis 
(1992)

5/106 5 6/359 2 10/41 24 ID/IF

Haus-
manowa 
(1997)

0/19 0 0/21 0 19/25 76 ID

O’Hanlon 
(2006)

65/603 11 13/227 6 19/177 11 32/101 32 ID

Selva-
O’Callaghan 
(2006)

10/88 11 1/27 4 8/59 14 IP

Total 89/911 10 33/477 8 28/263 11 16/1037 2 77/252 31
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anti-exosome autoantibodies. During the last decade also a number of exosome-associated 
proteins, that are not considered to be part of the exosome core complex, but (transiently) 
associate with a subset of the exosome, have been identi ed and their cDNAs have been 
cloned and expressed.14,17-20 A number of these proteins have been used as well to investigate 
whether they are also targeted by autoantibodies in (anti-PM/Scl-positive) patient sera 
(Table 2). A schematic overview of the targeting of exosome core components and of 
exosome-associated/auxiliary proteins by autoantibodies (as determined by ELISA) in 
PM/Scl-overlap sera is given in Figure 2.

The majority of anti-PM/Scl-positive patients appeared to have autoantibodies 
directed against PM/Scl-100 and/or PM/Scl-75 (Table 3). The other exosome core 
components are less frequently targeted, with the exception of Rrp4, which is recognized 
by 64% of the anti-PM/Scl-positive patients.21,22 A combination of ELISA data for 
PM/Scl-100 and PM/Scl-75 leads to similar sensitivity scores as the conventional 
ID, IF, IB and IP assays (approximately 31% of PM/Scl patients are positive). After 
mapping a major autoepitope of PM/Scl-100,23 a synthetic peptide corresponding to this 
epitope, designated “PM1-alpha”, was produced to set up an ELISA, which allowed 
the detection of autoantibodies in 55% of the PM/Scl-overlap patients.24 In addition, 
the C1D protein, a RNA-binding protein which binds to PM/Scl-100 and participates 
in exosome-mediated pre-rRNA processing, was found to be a major autoantigen in 
PM/Scl patients.19,20

Table 2. Anti-exosome(-associated) protein reactivity in PM, DM, Scl and PM/
Scl-overlap patients monitored by ELISAa

 Antigen

 PM/Scl PM/Scl
Diagnosis 75 100 MPP6 C1D Mtr4 Ski2 hSki8

PM 0–3 2–8 0 5 2 5 0
DM 2–3 2–6 2 0 0 2 2
Scl 10 2–13 0 0 0 0 0
PM/Scl 27–28 23–55 0 23 7 0 3
References 20–22 20–22,24 0 20 0 20 20

a Reactivity values are given in percentages.

Table 3. Anti-exosome core protein reactivity in anti-PM/Scl-positive PM, DM, Scl 
and PM/Scl-overlap patients monitored by ELISAa

Antigen

PM/Scl PM/Scl
Diagnosis 75 100 hRrp4 hRrp40 hRrp41 hRrp42 hRrp46 hCsl4

PM nd nd nd nd nd nd nd nd
DM nd nd nd nd nd nd nd nd
Scl 64 100 64 0 0 36 0 0
PM/Scl 90 100 60 10 0 20 0 0

a Reactivity values are given in percentages.
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Because many of the autoantibody studies described above have not yet been replicated 
with other cohorts of patients, the frequencies by which these antibody speci cities 
occur should be interpreted with care. It is known that ethnic differences and genetic 
variation may affect the incidence of autoantibody production. The frequency of patients 
with anti-PM/Scl reactivity, for example, appears to be quite variable, as this reactivity 
was not found in a large cohort of 275 Japanese patients.25 This may at least in part be 
due to the fact that the presence of anti-PM/Scl antibodies seems to be associated with 
certain MHC alleles, HLA-DRB1*0301, HLA-DQA1*0501 and HLA-DQB1*02,26,27 
whereas HLA-DRB1*15/*16 and HLA-DQA1*0101 might prevent the production of 
these autoantibodies.28

It is still an open question what triggers the anti-PM/Scl response in the initial stages 
of these autoimmune diseases. Several studies have proposed a role for unusual protein 
modi cations, in particular those occurring during apoptosis and necrosis, which might 
play a role in breaking immunological tolerance to these proteins.29,30 One of the core 
subunits of the exosome, PM/Scl-75, which is also one of the most frequently targeted 
proteins by anti-PM/Scl-positive sera, has been demonstrated to be cleaved by caspases 
in apoptotic cells.31 Moreover, PM/Scl-100 appeared to be cleaved by granzyme B in 
vitro.32 It is not known yet whether these changes lead to the formation of neo-epitopes. 
An alternative mechanism might be molecular mimicry, in which structural similarities 
between epitopes of foreign and self-proteins result in the cross-activation of autoreactive 
T or B cells by pathogen-derived peptides.

