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Nonsense-mediated mRNA decay (NMD) is a surveillance mechanism that detects and degrades transcripts containing premature
translation termination codons. Gene expression profiling experiments have shown that inactivation of the NMD pathway leads to
the accumulation of both aberrant, nonsense-containing mRNAs,
and many apparently wild-type transcripts. Such increases in transcript steady-state levels could arise from direct changes in the
respective mRNA half-lives, or indirectly, as a consequence of the
stabilization of transcripts encoding specific regulatory proteins.
Here, we distinguished direct from indirect substrates by virtue of
their association with the Saccharomyces cerevisiae Upf1 protein.
Analyses of this dataset, and its comparison to the sets of transcripts that respectively increase or decrease in abundance when
NMD is either inactivated or reactivated, indicate that the number
of direct NMD substrates is larger than previously thought and that
low abundance, alternatively transcribed mRNAs, i.e., mRNAs
whose 5ⴕ ends are derived from previously unannotated 5ⴕ flanking sequences, comprise a significant class of direct substrates.
Using thiamine metabolism as an example, we also show that
apparent NMD-regulated cellular pathways may actually reflect
the detection of low-abundance alternative transcripts under conditions where a pathway is repressed.
microarray analysis 兩 mRNA half-lives 兩 nonsense-mediated mRNA decay 兩
translation termination 兩 Upf proteins

Downloaded by guest on April 11, 2021

E

ukaryotic cells have evolved quality-control mechanisms to
ensure that aberrant mRNAs do not accumulate as substrates for the translational machinery. One such mechanism,
nonsense-mediated mRNA decay (NMD), identifies mRNAs
containing premature translation termination codons and targets them for rapid degradation (1, 2). The destabilization of
nonsense-containing mRNAs requires their translation and a
distinct set of trans-acting factors, including the evolutionarily
conserved Upf1, Nmd2 (Upf2), and Upf3 proteins (1). Gene
expression profiling of yeast, fly, or human cells lacking the
activity of one or more of these factors has suggested that the
NMD pathway influences the expression of somewhere between
1% and 10% of cellular transcripts (3–10). Of the affected
transcripts, the vast majority accumulate, indicating that their
degradation, or the degradation of an mRNA encoding a
regulator of their abundance, is controlled by NMD (3–5, 7).
Further analyses of the transcripts up-regulated when NMD is
inactivated suggested that NMD not only controls the expression
of aberrant transcripts, but also that of many apparently wildtype mRNAs. This finding, in combination with the observation
that the transcripts displayed an overrepresentation in specific
cellular processes, has suggested that NMD may have a regulatory function beyond mRNA surveillance (3, 5, 7–9, 11). However, comparisons of NMD-regulated transcripts and processes
between different organisms have revealed a poor overlap,
suggesting that the regulatory role is not evolutionarily conserved (7, 9).
Approximately one-third of the transcripts that accumulate in
NMD-deficient yeast cells could be divided into categories in
which their presumed degradation could be accounted for by a
premature or atypical context of the termination codon (3). In
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addition to mRNAs from known nonsense alleles, these categories included inefficiently spliced intron-containing premRNAs, transcripts from pseudo- and bicistronic genes, transcripts subject to leaky scanning, transcripts derived from
transposable elements or their LTRs, and transcripts containing
upstream ORFs (uORFs) or a programmed frameshifting site.
The majority of the transcripts in these groups are likely to be
direct NMD substrates because seven of nine mRNAs randomly
selected from this set displayed longer half-lives in a strain
deleted for NMD2 (3). The transcripts that could not be assigned
to the above-mentioned categories may accumulate as an indirect consequence of altered expression of bona fide NMD
substrates. This view is supported by the observation that none
of nine NMD-regulated transcripts defined in another study
showed altered half-lives in a strain lacking NMD (4). More
recently, genomewide mRNA half-life determinations indicated
that ⬇50% of the transcripts that accumulate in NMD-deficient
cells are direct NMD substrates (11). However, the intrinsic
difficulties in such half-life determinations suggested that it was
important to use an independent approach to classify the
substrates.
In this study, we addressed the question of direct versus
indirect NMD substrates by characterizing the RNAs associated
with the Upf1 protein in the budding yeast Saccharomyces
cerevisiae. A similar approach has recently been used to analyze
a single mRNA in Schizosaccharomyces pombe (10) and five
mRNAs in Caenorhabditis elegans (12), but here we use microarray analysis to delineate the entire population of Upf1passociated transcripts. Our results suggest that the number of
direct NMD substrates is larger than previously thought and that
a significant fraction of NMD-regulated ‘‘wild-type’’ transcripts
are nonproductive alternative forms with an easily explained
NMD reactivity.
Results
Identification of Transcripts Associated with the Upf1 Protein. To

