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Current perspectives on mRNA
stability in plants: multiple levels
and mechanisms of control

Rodrigo A. Gutiérrez, Gustavo C. Macintosh and Pamela J. Green

The control of mMRNA stability plays a fundamental role in the regulation of gene expression
in plants and other eukaryotes. This control can be influenced by the basal mMRNA decay
machinery, sequence-specific decay components, and regulatory factors that respond to
various stimuli. Important progress has been made towards the identification of some of
these elements over the past several years. This is true particularly with respect to cis-acting
sequences that control mRNA stability, the identification of which has been the focus of
much of the initial work in the field. Characterization of mRNA fragments associated with
post-transcriptional gene silencing and two plant transcripts that give rise to detectable
decay intermediates have provided insight into the mRNA decay pathways. These, and other
studies, are indicative of similarities, as well as of interesting differences between mRNA
decay mechanisms in plants and yeast — the system that has been used for most of the pio-
neering work. Future studies in this area, particularly when enhanced by emerging genetic
and genomic approaches, have tremendous potential to provide additional knowledge that is
unique to plants or of broad significance.

to changing environmental conditions, requires dhee- with the basal decay machinery.
fully regulated expression of many genes. Although much Most of the recent progress in our understanding of mRNA sta-

of this regulation is exerted at the transcriptional level, podidity in plants has emerged from studies of sequence-specific
transcriptional mechanisms also play a fundamental role. For someognition of transcripts for rapid and/or regulated decay. This
genes, post-transcriptional mechanisms constitute the predomimamtew highlights the current knowledge concerning those
form of control in response to a given stimulus. In other cases,rarclear-encoded transcripts that have been studied in the most
extra level of modulation is provided by post-transcriptional codetail. A discussion about the potential mMRNA decay pathways
trol that increases the flexibility and speed of responses beyaontl also be emphasized because interesting data is emerging in
that which can be achieved through transcriptional regulatitimis important area that underscores the potential of future research.
alone. The control of mRNA stability is one of the most promineffor a more comprehensive presentation of mMRNA stability and
forms of post-transcriptional regulation in eukaryotic cells. Theost-transcriptional control in plants and other eukaryotes see
stability of a particular mRNA determines, to a great extent, iRefs 1-3 and 4,5, respectively.
steady-state levels, and directly affects the rate of its induction or
repression following a change in transcription. Thus, a thorouttolecular determinants of mMRNA stability
understanding of how mRNA stability is controlled is essential f{Gthe decay rate of transcripts in plants appears to be similar to
elucidating how the abundance of endogenous mMRNAs is gdivese observed in other multicellular eukaryotes. Half-lives range
erned and to optimize the accumulation of transgene mRNAsfiam <1 h for unstable messages, to several days for stable tran-
plants for biotechnological applications. scripts, the average being several htufEhe decay rates of some

The molecular components that control mMRNA stability can heanscripts can be rather dynamic, and are modulated by the coor-
considered in three layers (Fig. 1). Recent work in yeast indicatisated integration of internal and external stimuli. What are the
that eukaryotic cells contain RNA-degrading activities and praaolecular determinants that control the half-life of a particular
tein cofactors, which appear to constitute the general or basahscript at any time in the cell? In recent years, research has
MRNA decay machinery responsible for the degradation of mdstused mainly on the identification and characterization of struc-
stable and unstable mMRNAs. Superimposed on this basal machinal features of the mRNA molecule, or on ttis-acting el-
ery are the sequence-specific controls that dictate the inherent staents, which influence mRNA decay rates. These studies show
bility of various mMRNAs, the half-lives of which can vary over &hat general structural elements found at the ends of virtually all
wide range. For those transcripts whose stability changesniRNAs, as well as specific sequence elements located within a
response to exogenous or endogenous stimuli, a third layer of doanscript, can all contribute to the overall stability.
trol must be evoked. This last layer would transduce the signaldn addition to their role as translational enhancers, the 7-
elicited by various stimuli into changes in mRNA turnover. In thimethyl-G cap at the’®nd and the polyadenylate [poly(A)] tail at
conceptual framework, investigation of all three layers is critictle 3 end increase mRNA stability in transient aséaBy elec-
because of their individual importance and the probable inter-refeoporating capped or uncapped mRNAs and mRNAs with or
tionships between them. For example, differential control of thdthout poly(A) tails into tobacco protoplasts, it has been found
stability of a particular mRNA could be mediated by modulatintpat the 5 cap stabilizes reporter transcripts by two- to fourfold

N ormal growth and development, as well as the ability to adjuke activity of a sequence-specific recognition factor that interacts
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designated ATAGAT and GTA regions (named after the invariant
Differentially regulated mRNA stability nucleotides they contain) are critical for DST function. Five- and
six-base substitutions in the ATAGAT and GTA regions, respec-
Stimulus — —= — — — stabilization or destabilization tively, resulted in slower turnover rates in BY-2 cells and higher
reporter transcript accumulation in transgenic tobacco plants
Inherent mRNA stability Two-base substitution mutations within these two subdomains
indicate that the first four bases of the ATAGAT subdomain are
Sequence-specific recognition critical for instability function in tobacco cell culture. Interestingly,
a 2-base substitution in the GTA subdomain inactivates DST
Ultra-stable —— Stable —— Unstable function in transgenic tobacco leaves but not in cell culture. This
(days) (hours) (minutes) suggests that the DST element might be differentially recognized
in different cell types.
Detailed studies ofSAUR gene expression ifrabidopsis
General mechanisms thaliana have been carried out on tBAUR-ACIlgene. Exami-
nation of chimeric gene expression shows that the promoter region
Basal decay machinery is responsible for auxin induction, and that sequences downstream
Fig. 1. A conceptual framework of mRNA stability in eukaryotic of the promoter limit mMRNA accumulation in an auxin-independent

