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AU Binding Proteins Recruit the Exosome
to Degrade ARE-Containing mRNAs

tional control is exerted on mRNA stability, which varies
considerably from one mRNA species to another and
can be modulated by extracellular stimuli (Ross, 1995;

Ching-Yi Chen,1,8 Roberto Gherzi,1,5,8 Shao-En Ong,2

Edward L. Chan,3 Reinout Raijmakers,4

Ger J. M. Pruijn,4 Georg Stoecklin,6

Christoph Moroni,6 Matthias Mann,2 Caponigro and Parker, 1996; Wilusz et al., 2001). The
rate of mRNA decay is determined by cis-acting ele-and Michael Karin1,7

1 Department of Pharmacology ments within the mRNA molecule, which are recognized
by trans-acting factors that act through ill-definedLaboratory of Gene Regulation and

Signal Transduction mechanisms. The most common cis element responsi-
ble for rapid mRNA decay in mammalian cells is theUniversity of California, San Diego

La Jolla, California 92093 AU-rich element (ARE), present within 3� untranslated
regions (UTRs) of short-lived cytokine, protooncogene,2 Protein Interaction Laboratory

University of Southern Denmark-Odense and growth factor mRNAs (Shaw and Kamen, 1986;
Chen and Shyu, 1995; Bakheet et al., 2001). AREs pro-DK-5230 Odense M

Denmark mote deadenylation and subsequent degradation of the
mRNA body (Shyu et al., 1991; Xu et al., 1997) and may3 Department of Molecular and Experimental

Medicine even stimulate 5� decapping (Gao et al., 2001). Three
ARE binding proteins (AUBPs), AUF1, tristetraprolinScripps Clinic and Research Foundation

La Jolla, California 92037 (TTP), and HuR, were shown to modulate turnover of
ARE-containing mRNAs (ARE-RNAs). AUF1 promotes4 Department of Biochemistry

University of Nijmegen mRNA decay and is also involved in heat shock-induced
stabilization of ARE-RNAs (Zhang et al., 1993; Laroia etP.O. Box 9101

NL-6500HB Nijmegen al., 1999; Loflin et al., 1999). Mice lacking TTP exhibit
decreased TNF� and GM-CSF mRNA turnover (CarballoThe Netherlands

5 Istituto Nazionale per la Ricerca sul Cancro et al., 1998, 2000). TTP binds to AREs of TNF� and other
cytokine mRNAs and promotes their deadenylation andLargo R. Benzi, 10

16132 Genova decay (Lai et al., 1999). By contrast, HuR stabilizes ARE-
RNAs (Fan and Steitz, 1998; Peng et al., 1998; Ford etItaly

6 Institute of Medical Microbiology al., 1999). However, the mechanisms by which AUBPs
modulate ARE-RNA turnover were not elucidated.University of Basel

Understanding the mechanism(s) that regulate mRNACH-4003 Basel
turnover requires the identification of the enzymatic ma-Switzerland
chinery for mRNA degradation. In Saccharomyces cere-
visiae, two mRNA decay pathways exist (Tucker and
Parker, 2000). Both pathways initially involve shorteningSummary
of the poly(A) tail. Subsequently, the mRNA is degraded
in either 5�-to-3� or 3�-to-5� directions. In 5�-to-3� decay,Inherently unstable mammalian mRNAs contain AU-
which is the major mRNA degradation pathway in yeast,rich elements (AREs) within their 3� untranslated re-
removal of the cap structure by the Dcp1p decappinggions. Although found 15 years ago, the mechanism
enzyme occurs after poly(A) shortening (LaGrandeurby which AREs dictate rapid mRNA decay is not clear.
and Parker, 1998). Following decapping, the transcriptIn yeast, 3�-to-5� mRNA degradation is mediated by
is rapidly degraded by the Xrn1p 5�-to-3� exonucleasethe exosome, a multisubunit particle. We have purified
(Hsu and Stevens, 1993). The minor 3�-to-5� decay path-and characterized the human exosome by mass spec-
way depends on a complex of exonucleases, termedtrometry and found its composition to be similar to its
the exosome (Mitchell et al., 1997). The yeast exosome,yeast counterpart. Using a cell-free RNA decay sys-
present in both the nucleus and cytoplasm, is composedtem, we demonstrate that the mammalian exosome
of at least ten subunits, all of which are 3�-to-5� exoribo-is required for rapid degradation of ARE-containing
nucleases and/or RNA binding proteins (Mitchell et al.,RNAs but not for poly(A) shortening. The mammalian
1997; Allmang et al., 1999b; van Hoof and Parker, 1999;exosome does not recognize ARE-containing RNAs on
Mitchell and Tollervey, 2000). The nuclear exosome, whichits own. ARE recognition requires certain ARE binding
includes an additional component Rrp6p, is involved inproteins that can interact with the exosome and recruit
processing of small nuclear and nucleolar RNAs, ribo-it to unstable RNAs, thereby promoting their rapid deg-
somal RNAs, and degradation of pre-rRNA spacers andradation.
unspliced pre-mRNAs (Mitchell et al., 1997; Allmang et al.,
1999a, 2000; Bousquet-Antonelli et al., 2000; van HoofIntroduction
et al., 2000a). The cytoplasmic exosome participates in
mRNA turnover (Jacobs et al., 1998; van Hoof et al.,Gene expression is controlled at the transcriptional and
2000b). The exosome seems to be conserved in higherposttranscriptional levels. An important posttranscrip-
eukaryotes, where it also appears to be a multiprotein
complex (Allmang et al., 1999b; Brouwer et al., 2001).7 Correspondence: karinoffice@ucsd.edu
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Scl100 and PM-Scl75, are part of the PM-Scl particle, acrylamide gel (Figure 1A). The 3�-labeled substrate was
rapidly degraded and no decay intermediates were ob-a protein complex recognized by autoimmune sera from
served (Figure 1A, right panel). In contrast, at least onepolymyositis-scleroderma overlap syndrome patients
degradation intermediate and a smear of smaller prod-(PM-Scl) (Alderuccio et al., 1991; Ge et al., 1992). To
ucts were observed with the 5�-labeled substrate (Figuredate, eight putative human exosome components were
1A, left panel). The smear most likely corresponds tocloned, six of which are found within a multiprotein com-
short RNAs, which are not efficiently degraded. Theseplex (Allmang et al., 1999b; Brouwer et al., 2001). Two
results suggest that the decay is processive with someadditional human genes, KIAA0116 (accession number
stalling, as no prominent degradation intermediatesD29958) and OIP-2 (accession number AF025438), are
could be detected. Although we could not rule out thehomologous to the yeast RRP45 gene (Allmang et al.,
involvement of other pathways in decay of AREfos RNA1999b), but three yeast exosome subunits, Rrp42p,
in this system, the detection of decay intermediate onlyRrp43p, and Mtr3p, have not been assigned any mam-
with a 5� end-labeled substrate suggests the involve-malian homolog. Both yeast and human exosome com-
ment of a 3�-to-5� pathway (see Discussion).ponents display sequence similarity to E. coli RNase

