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ABSTRACT OF THE DISSERTATION 

 

Functional redundancy between nuclear and cytoplasmic RNA degradation pathways limits the 

accumulation of unspliced transcripts 

 

by 

Shakir Sayani 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2012 

Professor Guillaume Chanfreau, Chair 

 

Using the yeast, Saccharomyces cerevisiae, as a model system, we utilized Affymetrix tiling 

arrays to globally investigate novel targets of the nonsense mediated decay pathway. The 

research that has been presented in the first chapter of this dissertation is centered around the 

investigation of extended transcripts and the degradation pathways that contribute to its rapid 

turnover in yeast cells. This work was published in the online version of the journal, PLoS 

Genetics. The work that is presented in the second chapter is based on our findings that intron-

retained or unspliced RNAs are markedly stabilized in NMD mutant strains which led us to 

conclude the widespread impact of the nonsense mediated decay pathway in the degradation of 
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unspliced RNAs. We further expanded our work and showed that introns emanating from NMD-

sensitive loci can elicit an NMD-sensitive phenotype in trans, which led us to conclude that the 

intron (intronic sequences) are necessary for proper NMD-targeting. We further discovered that 

sequences located within the 5’SS as well as the branchpoint (BP) are responsible in part for the 

generation of unspliced/inefficiently spliced transcripts. Lastly, we showed that amino acid 

starvation results in a transient inhibition of nuclear splicing resulting in hyperaccumulation of 

unspliced transcripts. Under this condition, we elucidated a stress-specific role for the NMD 

pathway in rapidly targeting and degrading these unspliced transcripts. The results that have been 

presented in the second chapter of this dissertation have been published in the Molecular Cell 

journal (August 8th, 2008 issue). The third chapter (part) of this dissertation explores themes that 

have directly evolved from the first part. Specifically, the second part has shown that there are 

more complex routes for the degradation for unspliced transcripts besides the NMD pathway. In 

particular, synergistic modes of degradation involving components of the nuclear exosome and 

factors involved in NMD function to limit and hence degrade these unspliced transcripts. Decay 

measurements were undertaken to show that there are unspliced RNAs whose degradation mode 

depends on a synergistic mode of degradation requiring both the nuclear exosome component, 

Rrp6p and the NMD factor, Upf1p. Conversely, we found a class of unspliced transcripts whose 

turnover relies largely on the action of the NMD pathway and not on synergistic degradation. We 

further expanded our research and showed that inactivation of an essential, conserved, yeast 

RNA export factor, Mex67p, results in the nuclear sequestration and degradation of normally 

cytoplasmically degraded unspliced transcripts. This result highlighted the generic features of 

RNA degradation and has shown that temporal changes (such as malfunction of proper nuclear-

to-cytoplasmic RNA trafficking) cause spatial redistribution and degradation of the unspliced 
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RNA. We have also shown that the nuclear periphery factor, Mlp1p, could have a potential role 

in the retention of nuclear-degraded unspliced RNA. Deletion of this factor led to an increase in 

the cytoplasmic concentration of the unspliced RNA which was then degraded by the NMD 

pathway. 
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Cryptic Transcription Mediates Repression of
Subtelomeric Metal Homeostasis Genes
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Abstract

Nonsense-mediated mRNA decay (NMD) prevents the accumulation of transcripts bearing premature termination codons.
Here we show that Saccharomyces cerevisiae NMD mutants accumulate 59–extended RNAs (CD-CUTs) of many subtelomeric
genes. Using the subtelomeric ZRT1 and FIT3 genes activated in response to zinc and iron deficiency, respectively, we show
that transcription of these CD-CUTs mediates repression at the bona fide promoters, by preventing premature binding of
RNA polymerase II in conditions of metal repletion. Expression of the main ZRT1 CD-CUT is controlled by the histone
deacetylase Rpd3p, showing that histone deacetylases can regulate expression of genes through modulation of the level of
CD-CUTs. Analysis of binding of the transcriptional activator Zap1p and insertion of transcriptional terminators upstream
from the Zap1p binding sites show that CD-CUT transcription or accumulation also interferes with binding of the
transcriptional activator Zap1p. Consistent with this model, overexpressing Zap1p or using a constitutively active version of
the Aft1p transcriptional activator rescues the induction defect of ZRT1 and FIT3 in NMD mutants. These results show that
cryptic upstream sense transcription resulting in unstable transcripts degraded by NMD controls repression of a large
number of genes located in subtelomeric regions, and in particular of many metal homeostasis genes.
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Introduction

A large fraction of eukaryotic genomes is transcribed, even in

the non-coding regions (reviewed in [1]). One of the major

questions that arise from these observations is to understand

whether the RNAs expressed from these regions serve any

functional purpose or whether they correspond to genomic noise

that is ultimately routed for degradation. Transcription of non-

coding (nc) RNAs nearby protein-coding genes has emerged as

a means of transcriptional control (reviewed in [1,2]). In the yeast

S.cerevisiae, the first and best-documented example is the SRG1

ncRNA, which regulates transcription of the SER3 gene involved

in serine metabolism through transcriptional interference [3].

While the SRG1 ncRNA is transcribed in the sense direction

upstream of its target gene, most ncRNAs found to regulate

S.cerevisiae transcription are antisense transcripts, such as the ones

described for the PHO84, Ty-1 and GAL10 loci [4–7], which

control chromatin modification marks at these genes. However,

upstream sense transcription resulting in the ICR1 ncRNA has

been found to regulate the FLO11 gene [8].

Cryptic transcripts can also be generated through the transcrip-

tion of elements that control the expression of bona fide protein

coding genes. There is ample evidence that promoter regions are

associated with bidirectional transcription in S.cerevisiae [2,9]. In

addition, it has been shown that enhancers are transcribed by RNA

polymerase II [10]. In S.cerevisiae, many transcripts associated with

intergenic or promoter transcription are unstable under normal

conditions. They are hardly detectable in wild-type strains because

of their rapid degradation by nuclear RNA turnover. Indeed, many

transcripts associated with cryptic transcription are detectable only

when the activity of the nuclear exosome, or that of the TRAMP-

complex, which stimulates exosome activity, is inhibited [2,11,12].

Therefore, these transcripts have been labeled ‘‘CUTs’’ for Cryptic

Unstable Transcripts. Most of the degradative activities targeting

CUTs seem to be concentrated in the nucleus. However, the

cytoplasmic exonuclease Xrn1p can degrade the antisense RNAs

that regulate the Ty-1 gene [5]. In addition, several CUTs can be

degraded by the cytoplasmic degradation machinery [12–13],

showing that the degradation of RNAs arising from transcription in

non-coding regions can result from both nuclear and cytoplasmic

RNA degradation pathways.

Nonsense mediated decay is an RNA surveillance mechanism

that recognizes transcripts containing premature translation

termination codons (PTCs; [14,15]). This degradation system is

used to prevent accumulation of aberrant mRNAs that would

encode potentially toxic proteins [16,17], but is also used for gene

expression control. For example, NMD degrades alternatively or

inefficiently spliced mRNAs that contain PTCs [18–21], and

transcripts containing long 39-UTRs [22]. In S.cerevisiae, NMD also

controls Mg++ uptake by degrading the transcript encoding the
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major Mg++ transporter [23]. Previous studies using microarray

analysis of S.cerevisiae NMD mutants have shown that NMD

influences directly or indirectly the expression of many genes,

including some that do not exhibit PTCs [24–26]. The

identification of RNAs that associate with the NMD factor Upf1p

by RNA pull-down has proved to be an efficient way to

discriminate direct and indirect NMD targets [27]. However,

many NMD targets do not accumulate to high levels in the

presence of a functional NMD system, which renders this

approach difficult for low expression transcripts. In this study,

using tiling microarrays, we show that NMD degrades 59-extended
transcripts generated by cryptic transcription upstream from bona

fide promoters, and that upstream transcription is responsible for

the repression of metals homeostasis genes in conditions of metal

repletion. These results show that NMD controls the expression of

a large number of genes by modulating the expression of 59-
extended RNAs that control transcription.

Results

Accumulation of 59-extended unstable RNAs of
subtelomeric genes in NMD mutants
We previously used tiling microarrays to show that NMD

controls the degradation of inefficiently spliced S.cerevisiae pre-

mRNAs [21]. Further analysis of these microarrays in intergenic

areas revealed that many subtelomeric regions accumulated RNA

signal outside and upstream from the open-reading frames (ORF)

in the upf1D and xrn1D mutants. Examples shown in Figure 1

include the subtelomeric ZRT1 gene encoding the primary zinc

transporter [28], the FIT3 gene involved in siderophore-iron

transport facilitation [29], and the FLO5 gene encoding a cell wall

protein (Figure 1). Many genes located in subtelomeric regions are

involved in the response to adverse growth conditions [30]. In the

case of the FIT3 and FLO5 genes, the array profiles suggested that

these species originate 59-to the normal transcriptional start site

and extend in the open-reading frame (which was confirmed by

northern analysis, see below). In the case of ADH4 and ZRT1,
increase of signal in the upstream regions correlated with a

decrease of signal in the downstream regions (Figure 1). Northern

blot analysis using antisense riboprobes confirmed that these

species correspond to 59-extended transcripts originating upstream

from the bona fide promoters and partially or completely

overlapping the open-reading frame (Figure 2 and see below).

Based on the array profiles, some of these species were very long,

containing 59-extensions up to several kb for ZRT1 (Figure 1,

Figure S2). In the case of FIT3, a previous study had mapped in

detail the 59-extended species that extends into the ORF [31].

Thus, these species are different from the short antisense CUTs

transcribed divergently from the promoters [2,9]. Accumulation of

59-extended transcripts in NMD mutants has been reported for a

few transcripts, but was interpreted as the result of transcriptional

noise [27]. We hypothesized that some of these 59-extended
unstable transcripts might be used for regulatory purposes, as

shown in other systems [3,32,33]. Because the accumulation of 59-
extended transcripts relied on the inactivation of cytoplasmic

degradation pathways, we named these 59-extended species CD-

CUTs (Cytoplasmically Degraded Cryptic Unstable Transcripts).

NMD mutants show a delay in the induction of
subtelomeric metal homeostasis genes
In the case of subtelomeric genes involved in zinc metabolism

(ZRT1, ADH4, VEL1, YOR387C, Figure 1; ZPS1, Figure S1), the

accumulation of CD-CUTs was correlated with a decreased signal

in the ORF regions, suggesting that they might play a negative role

in the expression of the bona fidemRNAs. Interestingly, zinc regulon

genes not located in subtelomeric areas, such as the one encoding

the low affinity zinc transporter ZRT2 [34] did not exhibit CD-

CUTs (data not shown). We found that the growth conditions used

for the microarrays (synthetic complete minimal medium) corre-

sponded to mild zinc deficiency conditions, in which some of the

zinc regulon genes were partially induced (data not shown).

Therefore the decrease of signal observed in the ORF regions for

ZRT1 and ADH4 (Figure 1) might be due to a defect in the partial

induction of these genes in minimal medium. We further analyzed

the expression of zinc responsive mRNAs and their corresponding

CD-CUTs in wild-type and upf1D strains grown in the presence or

absence of zinc, using northern blots and antisense riboprobes

covering the open-reading frames (ORFs) or the upstream (UP)

regions (Figure 2A). This analysis confirmed the accumulation of

CD-CUTs of ZRT1, ADH4 and ZPS1 in the upf1D mutant strain.

For ZPS1, CD-CUTs were readily detectable in the wild-type as

well as in the upf1D strain, explaining why only a modest increase in

upstream signal was observed for this gene on the arrays, which

compare the transcripts levels of the upf1D mutant to the wild-type

(Figure S1). Some CD-CUTs were detected only with the upstream

riboprobes, demonstrating that they are independent from the

ORFs (Figure 2A). However, most CD-CUTs were also detected

using the ORF riboprobes (Figure 2A and see below), indicating

that they extend through the ORFs. A detailed characterization of

the ZRT1 and ADH4 CD-CUTs using various upstream probes and

ORF probes is shown in Figure S2 and described below. ORF

riboprobes detected the induction of the normal ZPS1, ADH4, and
ZRT1 mRNAs in wild-type cells grown in a medium lacking zinc

(Figure 2A). However, these mRNAs were less abundant in the

upf1D mutant (Figure 2A). This observation suggested that the

accumulation of CD-CUTs due to NMD inactivation was

deleterious to the expression of the bona fide mRNAs. We further

characterized the expression of these genes in the upf1D mutant by

monitoring their kinetics of induction (Figure 2B). This experiment

showed that the upf1D mutant exhibited a delay in the induction of

the subtelomeric ZPS1, ZRT1, ADH4 (Figure 2B) and VEL1/
YOR387C genes (Figure S3A). The induction defect was also

observed in the upf2D and upf3D strains (Figure S3A), indicating that

it is a general feature of NMDmutants. In contrast, the induction of

other zinc regulon genes such as ZRT2, GPG1 (YGL121C) and
PHM7 (YOL084W), which are not localized in subtelomeric regions

and do not exhibit CD-CUTs (data not shown) was unaffected by

Author Summary

Precise expression of genes relies on their accurate and
timely transcription and on turning off these genes when
production of the proteins is not required. Our study
describes that in the baker’s yeast, S. cerevisiae, repression
of many genes relies on transcription of long extended
RNAs upstream from where transcription normally initi-
ates. These long extended RNAs are degraded by a
machinery that recognizes that these RNAs do not encode
any functional proteins. Using genes involved in control-
ling the uptake of the essential elements zinc and iron, we
find that transcription of these long extended non-coding
RNAs represses transcription by preventing the binding of
the transcriptional machinery to the normal transcriptional
control elements. Our findings show that repression of
transcription of many genes relies on the transcription of
unstable long RNAs and that this mechanism of control is
particularly prevalent for genes involved in controlling the
level of metals inside cells.

Control of Subtelomeric Genes Repression by NMD
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Upf1p absence (Figure 2B). A previous study found that NMD can

influence gene expression by controlling the level of transcriptional

activators [35]. We found that the mRNA levels of the Zap1p

activator (which activates zinc regulon genes) were similar in wild-

type and upf1D mutants (Figure S3B), suggesting that the delay of

induction in the absence of Upf1p was not due to reduced Zap1p

levels. Overall these results show that the defective induction of

subtelomeric zinc-responsive genes in the upf1Dmutant is not due to

a global deficiency in zinc sensing in this mutant, but is specific to

genes that exhibit CD-CUTs. Defective induction was also observed

for the FIT3 iron depletion-responsive gene in a strain lacking

Xrn1p or Upf1p activity (Figure S4). Overall these observations

suggest that the presence or transcription of CD-CUTs represses the

expression of many subtelomeric genes, some of which are involved

in zinc or iron homeostasis.

Long 59-extended transcripts of subtelomeric genes are
primarily targeted by NMD, while short 59-extended
transcripts are degraded by NMD and nuclear RNA
degradation pathways

To further investigate the mechanisms of turnover of CD-CUTs

by the different RNA degradation machineries, we analyzed the

accumulation of CD-CUTs of ZRT1 and ADH4 in strains lacking

Upf1p, the nuclear exosome component Rrp6p, or both. These

two genes were chosen because the 59-extensions found in the CD-

CUTs of ZRT1 and ADH4 are very different in size (extension of

2 kb for ZRT1 vs. a few hundred nucleotides for ADH4). This
analysis showed that the major ZRT1 CD-CUT (CD-CUT1,

Figure 2C) accumulated dramatically in the upf1D strain, and to a

much lesser extent in the rrp6Dmutant. Accumulation of the ZRT1
main CD-CUT-1 was not increased in the upf1Drrp6D double

mutant compared to the upf1D single mutant (Figure 2C). These

observations suggest that the degradation of the longer CD-CUT

of ZRT1 relies mostly on NMD, consistent with the long upstream

region lacking any extended ORF. In contrast, the short ADH4
CD-CUT accumulated to similar levels in the upf1D and rrp6D
strains (Figure 2D). Strikingly, the accumulation of this CD-CUT

was dramatically increased in the upf1Drrp6D double mutant

(Figure 2D, time zero), suggesting that this CD-CUT is degraded

by the cooperative action of the nuclear exosome and of NMD.

Interestingly the induction of the bona fide ADH4 mRNA was

completely defective in this double mutant strain, while the single

mutants were only partially delayed. The correlation between the

strong accumulation of the ADH4 CD-CUT in the upf1Drrp6D
double mutant and the severe induction defect of the bona fide
ADH4 mRNA provides further evidence for the repression of this

subtelomeric gene by its CD-CUT.

The CD-CUT of the subtelomeric iron responsive gene FIT3
was previously shown to accumulate in the xrn1Drat1-1 double

mutant [31], raising the question of which exonuclease was

primarily responsible for its degradation. We analyzed the

Figure 1. Tiling arrays profiles of the upf1Dmutant relative to the wild-type strain. Green boxes represent the boundaries of open-reading
frames, red the log2 ratio of the RNA signals detected in the upf1D mutant relative to wild-type. Arrows indicate the direction of transcription of the
ORFs. Shown are three segments of three chromosomes.
doi:10.1371/journal.pgen.1002163.g001

Control of Subtelomeric Genes Repression by NMD
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expression of this CD-CUT in strains lacking Xrn1p, Upf1p,

Rrp6p, in the xrn1Drat1-1 mutant strain and in other double

mutant strains. This analysis revealed that the long CD-CUT of

FIT3 accumulated to the highest level in the strain lacking Xrn1p

and to a lesser extent Upf1p (Figure 2E), and its accumulation was

not dramatically increased by Rrp6p inactivation, in contrast to

Figure 2. Characterization of CD-CUT of zinc and iron responsive genes. A. Northern blots of indicated genes in wild-type and upf1D strains
grown in the presence (+) or absence (2) of zinc. Extended species are marked as CD-CUT1 and 2. SCR1 was used as a loading control. B. Kinetics of
induction of zinc regulon genes in wild-type and upf1D strains after a shift to a medium lacking zinc. C–E. Analysis of ZRT1, ADH4 and FIT3 CD-CUT
and mRNA expression in ribonuclease mutants. C. Northern analysis of ZRT1 induction in wild-type, upf1D, rrp6D and upf1Drrp6D prior to and after a
shift into low zinc medium. D, as in A for ADH4. E, northern analysis of the FIT3 CD-CUT in iron-replete conditions in the indicated strains. F–G. Analysis
of ZRT1 (F) and FIT3 (G) CD-CUT turnover in wild-type and upf1D strains. The GAL promoter was inserted upstream from the major site of transcription
initiation of the ZRT1 or FIT3 CD-CUTs. After growth in galactose containing medium, cells were switched to glucose-containing medium and cell
aliquots were harvested at the indicated times after the switch. CD-CUT levels were analyzed by northern blots using upstream riboprobes.
doi:10.1371/journal.pgen.1002163.g002

Control of Subtelomeric Genes Repression by NMD
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what was found for ADH4. Thus, based on this steady-state

analysis, the long CD-CUT of FIT3 is also primarily targeted by

cytoplasmic turnover pathways that include Xrn1p and Upf1p.

The turnover of the ZRT1 and FIT3 CD-CUTs is dependent
on NMD
Because CD-CUTs exhibit a lack of extended ORFs, we

interpreted their accumulation in the upf1D and xrn1Dmutant strains

as the result of a lack of degradation by NMD. Alternatively, we could

not rule out that transcription of these upstream regions might be

indirectly up-regulated in these mutants. To test this hypothesis, GFP-
HIS3 cassettes [36] were inserted upstream from the normal ZRT1 or
ADH4 promoters in wild-type and upf1D strains, such that the

expression of the GFP mRNA was under the control of the upstream

regions (Figure S5A). Northern blot analysis of GFP inserted upstream
from ZRT1 or ADH4 showed that this reporter transcript was

expressed at similar levels in the wild-type and upf1D strains (Figure

S5B). These results suggested that the accumulation of CD-CUTs in

NMD mutants is not due to an increased transcription of these

upstream regions, but to the absence of ORF in the 59- extension of

the CD-CUTs.

To gain further evidence that the turnover of CD-CUTs is

directly dependent on NMD, we replaced the region upstream from

the site of transcription initiation of the ZRT1 and FIT3 CD-CUTs

with a galactose inducible promoter. This allowed us to measure the

rate of decay of these CD-CUTs in the presence or absence of

functional NMD. The kinetics of turnover of the ZRT1 CD-CUT

(Figure 2F) or of the FIT3 CD-CUT (Figure 2G) showed that these

species are much more unstable in the presence of functional NMD

(t1/2 = 2–3 min.) than in the absence of Upf1p (t1/2 = 20–30 min.).

Because the turnover rate of these species is strongly decreased

when NMD is inactivated, we conclude that these CD-CUTs are

directly targeted by NMD for their degradation.

