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Eukaryotic gene expression is a complex, multistep process that needs to be executed with high fidelity and two
general methods help achieve the overall accuracy of this process. Maximizing accuracy in each step in gene
expression increases the fraction of correct mRNAs made. Fidelity is further improved by mRNA surveillance
mechanisms that degrade incorrect or aberrant mRNAs that are made when a step is not perfectly executed.
Here, we review how cytoplasmic mRNA surveillance mechanisms selectively recognize and degrade a
surprisingly wide variety of aberrant mRNAs that are exported from the nucleus into the cytoplasm.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

One way to increase the accuracy of gene expression is to optimize
each step to ensure that only the correct gene product is made. However,
despite the high fidelity of RNA polymerase, splicing etc., abnormal
transcripts are still created (e.g. [1-6]). For example, transcription can
generate RNAs that are non-coding [1,5,6], mistakes during splicing can
result in transcripts with retained introns and/or skipped exons [2,3],
and mistakes during polyadenylation can result in mRNAs that have a
poly(A) tail added within the coding region [4,7] or have an abnormally
long 3'UTR. Therefore, to further increase the fidelity of gene expression,
mRNA surveillance pathways have evolved to selectively recognize and
degrade abnormal transcripts. Messenger RNA surveillance pathways
are responsible for decreasing the production of the aberrant and
dominant-negative proteins encoded by abnormal mRNAs [8,9].
Furthermore, these pathways are diverse and can occur either within
the nucleus or cytoplasm. In this review, we will highlight emerging
roles of the cytoplasmic degradation machinery in yeast mRNA
surveillance pathways. The nonsense-mediated mRNA degradation
(NMD) pathway and nuclear RNA surveillance will not be discussed in
detail here because several good reviews have recently been written on
these two topics, including some in this volume [6,10-14].

1.1. Pathways of normal mRNA degradation

Studies using the yeast Saccharomyces cerevisiae have identified two
major cytoplasmic degradation pathways for normal mRNAs (Fig. 1). All
of the enzymes required for these two pathways are conserved in other
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eukaryotes, suggesting that the pathways of mRNA decay are also
conserved. Messenger RNA degradation is initiated by gradual removal
of the poly(A) tail [ 15-18], a process which is normally carried out by the
3" exonuclease Ccr4p, but also by Pan2p, at a slower rate [17,19-21]. In
the absence of both Ccr4p and Pan2p, poly(A) tails are stable, suggesting
that there are no other enzymes that can substitute for this function [17].
Removal of the poly(A) tail triggers two mRNA degradation pathways. In
the first pathway, the 5' cap is removed by the Dcp1p/Dcp2p complex
[22-29]. Decapping of the mRNA triggers degradation of the transcript
from the 5' end by Xrn1p, a 5' exoribonuclease [24,30,31]. In the second
pathway, the body of the transcript is degraded from the 3' end by a
multi-subunit 3" exoribonuclease termed the exosome [32-34]. The
exosome has both nuclear and cytoplasmic functions, both requiring
additional factors [ 14,35]. For example, Ski2p, Ski3p, Ski7p and Ski8p are
required for all cytoplasmic exosome functions [36-39]. As detailed
below, mRNA surveillance utilizes the same enzymes for mRNA decay,
but variations of the general mRNA decay pathway result in increased
degradation rates of aberrant mRNAs.

2. Nonstop mRNA decay
2.1. Nonstop mRNA decay mechanism

Nonstop mRNA decay selectively degrades transcripts that lack all
in-frame termination codons [4,40]. While nonstop mRNA decay is
conserved in other eukaryotes, the mechanism has been primarily
studied in yeast. In the current model for nonstop mRNA decay, the
translating ribosome translates to the end of the poly(A) tail of a
nonstop mRNA and stalls (Fig. 2). The stalled ribosome is hypothesized
to be recognized by Ski7p, possibly because of the absence of a codon in
the A-site of the ribosome. Recognition by Ski7p recruits the exosome
to the nonstop mRNA, resulting in degradation of the transcript.
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Fig. 1. Pathways of normal mRNA degradation. Normal mRNAs are degraded by two
general mRNA degradation pathways. In the first pathway, following removal of the
poly(A) tail, mRNAs are decapped by the Dcp1/2p complex and degraded by Xrn1p. In a
second pathway, deadenylation is followed by degradation of the body of the mRNA
from the 3' end by the exosome.

