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mRNAs are monitored for errors in gene expression by RNA surveillance, in which mRNAs that cannot be
fully translated are degraded by the nonsense-mediated mRNA decay pathway (NMD). RNA surveillance
ensures that potentially deleterious truncated proteins are seldom made. NMD pathways that promote sur-
veillance have been found in a wide range of eukaryotes. In Saccharomyces cerevisiae, the proteins encoded by
the UPF1, UPF2, and UPF3 genes catalyze steps in NMD and are required for RNA surveillance. In this report,
we show that the Upf proteins are also required to control the total accumulation of a large number of mRNAs
in addition to their role in RNA surveillance. High-density oligonucleotide arrays were used to monitor global
changes in the yeast transcriptome caused by loss of UPF gene function. Null mutations in the UPF genes
caused altered accumulation of hundreds of mRNAs. The majority were increased in abundance, but some were
decreased. The same mRNAs were affected regardless of which of the three UPF gene was inactivated. The
proteins encoded by UPF-dependent mRNAs were broadly distributed by function but were underrepresented
in two MIPS (Munich Information Center for Protein Sequences) categories: protein synthesis and protein
destination. In a UPF™* strain, the average level of expression of UPF-dependent mRNAs was threefold lower
than the average level of expression of all mRNAs in the transcriptome, suggesting that highly abundant
mRNAs were underrepresented. We suggest a model for how the abundance of hundreds of mRNAs might be

controlled by the Upf proteins.

Nonsense and frameshift mutations cause premature termi-
nation of translation. In conjunction with this, they also trigger
nonsense-mediated mRNA decay (NMD), which greatly accel-
erates the rate of degradation of the mRNA. By decreasing the
half-life of the mRNA, nonsense mRNA accumulation is se-
verely limited (15, 16). The phenomenon whereby mRNAs
that would otherwise code for potentially deleterious protein
fragments are degraded is called RNA surveillance (7, 26).
Surveillance occurs in fungi (21), plants (29), nematodes (26),
and vertebrates (22).

In Saccharomyces cerevisiae, three genes, UPF1, UPF2, and
UPF3, are required for NMD (6, 11, 14-16). Sequence ho-
mologs of UPF1, an RNA helicase (8, 30), have been identified
in Schizosaccharomyces pombe (4), Caenorhabditis elegans (26),
Mus musculus (25), and Homo sapiens (1, 25). Comparison of
the Upflp-like proteins shows that they are related by a com-
mon central region containing conserved cysteine-rich and
ATP-helicase domains flanked by divergent sequences at both
ends. These results suggest that NMD pathways in eukaryotic
organisms utilize at least one protein in common. This pro-
vides a measure of confidence that further studies of NMD in
yeast will shed light on NMD in humans as well.

The biological purpose of RNA surveillance is to limit the
accumulation of aberrant proteins that arise through errors in
gene expression. Inefficient splicing of introns is one of the
most frequent natural source of errors in gene expression,
leading to the production of nonsense mRNAs that code for
aberrant proteins. Expression of the CYH2 gene, which codes
for a ribosomal protein in S. cerevisiae, is a good example
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where the consequences of inefficient splicing have been ex-
amined (12). The intron in CYH2 pre-mRNA, which contains
stop codons, is inefficiently spliced. In wild-type cells, unspliced
pre-mRNA is exported (19), translated up to the premature
stop codon, and then rapidly degraded by the NMD pathway.
When the NMD pathway is inactivated by a null mutation in
any of the three UPF genes, the CYH2 pre-mRNA fails to be
rapidly degraded and accumulates to a much higher level. The
rapid decay of the pre-mRNA prevents the accumulation of a
truncated protein that might assemble with ribosomal subunits
and impair function.

Evidence that the Upf proteins in S. cerevisiae may serve a
second purpose in addition to surveillance for errors in gene
expression has been mounting. Several naturally occurring,
intronless mRNAs whose normal level of accumulation de-
pends on the presence of functional UPF genes have been
identified. The accumulation of mRNAs coding for the tran-
scriptional activator Pprlp and several downstream target
genes in the uracil biosynthetic pathway have been reported to
be sensitive to inactivation of UPFI (15, 24). Also, the mRNA
encoding Ctf13p, a subunit of the kinetochore, depends on the
presence of functional UPF genes (9). The mechanism through
which the abundance of naturally occurring mRNAs are con-
trolled by the Upf proteins is not clear.

Prior to this study, it was not known how many naturally
occurring mRNAs might be affected by loss of UPF function.
To assess the global effects of Upf proteins on gene expression,
high-density oligonucleotide arrays (HDOA) representing
over 6,000 open reading frames (ORFs) in S. cerevisiae were
screened for their effects on mRNA accumulation with UPFI,
UPF2, and UPF3 were individually inactivated or when all
three genes were simultaneously inactivated. Our results indi-
cate that the level of accumulation of hundreds of mRNAs is
dependent on the presence of functional UPF genes.
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MATERIALS AND METHODS

Construction of isogenic upf~ strains. To eliminate variation due to genetic
background, we constructed a set of five isogenic strains for use in HDOA
analysis that differ only at the three UPF loci. LRSy307 (MATa his3-11,15
ura3-52 trp1-Al leu2 upfl-Al::URA3 upf2A1::HIS3 upf3-Al::TRPI) (3) was trans-
formed with single-copy plasmids expressing pairwise combinations of the three
wild-type UPF alleles. LRSy307 was transformed as follows: with pRS316 (CEN6
ARSH4 URA3) and pML2 (CEN6 ARSH4 LEU2 UPF2 UPF3) to generate a
upfl~ strain, with pRS316-UPF1 (CEN6 ARSH4 URA3 UPFI) and pLS74
(CEN6 ARSH4 LEU2 UPF3) to generate a upf2~ strain, with pLS80 (CEN6
ARSH4 URA3 UPF1 UPF2) and pRS315 (CEN6 ARSH4 LEU2) to generate a
upf3~ strain, with pRS316 (CEN6 ARSH4 URA3) and pRS315 (CEN6 ARSH4
LEU2) to generate a upfl ~ upf2~ upf3~ strain, and with pRS316 (CEN6 ARSH4
URA3) and pML1 (CEN6 ARSH4 LEU2 UPFI UPF2 UPF3) to generate a
wild-type UPF1 UPF2 UPF3 strain. For convenience, we refer to the wild-type
UPF1 UPF2 UPF3 genotype as UPF" and the triple-mutation upfl ~ upf2~ upf3~
genotype as upf123~.