cells. The molecular components that control MRNA stability can bemannet’. Half-life measurements of the transcripts encoded by
considered in three inter-related layers. According to this framework Chimeric genes show that thé BTR acts as a potent mRNA
the underlying layer contains RNA-degrading activities and proteininstability determinant (Fig. 2). Interestingly, th€ AUR-AC13’
cofactors that constitute the general or basal MRNA decay machjner TR contains one canonical DST element and several ATAGAT-
responsible for the degradation of most mRNAs. Superimposefl ofike and GTA-like subdomains that might contribute to mRNA
this basal machinery are the sequence-specific components, feprgstability (Fig. 2). This is intriguing because in previous work
sented by the second layer, tha_t d|ctgte _the inherent sta_b|||ty of difyo copies of the prototype DST element fr&AUR-15Avere
ferent mRNAs. The mRNA half-lives (indicated parenthetically) ¢an peeded to cause instability of a reporter transtriptrther stud-
vary over a wide range, averaging several hours. The third layer o : . S .
control would facilitate the transduction of signals into change in'€S are necessary to investigate th'e con't.rlbutlon that' particular
mRNA turnover, to adjust the stability of transcripts in response toS€qUENCes make 8AUR-ACIMRNA 'n_Stab'I'ty’ and the impor-
exogenous or endogenous stimuli. tance of context for DST element function. Nevertheless, the novel
structure of DST sequences indicates that they might mediate
mRNA decay through a pathway that is novel and unique to plants.
and the poly(A) tail stabilizes reporter transcripts by two- to three-
fold®. Although it is unclear how the cap and the poly(A) tail proAUUUA-repeats
tect a transcript from degradation, an appealing model would Adenylate/uridylate-rich elements (ARES) represent a common
that the physical interaction between the cap and the poly(A) taigterminant of RNA stability in mammalian cells. Transcripts that
via their associated factors [e.g. poly(A)-binding protein, elF4@pntain AREs are selectively targeted for rapid dEcAREs are
elF4E or elF4B], would sequester the ends of the mRNA, protectin§0-150 nucleotides long, usually contain multiple copies of the
them from the action of nucleades AUUUA motif and a high content of uridine, and are located in
Within the body of the mRNA, specific sequence motifs théihe 3 UTR of mMRNAs encoding a variety of proto-oncoproteins,
are present only in a subset of transcripts can either act constittokines and transcription factéisAccordingly, in mammalian
tively to establish the inherent instability (or stability) of a paisystems, AUUUA sequences play important roles in the post-tran-
ticular transcript, or they can modulate the stability of an mRNA 8triptional regulation of gene expression during processes, such
response to certain physiological, developmental or environmas-cell growth, differentiation and the immune response. Because
tal cues. Major examples of both classes of stability determinaifithe significance of AUUUA elements in mammals, a synthetic
are discussed in the following sections. Although they are pretJUUA repeat has been tested for the ability to act as an insta-
sented separately, it should be noted that the division is orgartitity determinant in plants. Reporter transcripts containing 11
ational rather than biological. Some sequences that appear to affggeats of the AUUUA moitif in their 3JTRs are degraded more
MRNA decay rates constitutively, might subsequently be foundripidly in stably transformed tobacco cells and accumulate to a
be regulated under special conditions. Conversely, regulatéoyer level in transgenic tobacco plants than those of the control
sequences might also contribute to inherent stability inlikence construct¥' (Fig. 2). The effect appears to be AUUUA-specific
of stimuli. The characterization of these sequences is alleadiyng because two other sequences with the same size-abidcAntent
to mechanistic insights into how they are recognized in the chfid no effect in parallel experiments. These results indicate that

and how that recognition might be controlled. the mRNA decay pathway mediated by AUUUA repeats might be

conserved between animals and plants. However, the natural tar-
Sequence elements that control inherent mRNA stability gets of the plant AUUUA-mediated decay pathway remain to be
DST (downstream) element identified. Possible candidates include thePRP1transcript

The DST (downstream element) was originally identified asfeom Phaseolus vulgariand theaAmy3transcript fromOryzae
conserved region in thé Bntranslated region (UTR) of the unstasativa Curiously AUUUA repeats have not been reported to
ble small auxin-up RNASAUR transcriptd It consists of three cause instability in yeast.

highly conserved subdomains separated by two variable regions

(Fig. 2). When a synthetic dimer of the soyb&&UR-15ADST  Nonsense codons

sequence is placed in thelBTR of a reporter transcript, its turnoverPremature nonsense codons decrease mRNA stability by activating
is significantly faster than that of a spacer or no-insert control monsense-mediated decay pathways in several eukaryotic systems.
bright yellow-2 tobacco cell line (BY-2) celfs Subsequent mu- The yeast nonsense-mediated decay pathway (the deadenylation-
tational analysis has indicated that two conserved subdomainggpendent decay pathway; Fig. 3) is the best understood pathway
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Sequence element Description Experimental evidence Ref.
Prototype DST element derived from ~40 bp conserved sequence found in the The t,;, of a reporter transcript 10,11
the soybean SAUR 15A gene 3" UTR of SAUR transcripts. Highly containing a dimer of the
conserved residues across different element and a control transcript
species are shaded and invariant have been measured during an
residues underlined. Mutational analysis ActD time course in stably
(€6RgactgacATAGATTggaggagachtElcGiMaata), has identified important residues (bold) transformed BY-2 cells.
for DST function.
SAUR-AC13 UTR The SAUR-AC1 3" UTR includes one The t,;, of chimeric genes have 12
AGTACTATACTACAACATTTCCATATTTTTTTTAGATTGTTAGCTAATTT —DST element (shaded) and several been measured using the
ATAGAT-like (underline) and GTA-like Top10 promoter system in
(upper bar) subdomains that might stably transformed BY-2 cells.
CCCCTGGAGATARTTGTAAATTGTTTCAATGAGAGEARTATACAATA contribute to its instability function.
CATAGATCGTAATTGAT TTGCATGTT
AUUUA is a commonly found motif in The t,;, has been measured 14
AJU rich element A/U-rich instability determinants in the 3 during an ActD time course in
UTRs of mammalian transcripts. stably transformed BY-2 cells.
Endecamer of AUUUA (dotted lines), but
not a related sequence, acts as an
instability determinant in plants.
Premature nonsense codons The effect of nonsense codons in plants The t;;, has been measured 19
has been tested in naturally occurring during an ActD time course in
ATG STOP STOP and in vitro-generated stably transformed BY-2 cells.
| X X phytohemagglutinin genes.
™G L1 | AAAAAAAA(AN
Light responsive element Light-responsive element from ferredoxin 1~ The t,;, has been measured 26
gene spans part of the 5 UTR and the using Top10 promoter in
ATG STOP f|rst_ third oflthe codmg region. Cnpcal transgenic tobacco plants.
X regions for iLRE function are depicted as
N | i I | shaded boxes.
™G AAAAAAAA(A)N
(CATT),
aAmy3 3" UTR (seconday structure prediction) aAmy3 316 bp 3" UTR involved in sugar The t,;, has been measured 30,31
repression. Contains AUUUA-like motifs during an ActD time course in
within an A/U-rich context. Subdomains rice culture cells.
that have been subjected to analysis are
indicated (I, Il and I11). Subdomains | and
/ AAAAAAAA(A)N 11l are critical for sugar repression and
possess a conserved A/U-rich sequence
in the loops.
|
1l
1 Trends in Plant Science
Fig. 2.Summary of sequence elements that control mRNA stability in plantSAUR 15ADST element an8AUR-ACTB’ UTR are representeq
as DNA sequences. Abbreviationg;, half-life; ActD, actinomycin D; BY-2, bright yellow-2 tobacco cell line (NT-1).