To investigate whether the mammalian exosome wasPH, RNase D, or RNase R (Allmang et al., 1999b; Mitchell
responsible for degradation of ARE-RNAs in this sys-and Tollervey, 2000). The roles of the mammalian exo-
tem, the exosome was removed by sequential immuno-some in mRNA turnover were not defined.
precipitation with autoimmune PM-Scl serum. Immuno-The first step in mammalian mRNA decay also appears
blot analysis with antibodies against human exosometo be poly(A) shortening (Shyu et al., 1991). However,
components including PM-Scl75, hRrp4p, hRrp40p,the subsequent steps in mammalian mRNA decay are
hRrp41p, and hRrp46p suggested that the PM-Sclnot as well defined as in yeast. It is not even clear
serum removed these exosome subunits (Figure 1B).whether RNA degradation proceeds via a 5�-to-3� or 3�-
Capped, either adenylated (Figure 1C, lanes 1–8) or non-to-5� pathway. In vitro studies suggest that mammalian
adenylated (Figure 1C, lanes 9–16), and uniformlymRNA decay occurs via a 3�-to-5� pathway (Brewer,
32P-labeled RNAs, including two ARE-RNAs, IL-2 3�UTR1998). However, the enzyme responsible for this path-
and c-fos ARE, and two non-ARE-RNAs, a fragment ofway was not heretofore identified. Based on sequence
GAPDH and a non-ARE random sequence (E4), were pro-similarity between individual yeast and human exosome
duced in vitro and their stability examined in depleted andcomponents, we postulated that the mammalian particle
mock-depleted extracts. As reported (Brewer, 1998; Fordmay be functionally homologous to the yeast exosome
et al., 1999), deadenylation preceded decay of the RNAand therefore responsible for 3�-to-5� mRNA decay, in-
body in the mock-depleted extract (Figure 1C, lanes 1–4).cluding rapid turnover of ARE-RNAs. To test this hypoth-
The presence of an ARE promoted degradation of theesis, we purified the human exosome, determined its
RNA body, but little degradation occurred with non-ARE-composition, and examined its role in decay of ARE-
RNAs. However, partial degradation of E4 RNA was seenRNAs using an in vitro mRNA turnover system (Ford et
after a 3 hr incubation (data not shown). Importantly, theal., 1999) that faithfully replicates the regulation of ARE-
ribonucleases responsible for degradation of ARE-RNAsdirected mRNA degradation (Chen et al., 2000). We show
appear not to require a poly(A) tract, and the ARE-facili-that, indeed, the human exosome contains at least ten
tated turnover of the RNA body is independent of thesubunits and is responsible for exonucleolytic degrada-
ARE location, which can be very close to the 3� end, astion of the RNA body, but is not required for poly(A)
in AREfos, or 200 nts away from it, as in IL-2 3�UTR.shortening. The mammalian exosome is tightly associ-

Most importantly, whereas IL-2 3�UTR and AREfos
ated with a putative RNA helicase, whose yeast homo-

RNAs were rapidly degraded in the mock-depleted ex-logs, Ski2p and Mtr4p, have been genetically implicated
tract, they were relatively stable in the PM-Scl-depletedin mRNA turnover and RNA processing (de la Cruz et
extract (Figure 1C, lanes 5–8 and 13–16). The immunode-

al., 1998; Jacobs et al., 1998). Although the purified
pletion also prevented partial degradation of E4 RNA

exosome per se does not exhibit ARE binding activity,
seen after prolonged incubation (data not shown). Inter-

it is recruited to ARE-RNAs through interactions with estingly, accumulation of prominent decay intermedi-
several AUBPs. We demonstrate that AREs function ates of adenylated ARE-RNAs identical in size to the
through binding of AUBPs such as KSRP and TTP, which nonadenylated ARE-RNAs was observed in the immuno-
in turn recruit the exosome to affect 3�-to-5� mRNA deg- depleted extract but not in the mock-depleted extract
radation. (Figure 1C, lanes 5–8 versus lanes 1–4). Furthermore,

deadenylation of non-ARE-RNAs was not impaired by
Results exosome removal, while deadenylation of ARE-RNAs

was only slightly retarded. To verify that the decay inter-
ARE-RNAs Are Degraded via the Mammalian mediates represent deadenylated products, polyadeny-
Exosome lated IL-2 3�UTR RNA was incubated with mock- or PM-
We used a cell-free RNA decay system to investigate the Scl-depleted S100s and the RNA products were isolated
degradation pathway mediated by AREs within cytokine and incubated with RNase H in the presence of oligo(dT).
and protooncogene mRNAs. We first examined whether This treatment resulted in disappearance of adenylated
an RNA containing the c-fos ARE (AREfos) was degraded RNA and appearance of deadenylated products (Figure
via a 3�-to-5� pathway, as previously suggested (Brewer, 1D, lane 7). The smaller of the two RNA species observed
1998). The RNA was 5� or 3� end-labeled, added to a after incubation with the depleted extract (Figure 1D,
cytosolic extract (S100) of Jurkat cells (Chen et al., 2000), lane 3) was not affected by RNase H treatment and was

identical in size to deadenylated RNA (Figure 1D, lane 9).and decay products were analyzed on a denaturing poly-
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Figure 1. PM-Scl Associated Proteins Are Required for ARE-Mediated RNA Decay