A second isogenic pair of strains, ML34 (MATo ura3-52::URA3) and ML51
(MATo ura3-52::URA3 upf1-AS), was constructed to monitor mRNA levels by
HDOA analysis and Northern blotting in a strain background different from
LRSy307. ML51 carries the upfI-A5 allele, which contains the same deletion as
the upfI-A2 allele (15) except that it lacks the insertion of URA3 in the UPFI
coding region. To construct upfI-A5, a DNA fragment containing the upfI-A2
allele from pPL64 (16) but lacking the URA3 insertion was subcloned into the
integrative plasmid pRS306 (28), resulting in pML3 (URA3 upfI1-AS). pML3 was
used to replace the wild-type UPFI allele with upfI-A5 by two-step gene replace-
ment (10) in strain ML27 (MATo ura3-52), resulting in strain ML49 (MATa
ura3-52 upfl-A5). ML27 and ML49 were made prototrophic for uracil by inte-
grating URA3 near the ura3-52 locus, to generate ML34 and ML51.

Additional strains used in HDOA analysis to assess potential strain-dependent
changes in gene expression unrelated to the UPF genes included PLY107 (MATa
his4-38 SUFI-1 ura3-52 leu2 tipl-Al lysI-1), BSY1001 (MAT« his4-38 SUFI-1
ura3-52 leu2 trpl-Al lys1-1 upf3-Al) (14), YIB195 (MAT ade2-1 his3-11,-15 leu2-
3,-112 trpI-1 ura3-1 canl-100,) and YIB1471 (MATa ade2-1 his3-11,-15 leu2-3,-
112 trp1-1 ura3-1 canl-100 NMD2::HIS3 (17). NMD2 and UPF2 are synonymous
(11).

Using quantitative Northern blotting, we confirmed that all strains displayed
the expected NMD phenotype by assaying the accumulation of CYH2 pre-
mRNA relative to mature CYH2 mRNA. The relative accumulation of CYH2
pre-mRNA serves to indicate whether the NMD pathway is functional because
a stop codon in the intron targets the pre-mRNA for rapid decay (12). All of the
upf~ strains exhibited an average 5.5- * 0.8-fold increase in the CYH2 pre-
mRNA/CYH2 mRNA accumulation ratio, which is characteristic of an inactive
NMD pathway.

Growth conditions. LRSy307 transformants were grown at 30°C in synthetic
complete medium (10) (Difco 0919-07 as base) with 2% dextrose supplemented
with all amino acids except leucine and without the pyrimidine uracil. Strains
ML34 and ML51 were grown in synthetic minimal medium with 2% dextrose
without amino acids at 30°C. Overnight cultures grown in synthetic medium at
30°C were diluted 100-fold by resuspension in fresh synthetic medium and grown
at 30°C to an optical density at 600 nm of 0.5 (mid-log phase), at which point total
RNA was extracted as described below.

RNA methods. Total yeast RNA was isolated by hot phenol extraction (15) of
cells prepared by rapid centrifugation at 23°C, resuspension of the pellet in
culture medium, and recentrifugation. Cell pellets were snap-frozen in ethanol
mixed with dry ice. Northern blot analysis was performed as described previously
(3) except that 15 pg of total RNA was denatured with glyoxal and C,H,SO.
Either DNA or antisense RNA was used as the probe. To generate antisense
RNA probes, templates for in vitro transcription were created by amplifying
genomic DNA via PCR with a T7 polymerase site included in the 3’ oligonucle-
otide. Probes were labeled and used for hybridization as described previously (9).
All experimental signals from Northern blot analysis were normalized against an
ACT1I-specific hybridization signal, which is unaffected by loss of UPF function
(15). Signals were quantitated by using a Molecular Dynamics PhosphorImager
(model 425) and ImageQuant software (version 3.3).

Hybridization and analysis of data from DNA microarrays. The Affymetrix
Ye6100 Set HDOA is divided into features that contain oligonucleotides in-
tended to represent all genes coding for cellular mRNAs (31). Most of the ORFs
are represented by 40 25-mers, including 20 that are perfectly complementary to
the mRNA and 20 that contain a single-base-pair mismatch at the position 13.
Together, the 20 probe pairs constitute a probe pair set. Probe pair sets corre-
sponding to 6,218 unique ORFs are present on the HDOA. For 97% of these, it
was possible to use stringent parameters to design complete probe pair sets (31).
For the remaining 3%, two or three sets of less than ideal oligonucleotides were
synthesized on the HDOA. These ORFs were represented by two or three
different sets of probe pairs. We included all of these probe pair sets in our
analyses to avoid making arbitrary choices regarding what data to include. Con-
sequently, the HDOA contains 6,421 probe pair sets corresponding to 6,218 yeast
OREFs, with approximately 3% of the ORFs represented by two or three different
probe pair sets.

The preparation of poly(A)* mRNAs, cDNAs, and cRNAs and the conditions
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for hybridization were as described by Wodicka et al. (31). cRNA probes were
prepared by amplification using in vitro transcription in the presence of nucle-
otide triphosphates conjugated to biotin and were purified by using an RNeasy
column (Qiagen, Santa Clarita, Calif.). The relative concentrations of individual
cRNAs were previously shown to be proportional to the abundance of each
poly(A) mRNA template (31). After hybridization, the arrays were washed with
streptavadin-phycoerythrin. The fluorescent signal from each feature was quan-
titated with an Affymetrix confocal chip reader (31).

Fluorescent signals corresponding to hybridization intensities were analyzed
with Affymetrix GeneChip software (version 3.0) using the following settings:
difference threshold, 30; ratio threshold, 1.5; change threshold, 30; percent
change threshold, 80. The parameters for the absolute decision matrix (analysis
of a single HDOA) as designated by the software (detailed information on the
definitions and uses of these parameters in calculations made by the software are
available from Affymetrix) are Pos/Neg = (Min 3.0, Max 4.0), Pos/Total = (Min
0.33, Max 0.43), and Log Avg Ratio = (Min 0.9, Max 1.3). The parameters for
the comparison decision matrix (comparison between two different HDOA) are
Inc/Dec = (Min 3.0, Max 4.0), Inc/Total = (Min 0.33, Max 0.43), D Pos — D Neg
Ratio = (Min 0.2, Max 0.3), and Log Avg Ratio Change = (Min 0.9, Max 1.3).
In all of our analyses, we used the “normalize to all genes” function in GeneChip
software.

To estimate the range of linearity, four different bacterial mRNAs were added
to the hybridization cocktail at the following concentrations: BioB (1.5 pM), BioC
(5 pM), BioD (25 pM), and Cre (100 pM). When plotted as a function of probe
concentration, the fluorescence intensities associated with these transcripts were
linear with respect to concentration over three log orders as described by Lock-
hart et al. (18).