identify transcripts that associate with Upf1p, we constructed a
yeast strain expressing, from its normal chromosomal location,
a functional C-terminally tandem affinity purification (TAP)tagged version of the protein [supporting information (SI) Fig.
5A]. Ribonucleoprotein complexes were recovered from extracts
by affinity selection on IgG beads, followed by cleavage with
tobacco etch virus protease. To control for nonspecifically
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Effect of Reactivation of NMD on Global mRNA Levels in nmd2⌬ Cells.

Fig. 1. Transcripts enriched with Upf1p-TAP or down-regulated upon NMD
reactivation. (A) Venn diagram showing the overlap of the 781 probe sets
representing the transcripts ⱖ2-fold enriched with Upf1p-TAP and the 792
probe sets that increased ⱖ2-fold in nmd⌬ strains (3). (B) Venn diagrams
showing the overlap of the probe sets that exhibited ⱖ1.8-fold increases or
ⱖ1.8-fold decreases in the PGAL1–NMD2 and nmd2⌬ strains during the timecourse experiment. (C) Scatter plots of the 626 probe sets uniquely downregulated in the PGAL1–NMD2 strain upon shift to galactose-containing medium. The average raw signals at 10, 20, 40, and 60 min in the PGAL1–NMD2

Johansson et al.

The observation that about half of the transcripts enriched with
Upf1p-TAP do not seem to accumulate in nmd⌬ cells (Fig. 1 A)
implied that these RNAs either escaped identification in the
nmd⌬ analysis (3) or that they have a unique requirement for
Upf1p. To be able to distinguish between these possibilities, we
investigated whether the inducible NMD system (15) can be used
as an independent approach to define the set of NMD-regulated
transcripts. In this system, the NMD2 (UPF2) gene is under the
control of the galactose-inducible GAL1 promoter (PGAL1), and
yeast cells harboring this allele are inactive in NMD when grown
under noninducing conditions. However, the NMD pathway is
fully activated 20 min after PGAL1–NMD2 induction, resulting in
rapid degradation of the nonsense-containing mRNAs that
accumulated before activation of the pathway (15). Samples of
nmd2⌬ cells harboring either an empty vector or a plasmid
containing the PGAL1–NMD2 allele, hereafter referred to as the
nmd2⌬ and PGAL1–NMD2 strains, were collected 0, 10, 20, 40,
and 60 min after the shift to galactose-containing medium.
Transcripts that were differentially expressed at different time