(A) Degradation of an ARE-RNA. AREfos RNA, 5� or 3� labeled using T4 polynucleotide kinase and [�-32P]-ATP or T4 RNA ligase and 5�-[32P]-
pCp, respectively, was incubated with Jurkat cell S100. At indicated times, RNA was isolated and analyzed on denaturing polyacrylamide
gels. Arrow-intact RNA; arrowhead-decay intermediates. Decay products at the bottom of left panel (indicated by a vertical line) represent
inefficiently degraded short RNA fragments. Asterisks-decay products that may be free ribonucleotides.
(B) Immunoblot analysis of S100s depleted with normal human serum (NHS) or anti-PM-Scl serum. Proteins were probed with antibodies to
human exosome components as indicated.
(C) RNA decay in exosome-depleted S100. Internally 32P-labeled RNAs (0.5 ng) including ARE-containing 3� UTR of IL-2 and AREfos or non-
ARE-containing GAPDH(580–810) and a short random sequence (E4) were synthesized with (lanes 1–8) or without (lanes 9–16) a 60 nt poly(A)
tail. The RNAs were incubated with mock- (NHS) or exosome- (anti-PM-Scl) depleted S100s and their decay analyzed as above. PolyA� and
polyA� RNAs are indicated. The lower bands marked “con” is external RNA added to the completed reactions to control for recovery and
loading.
(D) Decay intermediates observed in exosome-depleted S100 represent deadenylated RNAs. Polyadenylated IL-2 3�UTR RNA was incubated
with mock- or exosome-depleted S100s for 45 min, isolated, and further analyzed by RNase H digestion in the absence or presence of
oligo(dT).

That form is deadenylated RNA, and it can be concluded uniformly labeled nonadenylated RNA substrates. Either
antiserum completely removed both hRrp40p andthat the exosome is not required for deadenylation in

this system but is necessary for degradation of deadeny- hRrp46p (Figures 2A and 2B) and caused ARE-RNA sta-
bilization (Figure 2C). As a control, anti-hRrp46p waslated ARE-RNA bodies.

To exclude that the stabilizing effect of anti-PM-Scl incubated with His-tagged hRrp46p prior to immunode-
pletion. Immunoblot analysis showed that His-hRrp46pis due to removal of proteins other than the exosome

complex, S100s were immunodepleted with antibodies blocked depletion of both hRrp40p and hRrp46p (Fig-
ures 2A and 2B). However, a considerable amount ofraised to the exosome components hRrp40p and

hRrp46p (Brouwer et al., 2001). As this study was fo- His-hRrp46 was present in the resulting supernatant
(Figure 2B). Importantly, preincubation of anti-hRrp46pcused on the exosome’s role in decay of the mRNA

body, we used in these and subsequent experiments with His-hRrp46p prevented the stabilization of AREfos
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Figure 2. The Exosome Is Required for Rapid
Degradation of AREfos RNA

(A and B) S100s were depleted by incubation
(four times) with protein A-agarose beads
loaded with either normal rabbit serum (NRS),
anti-hRrp40p, or anti-hRrp46p, or anti-hRrp46p
plus His-tagged hRrp46p. The depleted S100s
were fractionated and immunoblotted (IB) with
anti-hRrp40p (A) or anti-hRrp46p (B) antibodies.
(C and D) The stability of AREfos (C) or E4 (D)
RNAs was examined in the immunodepleted
S100s.

RNA (Figure 2C). No effect on stability of E4 RNA was This analysis revealed 14 polypeptides ranging in size
from 20 to 120 kDa, labeled as p1 to p14, that wereobserved (Figure 2D).
not present in control preparations isolated from cells
expressing the TAP tag alone. The relative levels of p1 toPurification of the Human Exosome and Molecular

Identification of Its Components p14 varied significantly with the more abundant species
migrating between 25 and 40 kDa.Several components of the PM-Scl particle, including

PM-Scl100 and PM-Scl75, are similar to yeast exosome The relevant bands were excised from the gel and
analyzed by mass spectrometry (Table 1). Several pro-subunits (Allmang et al., 1999b). To biochemically ana-

lyze the mammalian exosome, it was purified from Jurkat teins previously believed to be part of the human exo-
some were identified; p7 is hRrp4p-TAP, whereas p10cell extracts using the tandem affinity purification (TAP)

procedure (Rigaut et al., 1999). We introduced the TAP and p13 are hRrp40p and hCsl4p (Baker et al., 1998;
Brouwer et al., 2001), respectively. Two distinct proteins,tag at the C terminus of hRrp4p and stably expressed the

fusion protein in Jurkat cells. The complex containing hRrp41p and hRrp46p (Brouwer et al., 2001), were pres-
ent within band p12. Bands p8 and p9 contained pre-hRrp4p-TAP was similar in size to the endogenous com-

plex, as analyzed by gel filtration chromatography (data viously identified gene products, KIAA0116 (accession
number D29958) and OIP-2 (accession number AF025438),not shown). hRrp4p-TAP-associated proteins were iso-

lated from either cytoplasmic or nuclear extracts by two- respectively. Several peptide sequences were obtained
from band p11 using electrospray tandem mass spec-step affinity purification, concentrated, fractionated by