To compare differences in the global expression levels of mRNAs from upf™
and UPF" strains, we used two outputs of the GeneChip software (version 3.0)
as the basis of two different analytical methods, referred to as method 1 and
method 2. Method 1 is based on one of 28 numerical assessments made by the
GeneChip software. In this method, GeneChip subtracts the fluorescent signal
for each mismatched oligonucleotide (MM) from the signal for each perfectly
matched oligonucleotide (PM). The adjusted signals for each probe pair (PM-
MM) are averaged across each probe pair set, excluding probe pairs that give
signals 3 standard deviations (SD) or more from the mean. For incomplete probe
pair sets consisting of fewer than 20 pairs (see above), GeneChip uses an algo-
rithm to decide whether to exclude outliers when calculating an average for the
entire probe pair set. The calculation used in method 1 yields an average ad-
justed primary signal (termed “average difference” in the software) for each
probe pair set corresponding to each mRNA.

Fold changes in mRNA levels due to loss of UPF gene function can then be
calculated by dividing the average adjusted primary signal in a mutant by the
average adjusted primary signal in the wild type. Numerators and denominators
used in this calculation were rounded to 20 for values less than 20. If both values
were less than 20, then the fold change was not calculated (value = 1.0, indicating
no change) and was not included when average fold changes across multiple
trials were calculated. Average fold changes were calculated for each mRNA
independently of the difference-call assigned to each mRNA (see below).

Method 2 utilizes a summary calculation (difference-call) made by GeneChip
software version 3.0. For each mRNA, the software assigns a difference-call for
each transcript as follows: increased, marginally increased, unchanged, margin-
ally decreased, or decreased in a upf~ strain compared to the isogenic UPF"
strain. The software utilizes various types of controls and numerical assessments
to make adjustments in the data, each of which carries weight in making a
difference-call.

RESULTS

Null mutations in UPF1, UPF2, and UPF3 have widespread
effects on the transcriptome. To visualize the effects of upf null
mutations on the yeast transcriptome, we compared by HDOA
analysis global steady-state mRNA levels in strains carrying upf
null mutations with those in a UPF wild-type strain. To ensure
that changes in the transcriptome could be attributed to loss of
UPF function rather than to differences in genetic background,
cRNA probes were prepared from five genetically defined,
isogenic, haploid strains (Materials and Methods). Three of
the strains carried single null mutations in UPF1, UPF2, or
UPF3, the fourth strain carried all three UPF null mutations,
and the fifth carried wild-type alleles for all three UPF genes.
The wild-type UPF™" alleles in these strains were expressed
from single-copy, centromeric plasmids.

Biotin-labeled cRNA probes were independently prepared
four times, using poly(A)" mRNAs and cDNAs as serial tem-
plates derived from each of the five strains (upfl —, upf2, upf3-—,
upf123~, and UPFI123") (Materials and Methods). After hy-
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TABLE 1. Distribution of index scores

Score at indicated percentile

Strain Index” Median Mean SD?
5th 10th 25th 75th 90th 95th
upfl~ IKI 0.00 0.04 0.27 —0.25 -0.25 0.00 0.25 0.38 0.50
upf2~ IKI 0.00 0.07 0.27 -0.25 -0.25 0.00 0.25 0.50 0.75
upf3~ IKI 0.00 0.09 0.27 —0.25 -0.25 0.00 0.25 0.50 0.63
upf123~ IKI 0.00 0.07 0.28 -0.25 -0.25 0.00 0.25 0.50 0.75
All strains CKI 0.00 0.07 0.24 —0.19 -0.13 —0.06 0.13 0.38 0.59

¢ IKI scores ranging from —1 to +1 monitor the consistency of changes in mRNA accumulation (see text); IKI scores are calculated from the average difference-calls
across multiple trials of a single genotype. CKI scores are calculated manner similarly to IKI scores except that difference-calls are averaged across all trials for all
genotypes, thus combining all data into a single quantitative measure of consistency. The IKI and CKI scores indicate whether the average call is for increased or
decreased mRNA accumulation, but they are not related to the magnitudes of the changes.

b Across four trials for each genotype.

bridization to the HDOAs, sets of data derived from digital
images for each of the 20 trials (four trials per strain) were
analyzed by using GeneChip software (see Materials and
Methods). For each trial, the transcriptome of the UPF™" strain
served as the baseline for comparison with the transcriptomes
of the ufpl , upf2~, upf3~, and upfI23~ strains. Using method
1 (Materials and Methods), all average primary signals for all
mRNAs for all 16 trials (4 trials per upf strain) were com-
pared with the average primary signals for all four trials com-
prising the wild-type data set Probe pair sets producing the
highest and lowest primary adjusted signals were not included
in our calculations. We consistently detected >4,500 mRNAs,
whereas a small subset of mRNAs were detected more spo-
radically in some but not all trials.

Of these mRNAs, 225 exhibited an average UPF-dependent
fold increase of 2- to 11-fold. The standard deviation (n = 16)
for the changes in abundance of all 225 mRNAs was less than
or equal to 50% of the average Upf-dependent fold increase.
These stringent criteria having been met, the results indicate
that the minimal set of mRNAs affected by loss of UPF func-
tion is in the range of several hundred out of the >4,500
mRNAs detected.

Method 1 is simple to execute but fails to correct for sources
of possible error that could cause an underestimate of the
number of mRNA affected by loss of UPF gene function. Also,
method 1 combines all upf~ trials into one group and poten-
tially ignores any differences in gene expression between the
four upf strains. For this reason, the data were analyzed more
exhaustively by method 2 (Materials and Methods). GeneChip
software version 3.0 assigns a difference-call of increase, mar-
ginal increase, no change, marginal decrease, or decrease (see
Materials and Methods). To analyze difference-calls from four
separate trials for each of the four upf~ genotypes, we assigned
numerical weights to the GeneChip difference-calls for each
trial as follows: increased signal in single upf null mutant (+2),
statistically marginal increase (+1), no change (0), statistically
marginal decrease (—1), and decrease (—2). The numerical
values of the difference-calls across all four trials for a single
upf~ strain and for a single mRNA species were summed and
divided by the maximum potential score (+8) to generate an
individual-knockout index (IKI) score ranging between —1 and
+1. The IKI score for a given mRNA reflects the consistency
of the change in abundance for each UPF-dependent mRNA
in each upf™ strain without regard to magnitude. IKI scores
near —1 or +1 represent consistent UPF-dependent decreases
or increases in the abundance of an mRNA in any of one of the
upf~ strains. IKI scores near zero signify that the abundance of
an mRNA is not dependent on the loss of function of a specific
UPF gene.