The targeting of multiple exosome subunits and exosome associated proteins is 
most likely the result of a phenomenon called intermolecular epitope spreading. When 
an immune response towards a particular protein is elicited, it can extend to another 
molecule that resides in the same complex. Data supporting this hypothesis regarding the 
human exosome is still scarce, although two bodies of evidence point in that direction. 
Firstly, immunization of rabbits with a synthetic peptide corresponding to a major epitope 
of PM/Scl-100 led to the generation of antibodies that targeted other components of 
the exosome complex as well.33 Secondly, the serum of a patient with high anti-PM/
Scl reactivity was shown to stain a single, 100 kDa polypeptide in IB. Three months 
later, the serum was found to stain an additional, 29 kDa polypeptide in IB, which was 
suggested to correspond to an aberrant form of PM/Scl-75, but might be one of the other 
core components as well.34

THE HUMAN EXOSOME AND CANCER

As already mentioned in the introduction, the viability of cells is severely impaired 
when the integrity of the exosome complex is disturbed. This strongly suggests that at 
least one of the functions of the exosome is essential to keep the cell in a proliferating 
state. On the other hand, when the activity of the exosome would be rate limiting in the 
maturation or turnover of RNAs that are crucial for cell proliferation, an overactive exosome 
may lead to a higher rate of proliferation. Although rather speculative, this is supported 
by observations of Yang and coworkers who examined patients who received a donor 
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lymphocyte infusion (DLI) as a treatment for chronic myelogenous leukemia (CML).35 
CML is characterized by the uncontrolled production of myeloid cells, resulting in a strong 
accumulation of these cells in the blood and is associated with a typical chromosomal 
translocation resulting in the so-called Philadelphia chromosome. This translocation leads 
to the production of an aberrant, overactive tyrosine kinase fusion protein, Bcr-Abl, which 
is thought to affect several substrate proteins involved in cell division, DNA repair and 
genomic instability. Of all the known cases of adult leukemia in the Western countries, 
about 15 to 20% have been classi ed as CML.36 Before the introduction of Imatinib, 
a drug that speci cally counteracts the activity of the Bcr-Abl fusion protein, patients 
suffering from CML often received a bone marrow transplantation (BMT). The patients 
who relapsed after this transplantation were further treated with DLI, resulting in a durable 
remission of the disease in 70 to 80% of the cases.37 The success of this treatment is a 
result of a phenomenon called the graft-versus-tumor (GVT) effect, in which the infused 
lymphocytes attack any remaining cancerous cells in the bone marrow.

When Yang and colleagues used the serum of DLI-responding patients for an 
antibody-based screening of a CML cDNA expression library, new putative tumor-related 
antigens were identi ed.38 Among these was a Mr 28,000 protein, which was designated 
CML28. Sequence analysis revealed that this protein is identical to hRrp46, a constituent 
of the exosome core complex (Fig. 2), although the 5’ coding region of the CML28 cDNA 
is 33 amino acids longer than that of hRrp46. To con rm that hRrp46 is immunogenic 
in these patients, serum samples derived from a CML patient before and after BMT and 
DLI were analyzed with IB and ELISA using recombinant hRrp46. While anti-hRrp46 
reactivity couldn’t be detected in healthy controls and in the CML patient prior to DLI, 
this reactivity signi cantly increased 2 to 6 months post-DLI, after which the reactivity 
gradually declined to undetectable levels 2 years post-DLI. Moreover, the temporal pattern 
of anti-hRrp46 reactivity correlated well with the onset of cytogenetic remission, which is 
indicated by the disappearance of the Philadelphia chromosome. Since the patient didn’t 
appear to have any symptoms indicating the development of an autoimmune disease, the 
anti-hRrp46 reactivity seemed to be associated with tumor rejection instead. The immune 
response towards hRrp46 was shown to be a common feature of other types of cancer, 
such as lung and prostate cancer and melanoma, in which the antibodies could be detected 
in 10% to 33% of the cases. The anti-hRrp46 response might at least in part be due to the 
overexpression of hRrp46 in these different cancers, as it was demonstrated by northern 
blot hybridization and IB that highly proliferating cell lines express high levels of hRrp46 
when compared to normal tissues or even stable-phase CML. These ndings might also 
prove useful for the development of an antigen-speci c immunotherapy and progress in 
the development of such strategies has already been made.39-41 The anti-hRrp46 immune 
response and elevated hRrp46 expression levels in cancer raise the question whether 
these phenomena are speci c for hRrp46 or also occur for other exosome components. 
Further experiments will be required to clarify this issue.

Interestingly, the antimetabolite 5- uorouracil, which is frequently used to treat solid 
tumors in a variety of cancers, was shown to inhibit the function of the exosome. Originally 
this drug was selected for its hypothetical ability to inhibit cell proliferation, presumably 
by causing thymidine starvation and thus negatively affecting DNA synthesis. However, 
Fang and coworkers reported that also rRNA processing was impaired by this drug.42 The 
accumulated pre-rRNA precursors were similar to the precursors accumulating in exosome 
mutant yeast strains. Possibly related to these observations, it was demonstrated that the 
absence of Rrp6 (the yeast counterpart of PM/Scl-100) enhanced the 5- uorouracil-induced 
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defects.43 Taken together, these results suggest that 5- uorouracil exerts its effect on 
rRNA processing at least in part by inhibiting the exosome.