SDS-PAGE, and detected by silver staining (Figure 3A). trometry (Wilm et al. 1996). One of the peptides and
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its tandem mass spectrum are shown (Figure 3C). The Interaction of AUBPs with the Exosome and Their
Role in Exosome-Mediated Decay of ARE-RNAsequences of the peptides did not match any previously
The ability of isolated exosomes to preferentially de-known protein but were encoded by a segment of human
grade ARE-RNAs was rather surprising. We thereforegenomic clone AC009060 (Figure 3D). Subsequently, a
examined whether the ARE-directed ribonuclease activ-mouse gene (accession number AK012102) that en-
ity reflects an inherent ability of some exosomal compo-codes a highly similar protein (92% identify) was found.
nents or whether it is due to small amounts of AUBPsThe two mammalian proteins exhibit sequence similarity
that copurify with the exosome. We first checked forto yeast Mtr3p (Figure 3E). Two polypeptides, p1 and
AUBPs by UV crosslinking experiments using AREfosp14, were identified that did not exhibit homology to any
RNA as a probe. After crosslinking, the products wereyeast exosome components. p1 is a previously identified
treated with ribonuclease and immunoprecipitated withgene product (KIAA0052, accession number P42285)
antiexosome antibodies. Several AUBPs were detectedthat exhibits striking similarity to yeast Ski2p and Mtr4p
in the crude extract (Figure 5A, lane 1 indicated as “In-(Dangel et al., 1995). Ski2p and Mtr4p were implicated,
put” shows all of the proteins that are labeled by cross-based on genetic evidence, in mRNA turnover and RNA
linking to the AREfos probe) and most of them, with theprocessing but were not directly shown to stably associ-
notable exception of an abundant 34 kDa species, wereate with the exosome (de la Cruz et al., 1998; Brown et
precipitated by anti-hRrp40p, anti-hRrp46p, or anti-PM-al., 2000). p14 was found to be M-phase phosphoprotein
Scl, but not by control sera (Figure 5A). As none of6 (MPP-6; accession number BC005242). The identity
these proteins seemed to be an exosome subunit, weof p2, p3, p4, p5, and p6 could not be established by
examined whether they correspond to known AUBPs.mass spectrometry, probably due to insufficient amounts
In the course of identifying proteins that interact withof material in these bands. However, bands p2, p3, and
the 3� UTR of IL-2 mRNA, we purified a 78 kDa RNAp4 contained PM-Scl100-, whereas bands p5 and p6
binding protein and identified it as KSRP, a K-type RNAcontained PM-Scl75-immunoreactive material, as deter-
binding protein (Min et al., 1997; C.-Y.C. and R.G., un-mined by immunoblotting (Figure 3B). PM-Scl100 was
published results). The 78 kDa AUBP was specificallypreviously shown to be predominantly localized in the
precipitated by anti-KSRP antibodies (Figure 5B),nucleus (Allmang et al., 1999b; Brouwer et al., 2001),
whereas the 40 kDa and 34 kDa AUBPs were precipi-and its presence in our cytoplasmic fraction is probably
tated by antibodies to AUF1 and HuR, respectively (Fig-due to leakage of nuclear components. In summary, we
ure 5B). These data suggest that KSRP and AUF1, butidentified human homologs for ten of the yeast exosome
not HuR, may interact with the exosome. Immunoblot-subunits, except for a human homolog of yeast Dis3p.
ting analysis confirmed this conclusion, in which AUF1
and KSRP, but not HuR, were found in exosome prepara-The Exosome Promotes Rapid Degradation
tions purified from cells expressing hRrp4p-TAP (Figureof ARE-RNAs
5C). The interaction between the exosome and KSRPWe examined whether the human exosome isolated by
or AUF1 was further confirmed by coprecipitation exper-either the TAP procedure or immunoprecipitation with
iments using RNase-treated extracts. KSRP and AUF1

antibodies could restore RNA decay in exosome-
coprecipitated with the exosome components regard-

depleted extracts. Cytoplasmic or nuclear exosomes
less of RNase treatment (Figure 5D). It should be noted,

isolated from hRrp4p-TAP-expressing cells, but not
however, that a considerably higher fraction of KSRP

control preparations isolated from cells expressing the was exosome associated than AUF1. Two other RNA
TAP tag alone (see Figure 3A), reconstituted degradation binding proteins, La and nucleolin, were not precipitated
of AREfos RNA but did not affect E4 RNA (Figures 4A (Figure 5D). These results indicate that the observed
and 4B, top panel). Similar restoration of ARE-RNA deg- interactions are specific and RNA independent. Similar
radation was observed with precipitates of anti-hRrp40p results were obtained by gel permeation chromatogra-
or anti-hRrp46p but not control rabbit serum (Figure phy (data not shown). To investigate the interaction be-
4B, bottom panel). The amounts of exosome used for tween the exosome and TTP, also an AUBP, 293 cells
reconstitution experiments were equivalent to those were transiently transfected with a vector expressing
present in mock-depleted S100 (Figure 4A, lane 1). Next epitope-tagged TTP. Immunoblotting analysis indicated
we examined whether isolated exosomes discriminate that TTP was precipitated by anti-PM-Scl but not by
between ARE- and non-ARE-RNAs in the absence of an control sera (Figure 5E). Among the AUBPs that interact
S100 extract. Extensive degradation of AREfos RNA was with the exosome, KSRP was not previously known as
observed with three different amounts of TAP-isolated such. We examined whether recombinant KSRP specifi-
exosome (Figure 4C). By contrast, at most 50% degrada- cally recognizes an ARE-RNA in UV crosslinking assays.
tion of E4 RNA was achieved at the highest exosome KSRP bound AREfos, but not E4 RNA, in a concentration-
input. A similar level of E4 RNA degradation observed dependent manner (Figure 5F). The binding of KSRP to
only after a 3 hr incubation with nondepleted S100 (data AREfos RNA was efficiently competed by unlabeled
not shown). The purified exosome also exhibited prefer- AREfos but not E4 RNA (Figure 5G).
ential degradation of other ARE-RNAs, including the We next investigated whether any of these proteins
ARE of TNF� mRNA (wtAREtnf ) and IL-2 3�UTR, but did is responsible for targeting the exosome to ARE-RNAs.
not significantly degrade non-ARE-RNAs, including a AUBPs were removed from the S100 by incubation with
mutant version of AREtnf (mAREtnf ) and GAPDH (data not poly(U)-agarose, as most AUBPs exhibit high affinity to
shown). Similarly, AREfos, but not E4 RNA, was com- poly(U) RNA (data not shown). Most importantly, AUBPs
pletely degraded upon incubation with anti-hRrp40p or were effectively removed by this treatment (Figure 6A).

Immunoblotting analysis confirmed that KSRP, AUF1,anti-hRrp46p immunoprecipitates (Figure 4D).
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Figure 3. Purification and Composition of the Human Exosome

(A) Cytoplasmic (CE) or nuclear (NE) control and exosome fractions isolated from cells expressing TAP fragment only (TAP) or TAP-tagged
hRrp4p (hRrp4p) were fractionated by SDS-PAGE and silver stained. Proteins identified by MALDI and/or nanoelectrospray tandem mass
spectrometry are indicated on the right.
(B) Purified nuclear or cytoplasmic exosome preparations were immunoblotted with polyclonal antibodies to PM-Scl100 (left panel) or PM-
Scl75 (right panel).
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Table 1. Identification of Human Exosome Components