For each of the four upf™ strains, we calculated the IKI

scores for all 6,421 probe pair sets represented on the HDOA,
which represents 6,218 unique ORFs (Materials and Methods;
Table 1). When the four distributions of IKI scores corre-
sponding to mRNAs levels in the upfl —, upf2~, upf3~, and
upf123~ strains were analyzed, we found that each distribution
was skewed toward high scores approaching +1. This result
would be expected if loss of upf gene function, which is known
to block an mRNA decay pathway, primarily causes increased
abundance of a substantial number of mRNAs. At the 95th
percentile of each distribution, the top 5% (321 of 6,421 probe
pair sets) had IKI scores of =0.50 (upfl~), =0.75 (upf2™),
=0.63 (upf3~), and =0.75 (upfI23™). In contrast, the bottom
5% of mRNAs in all four upf strains had IKI scores of
=-0.25. The difference between the IKI scores at the 5th and
95th percentiles demonstrates the positive skew in these dis-
tributions. This supports the result obtained with method 1
that hundreds of mRNAs increase in abundance in upf
strains. Box plots constructed for the IKI distributions revealed
a close similarity between each distribution in each upf~ strain
(Fig. 1), suggesting that the upf  mutations may affect a similar
subset of mRNAs regardless of which UPF gene is inactivated.
In summary, genomewide screens failed to uncover major dif-
ferences that would be expected to occur if a substantial num-
ber of mRNAs were differentially affected by mutations in one
or two but not all three of the UPF genes.

To further examine whether differences exist between sets of
mRNAs affected by loss of function of UPFI, UPF2, or UPF3,
the standard deviation for the set of IKI scores for each mRNA
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FIG. 1. Box plots representing the distribution of upf IKI scores. The box
delineates the interquartile region between the 25th and 75th percentiles. Whis-
kers delineate the 10th and 90th percentiles. Values lying outside this region are
displayed as circles. Each circle represents IKI scores for multiple mRNAs that
happen to fall at the same position.
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TABLE 2. Average fold increases of five differentially expressed mRNAs

Avg fold change in mRNA accumulation ISD

mRNA Method
upfl™~ upf2~ upf3~ upf123~
YHRO76W (near UPF2) 3504 Absent 29+05 Absent HDOA analysis
YGRO073C (near UPF3) 1.3+0.2 1.8 0.2 0.8+ 0.0 09+02 HDOA analysis
YMROS0C (UPFI) Absent 35+25 2113 Absent HDOA analysis
YHRO077C (UPF2) 1.8 05 Absent 1.3 *+0.1 Absent HDOA analysis
YGRO72W (UPF3) 47+13 5623 Absent” Absent” HDOA analysis
YMRO80C (UPFI) Absent 20=0.3 1.8 =04 Absent Northern blotting
YGRO72W (UPF3) 57x21 70+18 Absent Absent Northern blotting

“ Calculated either from HDOA data (four trials for each upf~ derivative of strain LRSy307 strain compared to four trials for the UPF* derivative of LRSy307) or

from Northern blotting (n = 4 for each genotype).

> HDOA most likely detected hybridization to UPF3 sequences near the 3’ end of a UPF3-TRPI fusion mRNA encoded by the UPF3::TRP]I allele, which does not

produce a functional protein product (14). Native UPF3 mRNA is absent.

from upfl —, upf2~, and upf3~ strains was calculated and rank
ordered. We reasoned that if changes in abundance for a given
mRNA were similar in all three strains, then the three associ-
ated IKI scores (one for each genotype) should be similar and
consequently have a small standard deviation. Differential ex-
pression of an individual mRNA in one or two of the three
strains in response to a particular upf  mutation would pro-
duce a larger standard deviation for a given set of IKI scores.
Based on this, we examined 100 mRNAs that had the largest
standard deviation in IKI scores (=98.5 by percentile). Then,
the average adjusted primary signal (method 1; see Materials
and Methods) for each mRNA in each relevant trial was visu-
ally inspected. We found that only five mRNAs were consis-
tently expressed at different levels depending on which UPF
gene was inactivated. The differentially expressed mRNAs
were  YHRO76W, YGRO73C, UPFI (YMROS0C), UPF2
(YHRO77C), and UPF3 (YGRO72W).

To confirm this by another approach, we examined all RNAs
represented in each trial, using an independently derived sort-
ing algorithm that identifies subsets of mRNAs that are
uniquely altered in only one or two of the three upf ™ strains.
mRNAs were designated as altered within a single upf~ strain
if they were assigned a difference-call of “increase” or “de-
crease” in three of the four trials for that strain; otherwise, they
were considered unchanged. mRNAs with difference-calls cat-
egorized as marginal were considered unchanged. This method
produced a list of 104 mRNAs that changed in one or two of
the three upf™ strains without a corresponding change in the
other upf  strains. The average adjusted primary signals for
each of these mRNAs in each relevant trial were inspected
visually. The same five mRNAs as described above were iden-
tified as the ones most likely to exhibit differential expression
in different upf~ strains.

HDOA data for the five mRNAs were analyzed in greater
detail (Table 2). YHR076W mRNA, which is encoded by a
gene adjacent to UPF2, was 3.5 (+0.4)- and 2.9 (*=0.5)-fold
more abundant in the upfl~ and upf3~ strains, respectively,
than in the wild type but was not detected in upf2~ and
upf123~ strains. YGR073C mRNA, which is encoded by a
gene adjacent to UPF3, was increased 1.8 (*=0.2)-fold in the
upf2~ strain but unchanged in all other upf~ strains. We are
not certain whether the observed patterns of differential ex-
pression are related to the locations of these genes near the
upf2-Al::HIS3 and upf3-Al::TRPI disruptions or to expression
of wild-type UPF genes from centromeric plasmids in the
strains, or to both factors.

UPF1 mRNA was absent, as expected, in upfl ~ and upf123~
strains but was two- to threefold more abundant in the upf2™
and upf3~ strains than in the UPF™" strain. UPF2 mRNA was

absent as expected in upf2~ and wupfI23~ strains and un-
changed in the upf3™ strain but was increased 1.8 (=0.5)-fold
in the upfl~ strain. UPF3 mRNA was absent as expected in
upf3~ and upfl23~ strains but was increased an average of
more than fivefold in upfl™ and upf2™ strains. We confirmed
the increased levels of UPFI and UPF3 mRNAs by Northern
blotting of RNA from the LRSy307-based transformants that
were used for HDOA analysis (Table 2).