at the molecular and genetic levels. Nonsense-mediated decapitmtion codon the greater the likelihood of affecting mRNA
presumably part of a mRNA surveillance system that rapidibundance. The effect of stop codons positioned at a variable distance
removes abnormal mRNASs to prevent the formation of truncatedm the translation start codon of a reporter gene has been directly
or other potentially detrimental polypeptidcd addressed using the initially isolatBtHA allele and othePHA

Initial evidence that nonsense-mediated mRNA decay occurredlieles constructeid vitro'. Measurements of mMRNA decay rates in
plants came from studies conducted on natural alleles of the soylstably transformed tobacco cell lines demonstrate that transcripts
Kunitz trypsin inhibitot” and from bean phytohemagglutinin Awith nonsense codons positioned 20, 40 and 60% of the way through
(PHA) gene&. Cells containing alleles with early stop codons accthe normal coding region yield highly unstable mRNAs, whereas
mulate low levels of MRNA (Refs 17,18) even when transcriptionaltranscript with a nonsense codon at 80% is as stable as the wild
rates were normédl Generally, nonsense codons affect mMRNA abutype. These findings support the idea that plants have a nonsense-
dance in gosition-dependent manner, the closer they are to theediated decay pathway similar to that found in other eukaryotes.
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Fig. 3. The mRNA decay pathways in yeast. The majority of yeast transcripts are degraded by the deadenylation-dependent decapping pathwa
represented in the center. This pathway is initiated by the shortening of the poly(A) tail by an as yet unidentified eteryseadahnylation, the
MRNA becomes a substrate for the decapping enzyme Dcplp. The deadenylated and decapped mRNA is finally degraded toycEmpletion b

a 5 to 3 exoribonuclease. Although this pathway predominates, multiple routes of degradation coexist in yeast cells. For examgitedeaden
mRNAs can also be degraded in'a@5' direction by a complex of at least five exoribonucleases called the exosome (right). A deadenylation-
independent pathway also exists that is known to degrade transcripts with premature nonsense codons. In this pathwafyrgtedyeit
is decapping by Dcplp, followed by Xrnlp degradation. PacMen indicate enzymes that have been cloned, whereas the gltoactisfiiesen
detected solely at the enzymatic level.

Instability of MRNA as a cause of limited expression of are differentially recognized in the different plant systems, which
foreign genes emphasizes the need for detailed knowledge of the particular
Problems encountered while attempting to express some foreigarking system when trying to engineer expression of a heterolo-
genes in plants have further emphasized the importance of undeus gene. These results indicate that one of the major causes of
standing post-transcriptional mechanisms of MRNA accumulatigroor Bt toxin gene expression is the rapid decay of the wild-type
Key examples are thery genes, which encode thgacillus transcripts. Moreover, these results further support the findings
thuringiensis(Bt) insecticidal proteins, which have been introthat A/U-rich sequences can cause mRNA instability in plants.
duced into plants for crop improvement. It has been known forAdditional mechanistic explanations for the poor accumulation
more than ten years that expression of these genes gives rise todittBt-toxin mMRNA in plants have been reported. In particular,
mMRNA in plants, even when they are expressed under the consedjuences within the coding region are recognized as polyadenyl-
of strong plant promoters (reviewed in Ref. 2B)toxin genes ation signals in plants, therefore interfering with the production of
typically have a higher A/T content than dicot and monocétll-length Bt-toxin mMRNAs (Ref. 24). The short transcripts
coding regions. This feature increases the probability that sequemessilting from premature polyadenylation are also unsfable
will be recognized as signals of pre-mRNA processing, mMRNAnother consequence of the AT-richnes®8bfoxin genes is the
decay or other processes that can affect the structure and accdreguent occurrence of codons that are rare in plant genes. A rare
lation of the transcript when expressed in plants. However, tbedon-rich segment from tloeylA(c) Bttoxin gene, or a synthetic
mechanisms that cause poor mMRNA accumulation have beengbguence of rare codons, are not sufficient to destabilize a reporter
subject of controvers§ Estimates oBt toxin mRNA stability in  gene transcript in tobacco cells, or to limit mMRNA accumulation in
electroporated protoplasts led to opposite conclusions regardiramsgenic plants However, rare codons might slow translation
the contribution of mMRNA stability to the podt toxin gene or enhance the effect of mMRNA instability sequences as a conse-
expressioft? This discrepancy was solved recently by determiquence of ribosome pausing, as suggested for the unstatté

ing the mRNA decay rates 8t toxin transcripts in stably trans- transcript from yea3t thereby contributing to the overall low
formed BY-2 cell$. Half-life measurements of transcripts encodedbundance dBt toxin protein.