The main CD-CUT of ZRT1 is activated by the histone
deacetylase Rpd3p
Previous microarray analysis of a strain inactivated for the

histone deacetylase Rpd3p showed that ZRT1 is derepressed in the

rpd3D strain and that Sir2p played a role antagonistic to Rpd3p in

ZRT1 expression [37]. To investigate whether Rpd3p or Sir2p

control ZRT1 by modulating the expression of its CD-CUT, we

inactivated Upf1p in rpd3D or sir2D backgrounds and studied the

induction of ZRT1 in these strains. ZRT1 was strongly derepressed

in the rpd3D strain (Figure 3A, time zero), in agreement with

previous data [37]. Strikingly, inactivation of Rpd3p in the upf1D
strain completely rescued the induction defect of this NMD

mutant, and resulted in a strong derepression of ZRT1 in normal

zinc conditions (Figure 3A). Inactivation of Rpd3p also resulted in

the almost complete disappearance of the ZRT1 CD-CUT

observed in the upf1D strain. These results show that Rpd3p

positively controls the expression of CD-CUT of ZRT1, and

suggest that the derepression of ZRT1 in the rpd3D mutant [37] is

due to the absence of the CD-CUT. In contrast, Sir2p inactivation

reduced ZRT1 levels (Figure 3A), in agreement with the previous

results [37]. Combining the sir2D deletion to the upf1D deletion

exacerbated the ZRT1 induction delay when compared to the

upf1D mutant (Figure 4A), but the sir2Dupf1D mutant did not

exhibit higher levels of CD-CUT than the upf1D single mutant

(Figure 4A). Therefore, the negative effects of Sir2p inactivation on

ZRT1 expression are unlikely to be directly linked to its effect on

the ZRT1 CD-CUT.

To investigate the specificity of the effect observed with Rpd3p

on the ZRT1 CD-CUT levels, we performed the same genetic

analysis with the Hos1p, Hda1p, Hda2p and Hda3p deacetylases.

The hos1D strain showed a slight delay in the induction of ZRT1,

correlated with an increase of CD-CUT levels, but the hos1Dupf1D
double mutant showed no additive effect when combined with the

upf1D deletion (Figure 3B). Neither Hda1p (Figure 3C), nor Hda2p

or Hda3p (Figure S6) were found to affect ZRT1 induction or

repression. These results show that the major effect observed with

Rpd3p on the ZRT1 CD-CUT is specific to this deacetylase. We

tried to corroborate these results by monitoring the presence of

Rpd3p in the region 59 to ZRT1 but could not obtain reproducible

evidence for enrichment by ChIP (data not shown). However the

genetic data shown above strongly suggest that Rpd3p mediates

the repression of ZRT1 through the modulation of the transcrip-

tion of the CD-CUT.

Inactivation of the transcription of the CD-CUTs by
deletion or transcriptional termination relieves ZRT1 and
FIT3 repression and can rescue the induction defect of
the upf1D mutant
If CD-CUTs are involved in the repression of the ZRT1 gene,

we predicted that the replacement of its upstream region by the

GFP-HIS3 coding cassette (Figure S5A) might alleviate its

repression. Northern blot analysis of the strain carrying one of

the insertions upstream from ZRT1 (zrt1-up1; inserted 1978 to 578

nucleotides upstream from the ZRT1 ATG; Figure S5A) showed a

four-fold derepression of ZRT1 in zinc repletion conditions, both

in the wild-type and upf1D backgrounds (Figure 4A). Insertion of

this cassette eliminated the detection of the main CD-CUT of

ZRT1, with the exception of the short CD-CUT3 (Figure 4A).

This insertion also partially suppressed the induction defect of the

upf1D strain during zinc deficiency (Figure S5C). The kinetics of

disappearance of ZRT1 upon shifting back to zinc-containing

medium was also monitored in these strains after 4 hours of

induction, but we found no difference in the rate of ZRT1 shutoff

in the presence or absence of its main CD-CUT (Figure S5C). A

similar derepression was observed for FIT3 in a strain carrying a

3 Kb deletion of the region upstream of the FIT3 gene (from

24 kb to 21 kb upstream FIT3; fit3-upD, Figure 4B). Analysis of

the fit3-upDxrn1D double mutant strain showed that the CD-CUTs

of FIT3 were eliminated in this double mutant, which confirmed

that the derepression was due to the absence of the CD-CUT.

Thus, deleting the regions encoding the CD-CUTs is sufficient to

trigger derepression of the bona fide mRNAs, even in a wild-type

context.

To provide more direct evidence that transcription of CD-

CUTs is responsible for repression of the downstream promoters,

we inserted the ADH1 transcription terminator (ADH1t) at 3

positions upstream from ZRT1 (tA: 21839, tB: 2771 and tC:

2184 bp; Figure 4C, 4D). If CD-CUT transcription or accumu-

lation prevents the binding of RNA polymerase or of the

transcriptional activator Zap1p, we hypothesized that terminating

transcription of the CD-CUTs prior to the ZRT1 transcriptional

control elements could derepress ZRT1 and/or rescue of the

induction defect of NMD mutants. We first assessed ZRT1 mRNA

and CD-CUTs levels in these strains in normal zinc conditions

(Figure 4C). A sample from a strain grown in low zinc conditions

was included as a control for the ZRT1 mRNA. Insertion of

ADH1t at position A did not result in major ZRT1 derepression,

probably because terminating transcription at this site results in

activation of an alternative CD-CUT downstream from that site

(labeled CD-CUT19. Figure 4C). However insertion of this

terminator resulted in a much shorter transcript that was now

insensitive to a upf1 deletion, further showing that the sensitivity of
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CD-CUTs to NMD is dependent on their long size, and

potentially on the lack of extended ORF in the 59-extension.
Strikingly, insertion of the ADH1t at positions 2771 (B) or 2184

(C) resulted in a derepression of ZRT1 (Figure 4C). The strongest

effect was observed for ADH1t-C, possibly because this terminator

stops all CD-CUT transcription immediately before the ZRT1
TATA box. In the ADH1t-B strain, an increased accumulation of

the CD-CUT3 is observed, while this species disappears in the

ADH1t-C strain. These results show that terminating transcription

of the CD-CUTs upstream from the ZRT1 promoter is sufficient

to derepress ZRT1 in conditions of non-induction. Additionally,

insertion of these terminators allowed us to map in further detail

the CD-CUTs upstream from ZRT1. Based on the hybridization

pattern with the different probes (Figure S2A), the effect of the

various terminators on their mobility in northern blots (Figure 4C),

the approximate architecture of these CD-CUTs is shown in

Figure 4D.

Transcription of the zinc regulon genes is activated by binding

of the transcriptional activator Zap1p to their promoters during

zinc deficiency [28,38]. The terminator sequence inserted at

position 771 is located upstream from the three major Zap1

binding sites (ZRE; [38]), while the terminator sequence inserted

Figure 3. The main ZRT1 CD-CUT is controlled by the histone deacetylase Rpd3p. A. Northern blot analysis of ZRT1 mRNA and CD-CUTs in
wild-type, sir2D, rpd3D, upf1D and sir2Dupf1D and rpd3Dupf1D deletion strains. B. Northern blot analysis of ZRT1 mRNA and CD-CUTs in wild-type,
hos1D, upf1D and hos1Dupf1D strains. C. Northern blot analysis of ZRT1 mRNA and CD-CUTs in wild-type, hda1D, upf1D and hda1Dupf1D strains.
doi:10.1371/journal.pgen.1002163.g003
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at position 184 is inserted downstream from them (Figure 4D).

Based on this, we hypothesized that if transcription of the CD-

CUTs prevents binding of Zap1p, the two strains containing

terminators at the two positions might behave differently during a

shift into low zinc conditions. Indeed, insertion of the ADH1t at

position B derepressed ZRT1, and also fully rescued the induction

defect of the upf1D strain (Figure 5A). However strains carrying an

insertion of the ADH1t at position C failed to induce ZRT1 in

conditions of induction, even in a context of active NMD. This

result suggests that the region located between positions B and C,

which contains most of the Zap1p binding sites must be accessible

for ZRT1 induction. It is unclear why the strain containing the

ADH1t at position C failed to induce ZRT1, even when NMD is

active. It is possible that the higher levels of expression of the

Figure 4. Mutations of the upstream regions and insertion of transcription terminators result in a derepression of ZRT1 and FIT3. A.
Effects of the insertion of a GFP-HIS3 cassette upstream ZRT1 (zrt1-up1) on ZRT1 mRNA levels in zinc repletion conditions in wild-type and upf1D
strains. ZRT1 RNAs were assessed by northern blot using an ORF probe. B. Effects of the deletion of the region upstream FIT3 (fit3-upD) on FIT3 levels
in iron repletion conditions in wild-type and xrn1D strains. FIT3 RNAs were assessed by northern blot using an ORF probe. C. Effects of the insertion of
ADH1t transcriptional terminators at various sites upstream ZRT1 on ZRT1 mRNA and CD-CUT levels in zinc repletion conditions in wild-type and
upf1D strains. Mk is a size marker. The upper membrane was hybridized with a probe upstream from the ZRT1 ORF, while the lower membrane was
hybridized with a probe corresponding to the ZRT1 ORF. D. ADH1t terminator insertion sites and schematic maps of ZRT1 CD-CUT species. Dots
represent the three major Zap1p binding sites.
doi:10.1371/journal.pgen.1002163.g004
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ZRT1 transporter in non-induction conditions resulted in higher

cellular zinc levels prior to induction, thus delaying the response.

Additionally we cannot rule out that inserting the ADH1t at site C

might have changed the chromatin structure, and thus perturbed

the induction of ZRT1.

Binding of RNA Polymerase II and of the transcriptional
activator Zap1p is defective in the NMD mutant upf1D
To corroborate these results, we studied RNA Polymerase II

occupancy in two regions, upstream from ZRT1 (21223 to21123),

and within the ZRT1 ORF (+905 to +1021), using chromatin

immunoprecipitation (ChIP) of the Rpb3p subunit. We found

slightly above background levels of occupancy of the polymerase in

conditions of zinc repletion in both regions in wild-type and upf1D
strains (Figure 5C). Interestingly, Rpb3p occupancy was similar for

both strains in the upstream region, indicative of a similar level of

transcription of the CD-CUTs. This result further indicates that

accumulation of the CD-CUTs in the upf1D strain is due to a lack of

degradation rather than increased transcription. Upon a shift to low

zinc medium, Rpb3p occupancy increased for the wild-type strain

in the ZRT1 ORF, but not in the upstream region, reflecting the

induction of the ZRT1 gene. However this increase was not

observed in the upf1D strain, corroborating the results observed by

northern analysis. To show that the insertion of the terminator

upstream from ZRT1 rescues the induction defect of the upf1D strain

by allowing polymerase binding, we performed the same analysis by

comparing Rpb3p occupancy in the upf1D and upf1D-ADH1t-B
strains. Strikingly, Rpb3p levels were increased upon insertion of

ADH1t at position B in the upf1D strain, both in normal zinc

medium and after 3 hrs of induction, showing that the derepression

of ZRT1 and the rescue of the induction defects are due to increased

RNA Polymerase occupancy.

We also analyzed binding of the transcriptional activator Zap1p

by ChIP in wild-type and upf1D strains using a myc-tagged version

of Zap1p inserted at the chromosomal locus. We found

background levels of Zap1p occupancy to its binding sites (ZREs)

in conditions of repression in both strains (Figure 5D). However

increased occupancy was observed in the wild-type strain upon a

shift to low zinc (Figure 5D). Binding was reduced in the upf1D
mutant, further showing that the accumulation of CD-CUTs

perturbs Zap1p binding during ZRT1 induction. Zap1p enrich-

ment was highly specific, as it was not observed in the ZRT1

coding region (Figure 5D). Overall the differences in RNA

polymerase II and Zap1p occupancies in the ZRT1 gene are

consistent with the results described above by Northern blot,

showing that the effects observed in NMD mutants upon

accumulation of CD-CUTs are indicative of transcriptional defects

of the ZRT1 gene.

Overexpression or constitutive activation of
transcriptional activators of subtelomeric genes
suppresses their induction defect in the upf1D and xrn1D
strains
The previous result showed that binding of the Zap1p activator

is deficient in the NMD mutant upf1D during the low zinc

response. If so, we predicted that overexpressing Zap1p might

suppress the induction delay in this strain. Indeed, overexpressing

Zap1p in the upf1D mutant was sufficient to rescue ZRT1

induction to levels comparable to those observed in the wild-type

strain (Figure 6A). This result shows that defective binding of

Zap1p to the ZREs in the upf1D mutant can be overcome by

overexpressing this activator. To extend these results to another

gene induced in different conditions and controlled by a different

activator, we monitored the expression of FIT3 in wild-type and

xrn1D strains expressing aft1-up, a constitutively active version of

Aft1p (kindly provided by J.Kaplan; [39,40]. Aft1p is one of the

two major transcriptional activators involved in the low iron

response [39]. As expected, expression of the aft1-up allele resulted

in derepression of the FIT3 mRNA in normal iron conditions in

the wild-type strain (Figure 6B). However, similar levels of the

mature FIT3 transcript were observed in an xrn1D background

when the aft1-up allele was expressed, showing that the presence of

a constitutively activated form of Aft1p can overcome CD-CUT-

mediated repression. The accumulation of the FIT3 CD-CUT was

not affected by expression of the aft1-up construct (Figure 6B),

showing that this effect was not due to a decrease of expression of

CD-CUT. We also monitored FIT3 induction in these strains

upon a shift to low iron conditions (Figure 6C). Interestingly, FIT3

levels did not increase in the aft1-up strain upon a shift to low iron

conditions (Figure 6C). However FIT3 accumulation was higher in

the xrn1D aft1-up double mutant, possibly because of a reduced

degradation of the FIT3 mRNA in the absence of Xrn1p.

Accumulation of CD-CUTs abolishes the derepression of
FIT3 induced by a Mediator component mutation
To investigate the specificity of the effects described above, we

searched for conditions in which the induction of ZRT1 or FIT3

was uncoupled from activation by their transcriptional activators.

Mutation of the Med2p tail component of the Mediator complex

into a non-phosphorylated isoform (med2-S208A) was shown to

result in a constitutive expression of FIT3 [41]. This observation

led us to investigate the effect of the accumulation of the FIT3 CD-

CUT on the derepression of FIT3 induced by this Mediator

component mutation. We inactivated Xrn1p in a strain carrying

the med2-S208A mutation (kind gift of F.Holstege) and analyzed

the expression of FIT3. FIT3 derepression was observed in the

med2-S208A mutant grown in normal medium (Figure 6D; time

zero), in agreement with previous findings [41], but this mutant

did not exhibit any further induction in low iron until 3 hours after

the shift. Strikingly, inactivating Xrn1p in the med2-S208A strain

abolished the derepression of FIT3 observed in the med2-S208A

strain (Figure 6D). However the xrn1Dmed2-S208A mutant strain

was not as defective for induction as the xrn1D strain, since the

double mutant showed kinetics of FIT3 induction comparable to

the wild-type strain. The result obtained in normal iron conditions

(time zero, Figure 6D) shows that the accumulation of the FIT3

CD-CUT can inhibit the activation of FIT3 that results from a

mediator component mutation. These results contrast with the

result observed previously with the aft1-up mutation, which can

activate expression of FIT3 even when CD-CUTs accumulate due

to the inactivation of Xrn1p. Taken together, these results suggest

Figure 5. Effects of transcription terminators upstream ZRT1 on ZRT1 induction and analysis of RNA Polymerase II and Zap1p
occupancies by ChIP. A and B. Effects of the insertion of ADH1 transcriptional terminators at various sites upstream ZRT1 on ZRT1 mRNA during
zinc depletion in wild-type and upf1D strains. C. Analysis of RNA polymerase II occupancy in wild-type, upf1D and upf1D ADH1t-B strains grown in
normal zinc medium (t0) or after a 3 hours shift in low zinc. Shown are normalized qPCR analysis of the different regions from ChIP samples obtained
using anti-Rpb3p antibodies normalized to input DNA and to a qPCR product for a control non-transcribed region. D. Analysis of Zap1p occupancy at
different sites of the ZRT1 gene. Legends as in 5C except that a myc-tagged version of Zap1p was used.
doi:10.1371/journal.pgen.1002163.g005
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Figure 6. CD-CUT mediated transcriptional repression can be rescued by overexpression or constitutive activation of
transcriptional activators. A. Overexpression of Zap1 rescues the ZRT1 induction defect observed in the upf1D mutant. Induction of ZRT1 in
wild-type and upf1D mutant containing an empty vector or a vector overexpressing Zap1p (pZap1) under the control of a MET25 promoter. The WT
or upf1D stains containing the vector pUG35 or pIT31 were grown in normal zinc conditions (time zero) or after overexpression of Zap1 and shift into
low zinc medium. B and C. Expression of the aft1-up allele induces FIT3 expression even in the presence of the FIT3 CD-CUT. A plasmid expressing the
aft1-up allele or a control vector were transformed into wild-type and xrn1D strain, and the levels of FIT3 mature mRNA or those of the CD-CUT were
assessed by northern analysis using an ORF or an upstream (UP) probe, respectively. In panel C, the level of the FIT3 mRNA was assessed in these
strains prior to and after a shift to low iron conditions. D. Analysis of FIT3 induction in wild-type, xrn1D, med2S208A and double mutant strains.
doi:10.1371/journal.pgen.1002163.g006
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that the function of the FIT3 and ZRT1 CD-CUTs is to prevent

the premature binding of the RNA polymerase or of transcrip-

tional activators such as Zap1 and Aft1p when these genes are

transcriptionally repressed.

Discussion

Stable non-coding RNAs that can be detected without

perturbations of the RNA degradation machinery have been

shown to accumulate near many genes [42–44]. Here we show

that strains defective for NMD accumulate 59-extended forms

(CD-CUTs) of many subtelomeric genes, some of which are

involved in zinc and iron uptake and homeostasis. The

accumulation of CD-CUTs is observed for a large number of

genes located in subtelomeric regions in NMD mutants (Figure 1;

Table S1). NMD also degrades the upstream sense ncRNA ICR1

that regulates the FLO11 gene ([8]; Figure S1B). Therefore CD-

CUTs degraded by NMD are not exclusively involved in

regulating metal homeostasis genes. Given the number of

transcripts for which we detected a potential accumulation of

CD-CUTs in NMD mutants by tiling arrays (Table S1), and the

fact that extended forms of SRG1, which regulate SER3

transcription can be degraded by NMD [13], we speculate that

cryptic upstream sense transcription might be used more widely

than previously thought. However most of these transcripts are

normally undetectable or present at very low levels because of

active NMD.

CD-CUTs are clearly degraded by NMD, as shown by their

extended half-life in the absence of Upf1p (Figure 2F, 2G) and

because they are no longer stabilized by a upf1 deletion when a

long ORF is inserted in their place (Figure S5B). CD-CUTs are

likely recognized as NMD substrates because of the lack of

extended ORFs in the 59-regions upstream from the natural

ORF. This might result in random translation initiation in the 59-
region, followed shortly by a stop codon, resulting in recognition

of a faux/extended 39-UTR [45], thus targeting them to NMD. In

support of this model, terminating transcription of the main

ZRT1 CD-CUT in a manner that results in a shorter transcript

renders it insensitive to a upf1 deletion (Figure 4C, adh1t-A strain).

CD-CUTs accumulating in NMD-deficient strains are different

from the CUTs accumulating in nuclear exosome or TRAMP

complex mutants [11,46,47]. CD-CUTs are much larger than

CUTs, and most of them extend within the open-reading frames

to terminate at or near the site of normal 39 processing of the

ORF mRNAs (Figure 1 and Figure 2, Figure S2, Figure 4D).

Thus, both the nuclear exosome and cytoplasmic NMD

degradation machineries are used to regulate gene expression

but act on different sets of promoter-associated unstable RNAs.

However, the two pathways can sometimes intersect, for

example, in the case of the ADH4 CD-CUT, which is efficiently

degraded only when both NMD and the nuclear exosome is

inactivated (Figure 2; Figure 7).

How do CD-CUTs mediate transcriptional repression?
The precise mechanism by which CD-CUTs mediate tran-

scriptional repression is not fully understood. Accumulation of

CD-CUTs in NMD mutants negatively interferes with produc-

tion of the normal transcripts and with RNA polymerase II and

transcriptional activator binding (Figure 5, Figure 6, Figure 7).

We do not know whether acting in cis is strictly required, which

would be consistent with an SRG1-like transcriptional interfer-

ence model [3]. We tried to express the ZRT1 CD-CUTs from a

plasmid to test for the possibility of a trans effect, but could not

detect any reproducible effect on ZRT1 induction (data not

shown). A recent study showed that transcription of the sense

upstream ncRNA ICR1 mediates transcriptional control of the

subtelomeric FLO11 gene [8]. We found that the region upstream

from the FLO11 gene encoding ICR1 shows elevated RNA levels

in the upf1D strain (Figure S6). Like ICR1, expression of the

ZRT1 CD-CUT is under the control of the histone deacetylase

Rpd3p (Figure 4 and [8]). Based on these similarities, it is

possible that the mechanisms of transcriptional control of the

FLO11 gene mediated by ICR1 described in [8] may be

applicable to the action of the CD-CUTs that control other

subtelomeric regions.