Protein Peptide Sequence Match Yeast Homolog

Core Components

p7 YIGEVGDIVVGR hRrp4p Rrp4p
LDSVLLLSSMNLPGGELR 43% (52%)
NCIISLVTQR

p8 LSVENVPCIVTLCK hRrp42p Rrp42p
GGDDLGTEIANTLYR (KIAA0116) 25% (51%)
GSLDPESIFEMMETGKR

p9 TTTVNIGSISTADGSALVK hRrp43p Rrp43p
AEFAAPSTDAPDK (OIP-2) 23% (37%)

p10 MAEPASVAAESLAGSR hRrp40p Rrp40p
GDHVIGIVTAK 30% (46%)
VVCGPGLR

p11 GGGPAGAGGEAPAALR hMtr3p Mtr3p
ELALALQEALEPAVR (AC009060) 19% (36%)
LYPVLQQSLVR
VLCAVSGPR

p12 QTFEAAILTQLHPR hRrp41p Rrp41p
MAGLELLSDQGYR 35% (54%)
ATLEVILRPK hRrp46p Rrp46p
AVLTFALDSVER 26% (42%)

p13 VHILYVGSMPLK hCsl4p Cls4p
SSENGALPVVSVVR 48% (56%)
HGYIFSSLAGCLMK

Associated Factors

p1 GIVILMVDEK KIAA0052 Ski2p 34% (51%)
LTEQLAGPLR Mtr4p 55% (73%)

p14 IISEEHWYLDLPELK MPP-6
YETLVGTIGK

Peptide sequences obtained by nano electrospray tandem mass spectrometry are shown. For the yeast homologs, values represent percentage
identity (similarity). Values for Rrp4p, Rrp40p, Rrp41p, Rrp46p, and Csl4p are adapted from Allmang et al. (1999b) and Brouwer et al. (2001).

and HuR were completely removed (data not shown), was detected (Figure 6F), suggesting that the amount
of AUBPs copurifying with the exosome is indeed low.whereas some AUBPs were not depleted (Figure 6A). In

contrast to AUBPs, no significant depletion of exosome Addition of recombinant KSRP or TTP to the isolated exo-
some specifically stimulated the degradation of AREfos,components was observed (Figure 6B). Thus, although

the AUBPs interact with the exosome, they are not tightly although higher inputs of either protein were less effec-
tive (Figure 6F). These data strongly suggest that KSRPassociated with it. Alternatively, only a small fraction of

the exosome associates with AUBPs. Most importantly, and TTP are involved in decay of ARE-RNA, probably
through their ability to recruit the exosome to the RNA.AREfos RNA was much more stable in the poly(U)-

depleted S100 than in the poly(G)-depleted S100 (Fig-
ures 6C and 6D). Therefore, AUBPs are required for Discussion
degradation of ARE-RNAs.

Recombinant AUBPs were added to the poly(U)- The rate of mRNA degradation is controlled via cis-
acting elements within the mRNA molecule (Ross, 1995).treated S100 and their effect on ARE-directed RNA de-

cay was examined. While no significant degradation of The major cis-element responsible for rapid turnover of
inherently unstable mammalian mRNAs is the AREAREfos RNA was observed upon addition of HuR or AUF1,

addition of KSRP or TTP reconstituted degradation of (Shaw and Kamen, 1986; Chen and Shyu, 1995). The
mechanism by which the ARE acts remains elusive. UsingAREfos but had no effect on E4 RNA (Figures 6C and 6D).

Similarly, addition of KSRP or TTP, but not AUF1, to the a cell-free RNA decay system and purified components,
we show that AREs recruit the mammalian exosome, apoly(U)-depleted S100 restored degradation of wtAREtnf

and IL-2 3�UTR RNAs but had no effect on mAREtnf and 3�-to-5� exonuclease, to affect rapid mRNA degradation.
This function requires recognition of AREs by AUBPs,GAPDH RNAs (Figure 6E). To further examine the role

of KSRP and TTP in ARE-directed RNA decay, we per- several of which are shown to interact with the exosome.
To establish the mechanism of ARE-promoted mRNAformed similar experiments using isolated exosomes.

By increasing the RNA input (six times more than the decay, we first examined which pathway mediates de-
cay of adenylated and deadenylated ARE-RNA in theamount used in Figure 4C), no significant decay of AREfos

(C) Nanoelectrospray tandem mass spectrum of a doubly charged peptide extracted from band p11. Sequence tag was assembled from a
series of fragment ions and used to search for a matching pattern.
(D) Nucleotide and predicted amino acid sequences of hMTR3. Peptide sequences identified by mass spectrometry are underlined.
(E) Amino acid sequence alignment of mammalian and yeast Mtr3p.
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Figure 4. The Purified Exosome Promotes Degradation of ARE-RNA

(A) Reconstitution of ARE-RNA decay in exosome-depleted S100s. Mock-depleted (lane 1, NHS) or anti-PM-Scl-depleted (lanes 2–6, anti-PM-
Scl) S100s were supplemented or not (lane 2) with either cytoplasmic (lane 4) or nuclear (lane 6) exosomes or control preparations isolated
from cytoplasmic (lane 3) or nuclear (lane 5) extracts of cells that express TAP tag only. 32P-labeled AREfos or E4 RNAs were added and
incubated for 45 min. The levels of remaining RNA were determined.
(B) Isolated exosomes reconstitute AREfos degradation. Cytoplasmic exosomes (top panel) used in (A) or precipitates of normal rabbit serum
(NRS), anti-hRrp40p, or anti-hRrp46p (bottom panel) were added to exosome-depleted S100 and RNA decay assays were performed. The
amounts of added exosome components were equivalent to those present in mock-depleted S100.
(C) The purified exosome supports rapid AREfos decay. AREfos or E4 RNAs (1 ng) were incubated with 2.5, 5, or 10 �l of purified cytoplasmic
(CE) or nuclear (NE) exosomes or control fractions isolated from cytoplasmic and nuclear extracts of cells expressing TAP fragment only.
RNA decay was assayed in the presence of 10 mM Na2HPO4. Ten microliters of purified exosome fraction are equivalent to 50% of the amount
present in 15 �g of S100.
(D) Immunopurified exosome supports AREfos degradation. 32P-labeled AREfos or E4 RNAs were incubated with NRS, anti-hRrp40p, or anti-
hRrp46p immunoprecipitates in the presence of 10 mM Na2HPO4 and their decay was examined.

cell-free system (Figure 1A). Although we could not di- and substrates with long poly(A) tails (200 nts), AREs
were reported to slightly enhance deadenylation in vitrorectly demonstrate that ARE-RNAs are degraded via

a 3�-to-5� pathway, immunodepletion of the exosome (Ford et al., 1999). However, using RNAs with shorter
poly(A) tails (60 nts), the same authors could not detectresulted in almost complete stabilization of ARE-RNAs

(Figures 1C and 2C). Given the 3�-to-5� exonuclease a reproducible effect of the ARE on deadenylation. The
lack of strong ARE-facilitated deadenylation in vitro mayactivity of the exosome, these results strongly suggest

that the 3�-to-5� decay pathway is responsible for rapid be due to titration of poly(A) binding protein (PABP) by
the large amount of poly(A) RNA added to the reactions,degradation of ARE-RNAs in our system. Interestingly,

removal of the exosome did not substantially interfere which renders the poly(A) tail freely accessible to dead-
enylating enzymes. This suggests that ARE-enhancedwith deadenylation. These results are consistent with

the role of the cytoplasmic exosome in mRNA turnover deadenylation may involve binding of PABP to the po-
ly(A) tail (see below). Regardless of these complications,in yeast (Jacobs et al., 1998; van Hoof et al., 2000b).