CONCLUSION

In view of the central role of the human exosome in the processing and degradation 
of many RNAs, it is intriguing to investigate to what extent a disturbance of its function 
can interfere with normal cellular physiology and is associated with diseases. The two 
best documented examples, autoimmunity and cancer, have been discussed in this chapter, 
although there are still many questions that need to be addressed. It is, for example, 
still unclear what causes the targeting of PM/Scl-75 and PM/Scl-100 by the immune 
system in patients suffering from the PM/Scl-overlap syndrome and why this response 
is particularly associated with this autoimmune disease. In view of the physical barrier of 
the plasma membrane, autoantibodies are not likely to interfere with the functions of the 
exosome in RNA metabolism, but once exosome components are released from (dying) 
cells the resulting immune complexes may contribute to the progression of autoimmunity 
and tissue damage. In case of cancer dysfunctioning of the exosome may play a direct 
role, but it is clear that more work has to be done to investigate the effects of increased 
or decreased exosome activity on cell proliferation. It is currently not known whether 
exosome core subunits other than hRrp46 are overexpressed in solid tumors as well. 
Alternatively, a pool of non-exosome associated hRrp46 may exist and might have a 
completely other role independent of the exosome. In this respect, also the importance 
of the N-terminal extension, which may be speci c for a particular isoform of hRrp46, 
needs to be studied.

The exosome is known to play an important role in the degradation of a special class 
of mRNAs, containing cis-acting adenylate-uridylate-rich sequence elements (AREs) 
in their 3 UTR. Transcripts containing such elements are often involved in important 
biological processes and their levels are therefore often tightly regulated. In theory, a 
perturbation of exosome function is likely to affect these levels and, as a consequence, 
might cause a wide variety of pathological conditions.44

In this chapter we focused on human diseases, but one should realize that the exosome 
is expressed in many other species and thus might also here be associated with disease. 
In plants, for instance, it was found that the effects of deletion of a particular exosome 
component mimicked a disorder that induced cell death in the tip of the leafs when plants 
are inoculated with Blumeria graminis, a fungus that causes mildew on grasses and that is 
frequently used to infect plants in a laboratory setting. Intriguingly, the deleted exosome 
component was Rrp46.45

We conclude that although targeting of exosome components in autoimmunity is 
known for many years, our knowledge on the involvement of the exosome, of its individual 
components or of its auxiliary factors in other diseases is still in its infancy and much 
work needs to be done to obtain more insight in this topic.

ACKNOWLEDGEMENTS

We thank Reinout Raijmakers as well as present and former members of our laboratory 
for stimulating discussions and contribution of ideas and information to this chapter.



141THE HUMAN EXOSOME AND DISEASE

REFERENCES

1. van Dijk EL, Schilders G, Pruijn GJ. Human cell growth requires a functional cytoplasmic exosome, which 
is involved in various mRNA decay pathways. RNA 2007; 13:1027-1035.

2. Allmang C, Petfalski E, Podtelejnikov A et al. The yeast exosome and human PM-Scl are related complexes 
of 3  —  5  exonucleases. Genes Dev 1999; 13:2148-2158.

3. Mitchell P, Petfalski E, Shevchenko A et al. The exosome: a conserved eukaryotic RNA processing complex 
containing multiple 3 — 5  exoribonucleases. Cell 1997; 91:457-466.

4. Wolfe JF, Adelstein E, Sharp GC. Antinuclear antibody with distinct speci city for polymyositis. J Clin 
Invest 1977; 59:176-178.

5. Treadwell EL, Alspaugh MA, Wolfe JF et al. Clinical relevance of PM-1 antibody and physiochemical 
characterization of PM-1 antigen. J Rheumatol 1984; 11:658-662.

6. Reichlin M, Maddison PJ, Targoff I et al. Antibodies to a nuclear/nucleolar antigen in patients with polymyositis 
overlap syndromes. J Clin Immunol 1984; 4:40-44.

7. Reimer G, Scheer U, Peters JM et al. Immunolocalization and partial characterization of a nucleolar 
autoantigen (PM-Scl) associated with polymyositis/scleroderma overlap syndromes. J Immunol 1986; 
137:3802-3808.

8. Alderuccio F, Chan EK, Tan EM. Molecular characterization of an autoantigen of PM-Scl in the polymyositis/
scleroderma overlap syndrome: a unique and complete human cDNA encoding an apparent 75-kD acidic 
protein of the nucleolar complex. J Exp Med 1991; 173:941-952.

9. Bluthner M, Bautz FA. Cloning and characterization of the cDNA coding for a polymyositis-scleroderma 
overlap syndrome-related nucleolar 100-kD protein. J Exp Med 1992; 176:973-980.