The experiments in which we inserted transcription terminators

upstream from ZRT1 do not allow us to differentiate between the

cis and trans-acting models for CD-CUTs. Insertion of the

terminator at position B relieves repression and allows the upf1D
strain to induce ZRT1 in low zinc conditions (Figure 5). However

in this strain, the CD-CUTs terminate before the Zap1 binding

sites, so the results could be interpreted either way (transcriptional

interference or trans-acting). Insertion of the terminator at position

C relieves repression, but also inhibits ZRT1 induction even when

NMD is active (Figure 5). Thus, we cannot conclude whether the

CD-CUTs act in trans or are only the product of transcription that

generates transcriptional interference. Because NMD mutants

show higher CD-CUTs levels without a higher level of RNA

Polymerase in the CD-CUT transcribed region (Figure 5C) and

also result in stronger repression, we favor the hypothesis that

these RNAs act in trans. However, further work is required to fully

prove this point. Another unanswered question is to understand

how the transcriptional machinery overcomes CD-CUT mediated

repression in conditions of induction. It is possible that CD-CUT

transcription is decreased in these conditions, but neither northern

analysis nor the ChIP data seem to indicate that this is the case.

Another alternative is that activation of the transcriptional

activators is so potent during induction that it can overcome

CD-CUTs mediated repression, even if the level of transcription of

CD-CUTs does not change. The results obtained with the Zap1p

overexpression or the constitutive Aft1p allele strains (Figure 6) are

consistent with this model.

How does a cytoplasmic degradation pathway influence
nuclear transcription?
One of the paradoxes raised by our observations is that 59-

extended species of subtelomeric genes are degraded by NMD,

which is a cytoplasmic degradation pathway (Figure 7), yet, these

CD-CUTs mediate transcriptional repression, and must therefore

be localized to the nucleus if they mediate repression. Interestingly,

many subtelomeric genes exhibit a perinuclear localization in

S.cerevisiae [48]. In addition, connections have been made between

nuclear activation of genes and localization at the periphery of the

nuclear envelope near the nuclear pores (reviewed in [49]). Finally,

Upf1p has been shown to interact with two nucleoporins localized

on the outer side of the nuclear envelope, Nup100p and Nup116p

([50]; Figure 7), suggesting that at least part of the NMD process

might occur at the vicinity of the nuclear envelope (Figure 7).

Therefore if both subtelomeric genes and NMD components are

localized close to the nuclear envelope but on opposite sides of the

nuclear pores, the physical distance between the sites of

transcription and action of CD-CUTs, and their site of

degradation might be closer than thought from just considering

the nuclear/cytoplasmic distribution (Figure 7). This would

possibly allow retrograde transport of these CD-CUTs from their

site of degradation to their site of action, and would allow a

regulation of transcription by ncRNAs primarily degraded in the

cytoplasm (Figure 7). It is also possible that CD-CUTs might be
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degraded when they emerge out of the nuclear pore complex, and

that failure to degrade induces an increase of their nuclear

localization, explaining a higher level of repression in NMD

mutants. A better analysis of the mechanisms of nuclear/

cytoplasmic trafficking of these CD-CUTs will ultimately allow a

full understanding of their mechanisms of action.

Conserved functions for ncRNAs and NMD in the control
of the expression of metal homeostasis genes
Despite these unanswered questions, our results have uncovered

a novel function for NMD in controlling the accumulation of

transcripts that negatively interfere with transcription of genes

involved in zinc and iron homeostasis. Previous work has shown

that upstream ncRNAs are involved in controlling gene

expression related to metals homeostasis. It was shown that

Zap1p activates the transcription of ncRNAs which mediate the

repression of zinc-dependent alcohol dehydrogenases by tran-

scriptional interference during zinc deficiency [51]. However it is

unclear whether or not these ncRNAs are targeted by NMD, in a

manner similar to CD-CUTs that regulate ZRT1, ADH4 and

FIT3. A potential transcriptional interference mechanism involv-

ing long unstable upstream sense ncRNA has also been described

in Chlamydomonas during copper deficiency [52], suggesting that

this mechanism has been conserved during evolution to

contribute generally to metal homeostasis genes regulation. Thus,

there seems to be prevalent use of ncRNA transcription to control

gene expression during metals homeostasis in different organisms.

In addition to the potential crosstalk with transcription described

here, NMD was also recently shown to regulate Mg++ cellular

levels [23] by degrading the transcript encoding the main Mg++

transporter. The fact that this RNA surveillance system is so

intimately implicated in the regulation of metals homeostasis in

general might be linked to the prevalence of these metals in the

ribosome and in their function of translation and in its fidelity

[23], possibly revealing another layer of co-evolution between

NMD and translation.

Materials and Methods

Yeast strains and media
Most strains were derived from BY4741 or 4742 (Open

Biosystems). Strains in which the GFP-HIS cassette in the upstream

region of ZRT1 or ADH4 gene were obtained by homologous

recombination [36]. The strain carrying the deletion of the region

upstream FIT3 and the strains containing the terminator insertions

were obtained by delitto perfetto [53]. Double mutants in which the

UPF1 or XRN1 genes were knocked out were obtained by direct

disruption of these genes in other mutant strains, as described [21].

Insertion of the myc-tag for Zap1p was performed as described [36].

Strains were grown in conditions of non-induction in either

YPD or Synthetic Complete medium (SC) supplemented with

2 mM ZnCl2. Growth in condition of low zinc gene induction was

performed in either a Chelex-treated synthetic complete medium

(CSC) or a SC medium containing 1 mM EDTA, pH adjusted to

Figure 7. Model of biogenesis, action, and degradation of CD-CUTs. The model shows the degradation of CD-CUTs by the NMD pathway,
potentially localized at the vicinity of the nuclear pore due to the anchoring by the Nup100/116 nucleoporins [50]. Hypothetical retrograde transport
of CD-CUTs is shown by a question mark but would explain the increased repression of subtelomeric genes in the absence of cytoplasmic
degradation in NMD mutants.
doi:10.1371/journal.pgen.1002163.g007
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4.4 with 20 mM citrate. CSC was prepared as described [28]

except that all amino acid required were added and pH adjusted

to 4.4. Growth in conditions of low iron gene induction was

performed by adding BPS chelator as described [31]. Strains were

grown in YPD (pre-low iron shifts) or SC+2 mM Zn (pre-low zinc

shifts) until OD600 = 0.5, washed twice in sterile water, and shifted

into YPD medium with BPS (low iron shift) or SC+EDTA

medium (low zinc shift) for the indicated times. For the

experiments including overexpression of Zap1p, WT or upf1D
strains containing the vector pUG35 or pIT31 (see below) were

grown in SC medium without Uracil (SC-URA) supplemented

with 2 mM Zn. At OD600 = 0.45, cells were washed twice in sterile

water and shifted in SC-URA without methionine (SC-URA-

MET) supplemented with 2 mM Zn for 2 hours to overexpress

Zap1p prior to zinc starvation. After 2 h, cells were washed twice

in sterile water and maintained in log phase in SC-URA-MET

medium containing 1 mM EDTA. Kinetics of induction were

performed as described above.

Plasmids
A PCR product corresponding to the ZAP1 gene was generated

from genomic DNA with primers containing the restriction sites

ClaI and SalI and inserted in the vector pUG35 digested by the

same restriction enzymes. After transformation and amplification

in E. coli, the plasmid (pIT31) was confirmed by sequencing. The

aft1-up expression plasmid was obtained from J.Kaplan (U.of

Utah).

RNA analysis
Tiling Arrays used in this study were described previously

[21,31] and are accessible in the GEO database (accession number

GSE11621). Northern blot hybridization analysis was performed

as previously described [21,31]. All riboprobes were synthesized

with the T3 MAXIscript kit (Ambion). Riboprobes were

hybridized at 67uC except for the ADH4 ORF probe (65uC).

Chromatin Immunoprecipitation (ChIP)
ChIPs using anti-Rpb3 RNA polymerase II subunit and a myc-

tagged version of Zap1p inserted at the chromosomal locus were

performed as described [54,55].

Supporting Information

Figure S1 Tiling array profiles of ZPS1 and FLO11. A. Tiling
array profile in the region of the ZPS1 gene. Shown is the log2
ratio of signal detected for the upf1D strain divided by the signal for

the wild-type strain. B. Tiling Array profile of the upf1D mutant

compared to the wild-type strain in the right subtelomeric region

of Chr IX containing the FLO11 gene. The FLO11 gene is

localized on the Crick strand (transcribed right to left) from

positions 393,672 to 389,569. The increase of signal in the upf1D
mutant upstream from the FLO11 gene is indicative of higher

levels of the ICR1 ncRNA controlling FLO11. Note that the

neighbor genes MRS1 and SEC11 located in region 397,000–

399,000 are not affected by the upf1D deletion.

(TIF)

Figure S2 Mapping of the CD-CUTs of ZRT1 (A) and ADH4 (B)
genes by northern blot analysis. The ZRT1 probes cover the

following nucleotides: Probe 1: 22410 to 22089; Probe 2: 2800

to2211; Probe 3:2257 to284; Probe 4: +931 to +1131; Probe 5:
+1141 to +1341 (downstream from the ORF).

(TIF)

Figure S3 Analysis of zinc regulon genes induction in NMD

mutants. A. Kinetics of induction of zinc regulon genes in wild-

type, upf2D and upf3D strains after a shift to a medium lacking

zinc. Gene induction was monitored by northern blot using probes

hybridizing to the corresponding genes. SCR1 was used as a

loading control. B. Analysis of ZAP1 mRNAs levels in wild-type

and upf1D strains. ZAP1 mRNA levels were analyzed by northern

blot from cells grown in SC+2 mM Zn (time zero), or after a shift

to SC+EDTA (low Zn). An RNA sample from a zap1D strain was

included as a negative control for the detection of the ZAP1

mRNA.

(TIF)

Figure S4 Kinetics of FIT3 induction in strains lacking Xrn1p,

Upf1p or in the double mutant xrn1Drat1-1. Shown is a northern

blot analysis of FIT3 expression in the indicated strains using a

probe complementary to FIT3.

(TIF)

Figure S5 Insertion of GFP cassettes upstream from ZRT1 and

ADH4. A. Schematic representation of the ZRT1 and ADH4 genes

and location of the GFP-HIS3 cassettes deletions/insertions (UP1

and UP2, UP). The dashed lines represent the regions replaced by

the cassettes. B. GFP mRNA levels analyzed by northern blot in

the different insertion strains. Levels were normalized to SCR1. A

strain without GFP insertion was included as negative control. C.

Effects of the deletion of the upstream region and of the insertion

of a GFP-HIS3 cassette on the kinetics of induction and shutoff of

ZRT1. Insertion of the GFP-HIS3 cassette upstream from ZRT1

(zrt1-up1) results in a three-fold increase in the ZRT1 mRNA peak

in the upf1D strain during zinc deficiency. ZRT1 induction was

faster in the strain carrying this insertion compared to the wild-

type, as shown by the amount of the ZRT1 mRNA expressed after

30 to 120 minutes. After 4 hours of induction, the kinetics of

disappearance of ZRT1 upon shifting back to zinc-containing

medium was also monitored in these strains (+zinc), and samples

were harvested at the indicated times after addition of zinc to the

medium. RNAs extracted from all four strains were loaded on the

same gel and analyzed on the same membranes exposed to the

same times, but each strain is shown as a separate panel for clarity

and space purposes.

(TIF)

Figure S6 Kinetics of ZRT1 induction in wild-type, hda2D
hda3D, upf1D, hda2Dupf1D and hda3Dupf1D strains.

(TIF)

Table S1 List of S.cerevisiae ORFs for which 59 extended species

were observed by tiling microarrays in the upf1D and/or

xrn1Dstrains.
(XLS)
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Nonsense mediated decay (NMD) is an intracellular quality control mechanism that removes and 

degrades RNA messages containing premature translation termination codons (PTC) [Chang et 

al., 2007]. There are numerous routes that can lead to the occurrence of PTCs. For example, in 

the mammalian immune system, in order to increase the repertoire of T-cell receptors through 

extensive DNA rearrangements often leads towards inclusion or exclusion of base pairs within a 

given gene sequence which manifests in a translational frameshift of the transcribed mRNA 

[Chang et al., 2007). Other  modes of PTC introduction can arise through improper splicing—the 

chemical reaction that excises introns (intervening sequences) with the ligation of exonic 

sequences [Chang et al., 2007].  

The basic principles of NMD 

NMD is highly conserved existing from the simplest eukaryotes to the most complex metazoans 

(Losson and Lacroute, 1979; Perlick et al., 1996). There are three main factors that have been 

characterized to date that are essential in the execution of the proper NMD response. These are 

called upframeshift factors Upf1p, Upf2p, and Upf3p. Upf1p was discovered from studies 

conducted in the model yeast, Saccharomyces cerevisiae (Leeds et al., 1992). Furthermore, these 

studies also revealed that PTC-containing mRNAs have markedly increased half-lives in 

mutations of the Upf factors and this was due to the remarkable stability of PTC-containing 

mRNAs. The Upf factor, Upf1p, is a helicase (Leeds et al., 1992; Czaplinsli et al., 1998) and 

associates with the eukaryotic release factors (eRF) eRF1 and eRF3 (Czaplisnki et al., 1998). 

The other two NMD factors, Upf2p and Upf3p also associate with eRF1 and eRF3 (Wang et al., 

2001). Furthermore, it has been shown that is a competition between RNA and eRF3 in binding 

to Upf1p (Czaplisnki et al., 1998). Such associations are important in the proper execution of the 
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NMD response. Although NMD is dispensable in lower eukaryotes such as yeast, it is required 

for viability in vertebrates. Studies have revealed that mice that are heterozygous for the Upf 

ortholog, Rent, are viable and normal but those that are homozygous are gestationally lethal 

(Medghalchi et al., 2001). 

Though it is well known that Upf1p has helicase activity and is predominantly cytoplasmic 

[Lykke-Andersen et al., 2000], the precise biochemical role of Upf3p remains uncertain.  

Perhaps the only well-known facet about the activity and/or involvement of Upf3p is based on 

microscopy data which revealed that both Upf3p and Upf2p are nucleocytoplasmic shuttling 

proteins (Lykke-Anderson and Steitz, 2000). Interestingly, mammals have two copies of Upf3  

annotated as UPF3A and UPF3B (Chang et al., 2007). However, it has been shown that UPF3A 

and UPF3B exert differing functions. UPF3A is less efficient at activating the NMD response 

than UPF3B (Kunz et al., 2006). Moreover, the study by Kuntz and colleagues has revealed that 

at the molecular level, the difference in UPF3A and UPF3B is within the C-terminal domains of 

the proteins [Kunz et al., 2006]. The C-terminus of UPF3B but not UPF3A is remarkably 

conserved across vertebrates [Kunz et al., 2006]. The UPF3A and UPF3B form a complex with 

the exon-junction complex factors Y14, Magoh, eIFAIII, and BTZ [Kunz et al., 2006]. 

Furthermore, extensive biochemical studies performed by Gehring and colleagues have shown 

that a critical, conserved arginine residue within the C-terminus of UPF3B is crucial for its 

function in eliciting NMD [Gehring et al., 2003]. Importantly, the study by Kunz and colleagues 

revealed that there are two distinct functional attributes of UPF3 proteins—the NMD response 

and translation activation which are independent of each other [Kunz et al., 2006]. 
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UPF2 functions to bridge UPF1 and UPF3 [Chang et al., 2007] Furthermore, biochemical studies 

by Serin and colleagues have provided evidence that the C-terminus of UPF2 has the ability to 

interact with both UPF1 and UPF3 [Serin et al., 2001]. Studies aimed towards understanding the 

localization pattern of UPF2 have revealed that it occupies a peripheral niche outside of the 

nuclear membrane [Lykke-Anderson et al., 2000]. Furthermore, studies by Lejeune and 

colleagues have shown that UPF2 is found in purified nuclear extract [Lejeune et al., 2002]. 

However, an important question related to the precise mechanism of UPF2 recruitment is still 

unresolved and remains an active area of investigation. 

Post-translational modifications of the NMD factors 

The NMD factor UPF1 undergoes a cycle of phosphorylation and dephosphorylation by the 

Suppressor with Morphogenetic defect on Genitalia(SMG-1) phosphatidylinositol-3-kinase (PI3) 

(Grimson et al., 2004) and is required for the proper function of the UPF factors in the NMD 

response (Grimson et al., 2004). The SMG-1 kinase has specificity in phosphorylating serine 

and/or threonine residues [Yamashita et al., 2001]. 

Recently, it was reported that a stable protein complex in mammalian cells termed SURF (Smg1-

Upf1-eRF1-eRF3) is present on the exon junction complex (EJC) (Kashima et al., 2006). The 

binding of this complex to the EJC results in UPF1 phosphorylation. This important finding 

provided connectivity between UPF factors, the EJC, and the SMG-1 kinase complex that  

performs the phosphorylation reaction [Kashima et al., 2006]. 

There have been four SMG factors that are involved in controlling the phosphorylation of UPF1: 

SMG1, SMG-5-SMG-6- and SMG-7 [Pulak and Anderson, 1993]. The SMG factors SMG-5; 
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SMG-6; and SMG-7 are important in regulating the dephosphorylation of UPF1/SMG2 and are 

localized mainly in the cytoplasm  [Chiu et al., 2003]. It has also been shown that in addition to 

UPF1,UPF2 has also been found to be phosphorylated in human cells [Chiu et al., 2003]. 

However, although biochemical evidence suggests that UPF1 dephosphorylation is governed by 

complex formation between SMG5, SMG7, UPF1 and protein phosphatase 2A but not for 

dephosphorylation of UPF2.  

These SMG factors are characterized by the presence of PIN domains, which have been 

implicated in possessing RNA degradation activity [Clissold and Ponting, 2000]. Furthermore, 

SMG factors are able to form efficient protein-protein complexes mediated via the presence of 

tetratricopeptide repeats (TPRs) which encode amphipathic α-helices [Das et al., 1998]. 

Although SMG5 and SMG7 have no phosphatase activity, their association with the N-terminal 

domain of UPF1 is necessary for subsequent UPF1 dephosphorylation by PP2A [Ohnishi et al., 

2003]. Ohnishi and colleagues have offered insight into the physiological significance of UPF1 

phosphorylation/dephosphorylation cycle mediated by SMG1 and the SMG5-SMG7-PP2A 

complex, respectively [Ohnishi et al., 2003]. Their studies suggest that a cycle of 

phosphorylation-dephosphorylaton is crucial for the “remodeling of NMD complexes” [Ohnishi 

et al., 2003]. 

The dephosphorylation of UPF1 is important in completing the non-sense mediated 

decay/mRNA surveillance cycle. Of particular importance are the complexes between SMG-5 

and SMG-7, which function in the recognition of phosphoUPF1 and are part of a larger 

macromolecular assembly comprising protein phosphatase 2A [Anders et al., 2003; Ohnishi et 

al., 2003; Fukuhara et al., 2005]. Following the removal of these surveillance factors as a 



21 
 

function of phosphorylation-dephosphorylation, degradation can ensue from either the 5’ 

direction following decapping [Muhlrad and Parker, 1994; Mitchell and Tollervey, 2003] or the 

3’ end following deadenylation [Chen and Shyu, 2003; Lejeune et al., 2003].  In Saccharomyces 

cerevisiae, the RNA decay factors localize in processing (P) bodies [Sheth and Parker, 2003; 

Sheth and Parker, 2006]. However, recent studies have shown that decay is initiated on 

polyribosomes and appears to be largely co-translational [Hu et al., 2009; Hu et al., 2010]. 

The mechanism of mRNA decay appears to be quite different in higher eukaryotes. In 

Drosophila melanogaster, an internal nick in the RNA serves as a prerequisite prior to the 

involvement of exonucleases responsible for the degradation of the message from either the 3’- 

or the 5’-end [Gatfield and Izzauralde, 2004]. This also appears to be the case in mammalian 

cells [Eberle et al., 2009] whereby SMG-6 generates an endonucleolytic nick in RNAs harboring 

nonsense mutations [Eberle et al., 2009]. 

The mechanism of NMD 

In yeast, an important distance rule was developed to elucidate the basic mechanism of 

recognition of a PTC [Ruiz-Echevarria et al., 1998]. In these series of experiments, insertions of 

a downstream element  (DSE) derived from the PGK1 gene was incorporated at a given distance 

from the PTC-harboring GCN4 transcript [Ruiz-Echevarria et al., 1998]. It was concluded that 

the NMD surveillance complex is not able to efficiently elicit a nonsense response if the DSE is 

inserted on the order of magnitude of greater than 200 base-pairs from the first PTC [Ruiz-

Echevarria et al., 1998]. This suggests that there is an upper distance limit as to how far the 

surveillance complex is able to scan before initiating the NMD response in lower eukaryotes. 