Several lines of evidence support the current model. First, it is
likely that the translating ribosome stalls at the end of a nonstop
transcript. Nonstop mRNAs remain physically associated with ribo-
somes when used in in vitro translation reactions, while ribosomes
dissociate from mRNAs that contain a stop codon [41]. Stalled
ribosome-mRNA complexes have been useful tools in studying the
sorting of nascent proteins, and are surprisingly stable, as they can be
purified by sucrose gradient centrifugation or gel filtration [41-43].
Thus, unlike DNA or RNA polymerases, ribosomes do not simply
dissociate when they reach the end of a template, which implies that a
specific factor (perhaps Ski7p) is necessary for disassembly of the
ribosome. Similarly, the bacterial ribosome needs trans-acting factors
to dissociate when it reaches the end of a nonstop mRNA (i.e. tmRNA
and SmpB; [44]).

Second, nonstop mRNA decay requires active translation. Nonstop
mRNAs are stabilized in wild type yeast cells treated with a trans-
lational inhibitor, and in mutant cells depleted of charged tRNAs [4].
More importantly, translation of the nonstop mRNA itself is needed:
nonstop mRNA decay is prevented when a stop codon is inserted
close to the poly(A) tail [4], and when a stable structure in the 5'UTR
prevents its translation (unpublished data).

Third, a nonstop PGK1pG reporter mRNA was stabilized in yeast
strains lacking cytoplasmic exosome function, suggesting that the
exosome degrades nonstop mRNAs [40]. In contrast, mutations inactivat-
ing the decapping enzyme or the 5' to 3' exoribonuclease, Xrn1p, have
large effects on the degradation of normal mRNAs [22,24,30,31], but do
not detectably affect the stability of the nonstop PGK1pG mRNA [4].

Fourth, based on sequence similarity, Ski7p is a likely candidate
for recognizing the stalled ribosome at the end of a nonstop mRNA.
The C-terminal domain of Ski7p is homologous to translation factors
eEF1A and eRF3 [36,45]. Because eEF1A interacts with the ribosome
when the A-site contains a sense codon and eRF3 interacts with the
ribosome when the A-site contains a stop codon, it is proposed that
the homologous domain of Ski7p interacts with the ribosome when
the A-site is empty. This hypothesis is supported by the observation
that deletion of the C-terminal domain of Ski7p inactivates the
nonstop mRNA decay pathway without affecting other exosome
functions [40].

Fifth, the N-terminal domain of Ski7p interacts with the exosome,
and with additional exosome cofactors [36,46]. This domain is
required for both nonstop mRNA decay and other cytoplasmic
exosome functions [40]. Importantly, a point mutation in the exosome
that disrupts its interaction with Ski7p also blocks nonstop mRNA
decay [40], confirming that the interaction between Ski7p and the
exosome is functionally important.

Interestingly, two observations suggest that degradation of non-
stop mRNAs does not involve a distinct deadenylation phase by
dedicated deadenylases such as Ccr4p or Pan2p. Deletion of the major
deadenylase stabilizes normal mRNAs [17], but has no effect on the
stability of nonstop mRNAs [4]. In addition, only fully adenylated
nonstop mRNAs were detected in wild type cells, and fully adenylated
mRNAs are stabilized in SKI7 mutant cells [40]. The conclusion that
the exosome degrades the poly(A) tail on nonstop mRNAs is surprising
since the exosome is incapable of degrading the poly(A) tail on normal
mRNAs, as shown by a complete absence of deadenylation in a ccr4A
pan2A double mutant [17].

Although the mechanism of nonstop mRNA decay has primarily
been studied in yeast, some aspects appear to be conserved. Multiple
observations suggest that human nonstop mRNAs are less stable than
their wild type counterparts. First, the mRNA level of a nonstop
version of mouse B-glucoronidase introduced into HeLa cells is two-
fold lower than the level for the corresponding normal mRNA [4],
while a nonstop version of a-globin was shown to be rapidly degraded
(a-NS, t12=2 h compared to 11.5 h for WT) [47]. Second, at least some
nonstop mRNAs are increased in abundance after inhibition of
translation [4,48]. Third, an a-globin reporter gene lacking all in-
frame stop codons is degraded without any detectable deadenylation
intermediates [47]. Thus, the dependence on translation and the
independence of a distinct deadenylation phase appear to be conserved
aspects of nonstop mRNA decay.