To determine whether the differential expression of wild-
type UPF1 and UPF3 genes might be related to their presence
on plasmids in the LRSy307-based transformants, we used
Northern blotting to assay additional sets of UPF" and upf~
strains that do not carry UPF genes on plasmids. The level of
UPFI mRNA was the same in strains PLy107 (UPF3") and
BSY1001 (upf3™) (1.2 = 0.1-fold increase in upf3~, n = 2).
Similarly, UPF3 mRNA levels were the same in strains ML34
(UPF1") and ML51 (upf1 ™) (1.1 = 0.6-fold increase in upfI ~,
n = 3).

When wild-type UPF genes were supplied on plasmids,
UPFI mRNA was overexpressed in a upf3~ background and
UPF3 mRNA was overexpressed in a upfl— background. No
overexpression was observed when the wild-type alleles for
these genes were located at their resident positions on chro-
mosomes. This finding suggests that the overexpression from
plasmids has no bearing on the expression of UPF genes in
wild-type. Overexpression of UPFI or UPF3 mRNA does not
appear to cause any change in the global profile of mRNA
accumulation that results from the disruption of a UPF gene
because the same set of mRNAs was affected in the ufpl23~
triple mutant (data not shown). Barring the rare exceptions,
our results suggest that loss of function of any one of the three
UPF genes causes altered accumulation of the same subset of
mRNAs.

Coincident changes in the abundance of mRNAs define the
target size. Since the patterns of mRNA accumulation were
nearly identical in the upfl ™, upf2~, upf3~, and upfi23~
strains, we developed a method to analyze the overall target
size for UPF-dependent mRNAs by combining all upf trials
into a single set. This provided a sample based on 16 trials (4
independent trials in each of the four upf™ genotypes: upfl—,
upf2~, upf3~, and upfI23~) normalized against four respective
trials for the UPF™" strain. We used a scoring system similar to
the IKI system to measure the consistency of the difference-
calls associated with each mRNA. This index score, termed the
combined-knockout index (CKI) score, measures the consis-
tency of effects detected by HDOA analysis on a given mRNA
in strains carrying a loss-of-function mutation of any or all of
the UPF genes. CKI scores were calculated in a manner similar
to IKI scores except that numerical values representing differ-
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1600 The UPF-independent mRNAs are clustered around the
1400- median of 0.00 (Table 1). Of the 6,421 ORFs, 368 had CKI
scores greater than 2 SD above the mean (+0.55); while 40
é’ 1200+ mRNAs had scores 2 SD below the mean (—0.41). Using the
@ 1000 standard deviation associated with CKI score distribution, we
g 800- divided the distribution into three sets of mRNAs: those that
I 600 exhibit UPF-dependent increases (CKI = +0.55), UPF-depen-
dent decreases (CKI = —0.41), and UPF-independent accu-

400+ mulation (—0.41 < CKI < +0.55).
200+ The vast majority of mRNAs were not affected by loss of
04 UPF function, as shown by the large accumulation of CKI
Qe w®wogwwo scores near zero. However, there were a significant number of
T oo <? b= s ® s T mRNAs affected by UPF loss of function. The distribution is
CKI score skewed toward positive values, suggesting that loss of UPF

FIG. 2. Distribution of all CKI scores across 6,421 mRNAs analyzed by
HDOA. A score of —1.0 indicates a UPF-dependent decrease in every trial for
every upf~ strain; a score of +1.0 indicates a UPF-dependent increase in every
trial for every upf~ strain; a score of zero represents no average change.

ence-calls were summed across 16 trials representing all four of
the upf~ strains rather than 4 trials from a single upf strain.

Like the IKI scores, the distribution of CKI scores was
skewed toward high scores approaching +1. The standard de-
viation for CKI scores was smaller than for IKI scores due to
the larger number of trials used to calculate the distribution
(Table 1). Consequently, a tighter distribution was produced,
which allowed for more accurate identification of mRNAs with
outlying CKI scores. At the 95th percentile of the distribution,
the top 5% (321 of 6,421 probe pair sets) had CKI scores of
=().59. The frequencies of CKI scores across for all probe pair
sets are shown in a histogram (Fig. 2).

function may cause a greater number of mRNAs to exhibit
increased rather than decreased accumulation. To further de-
fine and empirically test the set of UPF-dependent mRNAs,
Northern blot analysis was used to independently verify the
results from HDOA analysis and to quantitate the changes in
mRNA accumulation that result from inactivation of the NMD
pathway. To accomplish this, we selected seven mRNAs with
CKI scores near the score defined as the mean + 2 SD
(+0.55). We selected mRNAs encoded by the genes GBP2
(YCLO11C), UGA3 (YDL170W), ALR2 (YFLO50C), YILOS7C,
METI4 (YKLO001C), YLR130C, and PHOS80 (YOLOO1W),
which had CKI scores ranging from +0.44 and +0.59 (Table 3).

Using Northern blotting, we found that all seven mRNAs
exhibited increased mRNA abundance ranging from fold in-
creases of 1.6 (+0.2) for UGA3 to 4.2 (£0.3) for ALR2 (Table
3). When the results of Northern blotting were compared with
the results from HDOA analysis by using a two-tailed ¢ test
(see footnote c to Table 3), no evidence of significant statistical

TABLE 3. Quantitative comparison of changes in mRNA accumulation determined by HDOA analysis and Northern blotting

Avg fold change in mRNA

accumulation * SD

Ho: at 9% ML34/ML51,

ORF Gene CKI score w(A) = p(N)Y Northern blotting?
HDOA* Northern blotting”

YCLO11C GBP2 0.44 14+02 25+02 Reject 23
YDL170W UGA3 0.44 1.7+0.5 1.6 = 0.4 Accept 3.7
YFLO050C ALR2 0.59 3.8 +3.0 42 +0.3 Accept 6.2
YILO87C 0.44 1.4+02 1.8 = 0.5 Accept 1.2
YKL001C MET14 0.44 1.5+03 1.6+ 0.2 Accept 0.9
YLR130C 0.44 14+04 1.8 0.1 Reject 1.9
YOLOO1W PHOS80 0.47 21+13 25*+04 Accept 2.7
YCR020C PETI8 1.0 42+ 0.8 7110 Reject 6.3
YDR210W 1.0 22+03 51+19 Reject 22
YEL073C 1.0 11.0 = 44 13.7 £55 Accept 6.3
YIL165C 0.88 2.6 = 0.6 2.7*+05 Accept 4.6
YLRO014C PPRI 0.19 2.0=*+0.8 29+ 0.5 Accept 3.4
YLR363C NMD4 0.84 34+ 11 32+05 Accept 34
YML123C PHOS84 -1.0 —-44*+14 -33+03 Reject

YNLO46W 1.0 28+13 24+ 04 Accept 2.8
YOL108C INO4 0.9 22+0.7 34+19 Accept 2.3
YOR303W CPAI 0.81 1.8+0.5 2.6 =02 Reject 2.2

¢ Calculated from HDOA data, using four trials from each of four upf~ derivatives of strain YRSy307 (upfl—, upf2~, upf3~, and upfI23~) (n = 16 trials in all)
compared with data from four trials for the UPF* derivative of LRSy307.