22 
 

However, in higher eukaryotes, the mechanism of PTC recognition appears to be more complex.  

Earlier work has shed light and has also led to the development of a distance rule in metazoans. 

These studies have suggested that a transcript is deemed as a PTC-containing RNA if there is an 

occurrence of a PTC 50-55 nucleotides upstream of the most 3’exon-exon junction [reviewed in 

Nagy and Maquat, 1998]. 

An important breakthrough in understanding NMD was made when several papers were 

published reporting the presence of an important protein complex known as the exon junction 

complex [Le Hir et al., 2000]. This complex is precisely deposited (as mapped through an RNase 

H assay) ~22-24 nucleotides upstream of the exon-exon junction [Le Hir et al., 2000]. In terms 

of mRNA quality control, the function of the EJC has emerged as a molecular communication 

device [Chang et al., 2007]. Specifically, the EJC is able to transmit the location of a spliced 

intron relative to the position of the stop codon [Chang et al., 2007]. Recent evidence has shed 

additional light on the molecular interplay governing the initiation of NMD [Singh et al., 2008]. 

This study has suggested that there is an antagonistic relationship that exists with factors near the 

3’ UTR of an mRNA and the Upf proteins [Singh et al., 2008]. In particular, this report has 

shown that PABP is a key factor that opposes NMD and therefore inhibits the interaction of 

eRF3 and Upf1p [Singh et al., 2008]. Furthermore, in human cells, when PABP was positioned 

or tethered in the vicinity of a stop codon, it resulted in a diminished NMD response [Singh et 

al., 2008]. At least in the context of human cells, the process of NMD in thought to be residing 

predominantly in the cytoplasm [Singh et al., 2007]. A key result that supports this notion was 

that restricting Upf1 within the nucleus results in the severe impairment of the NMD response 

[Singh et al., 2007]. Recent studies have shed light on the importance of Upf1p in executing the 
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NMD response [Franks et al., 2010]. This report showed that the ATPase activity present within 

the helicase domain of Upf1p is necessary for the disassembly of factors deposited/associated 

with the RNA [Franks et al., 2010]. The lack of proper Upf1p helicase activity results in the 

accumulation of partially degraded intermediate forms of the RNA which associate with Upf 

factors and localize to processing bodies [Franks et al., 2010]. 

Components of the EJC 

Studies have shown that there are four core proteins Y14, Magoh, eIF4AIII, and MLN51 that 

comprise the EJC [Le Hir et al., 2000]. Magoh and Y14 interact with each other as well as the 

conserved mRNA export factor, TAP [Kataoka et al., 2001]. Structural studies revealed that Y14 

interacts with Magoh through its RNA binding domain [Lau et al., 2003]. The salient topological 

features of the Magoh crystal structure have shown that it has several antiparallel beta strands 

that pack against two alpha helices [Lau et al., 2003]. Furthermore, the binding/interaction of 

Magoh to Y14 blocks the RNA binding surface of Y14 [Lau et al., 2003]. The other core 

components of the EJC include the DexH/D-box family member of the RNA helicase family, 

eIF4AIII (the eukaryotic initiation factor AIII). Studies have shown that eIF4AIII helps other 

EJC components dock onto the EJC [Shibuya et al., 2004]. Moreover, it is known to shuttle in 

and out of the nucleus and associate with Magoh and Y14 [Shibuya et al., 2004]. In addition, the 

study conducted by Shibuya and colleagues determined that like the importance of the conserved 

NMD pathway helicase, UPF1, eIF4AIII is required for the progression of NMD [Shibuya et al., 

2004]. Using a PTC-containing TCR-β RNA as a model, it was shown that depletion of eIF4AIII 

stabilized the TCR-β transcript [Shibuya et al., 2004]. The other core EJC factor, MLN51, also 

associates with eIF4AIII, Magoh, and Y14 [Ballut et al., 2005]. An N-terminal domain, the 
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SELOR sequence, has been shown to be important in binding RNA as well as associating with 

the other core EJC components [Ballut et al., 2005]. MLN51 also occupies a distinct spatial 

niche. The in vivo localization pattern suggests that it forms a ring of nuclear speckles [Ballut et 

al., 2005]. There are essential residues which reside in the N-terminal SELOR sequence that are 

critical for directing MLN51 into nuclear speckles [Ballut et al., 2005]. For example, an alanine 

scanning mutagenesis study has unraveled the importance of particular amino acids within this 

motif.  An alanine substitution in place of a critical tryptophan residue within the SELOR 

sequence stretch completely abolishes the nuclear speckle pattern [Ballut et al., 2005]. 

Furthermore, there are downstream residues that were also found to be critical in directing 

MLN51 to a punctate nuclear speckle niche [Ballut et al., 2005]. 

In a study conducted by Reichert and colleagues, it was reported that there is a dynamic 

association of protein factors prior to splicing [Reichert et al., 2002]. For example, using 

biochemical methods, it was shown that the EJC factor Ref/Aly has the ability to associate with 

the spliceosome prior to the commencement of splicing [Reichert et al., 2002]. Furthermore, 

other factors namely “Y14, Magoh, RNPS1, UAP56, and SRm160 are found in the intermediate 

spliceosome” [Reichert et al., 2002]. The ligation of exons leads towards a dramatic shift in the 

protein composition resulting in the dissociation of RNP51, UAP56, and SRm160 [Reichert et 

al., 2002]. However, the main components comprising the core of the EJC are not subjected to a 

dynamic cycle of association-dissociation. In particular, it was discovered that the core factors 

Aly/REF, Magoh, and Y14 remain stably associated with the EJC indicating their static and 

long-lived association with the RNA [Reichert et al., 2002]. Studies have also shed light on the 

role of post-translational modifications in the destabilization and cycling of the EJC. 



25 
 

Specifically, a report by Hsu and colleagues focused on the role of phosphorylation and 

methylation of Y14 in regulating EJC dissociation [Hsu et al., 2005]. Phosphorylation within an 

arginine-serine-rich (RS-rich) region of the polypeptide was essential for the dissociation of Y14, 

which had occurred after mRNA surveillance [Hsu et al., 2005]. Furthermore, arginine 

methylation of Y14 was reportedly shown to be a phosphorylation antagonizer [Hsu et al., 2005]. 

These studies focused on the Y14 phosphorylation-methylation relationship is reminiscent of the 

role of cyclical phosphorylation and methylation that regulates the nucleo-cytoplasmic 

trafficking of the yeast RNA-binding protein, Npl3p [Gilbert et al., 2001]. 

The faux 3’ UTR model 

The basic principles governing the importance of the faux 3’ UTR were carried out in yeast and 

the model was tested using a synthetic PGK1 gene [Amrani et al., 2004]. One of the key findings 

from this study suggested that the NMD response is elicited as a result of an inherent failure by 

the ribosome to properly terminate translation near a 3’ UTR [Amrani et al., 2004]. Second, the 

the lack of proper translation termination has immense ramifications on proper ribosome 

recycling [Amrani et al., 2004]. It is therefore suggested that the failure to terminate translation 

could therefore lead to the recruitment of Upf1p to the site of abnormal translation termination 

[Amrani et al., 2004]. Most importantly, this study has argued that at the mechanistic level, the 

NMD pathway in metazoans versus yeast is unlikely to be different [Amrani et al., 2004]. A 

much recent investigation into the faux UTR model has suggested that there could be distinct 

recruitment steps that allow for the commitment of Upf1p and Upf1p-associated factors to elicit 

the NMD response [Kervestin et al., 2012]. A recent landmark study in yeast revealed that NMD 

does not require the presence of a poly-A tail nor the poly-A tail binding protein, Pab1p [Meaux 
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et al., 2008]. The findings in this report have negated the long-standing distance hypothesis, 

which had stated that a critical determinant of eliciting the NMD response in yeast was 

determined in part by the nucleotide distance from the PTC to the beginning of the poly-A tail. 

Interestingly, the findings by Meaux and colleagues challenge the faux UTR model put forth by 

Amrani and others. 

The involvement of NMD in regulating messenger RNA levels: A yeast perspective 

 

Prior to our work on identifying new targets of the NMD pathway in yeast, there were numerous 

important studies that revealed a role for NMD in the regulation of the post-transcriptional 

aspects of gene expression. In particular, earlier genome-wide studies revealed that NMD may 

function in controlling the cellular abundance of hundreds of mRNAs [Lelivelt and Culbertson, 

1999; He and Jacobson, 2001; He et al., 2003; Guan et al., 2006]. Genome-wide studies 

uncovered an unprecedented role for the NMD pathway in regulating the transcript levels for 

genes encoding components of the telomerase complex [Dahlseid et al., 2003]. Another 

important facet of this study was that it unraveled a role for NMD in controlling and balancing 

the levels of a particular group of transcripts without affecting their decay [Dahlseid et al., 

2003]. A genome-wide study in yeast revealed a direct role for Upf1p in associating with its 

target RNAs [Johansson et al., 2007]. These findings expanded the repertoire and therefore have 

contributed immensely towards obtaining a more complete scenario of the precise role of Upf1p 

and the direct versus indirect target RNAs [Johansson et al., 2007]. Genome-wide studies on the 

NMD homolog Upf1p have also been performed in the fission yeast, Schizosaccharomyces 

cerevisiae [Rodriguez-Gabriel et al., 2006]. The S. pombe study showed that NMD may 
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function to regulate a large number of RNAs involved in the oxidative stress response 

[Rodriguez-Gabriel et al., 2006]. Much recent reports have revealed a role for NMD in 

regulating the ASH1 mRNA [Zheng et al., 2008]. The ASH1 mRNA is normally under a 

translationally repressive, NMD-insenstive mode as it is being transported out from the nucleus 

and into the cytoplasm via an actin network [Zheng et al., 2008]. However, translation repression 

is relieved and it becomes an NMD target [Zheng et al., 2008]. Another study has also 

highlighted the importance of NMD in the regulation of the CPA1 gene [Messenguy et al., 

2002]. These findings suggested that NMD acts on the 5’end of the CPA1 gene and that there is a 

strong decay response in the presence of arginine [Messenguy et al., 2002]. A recent 

investigation has linked metal metabolism with NMD [Johannson and Jacobson, 2010]. 

The above studies highlight the importance of NMD in regulating the levels of normal and PTC-

containing yeast mRNAs. However, other studies have shown how usage of alternate translation 

initiation sites (the so-called internal translation initiation sites) can cause frameshift mutations 

resulting in premature translation termination [Welch and Jacobson, 1999].  

Taken together, the investigations on understanding the yeast NMD pathway and its substrates 

have deepened our understanding on the varied transcripts that are directly (as well as indirectly) 

subjected to NMD.  
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SUMMARY

Nonsense-mediated mRNA decay (NMD) eliminates
transcripts carrying premature translation termina-
tion codons, but the role of NMD on yeast unspliced
pre-mRNA degradation is controversial. Using tiling
arrays, we show that many unspliced yeast pre-
mRNAs accumulate in strains mutated for the NMD
component Upf1p and the exonuclease Xrn1p. Intron
identity and suboptimal splicing signals resulting in
weak splicing were found to be important determi-
nants in NMD targeting. In the absence of functional
NMD, unspliced precursors accumulate in the cyto-
plasm, possibly in P-bodies. NMD can also comple-
ment RNase III-mediated nuclear degradation of
unspliced RPS22B pre-mRNAs, degrades most
unspliced precursors generated by a 50 splice site
mutation in RPS10B, and limits RPS29B unspliced
precursors accumulation during amino acid starva-
tion. These results show that NMD has a wider im-
pact than previously thought on the degradation of
yeast-unspliced transcripts and plays an important
role in discarding precursors of regulated or subopti-
mally spliced transcripts.

INTRODUCTION

Nonsense-mediated mRNA decay (NMD) is an RNA surveillance

pathway that eliminates transcripts carrying premature transla-

tion termination codons (PTCs; reviewed in Behm-Ansmant

et al., 2007; Chang et al., 2007; Conti and Izaurralde, 2005; Le-

jeune and Maquat, 2005). This surveillance mechanism relies

on the Upf proteins, which target PTC-containing transcripts

for degradation (Chang et al., 2007; Conti and Izaurralde, 2005;

Leeds et al., 1992; Lejeune andMaquat, 2005). The physiological

functions of NMD have been analyzed in a variety of organisms.

In mammalian cells, NMD prevents the accumulation of trun-

cated proteins that would result frommutations found in patients

affected by genetic diseases (Behm-Ansmant et al., 2007;

Frischmeyer andDietz, 1999). NMD also plays a role in regulating

transcripts that have incorporated PTC-containing exons by al-

ternative splicing (Green et al., 2003; Hillman et al., 2004; Hori

andWatanabe, 2005; Lareau et al., 2007; Ni et al., 2007). In yeast

and mammalian cells, NMD controls the expression of a large

number of natural transcripts (Guan et al., 2006; He et al.,

2003; Johansson et al., 2007; Lelivelt and Culbertson, 1999;

Mendell et al., 2004). In C. elegans, Arabidopsis, and Parame-

cium, NMD contributes to the elimination of unproductively

spliced mRNAs (Arciga-Reyes et al., 2006; Jaillon et al., 2008;

Mitrovich and Anderson, 2000). NMD also controls the expres-

sion ofC. elegans pseudogenes (Mitrovich and Anderson, 2005).

Due to the great likelihood of encountering intronic PTCs, it

seems logical that NMD would target unspliced pre-mRNAs for

degradation in all eukaryotes. However, the impact of NMD on

unspliced pre-mRNA degradation in the model yeast S. cerevi-

siae has been controversial. Unspliced forms of three pre-

mRNAs were found to accumulate in the upf1D mutant (He

et al., 1993; Li et al., 1995). However, the analysis of the splicing

and expression of intron-containing transcripts using splicing

microarrays in the xrn1D, upf1D, or upf3D mutants failed to re-

veal widespread accumulation of unspliced pre-mRNAs (Burckin

et al., 2005; Clark et al., 2002; Pleiss et al., 2007). In addition, sev-

eral studies have pointed to nuclear or cytoplasmic degradation

pathways for yeast unspliced pre-mRNAs that are independent

of NMD. Unspliced transcripts generated by a mutation of the

Prp2p splicing factor are not stabilized byNMDmutations (Bous-

quet-Antonelli et al., 2000), but their accumulation is increased

by inactivation of the nuclear exosome, suggesting nuclear de-

cay. Inactivation of the nuclear exosome component Rrp6p

also increases the accumulation of unspliced transcripts of

genes for which the spliceosome is not associated with the sites

of transcription (Moore et al., 2006). In support of the hypothesis

of a nuclear retention and degradation system is the finding that

depletion of the nuclear pore-associated Mlp1p protein in-

creases the leakage of unspliced pre-mRNAs of an inefficiently

spliced reporter transcript (Galy et al., 2004). Specialized nuclear

degradation systems for unspliced pre-mRNAs have also been

described that rely on the nuclear RNase III Rnt1p (Danin-Krei-

selman et al., 2003). In contrast to these findings, which suggest

nuclear degradation of several yeast unspliced pre-mRNAs, the

decay of actin intron-based reporter transcripts containing splic-

ing signals mutations depends on Xrn1p, the cytoplasmic 50/ 30

exonuclease, but is not affected by Upf1p absence (Hilleren and

Parker, 2003). The decay of several cytoplasmic unspliced

meiotic transcripts is also independent of Upf1p (Scherrer and

Spingola, 2006).

Interestingly, these observations were made on different tran-

scripts, suggesting transcript-specific degradation pathways.

These observations led us to revisit the global impact of NMD

on yeast intron-containing transcripts (hereby called the
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intronome). In this study, using tiling array analysis of strains lack-

ing Xrn1p orUpf1p, we show that NMDeliminates a large number

of unspliced pre-mRNAs,many ofwhich are not splicedwith high

efficiency, due in part to suboptimal splicing signals. Taken to-

gether with previous studies, these results show that the mecha-

nisms of degradation of unspliced pre-mRNAs are multiple and

sometimes complementary, underscoring the importance of

various surveillance pathways for unprocessed species.

RESULTS

TilingMicroarray Analysis of theS. cerevisiae Intronome
in upf1D and xrn1D Deletion Strains
To investigate the role of NMD in intron-containing transcripts

expression and unspliced pre-mRNA degradation, wemonitored

the accumulation of intron-containing genes (ICGs) using Affy-

metrix S. cerevisiae tiling arrays in the upf1D and xrn1D deletion

strains. Upf1p is one of the main components of the yeast NMD

machinery (Leeds et al., 1991), and Xrn1p is the major 50/ 30

exonuclease that degrades transcripts through the NMD path-

way (He and Jacobson, 2001). Although Xrn1p also plays

a role in constitutive mRNA degradation, we expected bona

fide NMD targets to present similar profiles in upf1D or xrn1D

mutant strains, as shown in previous expression microarray

Figure 1. Tiling Array Analysis of Exons and Intron Signals

in the upf1D Strain Relative to Wild-Type

(A) Dendrograms of all ICGs.

(B) Dendrogram of non-RPGs.

(C) Dendrogram of RPGs.

(D) Dendrogram of RPGs that show an increase of intronic signal.

Exons are represented by boxes, and introns are represented by

a line. Yellow represents increase, and blue represents decrease.

For genes exhibiting two introns, the first intron is indicated by .1.

studies (He et al., 2003). We chose to use tiling arrays,

since these have been previously used to efficiently

detect intronic RNAs (Juneau et al., 2007; Zhang

et al., 2007) and also because previously described

custom splicing arrays did not reveal widespread ef-

fects of NMD mutants on unspliced precursor accu-

mulation (Burckin et al., 2005; Clark et al., 2002; Pleiss

et al., 2007). Four independent cultures were used for

wild-type, xrn1D, and upf1Dmutants, and probes pre-

pared from the corresponding RNAs were hybridized

to Affymetrix tiling arrays. We monitored the expres-

sion of probe sets corresponding to intronic and ex-

onic regions of 278 intron-containing genes (ICGs)

and corresponding to 287 intronic features, since

nine ICGs contain two introns. Following bioinfor-

matics analysis (described in the Supplemental Data

available online), classification of transcripts accord-

ing to phenotypic classes was confirmed by visual in-

spection of the tiling array profiles (see examples in the

Supplemental Data).

Figure 1 shows the clustering of exon1, intron, and

exon 2 signals in the upf1D mutant strain compared

to wild-type for all ICGs. This clustering revealed that

a subpopulation of ICGs shows an increase of intronic signal in

theupf1D strain compared to thewild-type,withoutmajor change

of signal in exonic sequences (Figure 1A). Strikingly,most of these

ICGs corresponded to ribosomal protein genes (RPGs) as

represented by red bars on the left side of the dendrogram

(Figure 1). Analysis of the intron-containing RPGs subpopulation

(Figure 1C) showed that 31% of RPG introns (33 introns) had

a more than 2-fold increase of intronic signal in the upf1Dmutant

compared to wild-type. Compared to the number of ICGs show-

ing a more than 2-fold increase of intronic levels in the non-RPGs

population (19), there is a significant enrichment forRPGs (p value

< 1.6 3 10�5). The subpopulation of RPGs for which elevated

(>2-fold) levels of intronic signals were observed upon Upf1p in-

activation (hereby called NMD sensitive) is shown in detail in

Figure 1D.Mostof thesedidnot exhibit anychangeor only a slight

decrease in exonic signal. One exception wasRPL22B, for which

an increase in exonic signal was detected in upf1D (Figure 1D;

Figure S1). This effect could be explained by the fact that the

amount of unspliced RPL22B that accumulates in upf1D is so

high that it exceeds that of spliced RPL22B in wild-type (see be-

low, Figure 7). When non-RP ICGs were clustered separately

(Figure1B), themainclusterwasa family of ICGs forwhichasignal

increase in upf1D occurred throughout exonic and intronic

regions. Many of these ICGs correspond to subtelomeric genes
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encoding helicase-like proteins. The overall signal increase in

these regions for the upf1D mutant was also observed in neigh-

boring regions outside of these genes; therefore, this phenotype

might have been the result of a decrease of subtelomeric silenc-

ing. Because it is unclear whether or not these genes are actually

functional, we did not analyze this subset of genes further.

Wealso analyzed intronic andexonic signals in the xrn1D strain

relative to thewild-type strain (Figure S2). The increase of intronic

signal observed in the upf1D strain for many RPGs was also ob-

served in xrn1D (Figure S2). To visualize the differences between

ICGs expression in the xrn1D and upf1D strains, we compared

the array profiles of ICGs between these two strains. Several

ICGs exhibited an increase in exonic signals in xrn1D compared

to upf1D (Figure S3) without change in intronic signal (top of the

dendrogram, Figure S3), which suggested increased spliced

mRNA levels. This increase could be attributed to the role of

Xrn1p in general mRNA degradation (Parker and Song, 2004).