10. Ge Q, Frank MB, O’Brien C et al. Cloning of a complementary DNA coding for the 100-kD antigenic 
protein of the PM-Scl autoantigen. J Clin Invest 1992; 90:559-570.

11. Raijmakers R, Vree Egberts WT, van Venrooij WJ et al. The association of the human PM/Scl-75 
autoantigen with the exosome is dependent on a newly identi ed N terminus. J Biol Chem 2003; 
278:30698-30704.

12. Raijmakers R, Vree Egberts WT, van Venrooij WJ et al. Protein-protein interactions between human 
exosome components support the assembly of RNase PH-type subunits into a six-membered PNPase-like 
ring. J Mol Biol 2002; 323:653-663.

13. Brouwer R, Allmang C, Raijmakers R et al. Three novel components of the human exosome. J Biol Chem 
2001; 276:6177-6184.

14. Chen CY, Gherzi R, Ong SE et al. AU binding proteins recruit the exosome to degrade ARE-containing 
mRNAs. Cell 2001; 107:451-464.

15. von Muhlen CA, Tan EM. Autoantibodies in the diagnosis of systemic rheumatic diseases. Semin Arthritis 
Rheum 1995; 24:323-358.

16. Reimer G, Steen VD, Penning CA et al. Correlates between autoantibodies to nucleolar antigens and clinical 
features in patients with systemic sclerosis (scleroderma). Arthritis Rheum 1988; 31:525-532.

17. Lehner B, Sanderson CM. A protein interaction framework for human mRNA degradation. Genome Res 
2004; 14:1315-1323.

18. Schilders G, Raijmakers R, Raats JM et al. MPP6 is an exosome-associated RNA-binding protein involved 
in 5.8S rRNA maturation. Nucleic Acids Res 2005; 33:6795-6804.

19. Schilders G, van Dijk EL, Pruijn GJ. C1D and hMtr4p associate with the human exosome subunit PM/
Scl-100 and are involved in prerRNA processing. Nucleic Acids Res 2007; 35:2564-2572.

20. Schilders G, Vree Egberts WT, Raijmakers R et al. C1D is a major autoantibody target in patients with the 
polymyositis-scleroderma overlap syndrome. Arthritis Rheum 2007; 56:2449-2454.

21. Brouwer R, Vree Egberts WT, Hengstman GJ et al. Autoantibodies directed to novel components of the 
PM/Scl complex, the human exosome. Arthritis Res 2002; 4:134-138.

22. Raijmakers R, Renz M, Wiemann C et al. PM-Scl-75 is the main autoantigen in patients with the polymyositis/
scleroderma overlap syndrome. Arthritis Rheum 2004; 50:565-569.

23. Bluthner M, Mahler M, Muller DB et al. Identi cation of an alpha-helical epitope region on the PM/
Scl-100 autoantigen with structural homology to a region on the heterochromatin p25beta autoantigen 
using immobilized overlapping synthetic peptides. J Mol Med 2000; 78:47-54.

24. Mahler M, Raijmakers R, Dahnrich C et al. Clinical evaluation of autoantibodies to a novel PM/Scl peptide 
antigen. Arthritis Res Ther 2005; 7:R704-R713.

25. Kuwana M, Okano Y, Kaburaki J et al. Racial differences in the distribution of systemic sclerosis-related 
serum antinuclear antibodies. Arthritis Rheum 1994; 37:902-906.

26. Hausmanowa-Petrusewicz I, Kowalska-Oledzka E, Miller FW et al. Clinical, serologic and immunogenetic 
features in Polish patients with idiopathic inflammatory myopathies. Arthritis Rheum 1997; 
40:1257-1266.



142 RNA EXOSOME

27. Chinoy H, Salway F, Fertig N et al. In adult onset myositis, the presence of interstitial lung disease and 
myositis speci c/associated antibodies are governed by HLA class II haplotype, rather than by myositis 
subtype. Arthritis Res Ther 2006; 8:R13.

28. O’Hanlon TP, Carrick DM, Targoff IN et al. Immunogenetic risk and protective factors for the idiopathic 
in ammatory myopathies: distinct HLA-A, -B, -Cw, -DRB1 and -DQA1 allelic pro les distinguish European 
American patients with different myositis autoantibodies. Medicine (Baltimore) 2006; 85:111-127.

29. Utz PJ, Gensler TJ, Anderson P. Death, autoantigen modi cations and tolerance. Arthritis Res 2000; 2:101-114.
30. Hof D, Pruijn GJM, van Venrooij WJ et al. The role of cell death-speci c modi cations in breaking tolerance 

to self-antigens. In: Kettleworth CR, ed. Cell Apoptosis Research Advances. Hauppauge: Nova Science 
Publishers, 2007:179-202.

31. Schilders G, Raijmakers R, Malmegrim KC et al. Caspase-mediated cleavage of the exosome subunit PM/
Scl-75 during apoptosis. Arthritis Res Ther 2007; 9:R12.