> mRNA accumulation was measured by quantitative Northern blot analysis. Values were calculated by comparing data from the upfI23~ and the UPF* derivative
of strain LRSy307. mRNAs for YCL011C, YDL170W, YFLO50C, YIL165C, YKL001C, YLR130C, YLR363C, YNL046W, and YOR303W were tested at n = 4; all
others were tested at n = 8.

¢ Statistical similarities of the means associated with data from HDOA analysis and Northern blotting were compared by using two-tailed ¢ test assuming unequal
variances at a = 0.01. The null hypothesis (Ho) states that the means are equal [w(A) = p(N)], while the alternative hypothesis states that the means are not equal.
Accepting the null hypothesis indicates that the mean calculations for both HDOA and Northern blot analyses are not statistically indistinguishable. Rejecting the null
hypothesis indicates that the means are statistically different. w(A), mean average fold change as measured by arrays: w(N), mean average fold change as measured
by Northern blotting.

4 mRNA accumulation was assayed by Northern blot analysis in strains ML34 (UPFI) and ML51 (upfl—) (see Materials and Methods; to test whether changes
observed in strain LYRy307 were strain specific.
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differences was found for the average fold changes of five of
the seven mRNAs. For the remaining two (GBP2 and
YLR130C), the fold increases derived by Northern blotting
were higher than those derived from HDOA analysis. To see if
similar results would be obtained for a different set of strains,
we also determined the fold increases for the seven mRNAs in
another isogenic set of strains, ML34 (UPF*) and ML51 (upfI-
A5) (Materials and Methods). The fold increases were similar
except for METI4 mRNA (CKI = 0.44), which was not in-
creased in MLS51 (Table 3) but was increased in YJB1471
(upf2™) (discussed below).

To test the efficacy of HDOA in predicting the magnitude of
changes in mRNA abundance, we examined 17 mRNAs (in-
cluding the 7 discussed above) by comparing the changes pre-
dicted by HDOA analysis and Northern blotting (Table 3).
Fifteen had CKI scores ranging from +0.44 to +1.0. PPRI
mRNA (CKI = 0.19) was included because of prior evidence
that PPRI mRNA abundance depends on a functional UPFI
gene (24). PHO84 mRNA (CKI = —1.0) was included to verify
that a strongly negative CKI score corresponds to a decrease in
abundance as determined Northern blotting.

Measured by both HDOA analysis and Northern blotting,
the mean fold changes had a correlation coefficient of 0.95,
indicating that the mean fold changes measured by HDOA
analysis are similar to those measured by Northern blotting.
We compared these means by using Student’s ¢ tests to deter-
mine if the mean fold change as predicted by HDOA analysis
was statistically different from that predicted by Northern blot-
ting. Eleven of the 17 mRNAs produced mean fold changes
that showed no evidence of a statistical difference between the
two techniques; 6 of the 17 mRNAs displayed a statistical
difference with Northern blotting typically reporting larger fold
changes. However, the change predicted by HDOA analysis
always showed the same positive or negative trend as did the
change predicted by Northern blotting. When they occurred,
deviations obtained when the two methods were used were less
than a factor of 2 in magnitude.

To ensure that the UPF-dependent changes in expression
were not unique to the LRSy307-based transformants, we used
Northern blotting of RNA from additional sets of strains to
examine the abundance of the 17 mRNAs discussed above.
ML34 (UPF1") and ML51 (upfI-A4) are isogenic derivatives
of S288C differing only at the UPFI locus (Materials and
Methods). We detected 16 of the 17 mRNAs in ML34 and
MLS51. PHOS84 could not be consistently detected in either
ML34 or ML51. Of the 16 detectable mRNAs, 14 exhibited
fold changes comparable to those observed in derivatives of
strain LRSy307. The two mRNAs that exhibited anomalous
behavior, METI14 and YILO87C, were detected as UPF-inde-
pendent mRNAs in the isogenic strains ML34 and ML51.
ML34 and ML51 were grown in a different synthetic medium
than were the derivatives of strain LRSy307, which might ac-
count for differences in expression compared with expression
in LRSy307 transformants. However, in another isogenic pair
of strains, YIB1471 (upf2~) and YIB195 (UPF2") (Materials
and Methods), which were grown in the same synthetic me-
dium as were strains ML34 and ML51, MET14 exhibited a 1.6
(£0.2)-fold increase and YILO87C exhibited a 1.9 (*+0.7)-fold
increase. Overall, the results indicate that most of the changes
in mRNA levels identified in the LRSy307 transformants were
also observed in other strains, but some of the mRNAs accu-
mulated to different levels in different strains.

The Northern blotting experiments described above indicate
that mRNAs with CKI scores above +0.44 are the best candi-
dates for those exhibiting increased abundance when the UPF
genes are inactivated. mRNAs with the highest CKI scores