According to the model for nonstop mRNA decay (Fig. 2), at least
one round of translation is needed to target a nonstop mRNA for
degradation by the exosome, which raises two important, partially
answered questions. The first question is whether the translation rate
of a nonstop mRNA is the same as for a control mRNA. Several studies
have hinted that translation of nonstop mRNAs is inefficient, but a
detailed molecular mechanism has not been described [49-51].
Second, the fate of the protein produced from a nonstop mRNA is
also unclear. Reports from two groups indicate that nonstop proteins
may be targeted for proteolysis by the proteasome. Inhibitors of the
proteasome increased the levels of the protein encoded by nonstop
mRNAs [50], and a screen to identify trans-acting factors in nonstop
mRNA decay uncovered three mutations that inactivate the protea-
some [52]. Interestingly, the effects of the proteasome and Ski7p are
additive, suggesting that recognition of the stalled ribosome by Ski7p
is not required for the rapid degradation of the encoded protein [52].
On the contrary, in bacterial cells recognition of the stalled ribosome
by tmRNA is an integral part of targeting the encoded protein for rapid
degradation [44]. One possibility is that translation of the poly(A) tail
into a poly-lysine tail on the protein is the signal that targets the
protein for rapid decay. Consistent with this hypothesis, a poly-lysine
tail encoded at the end of an ORF can significantly reduce the amount
of the protein produced [50]. However, it is not entirely clear whether
this effect is specific for poly-lysine, as it seems likely that a random
sequence added to the C-terminus of a protein could also destabilize
the protein. Important in this respect, most of the nonstop reporters
that have been studied were made by a point mutation in the stop
codon. Thus, the proteins contained the amino acid sequence that is
encoded in what was the 3'UTR, as well as a poly-lysine tail. Clearly,
more work is needed to determine the features of nonstop mRNAs
that target the encoded protein to the proteasome, and whether rapid
proteolysis is a specific part of the nonstop mRNA pathway, or reflects
non-specific degradation of proteins with improperly folded C-terminal
extensions.

2.2. Premature polyadenylation generates nonstop mRNAs

One method of generating a nonstop transcript is by premature
polyadenylation upstream of the stop codon [4,7].1.2% of random yeast
cDNA clones and 0.7% of human cDNAs were prematurely polyadeny-
lated [4,53]. Since nonstop mRNAs are less stable than normal mRNAs,
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Fig. 2. Model of nonstop mRNA degradation in yeast. Transcripts that lack all in-frame
termination codons (nonstop mRNAs) cause the translating ribosome to stall at the 3'
end of the message. The stalled ribosome is recognized by the C-terminal domain of
Ski7p. The N-terminal domain of Ski7p recruits the exosome, providing a physical link
between the nonstop mRNA and the exosome, which facilitates rapid degradation of the
transcript. Nonstop mRNAs may also be translationally repressed, or the encoded
protein may be targeted to the proteasome; however, the significance and mechanisms
of these two aspects are not yet clear.

this suggests that perhaps 5% to 10% of the time, the cleavage and
polyadenylation machinery acts prematurely [4]. Prematurely poly-
adenylated mRNAs are not readily detectable by standard methods
such as Northern blotting because of the instability of these transcripts,
and because each individual premature polyadenylation site is used
infrequently. The recent observation that truncated poly(A)+ mRNAs
accumulate when the Arabidopsis exosome is inactivated is consistent
with the hypothesis that exosome-mediated decay of prematurely
polyadenylated mRNAs is a conserved pathway [54].

Premature polyadenylation can also serve as a method of gene-
specific regulation. In S. cerevisiae, 0.8% of all open reading frames
contain a cryptic polyadenylation site upstream of the normal
termination codon [4]. Cryptic sites could be favored over the normal
poly(A) site under various conditions to down-regulate the expression
of the normal mRNA [55,56]. This implies that premature polyadenyla-
tion, coupled with nonstop mRNA decay, could serve to down-regulate
many genes.