32. Casciola-Rosen L, Andrade F, Ulanet D et al. Cleavage by granzyme B is strongly predictive of autoantigen 
status: implications for initiation of autoimmunity. J Exp Med 1999; 190:815-826.

33. Mahler M, Raijmakers R. Novel aspects of autoantibodies to the PM/Scl complex: clinical, genetic and 
diagnostic insights. Autoimmun Rev 2007; 6:432-437.

34. Gutierrez-Ramos R, Gonz Lez-Diaz V, PachecoTovar MG et al. A dermatomyositis and scleroderma 
overlap syndrome with a remarkable high titer of anti-exosome antibodies. Reumatismo 2008; 60:296-300.

35. Yang XF, Wu CJ, Chen L et al. CML28 is a broadly immunogenic antigen, which is overexpressed in 
tumor cells. Cancer Res 2002; 62:5517-5522.

36. Faderl S, Talpaz M, Estrov Z et al. Chronic myelogenous leukemia: biology and therapy. Ann Intern Med 
1999; 131:207-219.

37. Collins RH, Jr., Shpilberg O, Drobyski WR et al. Donor leukocyte infusions in 140 patients with relapsed 
malignancy after allogeneic bone marrow transplantation. J Clin Oncol 1997; 15:433-444.

38. Wu CJ, Yang XF, McLaughlin S et al. Detection of a potent humoral response associated with 
immune-induced remission of chronic myelogenous leukemia. J Clin Invest 2000; 106:705-714.

39. Zhou H, Zhang D, Wang Y et al. Induction of CML28-speci c cytotoxic T-cell responses using cotransfected 
dendritic cells with CML28 DNA vaccine and SOCS1 small interfering RNA expression vector. Biochem 
Biophys Res Commun 2006; 347:200-207.

40. Xie LH, Sin FW, Cheng SC et al. Activation of cytotoxic T lymphocytes against CML28-bearing tumors by 
dendritic cells transduced with a recombinant adeno-associated virus encoding the CML28 gene. Cancer 
Immunol Immunother 2008; 57:1029-1038.

41. Mao H, Geng Z, Liu W et al. Selection of HLA-A2 restricted CML28 peptide by arti cial antigen-presenting 
cells. J Immunother 2008; 31:487-490.

42. Fang F, Hoskins J, Butler JS. 5- uorouracil enhances exosome-dependent accumulation of polyadenylated 
rRNAs. Mol Cell Biol 2004; 24:10766-10776.

43. Lum PY, Armour CD, Stepaniants SB et al. Discovering modes of action for therapeutic compounds using 
a genome-wide screen of yeast heterozygotes. Cell 2004; 116:121-137.

44. Khabar KS. The AU-rich transcriptome: more than interferons and cytokines and its role in disease. 
J Interferon Cytokine Res 2005; 25:1-10.

45. Xi L, Moscou MJ, Meng Y et al. Transcript-based cloning of RRP46, a regulator of rRNA processing and 
R gene-independent cell death in barley-powdery mildew interactions. Plant Cell 2009; 21:3280-3295.



INDEX

A
Af nity puri cation  44
Antisense transcription  57, 113-115, 

123, 129
Antiviral  85, 86, 111
Arabidopsis  40, 50-56, 59, 65, 95, 109, 

113
Archaea  9, 10, 12, 21, 25, 29-31, 33-36, 

39, 40, 46, 47, 64, 76
Autoantibody  132-138, 140
Autoantigen  132, 136
Autoepitope  136
Autoimmunity  133, 140

B
Barley  52-54, 111

C
C1D  55, 93, 96, 97, 99, 136
Cancer  123, 132, 138-140
Catalytic activity  4, 6, 14, 40, 53, 59, 

63, 65, 66, 74, 76, 124
Chloroplast  33, 35, 50, 58, 59
Chronic myelogenous leukemia  132, 

139
Cofactor  6, 43, 44, 55, 56, 59, 67, 74, 

79-87, 91, 93, 96, 99, 108, 112-115, 
124, 128

Cold shock domain  10

Cryptic transcription  59, 116, 122-124, 
126, 128-130

CSL4  5, 10, 12-14, 16, 22, 29-36, 51, 
52, 54, 65

CTD  10, 14, 16, 126-128, 133, 135
Cut  74, 100, 113, 128, 129
Cytoplasmic  5, 6, 55, 56, 65, 66, 79-87, 

93, 96, 115

D
Dictyostelium  46
Distributive  4-6, 9, 10, 23, 63, 71, 74, 

76, 124
DnaG  29, 30, 35

E
3’-5’ Exoribonuclease  3, 17, 21, 23, 30, 

58, 83, 124
5’-3’ Exoribonuclease  82, 83, 85
Endonuclease  30, 31, 55, 70, 73, 76, 84, 

109, 124
Endoribonuclease  3, 6, 9, 19, 30, 40, 70, 

71, 74, 83, 85-87, 124
Evolution  15, 19, 39, 40, 46, 117, 122, 

129
Exoribonuclease  3-5, 9, 11, 17-19, 21, 

23, 25, 26, 30, 31, 35, 43, 45, 47, 53, 
55, 56, 58, 59, 67, 70, 71, 74, 82, 83, 
85, 91-94, 124