(Left) or the nmd2⌬ (Right) strain were compared on a logarithmic scale to the
average signal at time point 0. The middle lines indicate the line of equivalence. The outer lines indicate a 1.8-fold difference in expression.
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enriched RNAs, the same procedure was performed with extracts from wild-type cells lacking the TAP-tagged allele. The
copurifying RNA population from four independent experiments was then analyzed with yeast genome microarrays (Affymetrix YG98S). Transcripts were considered to be enriched if
the signal intensities between the Upf1p-TAP and mock samples
showed a relative change of at least 2-fold. In addition, this
change had to be reproducible in at least three of the four
replicate experiments and demonstrate a statistically significant
P value (ⱕ0.05). The analyses revealed that 765 transcripts (781
probe sets) were enriched with Upf1p-TAP (SI Table 1).
The first step in the preparation of cRNA target samples for
the microarray hybridization involves oligo(dT)-primed cDNA
synthesis. Although NMD in yeast has been shown to promote
deadenylation-independent decapping of target mRNAs (13), it
was nevertheless important to ensure that cRNA synthesis was
not biased by an atypical distribution of poly(A) lengths on
Upf1p-TAP-associated mRNAs. The analysis revealed that the
poly(A) tails present in the mock and Upf1p-TAP-associated
fractions have a slight shift to shorter poly(A) lengths compared
with the input samples (SI Fig. 5B), which is presumably because
the input, but not the affinity-purified, samples were poly(A)selected before the analysis. Importantly, the mock and Upf1pTAP-enriched samples showed similar poly(A) tail length distributions (SI Fig. 5B), suggesting that the cRNA population
derived from the Upf1p-TAP-associated mRNAs is not biased
by mRNA poly(A) tail length, and that Upf1p interaction with
mRNA is not confined to transcripts that are either newly
synthesized or extensively deadenylated.
A combined analysis of the transcripts that showed ⬎2-fold
increases in upf1⌬, nmd2⌬, or upf3⌬ cells (collectively designated nmd⌬ cells) defined 746 NMD-regulated transcripts (792
probe sets) (3). A comparison between this dataset and the
transcripts enriched with Upf1p-TAP revealed a significant
overlap (Fig. 1A). This finding validates the Upf1p-TAP approach and indicates that many of the transcripts that accumulate in NMD-deficient cells represent direct substrates of the
NMD pathway. Further, this preferential enrichment of a subset
of cellular transcripts is consistent with the notion that Upf1p
functions in premature termination, but not in normal termination (2, 14).

Fig. 2. A significant fraction of NMD-regulated transcripts are direct substrates for the NMD pathway. (A) Overlap of significantly changed probe sets from
the Upf1p-TAP, nmd⌬, and PGAL1–NMD2 experiments. (B and C) Scatter plot of the 781 probe sets that increased ⬎2-fold in the Upf1p-TAP experiment (B) or the
587 probe sets that increased ⬍2-fold in the Upf1p-TAP experiment but that exhibited ⱖ2-fold increase in nmd⌬ strains and/or ⱖ1.8-fold decrease upon NMD
reactivation (C). The average of the raw signal intensity from the four independent affinity selections (Upf1p-TAP or mock) was compared on a logarithmic scale.
The middle lines indicate values that represent a Upf1TAP/mock ratio of 1 (no enrichment). The outer lines represent an Upf1p-TAP/mock ratio of 2 and 0.5,
respectively. Coloring is according to A.

points in either strain, or between the two strains, were identified
by hybridization to oligonucleotide microarrays. Subsequent
data analysis revealed a small number of similar transcripts
up-regulated in the PGAL1–NMD2 and nmd2⌬ strains, whereas
the total number of down-regulated transcripts differed significantly for the two strains (Fig. 1B and SI Fig. 6).
The 597 transcripts (626 probe sets; SI Table 2) uniquely
down-regulated upon reactivation of NMD were essentially
unchanged at 10 min after induction (Fig. 1C). At 20 min, when
the NMD pathway is fully activated, almost all of these transcripts exhibited decreased levels. This decrease was even more
pronounced at 40 and 60 min, when the majority of transcripts
had decreased by ⬎1.8-fold. Importantly, the levels of these
transcripts were not changed in the nmd2⌬ strain (Fig. 1C and
SI Fig. 6), showing that their down-regulation in the PGAL1–
NMD2 strain is not a general consequence of the shift in carbon
source. These observations, and the destabilization of seven
selected mRNAs whose abundance decreases in NMD2reactivated cells (SI Fig. 7), lead us to conclude that reactivation
of NMD causes rapid down-regulation of a subset of transcripts
and that the inducible system provides an independent approach
to identify NMD-regulated transcripts. Further, these observations provide additional evidence that, at least in yeast, mRNAs
cannot acquire immunity to NMD (2, 15, 16).
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A Significant Fraction of NMD-Regulated Transcripts Are Direct Substrates of the NMD Pathway. To delineate further the targets of