One example of how premature polyadenylation is used to modulate
gene expression occurs in the RNA14 gene in yeast. RNA14 encodes a
protein required for cleavage and polyadenylation [57]. If Rnal4p is
abundant, the cleavage and polyadenylation machinery efficiently
recognizes a polyadenylation site within the RNA14 ORF, thus down-
regulating further Rna14p synthesis [58]. Similar premature polyade-
nylation mechanisms operate in other organisms in genes encoding
cleavage and polyadenylation factors [59], suggesting that premature
polyadenylation of such genes is a common feed-back regulation
mechanism. In some organisms, premature polyadenylation within an
intron generates an mRNA with a stop codon in the partially retained
intron. In contrast, since the premature polyadenylation occurs within a
yeast ORF, a nonstop mRNA is generated. Therefore, nonstop mRNA
decay likely increases the effectiveness of this feed-back regulation loop
by reducing the accumulation of truncated proteins.

2.3. Nonstop mRNA decay and human disease

It is estimated that ~30% of all genetic disorders result from the
generation of a transcript that is targeted for NMD. Although nonstop

mRNA decay has not been extensively studied in human cells, some
data indicate that nonstop mutations contribute to disease. For
example, mutations in the stop codons of APRT and GPR54 cause
2,8-dihydroxyadenine urolithiasis [60] and idiopathic hypogonado-
trophic hypogonadism [61], respectively. In both cases, the normal
stop codon is mutated, which results in nonstop mRNAs that are
reduced in abundance when compared to unaffected human subjects.
Importantly, the mutant GPR54 protein is partially functional after
being overexpressed in mammalian cell lines [61], suggesting that
drugs that block nonstop mRNA decay could provide effective
treatment. In other disease alleles, nonstop mRNAs are generated by
mutations within the coding region. In nonstop Factor X and o-GalA,
small deletions within the coding region move the normal stop codon
out of frame, resulting in hemophilia [62] and Fabry disease [63],
respectively. A mutation of a splice site in RPS19 generates a nonstop
mRNA by skipping the exon that contains the stop codon, which
causes Diamond Blackfan anemia [48]. These cases demonstrate that
nonstop mRNAs can be generated by a variety of mutations. Im-
portantly, disease appears to be caused by a reduction in the mRNA
and protein level, rather than an altered protein, and thus nonstop
mRNA decay likely contributes to disease.

3. No-go mRNA decay

Pseudoknots, rare codons, or stem-loops within an open reading
frame cause the translating ribosome to stall. Transcripts with stalled
ribosomes are degraded by the no-go mRNA surveillance pathway. In
the current model for no-go mRNA decay, a stalled ribosome within the
coding region of the no-go transcript is thought to recruit Dom34p and
Hbs1p (Fig. 3; [64]). Dom34p and Hbs1p are homologous to eRF1 and
eRF3, respectively, suggesting that they may function to recognize
stalled ribosomes. Interaction of Dom34p and Hbs1p with the stalled
ribosome is thought to trigger endonucleolytic cleavage of the no-go
mRNA. The resulting 5' cleavage product is degraded by the cytoplasmic
exosome, while the 3' cleavage product is degraded by the 5'
exoribonuclease, Xrn1p. Consistent with this model, an xrn1A strain
accumulates the expected 3' cleavage product, but deleting DOM34
from this strain prevents this accumulation [64]. Likewise, a strain
lacking cytoplasmic exosome activity accumulates the expected 5'
cleavage product, and deleting DOM34 from this strain prevents this
accumulation [64]. Similarly, mutants in HBS1 show drastically reduced
levels of no-go mRNA decay intermediates, but hbs1A is not as effective
as dom34A, implying that Hbs1p may not play as great a role as Dom34p
in this pathway [64]. Consistent with this observation, recent structural
work suggests that Dom34p is responsible for endonucleolytic cleavage
of no-go mRNAs [65]. The X-ray crystal structure of archaeal and yeast
Dom34p revealed that it is composed of three domains [65,66]. While
domains two and three were similar to eRF1, domain one shared no
structural similarity with eRF1, but instead is similar to the Sm-fold
[65,66]. Interestingly, the key residues of eRF1 that recognize the stop
codon are in domain one, and the absence of this domain readily
explains why Dom34p does not recognize ribosomes with a stop codon
in the A-site. Instead, domain one of Dom34p contains four conserved
acidic amino acid residues, reminiscent of some nucleases. The
observation that Dom34p copurifies with endoribonuclease activity
that is dependent on one of the acidic residues [65] suggests that
Dom34p may be the endonuclease in no-go mRNA decay. However, it
has not yet been shown that no-go decay is abolished if the putative
active site of Dom34p is mutated.