by the wild-typecrylA(c) gene and a G/C-rich synthetic version

demonstrate that the wild-type mRNA is considerably less staili#gerential control of mRNA stability

than the synthetic one. Moreover, transcriptional rate measutéght modulation

ments confirm that the po8t toxin transcript accumulation is not Light regulation at the post-transcriptional level has been well
because of differences in transcriptional activity. Subsequeriaracterized for the pea photosynthetic electron céeriedoxin
analysis of a set of chimeric genes has shown that the sequeh¢Esd-1) gene (reviewed in Ref. 26). As with many other photo-
that contribute to low mRNA accumulation are found in multipleynthetic geneged-1expression is induced by light, mRNA levels
positions within the coding region. Interestingly, a comparison béing fivefold higher in the light than in darkness. Moreover, the
MRNA accumulation in stably transformed tobacco cells amRNA half-life in transgenic tobacco seedlings is twofold higher
transgenidrabidopsigplants suggests that some of the sequencies transcripts in light versus darkness, demonstrating that light
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regulation occurs through a change in mRNA staBilitA  Biotic stress

sequence element that can confer light responsiveness t@re of the best examples of the modulation of MRNA stability in
reporter gene under the control of a constitutive promoter h&sponse to biotic stress (commonly a result of infection from bac-
been identified within the transcribed region. This internal ligleria, fungi or viruses) has been characterized in common bean
regulatory element (iLRE) spans a portion of th&/5R and the (Phaseolus vulgar)scells. Fungal elicitor treatment of bean cells
first 20 codons of the coding regf8ifFig. 2). Fed-1mRNA is  results in the down-regulation of tRePRPIgene, whictencodes
loaded on polyribosomes and accumulates to higher levelsaicell wall proline-rich protefi Direct proof that the majaontrol
response to light. In addition, nonsense mutations, which blaglechanism of this down-regulation is modulation of MRNA sta-
ribosomal progression, abrogdted-1 mRNA accumulation in bility has been provided by the observation #aPRP1IMRNA
response to light. These observations prompted a model in whinetif-life in the presence of the elicitor is shorter than in its
efficient translation ofFed-1 in the light is associated with absence. Moreover, transcriptional rates remain constant regard-
increased mRNA stabilif§. It is also possible that some of thdess of the presence or absence of the efiéi®ubsequent studies
nonsense mutations can target the transcript for nonsense-mealie identified a 50 kDa protein (PRP-BP) that can be specifically
ated decay. Further mutation analysis of the iLRE has identifietbsslinked to the’3JTR of thePvPRP1transcript’. Using de-

two regions that are critical for its function — a CATT repeat iletion analysis, the binding site for PRP-BP has been mapped to a
the 3 UTR and the translation initiation regfér{Fig. 2). Two 27 nt, U-rich site that contains one copy of the AUUUA motif. It
different substitution mutations have been made within tlemains to be demonstrated that this binding site is important for
CATT repeat that blocked-1 mRNA accumulation, one of the regulation of transcript stability. Nevertheless, the observation
which affects ribosome loadiffiy The simplest explanation of that PvPRP1IMRNA degradation in response to fungal elicitor
these findings is thated-1mRNA is stable in illuminated plants treatment is preceded by increased PRP-BP-binding activity in
when associated with polyribosomes. In darkness, inefficidman cells suggests that this protein anditelement it binds are
translation renders the transcript less stable because of a proitessved in the regulatioh PRP-BP activityn vitro is increased
involving the CATT repeat located in thé portion of the by the reducing agents dithiothreitol (DTT)Rmercaptoethanol
messagé. Further studies should help to determine whethand reversibly eliminated with the —SH oxidizing agent diamide,
the CATT region is a stability or instability determinant, as wetir by the —SH alkylating ageNtmethylmaleimid&. The defense

as the exact mechanistic relationship between mRNA stabiligsponse in bean and many other species is accompanied by the

and translation. production of active oxygen species and other redox pertur-
bations. Hence, these observations suggest that PRP-BP-binding
Sucrose regulation activity could be modulated by the redox changes that take place

The a-amylases are endo-amylolytic enzymes that catalyze tiharing the plant defense respotisé

hydrolysis ofa-1,4-linked glucose polymers and have an important

role in the degradation of starch in higher plants. The expressiiher stimuli

of the ricea-amylase gene family is coordinately induced byiormones play an indisputable role in the regulation of a multitude
sucrose starvation and suppressed by sucrose availabilityof @hysiological and developmental processes in plants. Although
process that depends on both transcriptional and post-transdtifs clear that hormones can influence gene expression at both
tional mechanisntd The sucrose-mediated effect on mRNA staranscriptional and post-transcriptional levels, a detailed under-
bility has been analyzed in detail for one of the most abundaténding of the molecular basis of hormone action, especially at the
a-amylase genesAmy3 The mRNA decay rates eAmy3tran-  post-transcriptional level is lacking. A recent example of hor-
scripts are ~1.5 h in the presence of sucrose and increase to 6rhdnal regulation of mRNA stability arose during a study of
sucrose-starved celfs Examination of chimeric gene expressioreytokinin effects on the soybean mRNAM1 (Ref. 35). The pre-

in stably transformed rice cells shows that é#emy33’ UTR is dicted Cim1 protein product is related to a group of proteins
sufficient and probably the major determinant for controlling thiermedp-expansins, which are involved in cell wall expansion
stability of tAmy3mRNA in response to sucrose availabffiff.  during the vegetative and/or reproductive phases of plant devel-
Further analysis of the’ JJTR has identified two subdomains, lopment.Cim1 mRNA abundance increases 20—60-fold upon the
and Il (Fig. 2), that could each function as a sugar-dependent stddition of cytokinin to cytokinin-starved soybean suspension
bility determinant*®. In addition, secondary structure analysisultures. When the half-life of th@im1 mRNA was determined
predicts extensive duplex formation in thdmy33' UTR, and following actinomycin D treatment, cytokinin addition to cytokinin-
interestingly, conserved A/U-rich regions have been found in te&rvedsoybean cells increased the mRNA half-lifeCafh1about

loop of subdomains | and IlI (Ref. 30). Whether these A/U-ricfourfold®. Further experiments have been undertaken with the aim
regions, or the structural motifs that contain them, are involvedahcharacterizing the role of protein phosphorylation and dephos-
the modulation of mMRNA stability in response to sucrose levedhorylation in cytokinin-mediated induction 6im1 The accu-
remains to be elucidated. Moreover, as in other cases of regulatedation of theCim1 message is stimulated by staurosporine in
MRNA stability, it is unclear whetheittans-acting factor decreasesthe absence of cytokinin and inhibited by okadaic acid in the presence
the transcript turnover rate in the presence of sucrose or speedsfagtokinin. These results suggest a role for protein phosphatases in
the turnover in its absence. Treatment with the translation inhibitytokinin regulation of2im1mRNA abundanc®