NMD, we examined the overlap between the transcripts enriched
with Upf1p-TAP and the transcripts up-regulated in nmd⌬
strains or down-regulated upon NMD reactivation (Fig. 2A).
This analysis revealed that 395 Upf1p-TAP-enriched transcripts
(404 probe sets) were NMD-regulated in the nmd⌬ and/or
PGAL1–NMD2 experiments (Fig. 2 A and B), suggesting that they
represent direct substrates of the NMD pathway. Accordingly,
many previously characterized NMD substrates are present in
this group, e.g., the transcripts from many transposable elements
or their LTRs, the inefficiently spliced REC107 (MER2) and
HFM1 (MER3) mRNAs, the uORF-containing CPA1 mRNA,
the nonsense-containing ade2-1 and can1-100 mRNAs, and the
EST3 mRNA, which contains a programmed translational
frameshifting site.
Transcripts indirectly regulated by NMD were expected to be
found within the 554 transcripts (587 probe sets) that are not
enriched with Upf1p-TAP, but that were found to be NMD20874 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0709257105

regulated in the nmd⌬ and/or PGAL1–NMD2 experiments (Fig.
2 A). However, most of the transcripts in this group were skewed
toward enrichment by TAP selection (Fig. 2C), suggesting that
a significant fraction of these represent bona fide substrates that
have been excluded by our stringent definition of enrichment.
This result suggests that a large fraction of the 931 potential
NMD-regulated transcripts (represented by 991 probe sets in the
nmd⌬ and/or PGAL1–NMD2 experiments) are direct substrates of
the NMD pathway.
Growth Conditions Influence the NMD Substrate Status of Specific
Transcripts. Previous studies have suggested that the NMD path-

way may be involved in the regulation of specific cellular
processes (3, 5, 7, 11). An examination of the gene ontology
classifications associated with the NMD-regulated yeast transcripts revealed that the process with the highest likelihood of
being NMD-regulated was thiamine metabolism. However, because the medium used for the relevant microarray experiments
provides ample thiamine for growth, the NMD reactivity of
individual transcripts may be influenced by culture conditions.
To test this possibility, we determined the steady-state levels of
the PET18, THI4, THI6, and THI22 mRNAs in wild-type and
upf1⌬ cells grown in the presence or absence of thiamine. Of
these, the PET18, THI4, and THI22 transcripts belong to the
group of NMD-regulated transcripts that were significantly
enriched with Upf1p-TAP. The blots were also probed for SCR1
RNA, a stable RNA polymerase III transcript, as a loading
control. Growth in thiamine-containing medium led to the
accumulation of PET18, THI6, and THI22 mRNAs in upf1⌬
cells, whereas the THI4 transcript was below the level of detection (Fig. 3A). Interestingly, thiamine starvation induced expression of shorter forms of the PET18, THI6, and THI22 mRNAs,
and these transcripts did not show increased steady-state levels
in the upf1⌬ strain (Fig. 3A). The THI4 transcript was strongly
induced under these conditions, but its steady-state level was not
affected by inactivation of the NMD pathway (Fig. 3A).
To determine which of these transcripts are direct NMD
substrates, we measured their half-lives in wild-type or upf1⌬
cells in the presence or absence of thiamine (Fig. 3B). mRNA
decay rates were monitored after inhibition of RNA polymerase
II activity in strains harboring a temperature-sensitive rpb1-1
allele (17, 18). Because of their low abundance in wild-type cells,
half-lives could not be determined for the THI4 mRNA and the
longer THI22 mRNA in thiamine-containing medium. However,
Johansson et al.

Low-Abundance Alternative Transcripts May Represent a Significant
Fraction of NMD Substrates. The predominance of transcripts that
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accumulate in cells lacking NMD activity are of low abundance
(3), suggesting that transcripts derived from transcriptional noise
(20) may comprise a significant fraction of the total number of
naturally occurring NMD substrates. This supposition also implies that the Upf1p-TAP enriched transcripts that showed no
apparent accumulation in NMD-deficient cells (Fig. 2 and SI Fig.
8) may represent minor variant forms for which the accumulation
is masked by a major form(s), i.e., there may be other genes
giving rise to both aberrant and appropriately expressed transcripts similar to those derived from the PET18 and THI22 genes
during thiamine starvation (Fig. 3). An alternative explanation
is that the half-life but not the steady-state level of such RNAs
would be affected by NMD analogous to the THI4 mRNA under
thiamine starvation conditions. To investigate the validity of