We also found transcripts for which intronic signals were higher

in xrn1D compared to upf1D, suggesting that some unspliced

precursors accumulate to higher levels when the exonuclease

component is disrupted.Quantificationof intronic andexonic sig-

nals is provided in Table S3. Some genes also showed a stronger

accumulation of both intronic and exonic signals in the xrn1D

strain compared to the upf1D strain, consistent with a stronger

accumulation of unspliced and spliced species in the xrn1D strain

compared to upf1D. Both RPGs and non-RPGs were found

among those, including the YRA1 transcript, which exhibited

a strong increase of intronic and exonic signals in the xrn1D

strain compared to wild-type, but not in the upf1D strain

(Figure S3). These findings are consistent with previous studies,

Figure 2. Northern Blot Analysis of ICGs in Wild-Type and

NMD Mutant Strains

(A and B) Detection of unspliced ICGs in wild-type, upf1D, and

xrn1D strains. Shown are the signals obtained by hybridization

of northern blots with the indicated probes, which covered

exon1 (E1), intron (I), and exon2 (E2) unless indicated otherwise.

US, Unspliced pre-mRNA; S, Spliced mRNA. Numbers indicate

the fold increase accumulation of unspliced relative to wild-type.

SCR1 or G3PDH were used as loading controls.

(C) Detection of unspliced RPGs in wild-type, upf1D, upf2D, and

upf3D strains. The prp2-ts strain was used as a positive control

for the detection and migration of unspliced precursors.

which involved Xrn1p, but not Upf1p, in the degrada-

tion of YRA1 unspliced mRNAs (Dong et al., 2007;

Preker and Guthrie, 2006). However, the overall

clustering patterns were very similar in the strain lack-

ing Xrn1p compared to the strain lacking Upf1p,

strengthening the argument that transcripts for which

intronic signal accumulation is observed are targeted

by NMD.

Effects Detected on Tiling Arrays Can Be
Reproduced by Northern Blot Analysis
Tiling arrays analysis showed an accumulation of in-

tronic signal for many RPG transcripts in the upf1D

and xrn1Dmutants. While this accumulation was con-

sistent with an increase of unspliced pre-mRNAs in these mu-

tants (with the level of unspliced largely smaller than those of

spliced mRNAs), we could not formally exclude that the ob-

served intronic signal was the result of a lack of degradation of

the excised introns. We therefore validated the microarray re-

sults by analyzing a set of candidates by northern blot. Figure 2

shows the northern blot analysis of several ICGs in the upf1D and

xrn1D deletion strains. To further test if unspliced pre-mRNA ac-

cumulation occurs generally in NMD mutants, we also analyzed

unspliced transcripts accumulation in mutants lacking Upf2p

and Upf3p (Figure 2C). As a positive control, we used a strain

carrying a thermosensitive mutation in the splicing factor

Prp2p to detect the presence of unspliced pre-mRNAs. These

experiments showed that whenever we detected an increase in

intronic signal by tiling arrays, we were also able to detect un-

spliced pre-mRNAs by northern blot analysis (Figure 2). This ef-

fect was observed mostly for RPGs, but also for the REC107

meiotic transcript (Figure 2A). We also analyzed RPL25 by north-

ern blot, which did not show any intronic signal accumulation in

the upf1D and xrn1D strains on tiling arrays. We were unable to

detect an increase of unspliced RPL25 precursors in these mu-

tants, while these precursors were readily detectable in the

prp2-1 splicingmutant. Interestingly, the quantitative differences

between strains on the tiling arrays could be reproduced by

northern blot. For example, the RPL21A intronic signal relative

to wild-type was similar for the upf1D and xrn1D mutant strains

as judged by tiling arrays (Figure S5A) or by northern blot

(Figure 3B). TheRPP1B transcript exhibited higher intronic signal

in upf1D than in xrn1D on the tiling arrays (Figure S5B), which

was confirmed by northern blot (Figure 2B). Reciprocally,
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RPS14B exhibited stronger intronic signal in xrn1D than in upf1D

on the arrays (Figure S5B), which was also detected by northern

blot (Figure 2B). In addition, elevated exonic RPS14B signal was

detected in the xrn1D strain on the arrays (Figure S5C), which

was confirmed by higher levels of spliced mRNAs on the north-

ern blot (Figure 2B). Therefore, the relative differences detected

by the tiling arrays can be used with confidence to predict rela-

tive differences in gene expression between strains. However,

numbers extrapolated from the tiling array analysis were gener-

ally lower than the quantifications of the northern analysis (com-

pare numbers in Figure 2 and Table S3), suggesting that the tiling

array analysis underestimates the quantitative effects of NMD.

Finally, the observation that unspliced precursors accumulate

to similar levels in the upf1D, upf2D, and upf3D strains (Figure

3C) emphasizes the fact that these unspliced precursors are

NMD targets.

Effects of the Combined Inactivation of NMD and of the
Nuclear Exosome Component Rrp6p or of the Nuclear
Retention Protein Mlp1p on the Accumulation
of Unspliced Transcripts
To test whether additional nuclear degradation or retention sys-

tems contributed to the degradation of unspliced NMD targets,

Figure 3. Effects of NMD Mutations Com-

bined with Inactivation of Rrp6p, Mlp1p, or

of Rnt1p Stem-Loops on the Accumulation

of Unspliced Pre-mRNAs

(A) Expression of RPGs and detection of unspliced

RPGs in wild-type, upf1D and rrp6D, and

upf1Drrp6D strains for NMD-sensitive transcripts.

For some transcripts, different exposures are

shown to properly visualize mRNAs. Legends are

the same as in Figure 2.

(B) Expression of RPGs and detection of unspliced

RPGs in wild-type, upf1D and mlp1D, and upf1D

mlp1D strains for NMD-sensitive transcripts. Leg-

ends are the same as in Figure 2.

(C) Expression of RPGs and lack of detection of

unspliced RPGs in wild-type, upf1D, mlp1D,

rrp6D, upf1D mlp1D, and upf1Drrp6D strains for

NMD-insensitive transcripts. Legends are the

same as in Figure 2.

(D) Inactivation of NMD and of Rrp6 shows syner-

gistic effects on the accumulation of two unspliced

pre-mRNAs. Legends are the same as in (A).

(E) Analysis of RPS22B in strains carrying a dele-

tion of the Rnt1p-target stem-loops (SL1,2D)

and/or carrying mutations of NMD components.

Shown are the signals obtained by hybridization

of the same membrane with the indicated probes.

we combined the upf1D deletion with

a deletion of either RRP6 or MLP1.

Rrp6p is a component of the nuclear exo-

some, and some unspliced pre-mRNAs

have been shown to accumulate in rrp6

mutants (Bousquet-Antonelli et al., 2000;

Moore et al., 2006). The accumulation of

unspliced pre-mRNAs was first analyzed

for the NMD-sensitive RPGs RPL19A, RPL21A, RPL36A, and

RPP1B (Figure 3A). The inactivation of Rrp6p did not result in

an increase of these unspliced pre-mRNAs, nor did it exacerbate

the accumulation of unspliced pre-mRNAs when combined with

the upf1D deletion (Figure 3A). This result suggests that these

pre-mRNAs are not subjected to nuclear surveillance but that

their principal mode of degradation relies on NMD.

Mlp1p is required for nuclear retention of an inefficiently

spliced RP51B-based pre-mRNA reporter transcript (Galy

et al., 2004). We analyzed the accumulation of the NMD-sen-

sitive pre-mRNAs RPL21A, RPP1B, and RPS11B in upf1D,

mlp1D, and upf1D m1p1D strains (Figure 3B). Mlp1p depletion

in the upf1D strain did not exacerbate the accumulation of these

unspliced pre-mRNAs (Figure 3B), suggesting that the Mlp1p-

mediated nuclear retention system is not active on these pre-

mRNAs. We conclude that these transcripts are not retained in

the nucleus and that they can escape to the cytoplasm where

they are targeted by NMD (see below, Figure 6).

We also investigated whether Rrp6p orMlp1p depletion, alone

or in combination with Upf1p depletion, could result in the accu-

mulation of unspliced pre-mRNAs for NMD-insensitive ICGs.

Northern blot analysis of RPS18A, RPL39, and GOT1, which

are unaffected by the upf1D or xrn1D mutations, did not reveal
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any accumulation of unspliced pre-mRNA in the rrp6D or rrp6D

upf1D mutants (Figure 3C), indicating that these transcripts ei-

ther do not produce significant levels of unspliced pre-mRNAs

or that their degradation relies on other pathways. Similarly,

MLP1 deletion in combination with the UPF1 deletion did not re-

sult in accumulation of unspliced RPL25, RPL16A/B, or GOT1

mRNAs (Figure 3C), suggesting that these transcripts are prob-

ably not retained in the nucleus, which would have explained

their insensitivity to NMD.

Finally, RPS11B and RPL16A were the only transcripts for

which inactivation of both Rrp6p and of Upf1p resulted in aminor

increase in unspliced transcripts compared to the single mutants

(Figure 3D). These results show that in some particular cases, the

nuclear exosome can functionally complement NMD in the

degradation of unspliced transcripts.

NMD Complements Rnt1p-Mediated Degradation
of Unspliced RPS22B Species
RPS22B contains two introns, the second of which contains

the box H/ACA snoRNA snR44. We previously showed that

Rnt1p, a nuclear double-stranded RNA endonuclease, cleaves

a stem-loop structure in the first intron, triggering degradation

of the unspliced or partially spliced precursors containing intron

1 (Danin-Kreiselman et al., 2003). Since RPS22B was found

among NMD targets (Figure 1), we tested whether NMD could

complement Rnt1p-mediated degradation for this transcript by

combining the upf1D deletion with a deletion of both stem-loops

in the first intron of RPS22B (DSL1+2, see Danin-Kreiselman

et al., 2003). We then monitored the accumulation of unspliced

RPS22B species in these mutants (Figure 3E). While the deletion

of the stem-loops or of UPF1 resulted in only a modest increase

of unspliced pre-mRNAs, the double mutant showed a dramatic

increase of partially spliced pre-mRNAs that retain intron 1

(Figure 3E). An increase in partially spliced RPS22B transcripts

that retain intron 1 was also observed when the stem-loop dele-

tion was combined with Upf2p or Upf3p inactivation (Figure 3E).

These results show that the NMD pathway complements Rnt1p-

mediated degradation in preventing the accumulation of un-

spliced RPS22B species. We also found that the amount of

RPS22B-spliced mRNAs were increased in the upf1D, DSL1+2

double mutant, compared to wild-type or to the corresponding

single mutants. This result was also observed when Upf2p or

Upf3p were inactivated in addition to the stem-loop deletion

(Figure 3D). In contrast, the amount of snR44 was not increased

in any of the doublemutants (Figure 3D, snR44 probe). This result

shows that both Rnt1p-mediated degradation, and more sur-

prisingly, the NMD pathway, compete with splicing. These two

degradation pathways thereby titrate a significant fraction of pre-

cursors away from the splicing pathway, rendering precursor

degradation rate limiting for the production of spliced RPS22B

mRNAs.

Intron Identity Is a Key Determinant for Targeting
of Unspliced Pre-mRNAs to NMD
We next investigated the determinants of NMD targeting for un-

spliced transcripts. Experiments described in the Supplemental

Data showed that UTR sequences, promoter identity, or chro-

matin environment were not likely to be major determinants for

NMD targeting. Therefore, we focused our investigations on

the role of intronic elements using an intron replacement strat-

egy. We replaced the small intron (80 nt) of the GOT1 gene,

which is NMD insensitive, with those of RPL19A or RPS11B,

which are NMD sensitive. The lack of sensitivity of GOT1 to

NMD is not due to the lack of PTCs, as these were found in un-

spliced GOT1. Intron replacement was performed by homolo-

gous recombination at the GOT1 chromosomal locus using the

delitto perfetto technique (Storici et al., 2001), followed by

UPF1 knockout. When the GOT1 intron was replaced with that

of RPL19A, unspliced chimeric GOT1-RPL19A precursors

were found to accumulate, and this accumulation was strongly

exacerbated by Upf1p inactivation (Figure 4A). The same result

was observed when the GOT1 intron was replaced by that of

RPS11B (Figure 4B). A doublet of bands was observed for un-

spliced chimeric GOT1-RPS11B precursors, which might indi-

cate, in addition to the bona fide unspliced transcripts, a cryptic

splice site or cryptic transcription initiation event triggered by the

insertion of the RPS11B intron into the GOT1 gene. To rule out

that modifying GOT1 intronic structure perturbs its splicing effi-

ciency, we replaced the GOT1 intron with those of ACT1 or

RPL25, which are NMD-insensitive. In contrast to the result ob-

served with RPL19A or RPS11B, we did not detect unspliced

precursor accumulation when the GOT1 intron was replaced

with ACT1 or RPL25, even in the absence of Upf1p (Figure 4C).

This was not due to the lack of PTCs, as many could be found

in these chimeric precursors (data not shown). Finally, the intron

sizes of RPL19A (506 nt), RPS11B (511 nt), ACT1 (305 nt), or

RPL25 (414 nt) are comparable, ruling out a size-specific effect.

Figure 4. NMD Targeting Is Influenced by Intron Identity and Sub-

optimal Splicing Signals

(A) Detection of spliced and unspliced GOT1 transcripts (GOT1 riboprobe) in

wild-type, prp2-ts, upf1D, in strains where the natural GOT1 intron was re-

placed by that ofRPL19A, and in the same strain where Upf1pwas inactivated.

(B) Similar to (A), except that theGOT1 intron was replaced by that of RPS11B.

(C) Similar to (A), except that the GOT1 intron was replaced by that of actin

(ACT1) or RPL25.

(D) Legends are the same as in (A). Strains indicated as N contain the natural

RPL19A branchpoint (BP) UAACUAAC; strains indicated as CS contain the

consensus sequence UACUAAC.
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This experiment unambiguously shows that intron identity is

a major determinant of NMD targeting and that substituting the

intron of an NMD-insensitive transcript (GOT1) with an intron of

an NMD-sensitive one (RPL19A orRPS11B) is sufficient to target

this chimeric-unspliced transcript to NMD.

Introns With Suboptimal Splicing Signals Are Enriched
amongNMDTargets, and theAccumulation ofUnspliced
RPL19A in the upf1D Mutant Can Be Prevented
by Changing Its Suboptimal Branchpoint
to the Consensus Sequence
The previous experiments showed that intron identity is a major

determinant of NMD targeting. This effect was not likely due to

PTC position the within the intron (which would mimic the faux

UTR model; Amrani et al., 2004), as transcripts with different in-

tron sizes, 30 exon sizes, and PTC positioning are found in NMD-

sensitive and NMD-insensitive clusters (data not shown). Thus,

we investigatedwhether NMD-sensitive ICGs are enriched for in-

trons containing suboptimal splicing signals. When we analyzed

the proportion of introns containing suboptimal splicing signals

(i.e., those that contain either a 50 splice site that differs from

the canonical GUAUGU and/or a branchpoint that deviates

from the canonical UACUAAC), we found that they comprise

46% of NMD-sensitive introns (45/98) compared to 35% for

NMD-insensitive introns (67/189). This significant (p < 0.05) en-

richment for suboptimal splicing signals in NMD-sensitive introns

suggested that unspliced precursors might accumulate in NMD

mutants because of their intrinsically inefficient splicing. To test

the hypothesis of a contribution of suboptimal splicing signals

to NMD targeting, wemutated the branchpoint of theRPL19A in-

tron that was previously transposed in GOT1. The suboptimal

UAACUAAC sequence was changed to the consensus UA-

CUAAC by delitto perfetto, followed by Upf1p inactivation. Al-

though this mutation had no effect on GOT1 expression in the

context of active NMD (Figure 4D, lanes 1and 2), it was sufficient

to prevent unspliced GOT1 pre-mRNAs accumulation when

Upf1p was inactivated (Figure 4D). This experiment demon-

strates that NMD targeting resides, at least for RPL19A and for

a fraction of NMD-sensitive ICGs, in their suboptimal splicing

signals that drive production of unspliced precursors.

Unspliced RPS10B Transcripts Resulting from a 50

Splice Site Mutation Are Stabilized by NMD Inactivation
Unspliced precursors resulting from splice site or branchpoint

mutations of ACT1 or RP51 are typically detectable without

NMD perturbation (Chanfreau et al., 1994; Hilleren and Parker,

2003; Vijayraghavan et al., 1986). However, the previous results

suggested that NMD might be involved in degrading unspliced

transcripts generated by splice sitemutations.We tested this hy-

pothesis by introducing a mutation in the 50 splice site (SS) of

RPS10B. This gene was chosen because inactivation of Upf1p

resulted in increased RPS10B intronic signal by tiling arrays

(Figure S4). The 50SS was mutated from GUAUGU to GCAUAU

at the RPS10B chromosomal locus by delitto perfetto. As ex-

pected, this mutation resulted in a strong decrease of spliced

RPS10B (Figure 5A). While this mutation is expected to com-

pletely block RPS10B splicing, the residual spliced mRNA de-

tected might be due to crosshybridization of the riboprobe with

the RPS10A paralogue. More importantly, and in contrast to re-

sults observed with ACT1- or RP51-based reporters (Chanfreau

et al., 1994; Hilleren and Parker, 2003; Vijayraghavan et al.,

1986), unspliced precursors did not accumulate to high levels in

this 50SS mutant strain. However, when this 50SS mutation was

combined with deletion of UPF1, UPF2, or UPF3, all double mu-

tants showed a dramatic stabilization of unspliced RPS10B pre-

mRNAs (Figure 5A). This result shows thatNMD targets unspliced

mutant transcripts of the RPS10B gene for degradation and that

these unspliced species do not accumulate to high levels unless

NMD is inactivated.Wealso testedwhether inactivationof thenu-

clear exosome component Rrp6p would exacerbate RPS10B

precursor accumulation in the RPS10B 50SS mutant. Strikingly,

Rrp6p inactivation in this mutant resulted only in a slight increase

of unspliced precursors (Figure 5B), indicating that these tran-

scripts are, inmajority, targetedbyNMDand that thenuclear exo-

some only plays a modest role in their degradation. When the

same 50SS mutation was introduced into the ACT1 intron trans-

posed into the GOT1 gene (see Figure 4), unspliced precursors

Figure 5. NMD Inactivation Exacerbates Accumulation of Unspliced

Precursors Generated by a 50 Splice Site Mutation of RPS10B
(A) Detection of RPS10B transcripts in strains carrying a wild-type RPS10B

gene or with a 50 splice site (50SS) mutation (M) in RPS10B, alone, or in com-

bination with deletion of UPF1, UPF2, or UPF3. Legends are the same as in

Figure 2.

(B) Legends are the same as in (A), with the effects of the inactivation of Rrp6p.

(C) Legends are the same as in (A), except that the 50SS mutation was intro-

duced in the ACT1 intron that was transposed in the GOT1 gene (see

Figure 4B).
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levels were not exacerbated by NMD inactivation (Figure 5C).

This result is consistent with previous results showing that un-

spliced ACT1 precursors are immune to NMD (Hilleren and

Parker, 2003) and confirms that different precursor transcripts

obey different modes of degradation as the ACT1 precursor

and several other unspliced transcripts resulting from a prp2mu-

tation are discarded through degradation pathways other than

NMD (Bousquet-Antonelli et al., 2000; Hilleren and Parker, 2003).

Unspliced RPS10B Precursors Are Degraded by NMD
in the Cytoplasm and May Be Targeted to P-Bodies
A yeast NMD reporter substrate was previously shown to be

targeted to cytosolic P-bodies (Sheth and Parker, 2006). If un-

spliced precursors are NMD targets, we expect that they should

accumulate in P-bodies in the absence of functional NMD. In ad-

dition, we would expect them to accumulate in diffuse cytoplas-

mic signal in the absence of Upf1p, which is required for P-body

formation and substrate targeting (Sheth and Parker, 2006). To

test this hypothesis, we investigated the localization of unspliced

RPS10B precursors using fluorescence in situ hybridization. In

the context of functional NMD, unspliced RPS10B transcripts

that accumulate naturally are detected exclusively in the nucleus

(Figure 6A), adjacent to or overlapping the DAPI staining (80%

of cells, n = 60), possibly because unspliced transcripts are

degraded quickly once they reach the cytoplasm. Strikingly, in

strains lacking NMD components Upf1p or Upf2p, unspliced

RPS10B was found mostly in the cytoplasm (Figure 6A; upf1D,

95.2% of cells, n = 63; upf2D, 72.3% of cells, n = 36). In upf2D

cells, this cytoplasmic signal was concentrated in multiple foci

that we suspect to be P-bodies (Figure 6A). In contrast to un-

spliced RPS10B pre-mRNAs, the nuclear localization of the con-

trol U14 snoRNA transcripts was unaffected in NMD mutants

(Figure 6B). These results are consistent with previous studies

describing the localization of a reporter NMD substrate in P-bod-

ies in the absence of Upf2p (Sheth and Parker, 2006). We could

not formally demonstrate that those are P-bodies, but given their

cytoplasmic localization and previous demonstration that yeast

NMD substrates are targeted to P-bodies (Sheth and Parker,

2006), this makes this conclusion very likely.