TABLE 4. Magnitude of changes for mRNAs with
CKI scores of >+0.90

Avg fold change in mRNA

ORF Gene CKI score accumulation = SD“
YOL108C INO4 0.91 22*0.7
YDL243c 0.91 2.5*0.6
YER186¢ 0.91 24 +05
YEL049w PAU2 0.91 2.6 =0.8
YDR387C 0.91 3.1*+0.8
YKRO69W 0.91 32+05
YFR020W 0.91 33*09
YELO048¢ 0.91 54=*29
YPL258C 0.91 6.5+ 3.0
YNL339C 0.93 20+03
YFL035C 0.94 1.9 =04
YHLO050C 0.94 1.9 =04
YJL223C 0.94 20+03
YLR251W 0.94 1.9 =04
YLLO066¢ 0.94 1.9 =03
YLR152¢ 0.94 20+04
YIR020C 0.94 2.7*0.7
YOR202W HIS3 0.94 23*+04
YHL047C 0.94 2.6 0.5
YHR199C 0.94 25+04
YKL224C 0.94 2.6*03
YGRO40W KSS1 0.94 2.7*+0.9
YBR301w 0.94 3.0+04
YLR122¢ 0.94 3.7*+19
YGL261C 0.94 33*09
YDL.243c 0.94 2.5+ 0.6
YNRO59W 0.94 4.0+27
YOL165C 0.94 37*13
YMR320W 0.94 44 1.7
YKRO12C 0.94 45+19
YMRO65W 0.94 48 =23
YMR316C-b 0.94 40=*1.1
YLLO067¢ 0.97 20=*05
YPL144W 0.97 25+05
YCRO096¢ A2 0.97 28 0.5
YFL057C 0.97 29+ 0.6
YNL270C ALPI 0.97 33+14
YKLO71W 0.97 46*19
YIR031C DAL7 0.97 45*1.0
YER180C ISCI0 0.97 47+ 14
YFL020C PAUS 0.97 3.7+0.9
YERO076¢ 0.97 39=*0.6
YER187w 0.97 43+13
YER188w 0.97 45+1.2
YFLO61W 0.97 42*24
YLLO060c 0.97 4922
YLLO064c 1.0 22+05
YCRO039c¢ ALPHA2 1.0 2.6 *03
YCL067¢c ALPHA2 1.0 2.6=*03
YKRO61W KTR2 1.0 25+04
YLR461W PAU4 1.0 25+1.0
YDR210W 1.0 21*03
YBL113C 1.0 22*+04
YLLO25w 1.0 2.8 0.6
YML133C 1.0 23*0.7
YNLO046W 1.0 28*+13
YER092w 1.0 25+03
YERI115C spr6 1.0 2.7+ 0.6
YCRO020C PETI8 1.0 42 *0.8
YLRO10c 1.0 33*07
YGR289C AGTI1 1.0 3.1+0.7
YLR460C 1.0 3.1*0.7
YBRO08c 1.0 39=*0.7
YHL046C 1.0 33*0.6
YGL193C 1.0 40+1.2
YCR102c 1.0 39+13
YARO023C 1.0 4.0=*0.7
YGL263W 1.0 42+1.0
YELO028w 1.0 42+ 1.6
YER066w 1.0 44+ 1.6
YNL162W RPL41A 1.0 42+ 1.1
YNL335W 1.0 49 +40
YFR026C 1.0 51=*18
YOL162W 1.0 6.7 2.7
YGL262W 1.0 82 +28
YELO73¢c 1.0 11.0 = 4.4
YIR043C 1.0 94 *+34

“ Averaged across all four trials for all four upf™ strains (a total of 16 trials).
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TABLE 5. Minimal set of mRNAs with CKI scores that reflect a
decrease in abundance when the NMD pathway is inactivated

Avg fold change in mRNA

ORF Gene CKI score accumulation = SD“
YDR281C -0.53 -2.0=*=0.7
YGL258W —0.56 —34+25
YCRO097wa Matal —0.66 -35+13
YOR387C -0.87 —-7.1+6.9
YMLI123C PHOS84 -1.0 —44+14
YHR136C -1.0 —-69 = 4.0

“ Averaged across all four trials for all four upf™ strains (a total of 16 trials).
The change for PHOS84 was confirmed by Northern blotting (Table 8).

(=+0.90) and the corresponding fold increases in abundance
are shown in Table 4. CKI scores were =+0.44 for 539 of the
6,421 probe pair sets, including 529 unique mRNAs and 10
mRNAs tiled more than once on the HDOA (see Materials
and Methods). Average fold changes for these mRNAs were
increased as follows: 12 from 5- to 11-fold, 29 from 4- to 5-fold,
56 from 3- to 4-fold, 234 from 2- to 3-fold, 179 from 1.5- to
2-fold, and 28 from 1.2- to 1.5-fold. One mRNA was un-
changed (CKI = 0.5).

By comparison with the minimal set of 225 NMD-sensitive
mRNAs defined earlier by method 1 (see above and Materials
and Methods), the potential number of natural targets that
increase in abundance when the UPF genes are inactivated is
somewhere between 3 and 9% of the 6,218 unique mRNAs.
We did not perform Northern blotting experiments on a sam-
ple of the mRNAs with CKI scores of between 0 and +0.44,
but we presume that each mRNA in this range is less likely to
be affected. However, an increase in the PPRI mRNA level
(CKI = 0.19) which was confirmed by Northern blotting indi-
cates that some of the mRNAs in the 0 to +0.44 range could
also exhibit increased abundance when the UPF genes are
inactivated.

Using similar logic, we examined mRNAs with CKI scores of
=-0.41, which fall 2 SD or more below the mean. Of the 40
mRNAs identified (Table 5), 1, PHO84 mRNA (CKI = —1.0),
was decreased in abundance 4.4 (*=1.4)-fold according to
HDOA analysis. Northern blotting indicated that PHOS4
mRNA was decreased 3.3 (£0.3)-fold in abundance. This re-
sult shows that inactivation of the NMD pathway can lead to
reduced mRNA abundance. Six of the 40 mRNAs were de-
creased 2-fold or more in abundance; one of these six,
YOR387C mRNA, was decreased 7.1-fold (Table 5). Overall,
these results indicate that the number of mRNAs in upf™
strains that increase in abundance outnumber those that de-
crease in abundance at least 10-fold. Data are available for all
mRNAs on line (23b, 25a).

Distribution of UPF-dependent mRNAs by function and ex-
pression level. mRNAs that change in abundance when the
NMD pathway is inactivated were sorted according to function
by using the categories described in the MIPS (Munich Infor-
mation Center for Protein Sequences) database (23a). Table 6
shows the numbers and relative percentages of mRNAs in each
functional category assigned by MIPS for all mRNAs and for
the 529 unique UPF-dependent mRNAs that exhibit consis-
tent, increased accumulation ranging from 1.2- to 11-fold with
CKI scores of =0.44. A substantial number of mRNAs have no
known function and are therefore are listed as “unclassified” in
Table 6. For 13 of the 15 functional categories, the mRNAs are
distributed similarly for both sets. mRNAs coding for products
that function in protein synthesis were vastly underrepresented
among the UPF-dependent mRNAs (5.5% for all mRNAs,

MoL. CELL. BIOL.

TABLE 6. Functional distribution of UPF-dependent mRNAs

No. (%)

MIPS category Transcriptome

(6,233 ORFs)*

UPF-dependent
(529 mRNAs)?

Metabolism

Energy 236 (3.7) 23 (4.3)
Growth, division, DNA synthesis 753 (12.1) 44 (8.3)
Transcription 722 (11.6) 39(7.3)
Protein synthesis 343 (5.5) 5(0.9)
Protein destination 512(8.2) 20 (3.8)
Transport facilitation 300 (4.8) 32 (6.0)
Intracellular transport 414 (6.6) 20 (3.8)
Cellular biogenesis 170 (2.7) 12 (2.3)
Signal transduction 119 (1.9) 4(0.8)
Rescue, defense, death, aging 311(5.3) 40 (7.6)
Ionic homeostasis 114 (1.8) 5(0.9)
Cellular organization 2,105 (33.8) 107 (20.2)
Unclassified 2,605 (41.8) 260 (49.1)

Intron containing® 248/6,218 (4.0) 21/529 (3.6)

“ Based on functional assignments made by MIPS (as of the 16 July 1998 MIPS
update). To calculate the percentages, the denominator of 6,233 was used, which
represents the number of unique ORFs in the MIPS database. The percentages
do not sum to 100% because a substantial number of mRNAs have been assigned
to more than one category.