Fig. 3. The growth condition affects identification of NMD substrates. (A)
Northern blot analyses of total RNA isolated from wild-type (HFY113) or upf1⌬
(MJY86) cells grown exponentially at 30°C in the presence or absence of
thiamine in synthetic minimal medium supplemented with adenine, histidine,
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leucine, trypthophan, and uracil (SD⫹Ade⫹His⫹Leu⫹Trp⫹Ura). The blots
were probed for indicated transcripts by using randomly labeled DNA fragments. (B) The rpb1-1 (MJY95) or rpb1-1 upf1⌬ (MJY96) strains were grown at
24°C in SD⫹Ade⫹His⫹Leu⫹Trp⫹Ura medium with (Upper) or without
(Lower) thiamine followed by inhibition of RNA polymerase II transcription by
a rapid shift to 37°C. Time points (minutes) after the shift are indicated above
the lanes. The signal in each lane was normalized to the corresponding SCR1
RNA signal and the half-life (t1/2) determined from the initial slope of the
curve. (C) Northern blot analyses of the total RNA samples described in A by
using the indicated oligonucleotide probes. The symbols indicate the PET18
(longer; *), PET18 (shorter; }), and MAK31 (F) transcripts.
PNAS 兩 December 26, 2007 兩 vol. 104 兩 no. 52 兩 20875
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the uninduced forms of the PET18 and THI6 transcripts displayed longer half-lives in upf1⌬ cells than in wild-type cells,
confirming that they are direct NMD substrates (Fig. 3B). In
contrast, the half-lives of the shorter, induced forms of the
PET18, THI6, and THI22 mRNAs were unaffected by inactivation of NMD (Fig. 3B). The THI4 transcript showed a slightly
longer half-life in the upf1⌬ strain despite the fact that its
steady-state level is unchanged in the same cells (Fig. 3B). This
minor change in decay rate might indicate that the induced THI4
mRNA is also subject to feedback regulation under thiamine
starvation conditions.
To determine the structural basis of NMD reactivity for the
uninduced, longer forms of the PET18 and THI6 transcripts, we
used Northern blotting and oligonucleotide probes specific to
regions within or upstream of the respective ORFs to localize
their 5⬘ termini (Fig. 3C). These analyses suggested that the
longer, NMD-responsive PET18 transcript contains a large part
of the upstream MAK31 ORF. Consistent with this observation,
a large-scale analysis of cDNAs derived from capped mRNAs
identified a PET18 mRNA species with a 362-nt-long 5⬘ UTR
that starts within the first half of the MAK31 ORF (19). The first
AUG codon in this mRNA is out-of-frame with the MAK31
ORF, leading to a termination codon after two additional sense
codons (19). However, even if translation would initiate at the
next AUG codon, which is in-frame with the MAK31 ORF,
the stop codon would be in an atypical bicistronic context. The
longer THI6 mRNA also contains an extended 5⬘ UTR (Fig. 3C)
that encompasses at least one upstream AUG codon and a short
uORF. Thus, the NMD reactivity of the uninduced PET18 and
THI6 mRNAs can be explained by their inclusion of premature
termination codons. Taken together, these results suggest that
the overrepresentation of transcripts encoding proteins involved
in thiamine metabolism is a consequence of performing the
original microarray experiments under conditions where the
respective genes are repressed, thereby making it possible to
detect low abundance NMD-responsive transcripts that may
arise from transcriptional noise, i.e., inappropriate transcriptional initiation at cryptic promoters and intergenic regions (20).