Although AREs promote deadenylation in vivo (Shyu et the present results indicate that the exosome is required
for rapid ARE-directed RNA decay. We also found thatal., 1991; Xu et al., 1997), we did not observe such an

effect in our system (Figure 1C). Using HeLa cell extracts the exosome is required for decay of non-ARE-RNAs,
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Figure 5. Physical Interactions between AUBPs and the Exosome

(A) Coimmunoprecipitation of AUBPs with the exosome. Jurkat cytoplasmic extracts were incubated with 32P-labeled AREfos RNA and UV
crosslinked. Proteins were immunoprecipitated with NRS, NHS, anti-hRrp46p, anti-hRrp40p, or anti-PM-Scl, separated by SDS-PAGE and
autoradiographed. Five percent of the total UV crosslinked extract was loaded onto lane 1.
(B) Identification of AUBPs that bind AREfos RNA. Proteins crosslinked to AREfos RNA were immunoprecipitated with antibodies to KSRP, HuR,
or AUF1 and analyzed as described in (A).
(C) KSRP and AUF1, but not HuR, copurify with the exosome. Proteins purified by TAP procedure from either control (TAP) or hRrp4p-TAP-
expressing cells were immunoblotted with antibodies to KSRP, AUF1, or HuR. Total Jurkat cytoplasmic extract was loaded onto lane 3.
(D) Cytoplasmic extracts of hRrp4p-TAP-expressing cells were either untreated (lane 1) or treated (lane 2) with RNase A (0.5 mg/ml) for 30
min at 37�C. hRrp4p-TAP and associated proteins were precipitated with calmodulin beads (CB) or not and analyzed as indicated. Five percent
of nonprecipitated extracts were loaded onto lane 3.
(E) TTP coprecipitates with the exosome. Cytoplasmic or nuclear extracts of 293 cells transiently expressing myc-TTP were immunoprecipitated
with NHS or anti-PM-Scl and analyzed by immunoblotting with anti-myc antibody. Ten percent of the unprecipitated input were loaded onto
lanes 2 and 5.
(F) KSRP binds AREfos RNA. Recombinant KSRP (50 or 100 ng) was incubated with either 32P-labeled AREfos or E4 RNA probes, and UV
crosslinking assays were performed.
(G) Specific binding of KSRP to AREfos RNA. KSRP (100 ng) was incubated with 32P-labeled AREfos RNA in the presence of different amounts
(10- or 50-fold excess) of cold AREfos or E4 RNAs and analyzed by UV crosslinking.

which is rather inefficient and requires prolonged incu- newly identified human exosome component is likely
to be the homolog of Mtr3p. All three of these humanbation (data not shown).

By incorporating a tagged hRrp4p into the human proteins exhibit similarity to E. coli RNase PH and are
therefore likely to be bona fide exosome subunits. Theexosome, we were able to purify it and determine its

composition by mass spectrometry. The human exo- relative paucity of high-molecular weight subunits in
the purified exosome (Figure 3A) could be due to theirsome is similar in structure to its yeast counterpart,

containing at least ten subunits. With the exception of proteolysis during isolation, as we found several bands
recognized by antibodies to each PM-Scl antigen (Fig-hDis3p, we identified human homologs of all yeast exo-

some subunits. Two proteins, previously known as ure 3B). We also identified at least two exosome-associ-
ated proteins. One of which, encoded by the KIAA0052KIAA0116 and OIP-2, were identified as the human ho-

mologs of Rrp42p and Rrp43p, respectively. Another open reading frame, is homologous to yeast Ski2p and
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Figure 6. AUBPs Are Required for Exosome-Mediated ARE-RNA Decay

(A) Depletion of AUBPs by poly(U)-agarose. Jurkat S100s were incubated with either poly(G)- or poly(U)-agarose beads. Supernatants were
examined by UV crosslinking assays using 32P-labeled AREfos RNA.
(B) Exosome components are not removed by either poly(G)- or poly(U)-agarose. Poly(G)- or poly(U)-depleted supernatants were analyzed by
immunoblotting with antibodies to exosome components.
(C) Degradation of AREfos RNA is AUBP dependent. 32P-labeled AREfos or E4 RNAs were incubated with poly(G)- (lanes 1 and 2) or poly(U)-
(lanes 3–12) depleted S100s supplemented or not with 25 or 100 ng of recombinant AUBPs, as indicated. Levels of remaining RNA were
examined.
(D) KSRP and TTP restore degradation of AREfos RNA. 32P-labeled AREfos RNA was incubated with poly(G)- or poly(U)-depleted S100s in the
presence of GST (100 ng), KSRP (100 ng), or GST-TTP (25 ng) and its decay was examined.
(E) KSRP and TTP stimulate degradation of ARE- but not of non-ARE-RNAs. 32P-labeled wtAREtnf, mAREtnf, IL-2 3�UTR, or GAPDH RNAs were
incubated with poly(U)-depleted S100 supplemented or not with 25 or 100 ng of recombinant AUBPs, as indicated. Levels of remaining RNA
were examined.
(F) KSRP or TTP stimulate degradation of AREfos by the exosome. 32P-labeled AREfos or E4 RNAs (6 ng) were incubated with purified cytoplasmic
exosome in the absence or presence of AUF1, TTP, or KSRP (12.5 or 25 ng) and levels of remaining RNA were examined.