Ribosomes can also be stalled because of aberrancies within the
ribosome. Mutations in ribosomal RNAs result in the assembly of
nonfunctional ribosomes that are preferentially degraded through the
nonfunctional ribosome decay pathway (NRD) [67]. Thus, in the case of
no-go decay, a stalled ribosome leads to mRNA decay, while in NRD, a
stalled ribosome leads to rRNA decay. Yet in other cases of ribosomal
stalling, yeast mRNAs are stabilized. (e.g. treatment with cycloheximide
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Fig. 3. Model for no-go mRNA decay in yeast. Stem-loop structures, pseudoknots, and
rare codons cause the translating ribosome to stall within the coding region of an
mRNA. The stalled ribosome is recognized by the Hbs1p/Dom34p complex. Subse-
quently, the mRNA is cleaved endonucleolytically, generating 5' and 3' fragments that
are degraded by the exosome and Xrn1p, respectively.

or depletion of charged tRNA in a ccal-1 strain [68,69]). Thus, an
important question yet to be addressed is how the cellular machinery
distinguishes between whether the mRNA or rRNA in a stalled complex is
defective, or whether in both cases both mRNA and rRNA are degraded.

An interesting aspect of the relationship between nonstop and no-go
decay is that Ski7p and Hbs1p are a pair of duplicated genes inyeast [ 70],
whereas most other eukaryotes have only one homolog. This raises the
question whether this single homolog in other eukaryotes functions in
nonstop decay, no-go decay, or both. The single Ski7p/Hbs1p homolog
from the related yeast Saccharomyces kluyveri could complement the
growth phenotypes of an HBST mutant and a SKI7 mutant in Saccharo-
myces cerevisiae, suggesting that it can do both nonstop mRNA decay and
no-go mRNA decay [71]. In contrast, the human homolog of Hbs1p/Ski7p
(eRFS; [72]) is unable to complement either an HBST mutant or a SKI7
mutant in Saccharomyces cerevisiae (unpublished data). The most likely
explanation is that human eRFS is nonfunctional when expressed in
yeast, leaving the question whether eRFS can function in nonstop and/or
no-go decay unanswered. The evolutionary history of Hbs1p and Ski7p
suggests the possibility that in most eukaryotes, the single Ski7p/Hbs1p
protein recognizes stalled ribosomes within the coding region and at the
end of an mRNA. This also suggests that in other eukaryotes, nonstop
and no-go mRNA decay may be a mixture of endonucleolytic decay and
exosome-mediated decay.

4. Antiviral activities of mRNA surveillance

Most eukaryotic cells are invaded by RNA viruses and have evolved
various innate immunity mechanisms to specifically recognize and
degrade viral RNAs. Innate immune systems recognize general features
of the viral mRNA, such as dsRNA, RNA with a triphosphate 5' end, or
mRNAs with unadenylated 3' ends. Plants [73], worms [74], flies
[75,76], fungi [77], and mammals [78] have evolved to selectively
recognize viral RNAs as foreign and target them to the RNAi machinery.
In humans, several proteins recognize viral RNA. RIG-I recognizes the 5'
triphosphate-containing RNAs found on some uncapped viral RNAs
[79,80], while dsRNA is recognized by MDA5 [81], PKR [82], TLR3 [83]

and 2'5' A synthetase [84]. None of these antiviral activities have
obvious homologs in yeast, but the 5' and 3' cytoplasmic mRNA decay
machineries exhibit antiviral functions by degrading uncapped and
unadenylated viral RNAs [39,85,86]. This process is best characterized
in yeast but may also occur in other eukaryotes.

The majority of studies of antiviral mechanisms in yeast utilized
the yeast dsRNA L-A virus and its toxin-producing satellite M1 virus to
identify host antiviral factors that control levels of the M1 toxin [87].
These studies identified eight “superkiller” (or ski) genes which are
involved in cytoplasmic mRNA decay [88,89]. The SKI gene products
have also been implicated in controlling viral RNA levels of the
positive-strand, unadenylated Brome Mosaic Virus, suggesting that
this is a general antiviral mechanism [90].