expression of a relatively small number of genuine substrates.
Three genomewide approaches have been used to address this
problem, namely the determination of mRNA half-lives in
NMD-deficient cells (11), the identification of mRNAs whose
abundance decreases when NMD is reactivated (Fig. 1), and the
characterization of mRNAs that copurify with Upf1p (Figs. 1, 2,
and 4). Using the latter approach, we find that 765 transcripts
(represented by 781 probe sets) associate with Upf1p. Of these,
395 (404 probe sets) were present among 931 (991 probe sets)
potential NMD substrates (Fig. 2), showing that at least 42% of
NMD-regulated transcripts are direct substrates. This estimate
could be conservative because the vast majority of NMDregulated transcripts may also be direct substrates (Fig. 2C).
The percentage of direct substrates estimated here is comparable with that obtained in the genomewide mRNA half-life
experiment, where 278 of 598 NMD-regulated transcripts were
proposed to be direct substrates (11). However, there may be
significant difficulty in accurately predicting substrates from
global decay rate experiments, a conclusion evident from the
lack of correlation between the direct and indirect substrates
identified by Guan et al. (11) and either the Upf1p-associated
mRNAs or the mRNAs defined herein as direct substrates (SI
Fig. 9).
Possible Contribution of Transcriptional Noise to the Pool of Direct
NMD Substrates. Recent studies have suggested that the tranFig. 4. Alternative transcripts may represent a significant fraction of NMD
substrates. (A) Northern blot analysis of total RNA isolated from wild-type
(HFY113) or upf1⌬ (MJY86) cells grown exponentially in rich yeast extract/
peptone/dextrose (YEPD) medium at 30°C. The blots were probed for indicated transcripts by using randomly labeled DNA fragments. (B) The signal of
respective mRNA in A and two additional independent experiments was
normalized to the corresponding SCR1 signal, and the value for the upf1⌬
strain was expressed relative to that for the wild-type. The standard deviation
is indicated. (C) The rpb1-1 (MJY95) or rpb1-1 upf1⌬ (MJY96) strains were
grown at 24°C in YEPD medium followed by inhibition of RNA polymerase II
transcription by a rapid shift to 37°C. Time points (minutes) after the shift are
indicated above the lanes. The signal in each lane was normalized to the
corresponding SCR1 signal and the half-life (t1/2) was determined from the
initial slope of the curve.

these models, we determined the effect of NMD inactivation on
the steady-state levels and half-lives of four randomly selected
Upf1p-TAP-enriched transcripts that showed no apparent NMD
regulation in the gene expression profiles. This analysis identified two different forms of the TRM5 transcript, and the longer,
less abundant form accumulated in upf1⌬ cells (Fig. 4 A and B).
As expected, the longer, but not the shorter, TRM5 transcript
displayed an extended half-life when UPF1 was deleted (Fig. 4C).
For the other three transcripts (APL3, GPD2, and RRN5), no
obviously longer forms and no apparent effect on either steadystate level or half-life was observed (Fig. 4). Although it is
possible that these transcripts are either false positives or
regulated by Upf1p at a step different from degradation, we
cannot exclude that possibility that the Upf1p-TAP enrichment
is caused by the presence of a low abundance species that is below
the level of detection or of comparable size to the major mRNA
species.
Discussion
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Direct vs. Indirect NMD Substrates. In several different eukaryotes,

inactivation of the NMD pathway leads to the accumulation of
a substantial number of transcripts (3–7). However, the basis for
this modulation of mRNA levels has been unclear, i.e., it is
unknown whether most NMD-regulated transcripts are directly
targeted for accelerated degradation by the NMD pathway, or if
their levels change as an indirect consequence of the altered
20876 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0709257105

scriptomes of eukaryotic cells are much more complex than
previously thought (20–22). In yeast, for example, a large
number of nonannotated intergenic and antisense RNAs have
been identified, and most protein-coding genes appear to have
more than one transcriptional start site, a property that leads to
both long and short transcripts from the same gene (19, 23). The
biological significance of most of these novel transcripts is
unclear, but it is likely that a substantial fraction originates from
transcriptional noise (20). A role for NMD in degrading such
putative ‘‘junk’’ RNA was recently implied by its apparent
function in the cytoplasmic degradation of a subset of yeast
cryptic unstable transcripts derived from intergenic regions (24).
Furthermore, the observation that NMD regulates the expression of the long TRM5 transcript and the uninduced forms of the
PET18, THI6, and THI22 mRNAs (Figs. 3 and 4) suggests that
atypically transcribed mRNAs may comprise a major class of
NMD substrates. Mechanistically, such RNAs are likely to
become NMD substrates because the presence of multiple
transcriptional start sites often leads to at least one transcript
with a uORF in the 5⬘ UTR (19). This observation, and the
expectation that most transcripts generated by transcriptional
noise would be of low abundance and thus difficult to detect in
the presence of major transcripts, suggests that the number of
naturally occurring NMD substrates is probably much larger
than previously thought. This conjecture, and NMD’s already
well documented role in the degradation of cytoplasmic introncontaining pre-mRNAs, transcripts from pseudogenes, and transcripts derived from transposable elements or their LTRs (3, 8)
underscores its role as a front-line cellular surveillance mechanism for ensuring that mRNAs that associate with ribosomes
have proper ORFs (2).
NMD Regulation of Specific Cellular Processes: A Reassessment. The