Mechanism of Rapid mRNA Turnover
461

Mtr4p that are believed to interact with the exosome and decay (Fan and Steitz, 1998; Peng et al., 1998; Ford et
provide it with RNA helicase activity. The other protein, al., 1999). No HuR could be detected in purified exosome
MPP-6, was previously identified as a protein phosphor- preparation (Figures 5C and 5D, and unpublished data).
ylated during mitosis. The functional relationships of Thus, the stabilizing activity of HuR may be due to its
these proteins to the mammalian exosome remain to be inability to recruit the exosome to ARE-RNAs.
explored. Whether the exsome is involved in 3�-to-5� decay of

The purified exosome restored rapid degradation of ARE-RNA in vivo awaits further investigation, but prelim-
ARE-RNAs when added to exosome-depleted extracts. inary results suggest that partial inhibition of exosome
Similar activity was exhibited by purified cytoplasmic subunit synthesis using antisense RNA results in stabili-
and nuclear exosomes in the absence of other added zation of ARE-RNA in living cells (unpublished data).
components. The ability of the exosome to discriminate Most importantly, the cell-free decay system used in
between ARE-RNAs and non-ARE-RNAs was unantici- the present study has proven to be invaluable for investi-
pated, and indeed, additional experiments have shown gating the mechanistic aspects of mammalian mRNA
that discrimination depends on the presence of AUBPs, turnover. Despite a few discrepancies, this system is
several of which copurify with the exosome. The pres- able to reproduce several aspects of mRNA turnover
ence of AUBPs in purified exosome preparations was observed in vivo, such as ARE-facilitated mRNA decay
demonstrated by UV crosslinking and immunoblotting and decapping, as well as signal-induced mRNA stabili-
experiments. However, it should be noted that no AUBP zation (Ford, et al., 1999; Chen et al., 2000; Gao, et al.,
could be identified as an abundant exosome-associated 2000, 2001). Although the mechanism by which AUBPs
protein by mass spectrometry. Indeed, immunoprecipi- promote decay of ARE-RNAs deserves further investiga-
tation experiments have revealed the association of the tion, we can propose a simple working model that is
exosome with only a fraction of the total pool of KSRP consistent with currently available results. Binding of
and even a small portion of total AUF1. However, the some AUBPs to AREs may alter the interactions be-
small amounts of associated AUBPs are functional and tween PABP and the poly(A) tail or between cap binding
account for the exosome ability to preferentially target proteins and the 5� cap, thereby providing access to the
ARE-RNAs. Indeed, depletion of AUBPs with poly(U) poly(A) ribonuclease (PARN) and the decapping enzyme
beads prevented preferential degradation of ARE-RNAs (Gao et al., 2000, 2001; Wilusz et al., 2001). Alternatively,
by the exosome. Furthermore, the use of higher amounts AUBPs may recruit PARN and the decapping enzyme
of RNA substrates in the decay experiments, which is to the RNA substrate. At the same time, AUBPs, such
likely to titrate residual AUBPs, resulted in stabilization as TTP and KSRP, recruit the exosome to the vicinity
of ARE-RNAs. Under these conditions, addition of at of ARE-RNAs to initiate degradation of the RNA body
least two recombinant AUBPs, KSRP and TTP, to puri- after deadenylation is completed. Alternatively, AUBPs
fied exosome preparations restored the preferential and recruit a large, but loosely assembled, degradative ma-
rapid degradation of ARE-RNAs. Interestingly, the effect chinery containing PARN, the decapping enzyme, and
of either KSRP or TTP on exosome-mediated degrada- the exosome. This recruitment-based mechanism ex-
tion of certain ARE-RNAs was biphasic. Most likely, plains why ARE-RNAs are preferentially degraded and
small amounts of either protein suffice for effective re- why they are stabilized upon ARE removal. The present
cruitment of the exosome to ARE-RNA, but higher results also suggest that AUBPs may be important tar-
amounts may prevent such recruitment through titration gets for some of the signaling pathways by which extra-
of AUBP binding sites on both the exosome and the cellular stimuli stabilize ARE-RNAs.
RNA substrate. Similar to yeast, decay of mammalian mRNAs is initi-

KSRP was originally identified as a component of pro- ated via deadenylation (Shyu et al., 1991). Unlike yeast,
tein complex assembled on an intronic c-src enhancer in which both 5�-to-3� and 3�-to-5� decay pathways exist
required for neuronal-specific splicing (Min et al., 1997). (Tucker and Parker, 2000), the subsequent steps of
We found that KSRP is also an exosome-interacting

mammalian mRNA turnover have not been elucidated
AUBP capable of promoting ARE-mediated decay, at

in vivo. We show that the exosome is responsible for
least in vitro. The other protein shown to have such an

3�-to-5� decay of ARE-RNAs in vitro. If they can be ex-activity, TTP, is well established as a stimulator of ARE-
trapolated to intact cells, these results suggest that themediated mRNA turnover in vivo (Lai et al., 1999;
3�-to-5� pathway may be the predominant decay path-Stoecklin et al., 2000; Ming et al., 2001). Both KSRP and
way of ARE-RNAs. As recent results suggest that ARE-TTP do not stimulate degradation of substrates lacking
mediated mRNA decay may exist in yeast (Vasudevanfunctional AREs. Surprisingly, recombinant AUF1 did
and Peltz, 2001), it is important to identify AUBPs in thisnot enhance ARE-mediated mRNA decay in the recon-
organism and determine their potential involvement, asstituted system, although it was reported to do so in
well as that of the exosome, in this phenomenon. Thevivo (Loflin et al., 1999). However, we cannot exclude the
availability of a biochemical system based on purifiedpossibility that the recombinant form of AUF1, although
components and genetic studies in yeast should facili-having ARE binding activity (data not shown), was not
tate the analysis of AUBP function and determination ofproperly folded or posttranslationally modified. The
the molecular basis for both stabilizing and destabilizingstructural basis for the interaction of AUBPs with the
activities.exosome has not been determined. These interactions,

although RNA independent, could be direct or indirect
Experimental Procedures

and may be mediated by a specific exosome targeting
sequence motif. Needless to say, this is an important Plasmids
topic for further investigation. At least one AUBP, HuR, DNAs used to produce RNA substrates were subcloned into pCY2,

a derivative of pSP64poly(A) (Promega), in which a linker [5�-GGTACwas shown to promote RNA stabilization rather than
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CCTCGAG(AAAAAA)10GAATTC-3�] was inserted between the SacI (GIBCO) at room temperature for 2 hr. Supernatants were diluted
to 4 ml with calmodulin binding buffer (10 mM �-mercaptoethanol,and EcoRI sites. DNA fragments containing the 3� UTR of IL-2 (590–