144 RNA EXOSOME

Exosome  1, 3-6, 9-19, 22-26, 29-36, 
39-47, 50-59, 63-67, 71-76, 79-87, 
91-100, 105-109, 111-117, 122-127, 
132-140

associated protein  41, 136, 137
core complex  50, 51, 53-56, 58, 134, 

136, 139
ring  64-66, 71-76

F
Female gametogenesis  54

G
Gene silencing  53, 95, 96, 105-109, 

112-114, 116, 117
Genetic  1, 3, 5, 6, 41, 50, 58, 80, 81, 84, 

100, 113, 122, 126, 128-130, 138
Giardia  39, 46, 47, 81

H
Helicase  9, 23, 25, 30, 43, 50, 55, 56, 

59, 75, 80, 81, 92, 95, 97, 98, 124, 
126

HEN2  56
Heterochromatin  96, 105-109, 111-114, 123
Hidden transcription  124
Hydrolytic  3, 9-11, 19, 21-24, 26, 31, 

55, 56, 63, 66, 74, 94, 124
Hydrolytic activity  19, 23, 31, 66, 74

I
Intronless pseudogene  57
ISE2  56

K
KH domain  10-16, 32, 34, 51

L
LRP1  5, 55, 93, 96

M
Maturation by product  55-57, 59
Mitochondria  50, 58, 59
MPP6  5, 44, 55, 91, 92, 98-100, 136
mRNA degradation  39-42, 45, 47, 

81-84, 86, 94
mRNA surveillance  79, 83, 84, 86, 94, 

95
MTR4  25, 43, 44, 55, 56, 80, 81, 87, 95, 

98, 124, 136
MTR4P  80, 81, 87, 124

N
No-Go decay  85
Non-coding RNA  105, 106, 108, 109, 

111-117
Nonstop decay  80
Nrd1  91, 99, 108, 112-114, 126
Nrd1p complex  126-128
Nuclease  2, 5, 10, 23, 63, 67, 68, 71, 

86, 96

P
Paramecium  46, 109
PH domain  15, 31, 41, 46, 137
Phosphorolytic activity  11, 17, 31, 35, 

50, 52, 53, 56, 65
PIN domain  10, 19, 21-23, 65-67, 70, 

71, 75, 87, 124
Plant embryo development  52, 54, 56
Plasmodium  46
PM/Scl  124, 132-140
PM-SCL100  55, 96, 99, 100
Polyadenylation  40, 44, 55, 57-59, 75, 

84, 94-96, 124, 126, 127
Polymyositis  6, 132-134
Polymyositis-scleroderma overlap  6, 

132
Polynucleotide phosphorylase  30, 50, 

58, 63
Protein complex  6, 29-31, 34-36, 65, 76, 

106, 116, 137
Proteomic  99



145INDEX

R
3’ to 5’ RNA decay  9
Read-through transcript  57
Ribonuclease  30, 50, 59, 63, 64, 66, 76, 

79, 91
Ribosome synthesis  3
RNA  2, 3, 5, 6, 9, 11, 13-19, 21-26, 

29-36, 40, 41, 43-45, 50, 52-59, 
63-76, 79-83, 85-87, 91-100, 
105-109, 111-117, 122-129, 132, 
136-138, 140

binding  5, 11, 13-17, 19, 23, 25, 26, 
29, 31-35, 50, 55, 59, 65-69, 83, 
96-98, 124, 126

degradation  29, 31-35, 50, 58, 59, 63, 
74, 94, 96, 106, 108, 117, 123

interference  41, 43, 106
processing  31, 35, 36, 40, 57, 59, 74, 

79, 92, 95-97, 99, 100, 105, 106, 
111, 113

quality control  58
regulation  115
surveillance  58, 87, 100
tailing  30, 35
turnover  58, 59, 65

RNAPII CTD  127, 128
RNase ph  5, 9-15, 25, 31, 32, 39-43, 46, 

63, 137
RNB domain  10, 19, 21-23, 68-72, 75
RNP particle  98, 100
rRNA  1-6, 23, 31, 35, 39, 43, 44, 47, 51, 