overrepresentation of NMD-regulated transcripts in specific
cellular processes, e.g., thiamine metabolism, has suggested a
regulatory role for NMD beyond its function in mRNA surveillance (3, 5, 7–9, 11). However, many of the NMD-regulated
transcripts in thiamine metabolism are low-abundance alternative forms that are not induced upon thiamine starvation and the
highly abundant forms that are present during thiamine starvation are generally not NMD substrates (Fig. 3). These observations indicate that thiamine metabolism would not have been
Johansson et al.
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between mRNA and protein levels. Interestingly, the increased
level of STN1 mRNA in nmd⌬ cells has been shown to correlate
with an increased level of the protein (25). Because Stn1p is
involved in telomere capping and in regulating recruitment of
the telomerase to the ends of chromosomes (26, 27) the increased Stn1p levels have provided a possible explanation for the
reduced telomere length and telomeric silencing defect of nmd⌬
cells (25, 28, 29). The STN1 mRNA level was originally proposed
to be affected indirectly by NMD (29), but our observation that
the transcript is ⬇3.5-fold enriched with Upf1p-TAP suggests
that it may well be a direct substrate. Collectively, these results
suggest that the altered expression of specific proteins, and the
accumulation of aberrant transcripts, can explain at least some
phenotypes of NMD-inactivated cells.
Materials and Methods
Strains, Media, and Genetic Procedures. The yeast strains used in this study are
listed in SI Table 3. Yeast transformations (30), media, and genetic procedures
have been described (31). Yeast nitrogen base without thiamine was purchased from MP Biomedicals. For details of strain constructions see SI Text.
RNA and Microarray Analyses. Procedures for RNA analyses, isolation of
Upf1p-TAP-associated transcripts, and identification of transcripts downregulated upon NMD reactivation are described in SI Text. Microarray procedures, including cDNA and cRNA synthesis, hybridization, and data analysis
were performed essentially as described (3). For details see SI Text.
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identified as an NMD-regulated process if the expression profiling experiments had been performed in medium lacking
thiamine. A corollary to this conclusion is that the notion of
NMD-regulated processes must be reassessed to take into account the possibility that the data supporting the notion of NMD
regulation was obtained under conditions where the specific
pathway is repressed or relatively inactive, thereby allowing
detection of transcriptional noise (or some other as-yetuncharacterized sources of aberrant transcripts).
The possible contribution of RNAs derived from transcriptional noise to the set of NMD-regulated transcripts is consistent
with the overall low abundance of the latter set in both yeast and
flies, the minimal conservation of the apparently affected processes (3, 4, 7, 9), and the Upf1p-TAP enrichment of transcripts
that show no apparent accumulation in microarray analyses of
nmd⌬ cells (3). Likewise, the underrepresentation of transcripts
encoding proteins involved in protein synthesis among NMDregulated yeast transcripts (3, 4) is consistent with their high
levels of expression in exponentially growing cells. Although the
validity of models suggesting that NMD regulates the expression
of several gene products in a single cellular process may be
questionable, it is evident that some transcripts are under
physiologically relevant NMD regulation. A notable example of
this phenomenon is the negative regulation of yeast CPA1
mRNA, where arginine addition to culture media promotes
ribosome stalling at a uORF termination codon and consequent
NMD destabilization of the transcript (16).
The CPA1 example demonstrates that the significance of
NMD regulation should be associated with correlated changes