cycloheximide enhances the accumulatioaAimy3transcript in In addition to the examples described above, several other mMRNAs
the presence or absence of sucdfo®y contrast, cycloheximide have been reported to show modulation of mRNA stability in
does not significantly affect transcriptional rates «@hmy3 response to biotic stress, abiotic stress (e.g. cold, heat and salinity)
regardless of whether or not the cells are provided with si&rosand hormone treatments. In the majority of these cases, conclusions
These observations might suggest that labile proteins are involtede been drawn after finding a poor correlation between the rate of
in aAmy3mRNA decay. However, cycloheximide might interfergranscription and mRNA accumulation in response to the stimu-
with the normal decay of the message in other ways, for example, However, most of this research remains at a preliminary stage
translation of the message might be required for degradatemd the mechanisms through which this modulation is achieved
to take place. have not yet been reported (reviewed in Refs 1,3,32,36).
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Stable mRNAs in plants bonucleases, such as Xrnlp, poly(G) sequences also block the
Although it is clear that unstable mRNAs contain instabilitprogression of the’3o 5' exoribonucleases ieast’. Accordingly,
sequences, no discrete stabilizing determinant has been denpohyG) has been a useful tool for dissectingsthgondary pathways
strated to be responsible for the long half-life of an extremely stablenRNA decay that involve both types of exoribonucleases.
transcript in plant systems. The search for mRNA stabilization
sequences has lagged behind those of destabilizing elementSetondary pathways in yeast
eukaryotes in general, but at least one example has been well chlirough the deadenylation-dependent decapping decay pathway
acterized in mammals. Studies undertaken with the aim of undisreonsidered the main decay pathway in yeast, alternative pathways
standing the mechanism for the selective stabilization of tatso exist. The deadenylation-independent decay pathway (Fig.
a-globin message during erythroid cell development identified3, which is responsible for the degradation of nonsense-contain-
pyrimidine-rich sequence in thé 3TR that is responsible for the ing mRNAs also involves decapping followed by exonucleolytic
long half-life of this mammal transcript (reviewed in Ref. 37)5' to 3 degradation, with Dcplp and Xrnlp as the major pla§ers
This finding negates a previous idea that all MRNAs are stabletygwever, this pathway is independent of deadenylation. Another
default rather than by the presence of stabilizing sequences sacbondary pathway for mRNA decay described in yeast, ttee 3
suggests that stabilizing sequences might exist in other systems' atecay pathway (Fig. 3), involves the action of a protein com-
well. Specific mMRNA sequences could, for example, contribute ptex called the exosorfré”. This complex consists of at least five
the stability of seed storage protein mRNAs (Ref. 36), as in the cdfféerent 3 to 5 exonucleases and was first identified as an essen-
of wild cultivars of oa¥, perhaps by influencing their compart-tial complex for 5.8S rRNA processing. It has only been possible
mentalization. Studies conducted in these and other plant systéonstudy this secondary pathway in strains defective for the main
might provide insights into the mechanisms of mRNA stabilpathway, which suggests that it is only of minor importance in
zation. Identification of the sequence elements, antlahseacting mRNA decay, although it could be the main mechanism for degra-
factors that they interact with, might provide tools to improveation of specific transcripts. The existence of endonucleases that
transgene expression in crop plants, and should certainly coan trigger the decay of specific transcripts has also been
tribute to a more complete understanding of mMRNA metabolisndescribed. For example, the post-transcriptional feedback regu-
lation of L2ZAMRNA abundance involves the action of an endonu-
The mRNA decay pathways cleolytic cleavage as the primary ev&nin yeast, endonucleases
Elucidating the pathways of MRNA decay in plant cells is a critippear to play a relatively minor role in mRNA decay, but they
cal step in understanding the molecular basis of both inherent anel clearly important in the decay of certain unstable mRNAs in
differential regulation of MRNA stability. This is because it is thmammalian cells, as in the case of the transferrin receptorragd c-
decay pathways themselves, or in some cases the choice betireascripts (reviewed in Ref. 49).
pathways, which must be modulated to control mRNA levels at
any given time. To date, yeast is the only eukaryotic organismGeneral differences and similarities in plants
which the mRNA decay pathways have been extensively diithough some features of yeast mMRNA decay processes are con-
sected (Fig. 3) and the main enzymes purified, cloned and chassgved in plants, such as the accelerated decay of transcripts con-
terized. This progress in yeast, which relied on well establishidhing early nonsense coddhsother evidence suggests that
genetic and biochemical techniques, has provided useful insighients (and possibly mammals) might diverge from the main path-

into potential decay pathways in plants and mammals. way observed in yeast. In plants, mRNAs are generally degraded
without the accumulation of detectable intermedfatgmilar to

Insight from yeast yeast and mammals. However, in contrast with yeast, the insertion

Main decay pathway in yeast of poly(G) tracts into reporter genes does not lead to the detection