The Ski2-8 gene products are each required for exosome-mediated
mRNA decay (Fig. 1), suggesting the possibility that viral mRNAs are
especially susceptible to exosome-mediated mRNA decay. This was
confirmed by showing that unadenylated mRNAs are rapidly degraded
by the cytoplasmic exosome [86]. In addition, the Ski2-8 gene products
may also control translation of unadenylated mRNAs. This possibility is
based on a series of studies that showed that levels of protein translated
from unadenylated transcripts were increased in ski-strains when
compared to wild type strains without a detectable difference in mRNA
stability [45,85,91-93]. One caveat of these experiments is that they all
used electroporation to introduce adenylated or unadenylated mRNAs
and, consequently, may not mimic what normally occurs in vivo.
Indeed, it was subsequently shown that unadenylated mRNAs that were
not susceptible to 3' to 5' decay were equally translated when
electroporated into wild type or ski mutant cells [39]. Thus, while it is
clear that the SKI gene products control mRNA stability and preferen-
tially degrade unadenylated mRNAs, it is not entirely clear whether they
also control their translation.

Currently, it is not known what targets unadenylated transcripts
for rapid decay by the cytoplasmic exosome. One simple explanation
would be that the poly(A) binding protein, Pab1p, normally protects
mRNAs from exosome-mediated mRNA decay. However, in a pab1A
strain, normal transcripts do not appear to be rapidly degraded by the
cytoplasmic exosome [94]. The main function of the preferential decay
of unadenylated mRNAs is not entirely clear. One possibility is that
unadenylated mRNAs are normally produced by a mistake in gene
expression, and the preferential decay of unadenylated mRNAs has
evolved as an mRNA surveillance pathway that has fortuitous antiviral
activity. A second possibility is that the function of this pathway is
purely antiviral, and that an uninfected cell does not contain any
substrates for this pathway. Yet another possibility is that the main
function of exosome-mediated mRNA decay of unadenylated mRNAs
is to degrade cleavage products of endoribonucleases, such as those
generated during RNAi and no-go mRNA decay [64,95].

5. Cytoplasmic decay of Splice-defective mRNAs

Incorrectly processed pre-mRNAs can be exported to the cytoplasm
[96-98], where they can be translated, and ultimately degraded.
Introns in pre-mRNAs typically contain premature termination codons
that can target these pre-mRNAs to the NMD pathway [99]; however,
not all exported pre-mRNAs are degraded by NMD. Reporter pre-
mRNAs with mutations in the 5' splice site or branchpoint site are
deadenylated, decapped, and degraded from the 5' ends [100].
Interestingly, this decay is independent of the NMD pathway, despite
the presence of multiple premature termination codons within the
intron. Other studies also implicate the 5' cytoplasmic mRNA decay
pathway in the down-regulation of transcripts with retained introns.
For example, in the absence of Mer1p, mRNAs from the MER2, MER3,
and AMAT genes are incorrectly processed, exported to the cytoplasm,
and degraded by the 5' decay machinery. Despite retained introns
containing premature termination codons in all three transcripts, only
MER2 and MER3 were substrates for the NMD pathway [101]. Export of
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pre-mRNA is also a feature of the feed-back regulation of YRA1
expression [102]. When levels of Yralp reach a certain threshold, the
YRA1 pre-mRNA is exported, and degraded by the 5 mRNA decay
machinery. Like the examples mentioned above, the YRAT pre-mRNA
contains a premature termination codon but is not degraded by the
NMD pathway. Instead, it first undergoes Edc3p-mediated activation of
decapping, followed by 5' decay by Xrn1p [103]. It is not yet known if
Edc3pis involved in degradation of only YRA1 pre-mRNA, or of a wider
variety of exported pre-mRNAs. If the latter is true, this could define a
new role for Edc3p in the cell and begin to describe how some pre-
mRNAs are recognized and degraded in the cytoplasm. Cumulatively,
these data show that exported pre-mRNAs are not always degraded by
the NMD pathway, but can be degraded by other pathways that may be
dependent upon Edc3p (Fig. 4).

Two studies show that pre-mRNAs that cannot perform the second
step of splicing, and therefore contain lariat introns, can also be
exported to the cytoplasm for decay. Lariat intermediates from a
reporter mRNA with a mutant 3' splice site are debranched by the
Dbr1p debranching enzyme and then predominantly degraded from
their 5' ends by cytoplasmic Xrn1p [100]. In a second study, cleavage
sites for the Rnt1p endonuclease were identified in a subset of yeast
introns. Lariat intermediates from these genes are first cleaved by
Rnt1p and then degraded in the cytoplasm by Xrn1p [104]. These two
studies show that lariat intermediates that fail to complete splicing
are subject to cytoplasmic mRNA decay from their 5' ends by Xrn1p.
Alternatively, such incorrectly processed mRNAs could also be
targeted to the cytoplasmic exosome (Fig. 4) [100,104].