780 nt) or GAPDH (580–810 nt) were subcloned between the HincII 10 mM Tris-Cl [pH 8.0], 150 mM NaCl, 1 mM Mg-acetate, 1 mM
imidazole, 2 mM CaCl2, and 0.1% NP40), 100 �l of calmodulin beadsand KpnI or HindIII and XbaI sites of pCY2, respectively. AREfos and

E4 were constructed by inserting linkers containing the ARE of (Stratagene) were added, and incubated at 4�C for 2 hr. After wash-
ing, bound proteins were eluted (five times, 200 �l each) with cal-c-fos mRNA (Xu et al., 1997) and a non-ARE sequence (5�-TTATGTT

GAATGTTAAATATAGTATCTATGTAGATTGGTTAGTAAAACT-3�) be- modulin elution buffer (10 mM �-mercaptoethanol, 10 mM Tris-Cl
[pH 8.0], 150 mM NaCl, 1 mM Mg-acetate, 1 mM imidazole, and 2tween the HindIII and SacI sites, and PstI and XbaI sites of pCY2,

respectively. Linkers containing the ARE of TNF� mRNA, 5�-ATTAT mM EGTA, 0.1% NP40).
The 78 kDa RNA binding protein (p78) was purified using estab-TTATTATTTATTTATTATTTATTTATTTAATATT-3, or its mutant ver-

sion, in which the underlined TT dinucleotides were changed to GG, lished procedures (Chen et al., 2000). Jurkat cytoplasmic extract
(250 mg protein) was loaded on a 5 ml HiTrap SP column. Afterwere subcloned between the HindIII and XhoI sites of pCY2. DNA

fragment encoding calmodulin binding peptide, TEV protease rec- washing, proteins were eluted with 100 ml buffer with a linear 100
mM to 1 M KCl gradient, and p78 was identified by UV crosslinkingognition sequences, and two IgG binding units of protein A was PCR

amplified from pBS1479 (from B. Seraphin at EMBL-Heidelberg) and assay using IL-2 3�UTR RNA as a probe. Fractions containing p78
were pooled and subjected to gel filtration chromatography. Peaksubcloned between the XhoI and XbaI sites of pcDNA3 to obtain

pcDNA3-TAP, into which a PCR fragment containing the coding region p78 fractions were pooled and subjected to RNA affinity chromatog-
raphy using IL-2 3�UTR as a ligand (Chen et al., 2000).of hRRP4 was subcloned inframe between the EcoRV and XhoI sites.

The myc-tagged TTP vector was described (Stoecklin et al., 2000). Purified proteins were concentrated by Centricon YM-10 (Amicon)
and analyzed by SDS-PAGE, followed by silver staining. ProteinConstruction of plasmids expressing GST-AUF1 and GST-TTP will be

described elsewhere (X.-F Ming and C. Moroni, personal communica- bands were excised and subjected to in-gel reduction, alkylation,
and tryptic digestion. Digests were desalted and concentrated ontion). pBac-KSRP was constructed by subcloning EcoRI-NotI frag-

ment, lacking the first 46 amino acids of human KSRP (Min et al., a microcolumn packed into GELoader tips (Wilm and Mann, 1996).
Peptides were eluted with 1 �l 50% methanol in 5% formic acid1997), into the same sites of pAcHLTA (Pharmingen).
directly into a nanospray needle and the eluate subjected to MS
and MS/MS analysis on a QSTAR Pulsar quadrupole time-of-flightPreparation of Substrates and In Vitro RNA Decay
tandem mass spectrometer (AB/MDS-Sciex, Toronto, Canada)and UV Crosslinking Analysis
equipped with a nanoelectrospray ion source (MDS Proteomics).Plasmids were linearized with EcoRI or XhoI and used to produce
Proteins were identified by searching peptide sequence tags, de-internally 32P-labeled RNA substrates (Chen et al., 2000). When
rived from fragment ion spectra of selected peptides, against theEcoRI-linearized plasmids were used, RNAs containing a poly(A)
nonredundant protein database maintained and updated regularlytail of 60 residues followed by a G were obtained. XhoI-linearized
at the European Bioinformatics Institute (EBI, Hinxton, UK) usingplasmids yield identical RNAs lacking a poly(A) tail. For 5� or 3�
the program PepSea (MDS Proteomics).end labeling, unlabeled RNA was prepared, and following alkaline

phosphatase treatment, was labeled as described (Caruccio and
Ross, 1994) and gel purified. In vitro analysis of RNA decay and Recombinant Proteins and Antibodies
S100 preparation from Jurkat cells were described (Chen et al., GST- and histidine-tagged proteins were produced in BL21(DE3)
2000). Typically, 32P-labeled RNA (0.5 ng) was incubated with S100 cells and purified on GSH-Sepharose 4B (Pharmacia Biotech) and
(15 �g) in 25 �l buffer containing 100 mM KCH3COOH, 2 mM Ni-NTA (Qiagen) resins, respectively. Histidine-tagged KSRP was
Mg(CH3COOH)2, 10 mM Tris (pH 7.6), 2 mM DTT, 10 mM creatine expressed in Sf9 cells and purified by Ni-NTA chromatography. Anti-
phosphate, 1 �g creatine phosphokinase, 1 mM ATP, 0.4 mM GTP, hRrp4p, anti-hRrp40p, anti-hRrp41p, anti-hRrp46p, and anti-KSRP
and 0.1 mM spermine. UV crosslinking was performed by incubating were described (Min et al., 1997; Mitchell et al., 1997; Brouwer et
extract (10–20 �g) and 32P-labeled RNA in a 20 �l RNA binding buffer al., 2001). Autoimmune sera from PM-Scl patients and polyclonal
(Chen et al., 2000) at room temperature for 20 min; 100 U of RNase anti-PM-Scl75 antibodies were also described (Alderuccio et al.,
T1 were added, the samples incubated at 37�C for 15 min, followed 1991). Monoclonal antibody to HuR and anti-AUF1 were provided
by UV irradiation, treatment with RNase A (200 �g per reaction), and by H. Furneaux and G. Brewer, respectively.
SDS-PAGE separation or immunoprecipitation.
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