The most accepted model suggests that many mRN/&A=adr of intermediates in either stably transformed tobacco cultures or
charomyces cerevisiaare degraded at different rates using @ransgenic plants. Insertion of poly(G) tracts into reporter tran-
common mechanism called the deadenylation-dependent decapipts has also failed to yield intermediates in mammalian sys-
ping decay pathwdy(Fig. 3). The first step in this pathwaytems®. These findings might be an indication that the major
involves deadenylation of the transcript, shortening the poly(A)RNA degradation pathway in plants differs substantially from
tail to an oligo(A) of ~10-15 residusThe gene(s) responsiblethat described in yeast. Alternatively, it is possible that small dif-
for this deadenylating activity have yet to be identified. Once tlierences are responsible for the lack of intermediates. For exam-
poly(A) tail has been shortened, the transcript is susceptiblepte, a plant homolog of Xrnlp might progress through poly(G)
decapping by the enzyme Dcplp (Refs 40,41). Deadenylation piracts, or an RNA helicase activity present in higher eukaryotes
motes decapping, and, as in the case of deadenylation, decappimgight unwind the secondary structure, allowing the exoribonu-
unstable transcripts is faster than decapping of stable transcripisases to proceed. In addition, the few known cases where decay
suggesting a mechanism that is dependent on specific sequeimtesmediates have been found suggest that mechanisms of mRNA
within the mRNA (Ref. 42). Following decapping, the messagedecay in plants might differ from the mRNA decay pathways in
degraded by Xrnlp, a processive exoribonuclease that hydrolygesast (Fig. 3).
RNA in a 5 to 3 direction to completiofi. An analysis of current databases suggests the existence of plant
The steps in the yeast MRNA decay pathway have been denfwmologs for some of the main players in the yeast mRNA decay
strated using two principal stratedgie®ne approach is the isolationpathways (Fig. 3). A BLAST seartiof theArabidopsisdatabase
and characterization of mutants defective in the key activities. Feweals potential homologs ofrnl (GenBank Accession no.
examplexrnl strains accumulate decapped and deadenylated fWW43714), the exosomé€ & 5 exonucleas&ki6 (Accession no.
length mRNAs (Ref. 44). The second approach igtheduction of T43164) andcpl(Accession no. 316971%9) Additionally, there
poly(G) stretches of ~18 residues into reporter gartesse poly(G) are several homologs of Pablp, a poly(A)-binding protein that
sequences create strong secondary structures that can block the adfiects decay in ye&étwhich are expressed in an organ-specific
of exonucleases, such as Xrnlp (Ref. 5), thus making the studynanner inArabidopsi§>** At first approximation, the presence
decay intermediates possible. In addition to blockirtg 3 exori- of these potential homologs would appear to indicate that the
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corresponding decay mechanisms are mair
conserved in plants. However, to obtain dire
evidence for this, the functional significance g
these apparent homologies must be address

Naturally-occurring decay intermediates

in plants

For most plant mMRNAs, no degradation inte
mediates can be detected on RNA gel blot
However, there are exceptions to this rulg

two of which have been well characterized.

The first is theSRS4AmMRNA (Fig. 4), which

encodes the soybean ribulose-1,5-bispha
phate carboxylase small-subunit.vitro and

in vivo studies have revealed a set of discre
5" and 3 degradation products thiatvitro are

generated from full-length transcripts. Mappin
these fragments demonstrated that many
the B fragments end at a site adjacent to tf
beginning of a 3fragment. This indicates that
the fragments are largely generated by end
nucleolytic cleavage, probably by a singl
enzymatic activity, which, according to
sequence comparison of the sites of nucleol
sis, recognizes secondary structure and 1
specific sequence elements within the tral
scripf®. In contrast with the main pathway in
yeast, the endonucleolytic cleavages occ
independently of the presence of tHen8G

cap or the 3poly(A) tail. However, after the
primary endonucleolytic event, theé &ag-

ment can be recognized as a deadenylat
transcript and can then be a substrate for a|:

to 5 exonuclease. The' Iragment can be
degraded by 5to 3 exonucleases because i
lacks the cap structure (Fig. 4). In addition,
is possible that other pathways operate
SRS4mRNA because full-length transcripts
are found in all the fractions studied, that is
poly(A)*, poly(A)~, cap” and cap. Finally, it
is important to mention that the degradatio
intermediates are associated with polysdfnes
an observation that has been obtained in oth
cases where intermediates are found.
Evidence also indicates that fragments
oat phytochrome ARHYA mRNA, which
can be observed on RNA gel blots, @mne
vivo-generated degradation intermediate
PHYAmMRNA fragments are present in RNA
isolated from a polysome-basgdvitro sys-
tem, and are associated with polysones
vivo as well. However, in contrast witRS4
MRNA fragmentsPHYA fragments migrate
as a continuous distribution on RNA ge
blots. In addition, the majority oPHYA
MmRNA molecules (75%) appears to b
degraded by a’5to 3' exonuclease activity

=

1

;‘ (@) ™G ‘ AAAAAAAA(A)N
e Stochastic endoribonuclease
- 5" to 3" and 3" to 5 exonucleolytic decay
S
2 mG — ‘ ‘_»—AAAAAAAA(A)n
S
(b)

te
Aberrant RNAs or

stable intermediates

O &2

mG 0—_mmm!AAAAAAAA(A)n

RNase L-like?

~

o

N(A)AAAAAAAA

1%

MG e—,

y
c .
R RNase llI-like?
(c) e AAAAAAAA(A)N
U
25%
?

75% \ Deadenylation

(S
mg AAAAAAAA‘

tt 5’ to 3" exonucleolytic decay
r ‘ — AAAAAAAA(A)N

57 to 3" and 3" to 5 exonucleolytic decay

f—= = |

eFig. 4.Proposed mRNA decay pathways in plants. The few known cases where deca

mediates have been found in plants have suggested potential decay pathways, alth
f actual steps and the enzymes involved have not yet been characterized. (a) SB®e
mRNA decay. The first step proposed for soyb8R$4mRNA decay involves the actio
of a stochastic endoribonuclease. After this primary event, the resulting RNA fragme
degraded by 5to 3 and by 3to 5 exonucleases that might constitute the basal d¢
machinery (box). (b) Decay of mMRNA during post-transcriptional gene silencing (PT|
Endonuclease cleavage has also been proposed to initiate decay of different transcript
PTGS, involving possible RNase L-like or RNase lll-like enzymes. Following end
clease cleavage, some or all intermediates are presumably degraded by exonucleas
remaining aberrant low molecular weight RNAs could perpetuate the silenced state.
phytochrome A mRNA decay. Approximately 75% of oat phytochrome A mRNA is
posed to be degraded by'da®3 ribonuclease activity, whereas the remainder of the transd
are first deadenylated and then degraded’tp 3" and by 3 to 5 exonucleases. Thes
2 enzymes might be part of the basal decay machinery represented in the box in (a). Ag

proposed to exist or detected solely at the enzymatic level are represented by a gho
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RNA decay intermediates during post-transcriptional

exonuclease activities (Fig. 4). An alternative model involvinggene silencing
stochastic endonuclease can be used to explAiA mMRNA Recently, other insights into the mechanistic nature of mRNA
decay, but this appears less likely because of the continudesay pathways in plants have been obtained from studies of gene
silencing. Introducing transgenes or viral genes into plants can