6. Cytoplasmic decay of transcribed intergenic sequences

Inrecent years it has become evident that large parts of mammalian
genomes are transcribed, however the functions of many unconven-
tional transcripts are unknown [105,106]. In yeast, similar RNAs have
been named cryptic unstable transcripts (CUTs), which are capped and
polyadenylated yet unstable in vivo [1,107]. The degradation of CUTs is
thought to occur by polyadenylation by the poly(A) polymerase Trf4p
and subsequent degradation by the nuclear exosome [1]. However,
recent evidence suggests that some CUTs are exported out of the
nucleus and degraded by the cytoplasmic mRNA decay machinery
[108].

The SRG1 RNA is one example of a non-coding regulatory RNA that
is degraded in the cytoplasm. Transcription of SRG1 produces three
transcripts of different sizes, all of which are polyadenylated. The two
smaller transcripts are exported to the cytoplasm, decapped, and
degraded from their 5' ends by Xrn1p. Similar to some of the pre-
mRNAs mentioned above, these transcripts are degraded independent
of deadenylation and of the NMD pathway. The longer transcript is
also exported into the cytoplasm but is degraded by the NMD pathway
[108].

Microarray analysis of intergenic sequences in various mRNA decay
mutants provided a global idea of how CUTs are degraded in yeast
[108]. Here, the majority of CUTs tested accumulated in cytoplasmic
mRNA decay mutants. The majority showed higher transcript levels in
decapping and cytoplasmic 5' mRNA decay mutants, with a subset of
these affected by mutants in the NMD machinery. In addition, levels of
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Fig. 4. Unspliced and partially spliced mRNAs are exported and degraded in the cytoplasm. Pre-mRNAs can be exported into the cytoplasm where they are degraded either by
nonsense-mediated decay, deadenylation-dependent decapping, or deadenylation-independent decapping. A 3' splice-defective pre-mRNA containing a lariat structure at its 5' end
is debranched in the nucleus by Dbr1p and exported to the cytoplasm where it is degraded by Xrn1p. Alternately, lariat structures can be exported to the cytoplasm and degraded by

the exosome.
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some CUTs were increased in nuclear and cytoplasmic exosome
mutant strains. These data suggest that some CUTs can be degraded in
the nucleus, but that many unstable transcripts are exported to the
cytoplasm where they are degraded by the cytoplasmic mRNA decay
machinery. Interestingly, cytoplasmic degradation of many CUTs is
independent of both deadenylation and NMD, suggesting a yet to be
discovered mRNA decay pathway for these transcripts.

7. Conclusions

Previously, it was believed that the majority of mutant transcripts
were retained and degraded in the nucleus. However, it is becoming
apparent that a significant fraction of aberrant transcripts are exported
to the cytoplasm where they are degraded by various surveillance
pathways. Normal, and most abnormal, transcripts are degraded by the
same RNases, although at very different rates: normal mRNAs are
generally relatively stable, while aberrant mRNAs are rapidly degraded,
in part, because they do not need to be deadenylated before they are
degraded. This suggests that factors exist to provide the mRNA
degradation machinery with specificity for aberrant mRNAs. Some of
these factors have been identified: for example, Upflp, Upf2p and
Upf3p function to recognize mRNAs with early stop codons [109-112],
Ski7p functions to recognize mRNAs without stop codons [40], and
Dom34p and Hbslp function to recognize mRNAs with stalled
ribosomes [64]. For some factors, (i.e. Ski7p, Hbs1p and Dom34p),
hypotheses have been formulated that explain how they recognize
aberrant mRNAs and how they target them for decay. However, the
molecular roles of other factors (i.e. Upf1-3 and Edc3p) are still unclear.
Once the functions of these proteins are uncovered, the method by
which aberrant mRNAs are distinguished from normal mRNAs in a cell
should be uncovered. Furthermore, the intricacies of how aberrant
mRNAs are targeted to degradative enzymes should provide insight into
how unstable normal mRNAs can be targeted for rapid decay.
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