NMD Limits the Accumulation of Unspliced Precursors
during Amino Acid Starvation
Unspliced precursors of many RPGs accumulate during amino

acid starvation (Pleiss et al., 2007). These results have been inter-

preted as a selective inhibition of splicing of these RPGs during

this stress. We noticed a large overlap of NMD targets detected

in this study and of RPGs affected by amino acid starvation

(Figure 7A). Furthermore, it has been shown that amino acid star-

vation can inhibit NMD (Mendell et al., 2004). Therefore, an accu-

mulation of unspliced RPGs in amino acid starvation could be in-

terpreted by a possible inactivation of NMD and by the inhibition

of thedegradation of someof theseunspliced precursors in these

conditions. We therefore investigated whether NMD inactivation

would be epistatic to the unspliced precursor accumulation phe-

notype observed during amino acid starvation. Wild-type and

upf1D strainswere shifted to amediumcontaining 50mMamino-

triazole (3AT) to induce amino acid starvation. The level of un-

spliced RPS29B and RPL22B, which was found to be both

NMD sensitive and affected by amino acid starvation, was then

assessed by northern blot. In wild-type cells, unspliced precur-

sors of RPS29B and RPL22B were detected transiently after

10 min in 3AT medium, after which their levels reverted to close

to normal levels (Figure 7). We observed the same increase of

unspliced RPS29B precursors in the upf1D strain, showing that

this increase was not likely due to NMD inhibition since NMD

is defective in this mutant. The accumulation of unspliced

transcripts was, however, higher in the upf1D strain than in

wild-type, indicating that NMD is used to limit the accumulation

of unspliced RPS29B precursors generated during amino acid

starvation. We could not detect an increase of unspliced precur-

sors for RPL22B in the upf1D strain, possibly because the very

high levels of unspliced precursors observed before the shift

could mask the small increase of unspliced transcripts observed

in the wild-type (1.8-fold). As a negative control, RPL25, which is

not an NMD target and was not found to be affected by amino

acids starvation, did not exhibit unspliced transcripts accumula-

tion during this treatment (Figure 7). In conclusion, the results

observed with RPS29B show that NMD is used to limit the

amount of some unspliced transcripts resulting from splicing

inhibition during amino acid starvation.

DISCUSSION

In this study, we revisited the effect of the inactivation of the

Upf1p and Xrn1p components of the NMD system on unspliced

pre-mRNA accumulation in yeast. We show, using tiling arrays,

that a significant fraction of the yeast intronome population is

affected by NMD inactivation, as 31% of RPGs and 33% of all

introns show an accumulation of unspliced precursors when

Upf1p is inactivated. The phenotypes observed in the upf1D or

xrn1D strains are most of the time similar (Figure S2). Some ex-

ceptions were found, including YRA1, which has been shown to

rely on a sequence-specific degradation system to degrade its

inefficiently spliced precursors (Dong et al., 2007; Preker and

Guthrie, 2006). Previous splicing microarray analysis of the

upf1D, xrn1D, and upf3D mutants failed to reveal a widespread

effect of NMD mutations on unspliced precursor accumulation

(Burckin et al., 2005; Clark et al., 2002; Pleiss et al., 2007) and

in particular on RPGs (Pleiss et al., 2007). While these results

may seem contradictory to those presented here, it should be

noted that these studies were focused on detecting the effects

of splicing mutations or inhibition during stress. Since the accu-

mulation of unspliced precursors is usually higher in splicing

mutants than in NMD mutants (Figure 2), it is possible that these

previous studies did not consider the increase of unspliced

precursors observed in NMDmutants significant. Another possi-

bility to explain this apparent discrepancymay be that using tiling

arrays, which cover a large fraction of the intronic sequences, in-

creased the detection of smaller effects, leading to a higher sen-

sitivity. Regardless of these differences, our results, combined

with studies showing intronic detection by tiling arrays in the

debranching enzyme mutant (Juneau et al., 2007; Zhang et al.,

2007), demonstrate that these arrays are efficient to detect

changes in ICG transcripts accumulation, as differences pre-

dicted by tiling array profiles were confirmed by northern blot

analysis (Figure 2B).
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What Are The Determinants of NMD Targeting
for Unspliced Yeast Pre-mRNAs?
In the case of transcripts for which we did not detect any un-

spliced pre-mRNAs accumulation in upf1D or xrn1D strains,

we do not know whether this reflects very efficient splicing or

whether some precursors escape splicing but are degraded by

alternative degradation pathways. In the first hypothesis, these

transcripts might represent a subpopulation with a high level of

cotranscriptional splicing (Moore et al., 2006; Tardiff et al.,

2006), minimizing the production of unspliced pre-mRNAs.

However, many ICGs, which do not show cotranscriptional spli-

ceosome recruitment, do not show any unspliced precursor

Figure 6. Localization of Unspliced RPS10B Precursors by Fluoresecent In Situ Hybridization

(A) Shown are the DAPI staining (blue) for nuclear DNA, intron RPS10B FISH (red), and merged images for the wild-type, upf1D, and upf2D strains.

(B) U14 snoRNA FISH (red) is shown as a control in the same strains.
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accumulation in NMD mutants either (data not shown). Results

from Moore et al. (2006) are consistent with the hypothesis that

these transcripts are retained in the nucleus by Mlp1p and de-

graded by the nuclear exosome. Therefore, these results would

be inconsistent with the idea that a lack of cotranscriptional

splicing favors NMD targeting. Instead, we prefer the idea that

unspliced precursors that accumulate in upf1D or xrn1D strains

correspond to inefficiently spliced transcripts, not because of

a lack of cotranscriptional splicing but because of intronic fea-

tures. In favor of this hypothesis is the observation that introns

containing suboptimal splicing signals are enriched in NMD

targets and that restoring the suboptimal branchpoint of the

RPL19A intron back to the canonical sequence is sufficient to

prevent unspliced precursors accumulation in the upf1D strain

(Figure 4D). This strongly suggests that NMD targeting is deter-

mined by intronic features, which ultimately drives splicing effi-

ciency. The suboptimal splicing of the other fraction of NMD-

sensitive transcripts that present canonical splice site signals

could result from competing secondary structures (Goguel

et al., 1993) or trans-acting effects. This model cannot com-

pletely explain why certain precursors resulting from splicing

mutations, including the historical ACT1 model, are immune to

NMD (Figure 5C). These transcripts are degraded by other deg-

Figure 7. Detection of Unspliced Precursors in Wild-Type

and upf1D Strains during Amino Acid Starvation

(A) Venn diagram of the overlap between Intron-containing RPGs,

ICGs affected by Upf1p inactivation, and ICGs for which splicing is

inhibited by amino acids starvation (Pleiss et al., 2007).

(B) Indicated strains were shifted for 10 or 20 min in a medium

containing 50 mM 3AT or untreated (mock) and probed for the

indicated RPGs. Relative amount of unspliced precursors in the

different conditions was standardized to the mock value showing

the lowest amount of unspliced precursors.

radation systems, such as the nuclear exosome for

some meiotic pre-mRNAs (Moore et al., 2006) or by

Xrn1p in the cytoplasm (Hilleren and Parker, 2003;

Scherrer and Spingola, 2006). The determinants of

this differential targeting remain to be investigated.

Significance of NMD-Dependent Degradation
of Unspliced Pre-mRNAs
The involvement of NMD in the degradation of a large

number of unspliced transcript is not unprecedented

and seems to be conserved throughout eukaryotic

evolution. In C. elegans, NMD degrades inefficiently

spliced ribosomal protein precursor transcripts (Mitro-

vich and Anderson, 2000), and inParamecia, NMDalso

limits the accumulation of unspliced precursors (Jail-

lon et al., 2008). Therefore, this phylogenetic conser-

vation probably reflects an important role for NMD in

the degradation of unspliced precursors of subopti-

mally spliced transcripts. This function is important

for cell survival as the deletion of the NMD component

Upf1p is synthetic lethal with the inactivation of the

splicing/nuclear retention factor BBP/ScSF1 (Rutz

and Seraphin, 2000). This suggests that NMD might

be required to prevent the cellular toxicity generated by high

amounts of unspliced cytoplasmic transcripts.

Ribosomal protein genes are highly and tightly regulated at

many levels in yeast, including splicing (Warner, 1999; Zhao

et al., 2003). The large number of RPGs identified here as NMD

targets suggests that NMD might be involved in preventing the

accumulation of unsplicedRPG transcripts generatedduring reg-

ulated splicing throughout various physiological conditions. To il-

lustrate thispoint,we found thatNMD limits the levelsof unspliced

RPS29Bprecursors generated by splicing inhibition during amino

acid starvation (Pleiss et al., 2007). Thus, NMD plays a role in

limiting accumulation of unspliced precursors during a known

physiological stress, and it could play a similar role under other

conditions that have yet to be determined, such as other stresses

or life stages that result in modulations of splicing efficiency.

EXPERIMENTAL PROCEDURES

Strains and Media

The list of yeast strains used in this study is provided in the Supplemental Data.

Strains used for tiling array profiling were grown in synthetic complete me-

dium. All other strains were grown in YPD. Cells were harvested during log

phase (OD600, 0.4 to 0.8). Amino acid starvation experiments were performed

as described (Pleiss et al., 2007). Strains were constructed via one-step PCR
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product-based gene disruption (Longtine et al., 1998) or by delitto perfetto

(Storici et al., 2001).

Microarray Analysis

Four biological replicates of wild-type, upf1D, and xrn1D from the BY4741

background were grown independently and analyzed by Affymetrix yeast tiling

microarray analysis. Probes preparation, hybridization, and tiling array scan-

ning were performed according to the manufacturer’s instructions. Methods

used for bioinformatics analysis of the tiling arrays are described in the Supple-

mental Data.

Northern Blots and Fluorescent In Situ Hybridization

Northern blots were hybridized with radioactive probes in Church buffer (250

mM sodium phosphate, pH 7.2; 1% bovine serum albumin; 7% sodium do-

decyl sulfate; and 1 mM EDTA) at 67�C–70�C overnight and washed twice at

room temperature with 23 SSPE with 0.1% SDS for 20 min, then at room tem-

perature in 0.13 SSPE, 0.1% SDS. A last wash with prewarmed 0.13 SSPE

buffer with 0.1% SDS was performed at 67�C for 5 min. All probes were anti-

sense riboprobes with the exception of the G3PDH and SCR1 probes, gener-

ated by random priming fromPCRproducts. Riboprobes were synthesized us-

ing Ambion T3 MaxiScript kits (Supplemental Experimental Procedures) from

PCR templates in which a T3 RNA polymerase promoter had been incorpo-

rated through the reverse primer. Blots were imaged using a Molecular Dy-

namics Phosphorimager Scanner or a compatible Bio-Rad scanner system.

FISH with the RPS10B intronic probe was performed as described in Supple-

mental Experimental Procedures. FISH with the U14 probe was performed as

described (Henras et al., 2004).

ACCESSION NUMBERS

Microarray data are accessible in the GEO database (accession number

GSE11621).

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures, three

tables, and seven figures and can be found with this article online at http://

www.molecule.org/cgi/content/full/31/3/360/DC1/.
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Chapter 3—Nuclear quality control of RNA degradation
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The diverse functions of the nuclear exosome 

The yeast nuclear exosome is a multisubunit degradosome with specificity of degrading RNA 

molecules from the 3’5’ direction (Mitchell et al., 1997). Biochemical analysis has shown 

approximately eleven constituents of which ten are exoribonucleases (and nine of these have 

human homologs) (Allmang et al., 1999). Mutations in exosome components cause the 

accumulation of many extended/unprocessed forms of non-coding RNAs (van Hoof et al., 

2000). In particular, exosome mutants displayed a large accumulation of the 3’-extended form of 

the U4 snoRNA (van Hoof et al., 2000). The 3’-end processing of the 5.8s rRNA, snRNAs, and 

snoRNAs depended specifically on Rrp6p and Mtr4p (van Hoof et al., 2000). However, the 

turnover of these unprocessed required Ski2p, which is a component of the cytoplasmic exosome 

(van Hoof et al., 2000). This study revealed the distinct nature of processing and degradation 

that is carried out by the nuclear and cytoplasmic exosome complexes. 

The exosome components also function in quality-control of transcription. For example, RNA 

polymerase II (RNA pol II) dependent transcripts that fail to acquire a poly-A tail are retained at 

the site of transcription and are rapidly degraded (Hilleren et al., 2001). This site-of-

transcription retention mechanism requires Rrp6p (Hilleren et al., 2001). Another exosome 

component, Rrp47, is a cofactor that functions during non-coding, stable RNA maturation 

(Mitchell et al., 2003). Other facets of the nuclear exosome extend beyond processing and 

degradation of non-coding RNAs. For example, the levels of the NAB2 transcript which encodes 

a poly-A binding protein is controlled by the exosome factor, Rrp6p (Roth et al., 2005). 

Intergenically-transcribed polII transcripts as well as hypermodified tRNAs are degraded by a 

mechanism that involves the poly-A polymerases Trf4p and Trf5p (comprising the TRAMP 
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complex) as well as nuclear exosome mediated turnover of these unstable transcripts (Wyers et 

al., 2005; Vanacova et al., 2005). This mechanism of polyadenylation dependent, nuclear 

exosome-mediated turnover appears to be ancient since there is a parallel, active poly-A 

dependent degradation system in bacterial species (Wyers et al., 2005). In addition to 

contributing to the turnover of unstable, intergenically transcribed RNAs, the exosome factor, 

Rrp6p also functions in degrading normal transcripts. The extant of nuclear degradation is 

dependent upon the extent to which these transcripts are retained in the nucleus (Kuai et al., 

2005). Trf4p and Trf5p were further characterized to be exclusively RNA-poly-A polymerases 

with no evidence for DNA polymerization (Haracska et al., 2005). Recent evidence has linked 

the involvement of Trf4p and Trf5p to processes beyond the degradation of cryptically 

transcribed transcripts. For example, studies in the fission yeast, Schizosaccharomyces pombe (S. 

pombe) have shown that the TRAMP complex components Trf4p and Trf5p have an active 

function in the suppression of heterochromatic gene expression by enforcing the recruitment of 

the exosome (Buhler et al., 2007). Other studies have suggested that Trf5p is recruited co-

transcriptionally to enforce surveillance in nucleolar loci (Wery et al., 2009). Other reports have 

illuminated distinct roles for Trf4p and Trf5p (San Paolo et al., 2009). A genome-wide study 

aimed at globally assessing the effects of TRF4 or TRF5 deletion on the post-transcriptional 

regulation of gene expression revealed that these factors participate in the turnover of spliced 

introns as well as a class of antisense transcripts generated from loci encoding for genes involved 

in phosphate metabolism (San Paolo et al., 2009). Surprisingly, a phenotypic consequence of 

TRF4 disruption in yeast causes severe telomere shortening which is indicative of putative role 

of Trf4p in the regulation of telomere length and perhaps even exerting the integrity of telomeres 

(San Paolo et al., 2009). Future studies would need to be done in order to investigate the 
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molecular mechanism through which Trf4p aids in the stability of telomeres. Studies in 

metazoans have suggested that the organization of the TRAMP complex degradosome is distinct 

from lower eukaryotes (Lubas et al., 2011). Biochemical studies of the Air1p and Air2p factors 

of the yeast TRAMP complex has elucidated the importance of the cysteine residues in the zinc 

knuckle motifs in mediating the intercomplex association with Trf4p as well as a role in the 

degradation of Crytpic Unstable Transcripts (CUTs) (Fasken et al., 2011). An IWRXY motif 

located within Air2p was shown to be essential for its stable association with Trf4p (Fasken et 

al., 2011). Much recent work has defined zinc-knuckles 2-4 as being critical for RNA binding 

and specifically knuckle four being important for TRAMP activity (Holub et al., 2012). 

Genome-wide studies aimed towards obtaining a global snapshot of the impact of poly-A 

dependent degradation have revealed several key features (Wang et al., 2008).  For example, in 

yeast, the major transcripts that are degraded through this adenylation-dependent turnover arise 

from loci encoding transcripts that encode meiotic factors, messagess originating from or near 

heterochromatic loci, and transcripts near the sub-telomeric loci (Wang et al., 2008). 

Interestingly, meiotic transcript regulation and turnover under vegetative conditions is strikingly 

diverse. An investigation into the regulatory circuitry ensuring regulation of a fission yeast gene 

encoding for a meiotic cyclin, CRS1, suggests that it requires an additional factor, Mmi1p, which 

has been shown to be essential for the subsequent degradation of the CRS1 transcript by the 

exosome (McPheeters et al., 2009). 

Studies aimed at precisely understanding the specific roles of each of the exosome factors has 

revealed independent functions for the Rrp6p factor (Callahan and Butler, 2008). In this report, 

it was shown that depletion of perturbation of Rrp6p causes accumulation of Rrp6p-dependent 
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substrates which were distinct from those of Dis3p. This investigation further revealed that there 

is a synergistic accumulation of Dis3p and Rrp6p-dependent targets (core exosome targets) but 

there was no further hyperaccumulation of Rrp6p-specific targets (Callahan and Butler, 2008). 

The importance of Rrp6p and Dis3p was further highlighted in a study aimed towards elucidating 

the importance of the THO complex. In this investigation, RNAs transcribed in THO mutant 

strains were retained at the site of transcription and were subsequently degraded due to 

malfunctions in proper mRNP assembly (Assenholt et al., 2008). This quality control 

mechanism was also elicited by the exosome 3’5’—exonuclease, Dis3p (Assenholt et al., 

2008). 

Retention and Export: Opposing forces 

Prior to the export of an mRNA, there needs to be proper association with a distinct set pf export 

factors that function to govern its integrity during the passage from the nucleus to the cytoplasm. 

One key conserved export factor is Mex67p (nomenclature in Saccharomyces cerevisiae), which 

was discovered through a genetic interaction with Nup85p (Segref et al., 1997). A 

thermosensitive mutation in Mex67p (the allelic mex67-5) caused an increase in polyadenylated 

[p(A)] RNA, which identified Mex67p as a key factor involved in regulating the export of RNA 

molecules from the nucleus. It was further shown that it has a broad specificity in regulating the 

export of a diverse group of RNA pol II transcripts (Hurt et al., 2000). Other studies have shown 

that hyperadenylated RNA species persist upon malfunction of Mex67p as well as a slew of 

other factors required for proper RNA export (Hilleren and Parker, 2001). Genome-wide 

studies aimed at obtaining a quantitative snapshot of the precise number of RNA molecules 
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trafficked by Mex67p revealed a value comprising close to 1200 mRNAs (Hieronymus and 

Silver, 2003). 

The movement of the Mex67p-Mtr2p heterodimeric protein complex requires association of 

Mtr2p with several nuclear pore components (Strasser et al., 2000). These nucleoporins often 

contain repetitive motifs comprising GLFG, FXFG, and FG (Strasser et al., 2000). Other studies have 

shown that the GLFG type nucleoporins Nup116 and Nup100p facilitate the binding of Mex67p and 

Kap95p (Strawn et al., 2001). Experiments in mammalian cells have shown that the C-terminal of TAP 

is essential for targeting it to the nuclear rim and association with components of the nuclear pore 

complex (Bachi et al., 2000). 

 TAP, the human homolog was discovered as a factor that was essential in binding to retroviral 

constitutive transport elements (RCTE or CTE) (Gruter et al., 1998). Further analyses revealed 

that TAP, like Mex67p, predominantly occupies an intranuclear niche (Katahira et al., 1999) 

and  a leucine rich repeat motif located within an N-terminal domain of TAP is essential for 

binding to the target RNA (Braun et al., 1999). P15, a human homolog of the yeast Mtr2p factor 

also associates with TAP and co-expression of TAP and p15 restores a synthetic lethal Mtr2p-

Mex67p mutation, which provides further proof of the existence of homologous factors in human 

cells and vice versa (Katahira et al., 1999). In vivo, Mex67p interacts with Mtr2p, which in turn 

associates with Nup85 in facilitating the export of RNAs (Santos-Rosa et al., 1998).  
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ABSTRACT 

The nuclear Exosome and the Nonsense-mediated mRNA decay pathway (NMD) have been 

implicated in the degradation of distinct unspliced transcripts in S.cerevisiae. In this study, we 

show that these two systems can cooperate to limit the accumulation of unspliced mRNAs. Using 

steady-state and decay analyses, we show that while specific unspliced transcripts rely solely on 

NMD or on the nuclear exosome for their degradation, some unspliced RNAs are degraded 

efficiently only when both the nuclear exosome and NMD are inactivated. The specificity in the 

pre-mRNAs degradation pathways can be manipulated by changing the rate of export or 

retention of these mRNAs. For instance, reducing nuclear export of pre-mRNAs mostly degraded 

by NMD results in a higher fraction of unspliced transcripts degraded by the nuclear exosome. 