distribution of RNA fragmenté
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cause inactivation of the introduced gene at the mRNA level, tissue&. The resistant fragments have the potential to perpetuate
well as of the endogenous genes with sequence homology tottteesilenced state because they can base pair with full-lehgth
introduced gene. This inactivation can occur transcriptionally tianscripts in a manner that could make them substrates for cleavage.
post-transcriptionally (reviewed in Refs 3,57-59). Post-transcriecently, direct evidence that dsRNA could trigger gene silencing,
tional gene silencing (PTGS) has been assumed to involve mRp&sumably by inducing RNA degradation, has been obtained from
degradation because nuclear run-on experiments indicate thatetkgeriments involving transgenic tobacco and rice plants. Hom-
synthesis of the silenced transcript cannot explain the severelygous gene expression is inhibited most effectively in plants that
diminished mRNA levels that are observed. Recently, a diret transformed with a construct that produces self-complementary
demonstration that PTGS is associated with decreased stab{litgnhandle) transcripts or in plants that produce both sense and
of the silenced transcript has been reported for chitinase amdisense transcripts following a cross of appropriate transffenics
B-1,3-glucanase genes in tobakco A model involving the action of an RNase L-like enzyme has been

Several PTGS models not only predict accelerated degradatiwoposetf (Fig. 4) because, in mammals, RNase L can be artificially
of the full-length mRNA, but also the appearance of aberrant loecruited to a target site by fusing its cofactor to an oligonucleotide
molecular weight (LMW) RNA fragments that are often observedomplementary to the tar§eétWhat would recruit RNase L to
The nature of these LMW RNA fragments has been carefully ars@nse and antisense hybrids in plants is unclear.
lyzed in the case of the tobacco etch virus coat protein (TEV-CP)
transcript 2RO PTGS (Ref. 61). The LMW RNAs correspond taMlechanistic implications and future prospects
5’ and 3 fragments o2RCthat are generated by endonucleolyti@he mRNA degradation intermediates observed during PTGS, as
cleavage similar to the mechanism proposedSieS4(Fig. 4). well as most of those derived fro8RS4andPHYAMRNAS, are
Endonuclease cleavage is independent of poly(A) tail shorteniogrtainly suggestive of differences between major yeast and plant
as is the case foBRS4degradation. The fact th@&RC LMW  mRNA decay mechanisms. However, to date it is unclear whether
RNAs are enriched in the polysomal fraction might suggest thhese intermediates are generated by a mechanism common to the
the endonucleolytic activity is associated with polysomes, anghjority of plant transcripts, or if they represent exceptions
acts after ribosomes are loaded, although translation is not nedesived from minor mechanisms that act on specific transcripts.
sary because CHX treatment does not affect the appearance oRtteordingly, one can envision at least two scenarios that can rec-
LMW RNAs (Ref. 61). Data indicating an association betweemncile the structure of these intermediates with the existing data.
initiation of translation and silencing-associated mMRNA degra- Perhaps the simplest model would be to postulate that the pri-
dation has also been obtained in the study of ACC synthase PTi@8y events that trigger transcript decay are different in yeast and
in tomatd? and polysome-associated ribonuclease activities havlants. In yeast, the primary event is deadenylation followed by
been reported in plants (reviewed in Ref. 63). However, recetgcapping. Instead, plants might initiate decay using mainly
work shows that verrucarin A, a translational inhibitor that dissendonucleases (Fig. 4) or a decapping enzyme (Fig. 4). Once the
ciates mRNA from polysomes, does not affect the decay ratedefcay is initiated, Xrnl-like exonucleases and exosome-like com-
silenced chitinase transcripts in tobacco pfinfBhis suggests plexes could finish the process. This type of model would explain
that the association between mRNA decay intermediates andst of the intermediates that accumulateS®S4PHYAand
polysomes might not be of functional significance, at least fduring PTGS. It would also be consistent with the presence of
some PTGS-associated mRNA degradation processes. potential homologs of yeast mMRNase genes in plant genomes.

A degradation mechanism, similar to that which occurs during An alternative scenario would be that mRNA decay in plants is
2RCPTGS, has been proposed in the PTGS dBthg3-glucanase primarily initiated by deadenylation, as it is in yeast. According to
genegnl(Ref. 64). Degradation intermediates of the full-lengtthis model, the decay intermediates characterized so far would
gn1mRNA have been cloned and analyzed. The results are cbhave to be generated by secondary decay pathways, except for the
sistent with fragments being produced by an endonucleolyfl6% ofPHYAMRNA that is deadenylated before being degrded
cleavage followed by exonucleolytic degradation of the unprfFig. 4). Because most yeast and plant transcripts are degraded
tected ends. The degradation mechanism of this transcript is alsiout the accumulation of prominent intermediates, and the
independent of deadenylation. The presence of specific RMAgjor decay pathway in yeast is deadenylation-dependent, it
fragments in silenced plants, as well as of fragments that are cappears reasonable to envision that a similar major pathway oper-
mon to silenced and non-silenced plants, are observeuhlin ates in plants. This model is also consistent with the presence of
(Ref. 64) as well a2RCPTGS (Ref. 61). This implies that mul- potential homologs of yeast mRNases in plants. In both models,
tiple RNA degradation pathways are acting simultaneously tine lack of poly(G) intermediates in plants might be explained by
tobacco cells, and that during PTGS the partitioning of thelicases or other cellular factors that can resolve poly(G) sec-
silenced transcripts among these pathways is shifted in favoroaflary structures, or by plant Xrn-like activities that can progress
a more active, silencing-associated (not necessarily silencitigrough poly(G) tracts. Now tha¢rn-like genes of plants have
specific) pathwa/. been identified, testing whether Xrn-like activities can progress