53, 55-59, 73, 75, 81, 93, 95-97, 99, 
124, 136, 139, 140

processing  1-6, 43, 51, 55, 56, 81, 99, 
136, 139, 140

RRP4  2-6, 10, 12-14, 16, 22, 29-36, 43, 
51, 52, 54-57, 59, 63-65, 108, 111, 
136

RRP6  5, 9-11, 23-26, 39-44, 46, 47, 53, 
55, 56, 63, 65, 66, 71-73, 75, 76, 
91-100, 108, 109, 112-115, 134, 139

RRP6L  55, 59
RRP40  5, 10, 12-14, 16, 51, 54, 65

RRP41  3, 5, 10, 12-17, 19, 22, 24, 25, 
29-35, 40, 46, 51-57, 59, 63-65, 70, 
111

RRP42  3, 5, 10, 12-17, 22, 29-35, 51, 65
RRP45  5, 10, 12-15, 19, 22, 24, 46, 51, 

53, 65, 70, 75, 134
RRP46  5, 10, 12, 14, 15, 25, 46, 51, 53, 

54, 65, 111, 140
RRP47  5, 25, 40-42, 44, 55, 91-93, 

96-100, 115

S
S1 Domain  10-14, 16, 19, 22, 32, 41, 

46, 64, 68
Scleroderma  6, 132-134
Silencing pathway  58, 59, 106, 108, 115
SKI2  56, 80, 136
SKI7  5, 81
Ski complex  45, 75, 80-82, 84-86
Structure  6, 9, 11-19, 21-25, 31-36, 

41-43, 45, 51, 52, 54, 58, 64, 66-69, 
70-73, 75, 76, 80, 82, 85, 87, 92, 93, 
96-98, 106, 107, 113, 114, 124, 126, 
128, 132, 137

Sulfolobus  14, 30

T
Tetrahymena  46
Thalassiosira  46
The Third Domain of Life  29, 36
TRAMP  25, 26, 35, 43, 44, 55, 56, 74, 

75, 81, 91, 92, 95, 96, 98, 99, 100, 
108, 124, 125, 127

Transcription
interference  128
start site  128, 129
termination  98, 100, 112, 125, 126, 

127, 128, 129
TRF4  25, 43, 55, 56, 58, 95, 98, 108, 

109, 112-115
Trichomona  46
Trypanosoma  41, 81, 109



146 RNA EXOSOME

V
Virus  53, 80, 85, 86, 108, 109, 111

X
XRN2/3/4  58, 107

Y
Yeast  2-6, 15, 19, 21-23, 25, 39-43, 

45-47, 50, 51, 53-57, 59, 63-68, 
70-76, 79-81, 83-86, 92-97, 99, 
100, 106, 108, 109, 111, 113, 114, 
122-129, 132, 134, 139


	Title Page 
	Copyright Page 
	PREFACE
	ABOUT THE EDITOR...
	PARTICIPANTS
	Table of Contents
	CHAPTER 1 FINDING THE EXOSOME
	Abstract
	INTRODUCTION
	FROM NORTHERNS TO NUCLEASES
	A GLIMPSE OF THE EXOSOME
	THE COMPLETE COMPLEX
	A BROADER PERSPECTIVE
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	CHAPTER 2 STRUCTURAL COMPONENTS AND ARCHITECTURES OF RNA EXOSOMES
	Abstract
	INTRODUCTION
	GLOBAL STRUCTURE OF THE EXOSOME
	RNase PH-LIKE DOMAINS IN BACTERIAL, ARCHAEAL AND EUKARYOTIC CORE EXOSOMES
	S1 AND KH CONTAINING DOMAINS IN BACTERIAL, ARCHAEAL AND EUKARYOTIC CORE EXOSOMES
	MECHANISM OF PHOSPHOROLYTIC ACTIVITY IN BACTERIAL PNPase AND ARCHAEAL EXOSOMES
	Rrp44, A EUKARYOTIC EXOSOME SUBUNIT WITH HYDROLYTIC ENDORIBONUCLEASE AND PROCESSIVE EXORIBONUCLEASE ACTIVITIES
	Rrp44 PIN DOMAIN
	Rrp44 RNB DOMAIN
	Rrp44 AND THE 10-COMPONENT EXOSOME
	Rrp6, A EUKARYOTIC EXOSOME SUBUNIT WITH DISTRIBUTIVE HYDROLYTIC ACTIVITIES
	Rrp6 INTERACTIONS WITH THE EXOSOME CORE
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	CHAPTER 3 THE ARCHAEAL EXOSOME
	Abstract
	INTRODUCTION
	CORE SUBUNITS OF THE ARCHAEAL EXOSOME
	STRUCTURE AND MECHANISM
	The Catalytically Active RPD-Hexamer
	The Flexible RNA-Binding Cap

	PHYSIOLOGICAL FUNCTIONS
	CONCLUSION
	ACKNOWLEDGEMENTS
	NOTE ADDED IN PROOF
	REFERENCES

	CHAPTER 4 THE EXOSOMES OF TRYPANOSOMES AND OTHER PROTISTS
	Abstract
	INTRODUCTION
	TRYPANOSOMES AS A MODEL SYSTEM FOR RNA PROCESSING AND TURNOVER
	THE STRUCTURE OF THE TRYPANOSOME EXOSOME
	THE POSITION OF RRP6 RELATIVE TO THE EXOSOME CORE
	FUNCTIONS OF THE TRYPANOSOME EXOSOME IN THE NUCLEUS
	FUNCTIONS OF THE TRYPANOSOME EXOSOME IN THE CYTOPLASM
	CONSERVATION OF THE EXOSOME IN EUKARYOTIC EVOLUTION
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	CHAPTER 5 THE EXOSOME AND 3'--5' RNA DEGRADATION IN PLANTS
	Abstract
	INTRODUCTION
	COMPOSITION OF PLANT EXOSOME CORE COMPLEXES
	FUNCTIONAL SPECIALISATION OF INDIVIDUAL SUBUNITS?
	EXOSOME COFACTORS AND AUXILIARY PROTEINS IN PLANTS
	RNA SUBSTRATES OF THE PLANT EXOSOME COMPLEX
	IMPACT OF 3'-5' RNA DECAY ON PLANT GENOME EXPRESSION
	IMPACT OF 3'-5' DEGRADATION IN ORGANELLES
	CONCLUSION
	REFERENCES