Reciprocally, inactivating the Mlp retention factors result in a higher fraction of unspliced 

transcripts degraded by NMD for transcripts that are normally most targeted by the nuclear 

exosome. The mode of degradation of unspliced pre-mRNAs is not determined by intron or 

promoter identity. Overall, these results demonstrate that a functional redundancy exist between 

nuclear and cytoplasmic degradation pathways for unspliced pre-mRNAs. Our results suggest 

that these RNA degradation pathways are mostly non-specific and that the degradation routes are 

mainly determined by the efficiency of their nuclear export rates. 
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Introduction 

Eukaryotic organisms have developed compartmentalized degradation systems to ensure the 

timely turnover of numerous classes of RNA molecules (reviewed in (Houseley et al., 2006; 

Chang et al., 2007). The major pathways that function during RNA degradation are the nuclear 

exosome (Mitchell et al., 1997), which is stimulated by the activity of the TRAMP complex 

(LaCava et al., 2005; Wyers et al., 2005) and the deadenylation and decapping of mRNAs and 

degradation by the cytoplasmic exonuclease, Xrn1p (reviewed in (Tucker & Parker, 2000)). 

After initial removal of the poly-A tail, turnover can also be promoted by the cytoplasmic 

3’5’—exosome (Tucker & Parker, 2000). Recent studies have shown that the promoter 

identity can influence the decay route of RNA molecules (Bregman et al., 2011).  

Degradation of unspliced (intron-retained) mRNAs is a major quality control mechanism that 

prevents the translation of unprocessed or partially processed transcripts that would result in the 

production of truncated proteins due to the likelihood of encountering a stop codon (PTC) in the 

intronic sequences. Because of the prevalence of PTC in the intronic sequences, many unspliced 

RNAs are targeted by nonsense-mediated decay in a variety of species (He et al., 1993; 

Mitrovich & Anderson, 2000; Jaillon et al., 2008; Sayani et al., 2008). However, the degradation 

of unspliced RNAs is not limited to the NMD system. Previous studies have shown the 

involvement of nuclear degradation systems, involving multiple components, such as the nuclear 

exosome (Bousquet-Antonelli et al., 2000; Moore et al., 2006), the RNase III endonuclease 

Rnt1p (Danin-Kreiselman et al., 2003), and the nuclear poly(A)-binding protein (Lemieux et al., 

2011) in the degradation of unspliced pre-mRNAs. A role for retention factors that could 

putatively function in the nuclear sequestration of unspliced transcripts was previously 
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implicated (Galy et al., 2004), which would increase the likelihood of nuclear degradation. 

However, this report did not reveal any physiological targets as it was based on studies with 

reporter transcripts (Galy et al., 2004). In addition to these nuclear degradation pathways, 

unspliced pre-mRNAs can also be degraded in the cytoplasm in a pathway that is dependent on 

the 5'-3' exonuclease Xrn1p but independent from NMD  (Hilleren & Parker, 2003; Dong et al., 

2007). In the case of transcripts degraded by the cytoplasmic RNA turnover machinery, the 

importance of proper nuclear export for efficient pre-mRNA degradation was demonstrated by 

showing the involvement of Mex67p for the export and subsequent Edc3p-dependent 

degradation of the YRA1 pre-mRNA  (Dong et al., 2007). All these studies suggest that the 

degradation routes for unspliced pre-mRNAs are relatively specific, as most unspliced pre-

mRNAs accumulate mostly in the absence of either nuclear or cytoplasmic degradation 

pathways.   

In this study, through steady state as well as decay rate analysis of unspliced transcripts, we 

reveal that certain unspliced precursors are degraded in a cooperative manner requiring both the 

nuclear exosome and non-sense mediated decay. We also show that the nuclear exosome can 

provide a larger role in the degradation of unspliced transcripts when these transcripts are 

sequestered in the nucleus upon inhibition of RNA export. We show that the perinuclear factors, 

Mlp1p and Mlp2p can have a role in the retention of an endogenous unspliced transcript that 

appears to be predominantly degraded by the nuclear exosome. Replacement of the native 

promoter sequences with GAL did not lead to changes in the accumulation profile of the 

unspliced transcript nor did it redirect the native degradation route for the turnover of unspliced 

transcripts. Lastly, we show that intron identity is not a determinant of the degradation route for 
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unspliced RNAs. Overall, these results show that the degradation pathways for unspliced pre-

mRNAs are largely non-specific and are mostly determined by their nuclear export efficiency.  

RESULTS 

Higher accumulation of specific unspliced transcripts in strains lacking the nuclear 

exosome component Rrp6p and NMD factors 

Our previous work revealed that the nonsense mediated decay (NMD) pathway targets and 

degrades a large number of unspliced transcripts in S.cerevisiae(Sayani et al., 2008). 

Accumulation of unspliced pre-mRNAs was mostly observed for transcripts exhibiting 

suboptimal splicing signals. However, we noticed that numerous transcripts that showed 

suboptimal splicing sequences (splice sites or branchpoints) did not reveal any major 

accumulation of unspliced transcripts in strains lacking NMD factors (Sayani et al., 2008). Two 

hypotheses could explain this phenomenon. First, it is possible that these intron-containing genes 

are efficiently spliced, despite their suboptimal splicing signals, and therefore do not accumulate 

unspliced precursors to detectable levels. On the other hand, we reasoned that some of these 

intron-containing genes might produce unspliced transcripts, but that their turnover could be 

dependent upon more than one degradation pathway. The nuclear exosome has been implicated 

in degrading some unspliced transcripts (Bousquet-Antonelli et al., 2000; Moore et al., 2006), 

suggesting that it might cooperate with NMD to degrade some of these transcripts. To test this 

hypothesis, we constructed yeast strains that lacked the nuclear exosome component Rrp6p, as 

well as the NMD factors Upf1p or Upf2p. Using intronic riboprobes, we investigated the 

accumulation of unspliced transcripts in wild-type, rrp6∆, upf1∆, upf2∆, rrp6∆ upf1∆, or rrp6∆ 
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upf2∆ for the intron-containing genes MND1, RPS11A, RPL16A, SNC1, COF1, RPL22A, 

RPL18B, RPS17B, and RPL22B (Fig.1). The use of these intronic riboprobes allowed the specific 

detection of unspliced pre-mRNAs without interference of signal from the mature mRNAs, 

which typically accumulate at much higher levels. In addition, the use of these intronic 

riboprobes allowed us to detect specific isoforms of ribosomal protein pre-mRNAs, as opposed 

to both isoforms in the case of highly similar duplicated genes. We did not observe any strong 

accumulation of unspliced precursors in the wild-type, rrp6∆, upf1∆, or upf2∆ single mutant 

strains for MND1, SNC1, RPS11A, RPL16A and COF1. However, we detected a stronger 

accumulation of unspliced transcripts in the rrp6∆ upf1∆ and rrp6∆ upf2∆ double mutant strains 

for these genes (Fig.1A). In the case of RPL22A, unspliced transcripts were not detected in the 

wild-type or rrp6∆ strains. However, an increase in the levels of unspliced precursors was 

observed in the upf1∆ strain and this accumulation was exacerbated in the rrp6∆ upf1∆ strain 

(Fig.1B). These observations suggested that the NMD and the nuclear exosome can cooperate to 

promote the turnover of unspliced species of these transcripts. In contrast, we did not detect high 

levels of unspliced precursors in wild-type or in the upf1∆ strains for the RPL18B transcript 

(Fig.1B). However, high levels of unspliced transcript were present in the rrp6∆ strain, and these 

levels further increased in the rrp6∆ upf1∆ strain; (Fig.1B). This result suggests that while the 

major degradation pathways of unspliced RPL18B species occur through the nuclear exosome, 

NMD can also participate in the degradation of these unspliced species when the nuclear 

exosome is inactivated. Unspliced transcripts that were found to accumulate to higher levels in 

yeast strains lacking both Rrp6p and NMD components hereby referred to as as RNMD (Rrp6p 

and Nonsense Mediated Decay)-sensitive transcripts.   
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The greater accumulation of unspliced species in strains lacking both degradation pathways was 

observed only in specific genes. For instance, unspliced precursors of RPS17B could be detected 

in upf1∆ or upf2∆ strains, but the extent of accumulation in the rrp6∆ upf1∆ or rrp6∆ upf2∆ 

double mutants was similar to single mutants (Fig.1B). Similarly, very high levels of unspliced 

precursors were detected in the upf1∆ strain for RPL22B, but these levels were not increased in 

the double-mutant rrp6∆ upf1∆ (Fig.1B). Based on the steady state analysis of the levels of 

unspliced transcripts, these results suggest that some unspliced precursor transcripts are degraded 

through a complex turnover route potentially involving two pathways, while others seem to be 

targeted mostly through a single mode of degradation.  

 

Analysis of the rate of turnover of unspliced transcripts in NMD and rrp6-deficient strains 

The previous observations based on steady-state analysis suggested that two pathways might 

cooperate to limit the accumulation of unspliced transcripts. However, we could not rule out that 

indirect splicing defects might result in the differential accumulation of unspliced precursors in 

these double mutants. In order to demonstrate that the effects observed above are directly linked 

to RNA turnover, we analyzed the rates of decay of some of these unspliced precursors in wild-

type, rrp6∆, upf1∆, and rrp6∆upf1∆ strains. To this end, we used a conditional galactose 

promoter that allowed us to control the expression of some of these intron-containing genes as a 

function of the carbon source. We inserted the galactose promoter approximately fifty base-pairs 

upstream of the translation start site of five intron-containing genes: RPP1B, RPS11A, RPL16A, 

RPS17B and RPL22B, and then derived yeast strains that lacked either Rrp6p, Upf1p, or both 
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components. Each strain was grown in galactose-containing medium until logarithmic growth 

phase (OD600nm = ~0.4-0.8) and then switched to glucose-containing medium. The kinetics of 

turnover of unspliced RNAs were then assessed after this switch to glucose-containing medium. 

As shown in Figure 2A, all five intron-containing genes (RPP1B, RPS11A, RPL16A, RPS17B, 

and RPL22B) exhibited a rapid turnover of the unspliced transcripts in wild-type as well as in 

cells lacking the nuclear exosome component, Rrp6p, such that unspliced transcripts were 

undetectable after approximately three minutes. A similar pattern was observed for RPP1B, 

RPS11A, and RPL16A in upf1∆ strains. Strikingly, the turnover of the unspliced precursors of 

RPP1B, RPS11A and RPL16A exhibited a considerable delay in the rrp6∆ upf1∆ strain compared 

to the single mutant strains, which was in excellent agreement with the steady-state accumulation 

profiles observed in Fig.1. This result directly demonstrates that the nuclear exosome and NMD 

can be functionally redundant to promote the turnover of unspliced precursors for these 

transcripts. By contrast, the decay of RPS17B and RPL22B unspliced precursors exhibited a 

considerable lag in turnover in the upf1∆ single mutant, and the decay rate of RPS17B and 

RPL22B was very similar in the upf1∆ and the rrp6∆ upf1∆ strains (Fig.2A), further showing 

that NMD is the major turnover route for unspliced RPS17B and RPL22B transcripts.  We also 

analyzed the steady-state level of some of these unspliced transcripts when expressed from the 

GAL promoter in galactose medium, and showed that the differences observed between strains 

when these genes are expressed from their endogenous promoters can be reproduced when these 

intron-containing genes are expressed from the GAL promoter (Fig.2B). This observation 

suggests that replacement of the promoter of these genes by the GAL promoter does not perturb 

the degradation pathway for these unspliced species.  Taken together, the results obtained from 
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the steady-state and turnover studies show that unspliced pre-mRNAs species of RPS11A, 

RPL16A and RPP1B are being degraded in a synergistic manner, which involves the action of 

two turnover systems. However, RPS17B and RPL22B unspliced transcripts are targeted and 

degraded predominantly by the action of the NMD pathway. 

 

Transposition of a RNMD-sensitive intron is not sufficient to provide sensitivity to both 

degradation systems 

In order to investigate the determinants of sensitivity of an unspliced transcript to a specific 

degradation pathway, we undertook an intron-replacement strategy similar to the one we had 

utilized in a previous study (Sayani et al., 2008). We chose the GOT1 locus, which is an intron-

containing gene with a small intron that does not lead to the production of unspliced transcripts 

(Sayani et al., 2008). We replaced the native GOT1 intron and replaced it with a transposed 

NMD-sensitive intron (RPS17B) or an RNMD-sensitive intron (RPL16A) and then derived 

rrp6∆, upf1∆, or rrp6∆ upf1∆ strains. Transposition of the NMD-sensitive RPS17B intron did 

not lead to appreciable chimeric unspliced transcripts in the wild-type or rrp6∆ strains (Fig.3). 

However, a large accumulation of unspliced precursor was detected in the upf1∆ and similar 

levels in the rrp6∆upf1∆ strain. This suggested and consistent with our previous studies (Sayani 

et al., 2008) that inclusion of an NMD-sensitive intron into a NMD-insensitive locus leads to the 

effective production of chimeric unspliced transcripts that can be targeted and degraded by the 

NMD pathway. Next, we analyzed unspliced transcript accumulation for the transposed RPL16A 

intron in wild-type, rrp6∆, upf1∆, or rrp6∆ upf1∆ strains. Consistent with the pattern of RPL16A 
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unspliced transcript accumulation at its normal locus (Fig.1A), we did not observe high levels of 

chimeric unspliced transcripts in trans in the wild-type or rrp6∆ strains (Fig.3). Surprisingly, 

however, chimeric unspliced RPL16Ai::GOT1 transcripts were observed in the upf1∆ strain and 

the accumulation was not increased in the rrp6∆ upf1∆ double mutant strain. This result shows 

that the transposition of an RNMD-sensitive intron into an RNMD-insensitive locus does not 

lead to an RNMD-dependent mode of degradation of chimeric unspliced RPL16Ai::GOT1 

transcripts, suggesting that the determinant of the degradation route for unspliced pre-mRNAs 

are contained within regions of the pre-mRNA other than the intronic sequence. 

 

The RNA export factor, Mex67p, modulates the turnover fate of unspliced transcripts 

The previous results showed that two independent systems exist to degrade unspliced transcripts, 

one in the cytoplasm and one in the nucleus. In some cases, these two degradation systems can 

cooperate to degrade specific unspliced transcripts (Fig.1 and 2). These observations suggested 

that the mode of degradation of unspliced transcripts might be directly influenced by their rate of 

export. Specifically, we predicted that the turnover of an unspliced transcript which is 

predominantly dependent on NMD might rely on the nuclear exosome for turnover if the rate of 

nuclear export of this unspliced pre-mRNA is perturbed. In order to test this hypothesis, we 

utilized a yeast strain that carried a deletion of the essential RNA export factor Mex67p at the 

genomic locus and containing a plasmid expressing either a wild-type version or an allelic 

version expressing a thermosensitive point mutant (Segref et al., 1997). We then derived strains 

that lacked the exosome component, Rrp6p, or the NMD factor, Upf1p, and analyzed the 
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accumulation of unspliced transcripts in these strains upon inactivation of mRNA export in the 

mex67-5 thermosensitive strain. We used two NMD-sensitive intron-containing genes (RPS17B 

or GAL::RPS17B and RPL22B) and one intron-containing gene whose unspliced transcript is 

degraded predominantly by the nuclear exosome (RPL18B) as candidates to investigate the 

potential cytoplasmic-to-nuclear shift in unspliced transcript turnover upon the induction of an 

export defect after the shift to the non-permissive temperature of 37°C. As expected, we did not 

observe a significant accumulation of unspliced transcripts for the strains grown at the 

permissive temperature of 25°C expressing MEX67 in a wild-type or an RRP6-null background 

for both RPS17B and RPL22B, but unspliced precursors were observed for the RPL18B transcript 

in the rrp6∆ strain (Fig.4A). On the other hand, unspliced transcripts were detected for RPS17B 

and RPL22B in the MEX67 upf1∆ strain. A similar pattern of unspliced transcript accumulation 

was observed for strains expressing mex67-5 in the wild-type, rrp6∆, or upf1∆ background at the 

permissive temperature (Fig.4A). When the cells were shifted to non-permissive temperature 

(37°C), a general increase in unspliced transcripts was detected in the MEX67, MEX67 rrp6∆ and 

the MEX67 upf1∆ strains for both RPS17B and RPL22B but not for RPL18B (Fig.4A). This 

might be the result of a mild heat-shock resulting in a partial inhibition of splicing. In the case of 

RPL22B, most unspliced precursors are degraded by NMD during a shift to 37°C, as these 

species were found to accumulate much more dramatically in the MEX67 upf1∆ background. 

Strikingly, upon inhibition of mRNA export in the mex67-5 strain shifted to 37°C, a large 

fraction of unspliced transcripts are now degraded by the exosome as shown by the reduction of 

unspliced transcripts observed in the upf1∆ background and the increase of unspliced transcripts 

in the rrp6∆ strain. This increase is apparent for RPL22B but is even more pronounced for 
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RPS17B as shown by the dramatic accumulation of unspliced RNAs in the mex67-5 rrp6∆ strain 

(Fig.4A). In the case of RPL18B, we did not detect any further increase of unspliced RNAs in 

that strain in these conditions (Fig.4A), showing that the increase of unspliced precursors 

observed upon inhibition of export in the rrp6∆ background for RPS17B and RPL22B is specific 

to these species. This shift in the degradation pathway of unspliced precursors from NMD to the 

nuclear exosome upon inhibition of nuclear export could also be detected when the RPS17B 

mRNA was expressed from a  galactose promoter (Fig.4B). Thus, this shift in the degradation 

pathway from NMD to the nuclear exosome upon inhibition of mRNA export does not depend 

on the promoter from which these transcripts are being generated. Taken together, these results 

indicate that upon inhibition of RNA export in the mex67-5 strain at the non-permissive 

temperature of 37°C, a large fraction of unspliced transcripts normally degraded by NMD are 

now retained in the nucleus and targeted for turnover by the nuclear exosome. These results also 

demonstrate that the export of several unspliced pre-mRNAs from the nucleus is dependent on 

the mRNA export factor, Mex67p, as shown previously for the YRA1 pre-mRNA (Dong et al., 

2007).  

Mlp proteins function to retain the nuclear-degraded RPL18B unspliced transcript  

It was previously reported that the nuclear factor Mlp1p functions in the retention of unspliced 

RNAs (Galy et al., 2004). However, these studies were based on the utilization of reporter 

constructs that contained a small, synthetic inefficiently spliced intron. We reasoned that Mlp1p 

might function in regulating the retention of unspliced RNAs that are predominantly degraded by 

the nuclear exosome. We hypothesized that in the absence of the potential retention-exerting 

activity of Mlp1p, these unspliced transcripts would be present at a higher concentration in the 
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cytoplasm, which would then be targeted and degraded by the activity of the non-sense mediated 

decay pathway. In order to investigate this hypothesis, we chose RPL18B as a model intron-

containing gene, which accumulates high levels of unspliced transcripts upon inactivation of the 

nuclear exosome (Fig.1 and 4). We created and utilized yeast strains deleted for the genes 

encoding the similar (but not identical) retention factors Mlp1p (mlp1∆) and Mlp2p (mlp2∆), and 

also generated combinatorial double-delete mutants of MLP1 and UPF1 (mlp∆1upf1∆), MLP2 

and UPF1 (mlp2∆ upf1∆) and a triple-delete mutant comprising of deletions in MLP1, MLP2, 

and UPF1 (mlp1∆ mlp2∆ upf1∆). As expected and shown in Figure 5A, the single-mutants 

mlp1∆, mlp2∆, or upf1∆ did not display high levels of RPL18B unspliced transcript compared to 

the wild-type strain. However, large amounts of unspliced transcript were detected in the rrp6∆ 

strain. Strikingly, we observed higher amount of unspliced precursors in the mlp1∆upf1∆ double-

mutant compared to the upf1∆ or mlp1∆ single-deletion strains. This observation was further 

supported by an increased unspliced transcript accumulation in the mlp2∆upf1∆ double-mutant 

and in the mlp1∆mlp2∆upf1∆ triple mutant. We further expanded our investigation and tested 

other intron-containing genes that exhibited an RNMD behavior (RPL16A, RPL22A) or an 

NMD-specific unspliced accumulation profile (RPL22B). As shown in Figure 5B, we did not 

observe any appreciable accumulation of unspliced precursor in wild-type, mlp1∆, or mlp2∆ 

strains for RPL16A, RPL22A, and RPL22B. As expected, a strong accumulation of unspliced 

transcripts was detected in the upf1∆ strain. However, we did not observe an exacerbation in the 

accumulation of RPL16A, RPL22A, and RPL22B unspliced precursors for the mlp1∆upf1∆, 

mlp2∆upf1∆, or mlp1∆mlp2∆upf1∆ double or triple mutants. We conclude that the Mlp proteins 

can function in the retention of unspliced RNAs in the case of the RPL18B transcripts, but that 
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their role might be limited to a few transcripts exhibiting a primarily nuclear mode of 

degradation.  