Endonucleolytic cleavage of mMRNA at specific sites occuterough poly(G) tracts should be straightforward. Resolving
during PTGS of chalcone synthashgA in Petunia An attrac- whether or not deadenylation precedes decay for most plant
tive cleavage model has been proposed based on the preserRBAs also needs to be addressed.
of internal complementarity withichsAmRNA, cleavage site  Regardless of which model most closely corresponds to the main
position and other dédfa In this model (Fig. 4), intra- or inter- mMRNA decay pathway in plants, several observations indicate that
molecular RNA-RNA pairing between complementary sequenaasiltiple pathways operate simultaneously. The presence of a variety
triggers RNase lll-like enzymes to cleave tessAtranscript at of prominent decay intermediates for some, but not most, plant
specific sites. Following the initial cleavage events, this mod&lRNAs argues for this, as do the PTGS models involving RNase
predicts that some of the resulting RNA fragments will be-like or RNase lll-like activities. Therefore, not only is there a need
degraded by the general degradation machinery, whereas othergjentify the major and minor pathways, and the corresponding
in particular a 304-base fragment, which spans then8 of components of the decay machinery, but there is also a need to deter-
the coding region and part of thel3TR, accumulates in silenced mine which mRNAs are degraded by which pathway. Inactivating the
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genes for potential mMRNasesrabidopsiss one powerful approach 4 Ross, J. (1995) mRNA stability in mammalian céMlizrobiol. Rev.59,
for identifying the role of MRNA decay components. Analysis of 423-450
the decay intermediates that accumulate in such mRNase ‘knoekeaponigro, G. and Parker, R. (1996) Mechanisms and control of mRNA
out’ (KO) mutants should be instrumental in dissecting the stepsturover inSaccharomyces cerevisjadicrobiol. Rev.60, 233-249
in the corresponding decay pathways. Extending the analysis ®fraylor, C.B. and Green, P.J. (1995) Identification and characterization
KOs to include thousands of transcripts by using DNA microarray of genes with unstable transcripts (GUTS) in tobaBtant Mol. Biol.28,
analysis promises to add another dimension. Because mMRNAQ7-38
degraded by a particular pathway are often elevated in the mutantsallie, D.R. (1998) A tale of two termini: a functional interaction between the
that knock out that pathway, microarray analysis of the mutantstermini of an mRNA is a prerequisite for efficient translation initiat®ene
could help categorize transcripts on the basis of their decay. 216, 1-11

One of the most significant advances in the study of plarg Gallie, D.R. (1991) The cap and poly(A) tail function synergistically to
MRNA decay during the past several years is the identification ofregulate mRNA translational efficiendgenes Devs, 2108-2116
sequences that cause mRNA instability or that mediate differem-McClure, B.A.et al.(1989) Transcription, organization, and sequence of an
tial regulation of mMRNA stability (Fig. 2). The next important step auxin-regulated gene cluster in soybeiant Cell1, 229-239
will be to resolve the connections between these sequences @ndewman, T.Cet al.(1993) DST sequences, highly conserved among plant
the components of the decay machinery. These connections prollsAURgenes, target reporter transcripts for rapid decay in tobBta, Cell
ably occur via proteins that either bind to or cleave the sequences, 701-714
in question. Some RNA-binding proteins might simply accelerate Sullivan, M.L. and Green, P.J. (1996) Mutational analysis of the DST element
or block the rate-limiting step of the major decay pathway, be it in tobacco cells and transgenic plants: identification of residues critical for
deadenylation, decapping or endonuclease cleavage. AlternamRNA instability, RNA2, 308315
tively, a sequence element could create a site for a new endoritzosil, P. and Green, P.J. (1996) Multiple regions ofAhabidopsis SAUR-AC1
nuclease, or target a transcript for recognition by an alternativegene control transcript abundance: ther@ranslated region functions as an
decay pathway. Biochemical analysis of the cellular proteins thatmRNA instability determinanEMBO J.15, 1678-1686
bind these sequence elements (e.g. PVPRP-BP) is just beginniaghen, C-Y.A. and Shyu, A-B. (1995) AU-rich elements: characterization and
In addition, there is tremendous potential for identifying new importance in mRNA degradatiofrends Biochem. S&0, 465-470
plant proteins involved in the sequence-specific recognition ©f Ohme-Takagi, Met al.(1993) The effect of sequences with high AU content
transcripts for rapid or regulated decay using genetic approacheson mRNA stability in tobaccdroc. Natl. Acad. Sci. U. S. 80,

With respect to the signal transduction pathways that convert11811-11815
internal and external stimuli (e.g. light, hormones and stress) inBHilleren, P. and Parker, R. Mechanisms of mRNA surveillance in eukaryotes,
changes in mMRNA stability, one might expect them to include manyAnnu. Rev. Genefin press)
of the same components that regulate transcription. Indeed, exasnzulbertson, M.R. (1999) RNA surveillance. Unforeseen consequences for
ples where kinases or phosphatases are implicated in the regulatiogene expression, inherited genetic disorders and caheeds Genetl5,
of mRNA stability are already emerging. It remains to be deter- 74-80
mined whether novel signaling pathways have evolved specifically Jofuku, K.D., Schipper, R.D. and Goldberg, R.B. (1989) A frameshift
for the control of mRNA stability. In addition, nuclear— cytoplasmic mutation prevents Kunitz trypsin inhibitor mMRNA accumulation in soybean
communications have the potential to be a particularly dynamic andembryosplant Cell1, 427-435
interesting area of study with regard to how mRNA stability is regus Voelker, T.A., Staswick, P. and Chrispeels, M.J. (1986) Molecular analysis of
lated on all levels. Although mRNA decay is primarily assumed to two phytohemagglutinin genes and their expressidthimseolus vulgarisv.
take place in the cytoplasm, the contribution of nuclear RNA decayPinto, a lectin-deficient cultivar of the be@\IBO J 5, 3075-3082
mechanisms is poorly understood. Further, tagging of mMRNAS fervan Hoof, A. and Green, P.J. (1996) Premature nonsense codons decrease
rapid or regulated decay in the cytoplasm might occur in the the stability of phytohemagglutinin mRNA in a position-dependent manner,
nucleus by binding proteins that remain associated with the tran-lant J.10, 415-424
script following its transport through the nuclear pore. Future stum-Diehn, S.H., de Rocher, E.J. and Green, P.J. (1996) Problems that can limit the
ies that investigate the control of mRNA stability from a cell expression of foreign genes in plants: lessons to be learnedftcioxin

biological perspective should be particularly exciting. genes, ilGenetic Engineering: Principles and Methd@etlow, J.K., ed.),
pp. 83-99, Plenum Press
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