	CHAPTER 6 CATALYTIC PROPERTIES OF THE EUKARYOTIC EXOSOME
	Abstract
	INTRODUCTION
	EXOSOME COMPOSITION
	DIS3
	Exonuclease Activity
	Degradation of Structured Substrates
	Endonuclease Activity
	Paralogy in the Dis3 Family
	Active Sites

	Rrp6
	HOLOENZYME ACTIVITIES
	Dis3 Exonuclease
	Conflicting Results with structured Substrates
	Rrp6 and Dis3 Endonuclease
	Cooperation of the Three Activities

	NONCATALYTIC ACTIVITIES OF THE EXOSOME RING
	Substrate Recruitment
	Exosome Activation
	Substrate Filtering

	CONCLUSION
	REFERENCES

	CHAPTER 7 FUNCTIONS OF THE CYTOPLASMIC EXOSOME
	Abstract
	INTRODUCTION
	THE CYTOPLASMIC EXOSOME REQUIRES FOUR COFACTORS
	The Ski Complex
	Ski7p

	THE EXOSOME FUNCTIONS IN ONE OF TWO GENERAL PATHWAYS FOR CYTOPLASMIC mRNA DEGRADATION
	THE CYTOPLASMIC EXOSOME FUNCTIONS IN mRNA SURVEILLANCE
	Nonstop mRNA Degradation
	Nonsense-Mediated mRNA Degradation (NMD)
	Degradation of Endoribonuclease Products

	THE ANTIVIRAL FUNCTION OF THE CYTOPLASMIC EXOSOME
	CONCLUSION AND FUTURE PERSPECTIVES
	ACKNOWLEDGEMENTS
	NOTE ADDED IN PROOFS
	REFERENCES

	CHAPTER 8 Rrp6, Rrp47 AND COFACTORS OF THE NUCLEAR EXOSOME
	Abstract
	INTRODUCTION
	STRUCTURE AND ACTIVITY OF Rrp6
	THE ROLE OF Rrp6 IN THE MATURATION OF NONCODING RNAs
	THE ROLE OF Rrp6 IN mRNA SURVEILLANCE
	THE ROLE OF Rrp6 IN THE REGULATION OF mRNA LEVELS
	Rrp6 AND THE TRAMP COMPLEX
	THE EXOSOME COFACTOR Rrp47
	STRUCTURE OF Rrp47
	BIOCHEMICAL ACTIVITIES OF Rrp47
	THE ROLE OF Rrp47 IN RNA PROCESSING AND DEGRADATION
	THE EXOSOME COFACTOR MPP6
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	CHAPTER 9 THE EXOSOME AND HETEROCHROMATIN Multilevel Regulation of Gene Silencing
	Abstract
	INTRODUCTION
	HETEROCHROMATIN
	GENE SILENCING PATHWAYS: RNAi AND THE EXOSOME
	MULTILEVEL REGULATION OF GENE EXPRESSION
	REGULATING THE REGULATORS: HOW THE STABILITY OF ncRNAs DETERMINES THEIR FUNCTION IN HETEROCHROMATIN FORMATION
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	CHAPTER 10 CONTROL OF CRYPTIC TRANSCRIPTION IN EUKARYOTES
	Abstract
	INTRODUCTION: NEW PERSPECTIVES ON THE SHAPE OF THE TRANSCRIPTOME
	A DEDICATED PATHWAY OF NUCLEAR RNA DEGRADATION
	WIDESPREAD TRANSCRIPTION IN EUKARYOTIC GENOMES
	TRANSCRIPTION TERMINATION AND THE HALLMARK OF CUTs INSTABILITY
	AN RNAPII “CTD CODE” FOR THE FATE OF NASCENT TRANSCRIPTS
	REGULATORY ROLES OF CRYPTIC TRANSCRIPTION
	CONCLUSION
	REFERENCES

	CHAPTER 11 THE HUMAN EXOSOME AND DISEASE
	Abstract
	INTRODUCTION
	IDENTIFICATION OF THE PM/Scl COMPLEX
	AUTOANTIBODIES TO THE EXOSOME / PM/Scl-ANTIGEN
	INITIATION OF THE ANTI-EXOSOME / PM/Scl AUTOIMMUNE RESPONSE 
	THE HUMAN EXOSOME AND CANCER
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	INDEX