DISCUSSION 

In this study, we have investigated the role of functionally redundant degradation pathways in  

unspliced RNAs turnover and have implicated a novel, dual-targeting strategy for certain intron-

containing genes that is dependent on the activity of the nuclear exosome component, Rrp6p, and 

the NMD pathway. In particular, we found seven intron-containing genes that exhibit such a 

synergistic mode of degradation. This bipartite strategy reveals that the turnover of certain 

unspliced transcripts is more complex than previously thought and is controlled by the exosome 

action in the nucleus as well as NMD targeting in the cytoplasm. Because the nuclear exosome 

component that we have inactivated, Rrp6p is not essential for the function of the nuclear 

exosome, it is possible that other transcripts also rely on this dual mode of degradation but that 

they are not dependent on Rrp6p. One hypothesis that would explain the presence of a 

combinatorial strategy would be that particular sequences within the RNMD-transcripts render 

them amenable for turnover by two systems. Intronic sequences have been shown to be essential 

in autoregulation of intron-containing RNA transcripts as well as their degradation (Barta & 

Iggo, 1995); (Preker & Guthrie, 2006); (Dong et al., 2007; Sayani et al., 2008). Therefore, based 

on these findings, we had reasoned that the cooperative mode of degradation exhibited by certain 

unspliced transcripts could lay within their intronic sequences. The results obtained in our intron 

transposition experiment showed that a transposed intron of an RNMD gene, RPL16Ai, does not 

confer RNMD-sensitivity in trans. Furthermore, transposition of an NMD-sensitive intron, 

RPS17Bi, did lead to high levels of chimeric GOT1::RPS17B transcripts that were largely 
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degraded by NMD, but the levels of chimeric unspliced were not further exacerbated in rrp6∆ 

upf1∆ indicating that the NMD pathway was the major route for chimeric unspliced precursor 

turnover. Thus, although the intron identity is important for NMD-sensitive introns in conferring 

inefficient splicing in cis and trans (this study and (Sayani et al., 2008)), the intronic sequence 

alone does not render a specific unspliced RNA sensitive to degradation by both the nuclear 

exosome and NMD (Fig3).  

Our results support a model suggesting that the balance between nuclear and cytoplasmic 

degradation of unspliced transcripts is dependent on the rate of export of these precursors from 

the nucleus into the cytoplasm. A kinetic delay in the rate of RNA export could potentially result 

in a higher fraction of unspliced transcripts in the nucleus and thus be targeted for turnover by 

the nuclear exosome. This model is supported by earlier studies showing that unspliced species 

generated in a prp2-ts mutant are mostly degraded by the nuclear exosome (Bousquet-Antonelli 

et al., 2000). The importance of this nuclear degradation pathway explains the observation that 

defects in Prp2p function have been shown to result in nuclear retention of unspliced species 

(Gencheva et al., 2010). We found that upon normal RNA export, unspliced transcripts of several 

transcripts are effectively targeted and degraded by the action of the NMD pathway (this study 

and (Sayani et al., 2008)). However, upon malfunction of RNA export, a large proportion of 

unspliced precursors are potentially still harbored within the nucleus and are now degraded by 

the action of the nuclear exosome. Such shifts in the turnover pathways of unspliced transcripts 

reveal the dynamic nature of RNA turnover that is modulated and/or controlled by the activity of 

the conserved RNA export factor, Mex67p. It would be of interest to determine whether in 

addition to unspliced transcripts, Mex67p has a role in the export of other short-lived RNAs. In 
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order to investigate the involvement of putative factors that functions in opposition to RNA 

export (and Mex67p), we found a physiologically-relevant target for the peripheral nuclear 

retention factors, Mlp1p and Mlp2p. We show that these factors are active in retaining a nuclear-

degraded unspliced transcript (RPL18B) but that they do not seem to act on unspliced transcripts 

that are degraded by the combinatorial action of the nuclear exosome and NMD (RPL16A and 

RPL22A) or solely through NMD (RPL22B). These results show that unspliced transcripts that 

are degraded through either through NMD alone or a synergistic action of the nuclear exosome 

and NMD are not under an active retention control by the Mlp factors Mlp1p and/or Mlp2p. It is 

likely that RPL18B is not the only transcript that is directly retained by the Mlp factors. Future 

(genome-wide) studies should reveal the global extent of Mlp1p and/or Mlp2p retention 

functions for unspliced RNAs and other endogenous transcripts.  

Contrary to recent studies  (Bregman et al., 2011), our data show that replacement of upstream 

promoter sequences as well as regulatory elements does not lead to a change in the post-

transcriptional degradation fate of an unspliced transcript.  For example, replacement of the 

native promoter with a galactose-inducible (GAL) one for the intron-containing RPS11A did not 

lead to a change in the levels of the unspliced transcript. The RPS11A unspliced precursor 

transcribed from the native or the galactose-inducible promoters was degraded in a cooperative 

manner requiring the involvement of the nuclear exosome and NMD. Similarly, replacement of 

the RPS17B promoter sequence with the GAL promoter did not lead to changes in unspliced 

transcript accumulation nor in the switch in the decay pathway of the NMD-sensitive RPS17b 

gene. We obtained similar results that were consistent with the native as well as with the GAL 

promoter for RPP1B, RPL22B, and RPL16A (data not shown). Thus, it appears that the promoter 
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identity does not play a major function in determining the degradation route of specific unspliced 

pre-mRNAs.  

Taken together, these results show that the degradation of unspliced transcripts is largely generic 

and likely rule out the possibility of particular sequences in making a transcript directly 

susceptible to the enzymatic activity of a specific nuclear or cytoplasmic degradation system. 

Instead, sensitivity of different transcripts to different degradation systems might be the result of 

the equilibrium between the rates of export or nuclear retention. While export or retention 

efficiency might depend on specific signals within the unspliced transcripts, it is unlikely that 

these sequences make the transcript intrinsically prone to the action of the exosome or NMD. 

Instead, subcellular localization seems to be the major determinant in deciding on the 

degradation route for these species. This dual mechanism of RNA quality control has far 

reaching implications beyond the surveillance and degradation of unspliced transcripts in yeast. 

A number of non-coding RNAs are known to be under an active RNA surveillance circuit that 

involves the surveillance of unspliced species. Studies on the Air non-coding (nc) RNA showed 

that it is an atypical RNA pol II transcript that undergoes splicing and export. However, the 

unspliced transcript is mostly sequestered in the nucleus (Seidl et al., 2006). Although this study 

did not directly reveal a role for the nuclear exosome in the degradation of nuclear-retained Air 

ncRNA, the observation that it is highly unstable strongly suggests that the nuclear exosome 

might be involved. A complex involvement of NMD and the nuclear exosome has also been 

implicated in the regulation of the Xist ncRNA in mammalian cells (Ciaudo et al., 2006). Thus, it 

appears that modulation of export rate and synergistic involvement of nuclear and cytoplasmic 
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degradation activities is not limited to unspliced transcripts degradation but can also affect other 

classes of transcripts, making it a general strategy to regulate RNA expression and turnover.  
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MATERIALS AND METHODS 

Yeast strains utilized in this study 

Strain  Genotype      Source 

ySSC001 BY4741 or BY4742     Open Biosystems 

ySSC002 rrp6∆::KAN      Open Biosystems 

ySSC003 upf1∆::KAN      Open Biosystems 

ySSC004 upf2∆::KAN      Open Biosystems 

ySSC004  rrp6∆::KAN upf1∆::HIS     Sayani et al., 2008 

ySSC005 rrp6∆::HIS upf2∆::TRP      This study 

ySSC006 KAN-GAL::RPP1B     This study 

ySSC007 same as ySSC006 but with rrp6::HIS   This study 

ySSC008 same as ySSC006 but with upf1::HIS   This study 

ySSC009 same as ySSC006 but with rrp6::HIS upf1::HYGR This study 

ySSC010 KAN-GAL::RPS11A     This study 

ySSC011 same as ySSC010 but with rrp6::HIS   This study 

ySSC012 same as ySSC010 but with upf1::HIS   This study 

ySSC013 same as ySSC010 but with rrp6::HIS upf1::HYGR This study 

ySSC014 KAN-GAL::RPL16A     This study 

ySSC015 same as ySSC014 but with rrp6∆   This study 

ySSC016 same as ySSC014 but with upf1∆   This study 

ySSC017 same as ySSC014 but with rrp6∆ upf1∆   This study 

ySSC018 KAN-GAL::RPS17B     This study 

ySSC019 same as ySSC018 but with rrp6∆   This study 
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ySSC020 same as ySSC018 but with upf1∆   This study 

ySSC021 same as ySSC018 but with rrp6∆ upf1∆   This study 

ySSC022 KAN-GAL::RPL22B     This study 

ySSC023 same as ySSC022 but with rrp6∆   This study 

ySSC024 same as ySSC022 but with upf1∆   This study 

ySSC025 same as ySSC022 but with rrp6∆ upf1∆   This study 

ySSC026 pMEX67, mex67∆     Segref et al., 1997 

ySSC027 pmex67-5, mex67∆     Segref et al., 1997 

ySSC028 same as ySSC026 but with rrp6∆   This study 

ySSC029 same as ySSC026 but with upf1∆   This study   

ySSC030 same as ySSC027 but with rrp6∆   This study 

ySSC031 same as ySSC027 but with upf1∆   This study 

ySSC032 same as ySSC027 but with KAN-GAL::RPS17B  This study 

ySSC033 same as ySSC032 but with rrp6∆   This study 

ySSC034 same as ySSC032 but with upf1∆   This study 

ySSC035 mlp1∆       Open Biosystems 

ySSC036 mlp2∆       Open Biosystems 

ySSC037 mlp1∆ upf1∆      Sayani et al., 2008 

ySSC038 mlp1∆ mlp2∆      This study 

ySSC039 mlp2∆ upf1∆      This study 

ySSC040 mlp1∆ mlp2∆ upf1∆     This study 

ySSC041 GOT1 gene with a transposed RPL16A intron  This study 

ySSC042 same as ySSC041 but with rrp6∆   This study 
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ySSC043 same as ySSC041 but with upf1∆   This study 

ySSC044 same as ySSC041 but with rrp6∆ upf1∆   This study 

ySSC045 GOT1 gene with a transposed RPS17B intron  This study 

ySSC046 same as ySSC045 but with rrp6∆   This study 

ySSC047 same as ySSC045 but with upf1∆   This study 

ySSC048 same as ySSC045 but with rrp6∆ upf1∆   This study 

 

Generation of yeast strains 

Yeast strains were constructed using a one-step PCR strategy using standard yeast molecular 

genetics protocols. All strains were genotyped through the purification of clonal genomic DNA 

and using primers flanking the cassette region upstream and downstream of the ORF of interest.   

Growth of yeast cultures 

All yeast cultures were grown in either YPD or YPGal medium to an OD600 of ~0.3-0.8. 

Typically, 50mL culture volumes were harvested (with the exception of the decay time-point 

aliquots, which were approximately 25mL) and harvested cells were utilized for total RNA 

extraction. 

RNA extraction and quantitation 

Total RNA was extracted by resuspending cells ( from either an ~50mL or ~25 mL culture 

volume) in ~400µL of RNA buffer (50mM Tris-HCl, pH 7.4; 100 mM NaCl; 10mM EDTA) and 

vortexed with glass beads for 2 minutes at room temperature followed by an incubation on ice 

for an equal amount of time. This was followed by the addition of ~100µL of 10% SDS. ~500µL 
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of RNA-based phenol-chloroform was added and vortexed for ~1 minute and incubated at 65°C 

for six minutes followed by a re-vortexing step for one minute. The tubes were spun at 13,200 

rpm for five minutes and the supernatant layer was transferred to a new tube followed by two 

additional phenol-chloroform extraction steps as above (1 minute vortexing followed by 

centrifugation but without the 65°C step). After the final phenol-chloroform extraction, ~1mL of 

95% ethanol was added with 200µL 3.2 M sodium acetate, pH5.2 and total RNA was 

precipitated at -20°C overnight. Tubes were spun at 13,200 rpm for 20 minutes at room 

temperature and resultant supernatant was discarded and 200 µL of 70% ethanol was added to 

wash the pelleted total RNA sample. After a brief centrifugation step at 13,200 rpm, the 70% 

ethanol was discarded and the total RNA pellets were resuspended in sterile water and vortexed 

until the pellets were completely resuspended. RNA quantitation was carried out in duplicate 

at λ=260nm (normally, RNAs were diluted 1:1000 or 1:500). ~10µg of RNA was utilized and 

combined with denaturing buffer (formamide and formaldehyde)  and incubated at 65°C for ~15 

minutes followed by addition of 2µL of loading dye (EDTA, glycerol, bromophenol blue, xylene 

cyanol). 

Synthesis of probes 

With the exception of the SCR1 probe (which was generated through random priming), all 

probes were antisense, intronic riboprobes that spanned the intronic region of each of the target 

intron-containing genes that were studied. Riboprobe generation encompassed utilization of an 

amplified intron containing the T3 RNA Polymerase promoter at the 3’end. Briefly, 3µL of 

product was utilized as a template with 1 µL each of rATP, rCTP, and rGTP, and 2-3 µL of  α-
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32-P-UTP; 4 µL of 5x Promega transcription buffer, 2 µL of 100mM DTT and 1 µL of T3 RNA 

polymerase (Promega). The in vitro transcription reaction was incubated at 37°C for one hour 

followed by the addition of 1 µL of DNase (to degrade template DNA) and further incubated at 

37°C for 15 minutes. The probe was then added to Church hybridization buffer. 

Northern blotting 

~10µg of total RNA (quantitated in duplicate at  λ=260nm) were loaded onto 1.2 % denaturing 

agarose gels (7.5% formaldehyde, 1X MOPS buffer) and gels were transferred through capillary 

action onto positively charged  nylon membrane (purchased from GE Healthcare/Life Sciences, 

catalog number RPN 303B) overnight. The blots were crosslinked with a Stratagene UV-

crosslinker. Northern blots were hybridized overnight at ~65-70°C with desired probes in Church 

buffer (0.5M sodium phopshate, pH7.2; 7% SDS; and 1% BSA). After hybridization, blots were 

washed twice between 65- 70°C with 2x SSPE, 0.1%SDS buffer; and once with 0.1xSSPE, 0.1% 

SDS buffer. Blots were exposed at least overnight (or longer if needed) and scanned with a 

BioRad scanner. 

Decay experiments 

The galactose promoter was amplified from a plasmid obtained from Mark Longtine (Longtine et 

al., 1998). It was inserted approximately 50 base-pairs upstream of the translation start site. 

Strains expressing a desired intron-containing ribosomal protein gene under the control of the 

galactose promoter were grown overnight in a large culture (~200mL) in YPGalactose medium 

between 25-30°C. When cells were in logarithmic phase (typically OD600nm of ~0.3-0.8), an 
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aliquot (~25mL) of the cells were removed and added to a 50mL falcon tube containing 95% 

ethanol that was cooled at -80°C and spun down at 3000rpm for 1.5 minutes. The liquid was 

decanted and the tubes containing the spun cells were stored at -20°C until they were ready for 

further use. The first timepoint (t=0 minutes) was treated as the steady-state. The remainder of 

the culture grown in YPGal was spun down, decanted and immediately resuspended in YPD 

medium to induce transcriptional repression and subsequently four additional timepoints were 

collected (exactly as described above) at three, six, ten, and fifteen minutes post-transcriptional 

shutoff. 
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FIGURE LEGENDS 

Figure1. Northern blot analysis of intron-containing genes 

Northern blot steady-state analysis of unspliced transcripts in various single and double RNA 

degradation mutants. Blots were probed with an intronic (i) riboprobe and either SCR1 or 

GAPDH was utilized as a loading control. Both the SCR1 and the GAPDH probes were 

generated via random priming and these genes were used as loading controls.  

Figure 2. Decay analysis of unspliced transcripts. 
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Each of the intron-containing ribosomal protein gene was placed under the control of the 

conditional galactose promoter approximately 50 base pairs upstream of the translation start site 

leading to the creation of five conditionally expressed ribosomal protein genes: GAL::RPP1B, 

GAL::RPS11A, GAL::RPL16A, GAL::RPS17B, GAL::RPS22B. Each of the knockouts (rrp6∆, 

upf1∆, rrp6∆ upf1∆) was derived from a single isogenic wild-type strain. Each of the timepoints 

are indicated in minutes. SCR1 was utilized as a loading control. 

Figure 3. Transposition of a RNMD-sensitive intron is not sufficient to provide sensitivity 

to both degradation systems. The native GOT1 intron was replaced by the RPL16A or the 

RPS17B intron and the wild-type, rrp6∆, upf1∆, or rrp6∆ upf1∆ strains were derived. A GOT1 

exon 2 antisense RNA probe was used to assay for the spliced and chimeric unspliced transcripts. 

SCR1 or GAPDH was used as a loading control. 

Figure 4. RNA export inhibition can result in a higher fraction of unspliced transcripts 

targeted by the nuclear exosome. RPL22B and RPS17B(or GAL::RPS17B) are NMD targets 

and RPL18B is predominantly degraded by the nuclear exosome. Cells were grown at the 

permissive temperature of 25°C until they reached logarithmic phase and were shifted to the non-

permissive temperature of 37°C for approximately three hours. Northern blot analysis was 

performed with an intron-spanning antisense RNA probe to detect the accumulation of each of 

the unspliced transcripts. SCR1 was used as a loading control. 

Figure 5. Mlp1p and/or Mlp2p function in retaining the nuclear-degraded unspliced 

RPL18B transcripts but not unspliced precursors that are cooperatively degraded by 

exosome/NMD or NMD. Northern analysis was performed on the RPL18B unspliced transcript ( 



78 
 

predominantly degraded by the nuclear exosome); or RPL22A and RPL16A (cooperatively 

degraded by exosome and NMD); or RPL22B (predominantly degraded by NMD). SCR1 was 

used as a loading control. 
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Figure1. Northern blot analysis of intron-containing genes 

Northern blot steady-state analysis of unspliced transcripts in various single and double RNA 

degradation mutants. Blots were probed with an intronic (i) riboprobe and either SCR1 or 

GAPDH was utilized as a loading control. Both the SCR1 and the GAPDH probes were 

generated via random priming and these genes were used as loading controls.  
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Figure 2. Decay analysis of unspliced transcripts. 

Each of the intron-containing ribosomal protein gene was placed under the control of the 

conditional galactose promoter approximately 50 base pairs upstream of the translation start site 

leading to the creation of five conditionally expressed ribosomal protein genes: GAL::RPP1B, 

GAL::RPS11A, GAL::RPL16A, GAL::RPS17B, GAL::RPS22B. Each of the knockouts (rrp6∆, 

upf1∆, rrp6∆ upf1∆) was derived from a single isogenic wild-type strain. Each of the timepoints 

are indicated in minutes. SCR1 was utilized as a loading control. 
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Figure 3. Transposition of a RNMD-sensitive intron is not sufficient to provide sensitivity 

to both degradation systems. The native GOT1 intron was replaced by the RPL16A or the 

RPS17B intron and the wild-type, rrp6∆, upf1∆, or rrp6∆ upf1∆ strains were derived. A GOT1 

exon 2 antisense RNA probe was used to assay for the spliced and chimeric unspliced transcripts. 

SCR1 or GAPDH was used as a loading control. 
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Figure 4. RNA export inhibition can result in a higher fraction of unspliced transcripts 

targeted by the nuclear exosome. RPL22B and RPS17B(or GAL::RPS17B) are NMD targets 

and RPL18B is predominantly degraded by the nuclear exosome. Cells were grown at the 

permissive temperature of 25°C until they reached logarithmic phase and were shifted to the non-

permissive temperature of 37°C for approximately three hours. Northern blot analysis was 

performed with an intron-spanning antisense RNA probe to detect the accumulation of each of 

the unspliced transcripts. SCR1 was used as a loading control. 
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Figure 5. Mlp1p and/or Mlp2p function in retaining the nuclear-degraded unspliced 

RPL18B transcripts but not unspliced precursors that are cooperatively degraded by 

exosome/NMD or NMD. Northern analysis was performed on the RPL18B unspliced transcript ( 

predominantly degraded by the nuclear exosome); or RPL22A and RPL16A (cooperatively 

degraded by exosome and NMD); or RPL22B (predominantly degraded by NMD). SCR1 was 

used as a loading control. 
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