> Based on functional assignments of the UPF-dependent mRNAs that in-
crease in abundance (529 unique mRNAs with CKI scores of =0.44). To calcu-
late the percentages, the denominator of 6,218 was used, which represents the
number of unique ORFs represented on the HDOA. The percentages do not
sum to 100% because a substantial number of mRNAs are listed in more than
one category.

¢ Percentage of intron-containing mRNAs among 6,218 ORFs uniquely tiled
on the HDOA and percentage of intron-containing mRNA among the 529
unique UPF-dependent mRNAs with CKI scores of =0.44.

compared to 0.9% for UPF-dependent mRNAs). A much more
modest decrease in the frequency of representation was also
observed for the “protein destination” category (8.2% for all
mRNAs, compared to 3.7% for UPF-dependent mRNAs).

Introns and exon-exon junctions can play a significant role in
the NMD pathway in higher eukaryotes (23). Consequently, we
compared the frequencies of intron-containing mRNAs in the
set of 529 unique UPF-dependent mRNAs with CKI scores of
=0.44 and the larger set of 6,218 unique mRNAs tiled on the
HDOA. Intron-containing mRNAs were distributed similarly
in both sets (Table 6, last row), suggesting that the presence of
an intron is probably unrelated to UPF-mediated control of
mRNA abundance in S. cerevisiae.

We assessed whether the average abundance for UPF-de-
pendent mRNAs with CKI scores of =0.44 was higher or lower
than the average abundance for all mRNAs (Table 7). To
accomplish this, the average expression levels across the four
UPF™ trials were calculated by using the average adjusted
primary signal for each mRNA (method 1; see Materials and
Methods). The mean values were 188 fluorescent units for
UPF-dependent mRNAs with CKI scores of =0.44 and 546
fluorescent units for all mRNAs. The threefold difference is
statistically significant as measured by Student’s  test assuming
equal variance at 95% confidence. To confirm this, we exam-
ined a set of 529 mRNAs selected at random among all
mRNAs and compared the mean value in fluorescent units for
this set with mean value in fluorescent units for the set of 529
UPF-dependent mRNAs. For all three sets of data, the medi-
ans and interquartile regions were similar. However, the ex-
pression levels diverged at the 90th and 95th percentiles of the
distribution. While there are some statistical caveats to con-
clusions based on comparing different probe pair sets (31), our
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TABLE 7. Average relative abundance of UPF-dependent mRNAs

mRNAs Median Mean SD

Avg relative abundance at indicated percentile

5th 10th 25th 75th 90th 95th
All 86 546 1,550 -2 8 31 291 1,133 2,790
Random” 97 559 1,530 1 8 37 303 1,186 3,114
UPF dependent® 88 188 432 7 15 37 215 515 758

¢ Distribution of mRNAs ranked according to relative level of accumulation for all ORFs tiled on the HDOA. The range for numbers listed by percentile is —50
(indicating an accumulation of near zero) to >10,000 (highest level of accumulation).

> Sample distribution of 529 mRNAs selected at random.
¢ Distribution of 529 mRNAs with CKI scores of =0.44.

results suggest that UPF-dependent mRNAs are underrepre-
sented among mRNAs expressed in the upper quartile of rel-
ative expression levels. It therefore appears that the inactiva-
tion of UPF genes disproportionately affects the accumulation
of mRNAs that are normally present at lower than average
abundance in wild-type strains.

Regulatory cascades among the UPF-dependent mRNAs.
Numerous subsets consisting of coregulated mRNAs were ev-
ident among the UPF-dependent mRNAs. We examined two
such mRNA subsets in further detail. One coregulated subset
consists of PPRI, which encodes a positive transcriptional ac-
tivator, and downstream targets of Pprlp-mediated transcrip-
tional activation, including the URAI, URA3, URA4, and
URAI0 genes (Table 8) (20, 27). It was previously reported
that PPRI mRNA accumulation increases threefold when
UPF1 is inactivated (24). According to HDOA data, the accu-
mulation of PPRI mRNA increased 2.0 (*0.8)-fold when
NMD was inactivated. PPRI mRNA was not included in the
list of UPF-dependent mRNAs with CKI scores of =0.44. The
CKI score was only +0.19 due to inconsistencies in the differ-
ence-calls across trials resulting from low signal intensities.
However, we confirmed by quantitative Northern blotting that
the accumulation of PPRI mRNA increased 2.9 (*=0.5)-fold
when NMD was inactivated. PPRI mRNA also exhibited in-
creased accumulation in the upf~ strain ML51 (Table 3).

Since Pprlp is a transcriptional activator, increased accumu-
lation of the mRNA and the corresponding gene product
should cause increased transcription of downstream target
genes. This should lead to increased accumulation of the cor-
responding mRNAs. To test this, we examined the accumula-
tion of the downstream targets URA1, URA4, and URA10. We
could not obtain a meaningful assessment of URA3 mRNA
accumulation because the URA3 gene was not at its usual
chromosomal location but was instead contained on the single-

TABLE 8. Effects of NMD on regulatory cascades in
metabolic pathways

Avg fold change in mMRNA
accumulation = SD

mRNA CKI score N
Northern
HDOA blotting
PPRI +0.19 2.0=*=0.8 29*+0.5
URAI +0.69 1.5+03 ND“
URAI0 +0.87 2107 ND
URA4 +0.09 1.3£0.2 1.3+0.0
PHOS84 -1.0 —44+14 -33+03
PHOS —0.44 -1.9*+1.1 ND
PHOS86 -0.25 -13+£04 ND
PHOS —0.28 -13+03 ND
PHOS80 +0.47 21*+13 25*+04

“ ND, not determined.

copy plasmids used in the LRSy307-derived strains (Materials
and Methods). We found by HDOA analysis that the URA!
(CKI = +0.69) and URA10 (CKI = +0.87) mRNAs exhibited
increased accumulation (Table 8). The CKI score for URA4
mRNA was only +0.19. The accumulation of UR44 mRNA
did not appear to be increased in response to an increase in
PPRI mRNA accumulation (1.3 = 0.2 based on HDOA anal-
ysis and 1.3 = 0.0 based on Northern blotting) although it is
reportedly regulated by PPRI. By HDOA analysis, the accu-
mulation of the URA2 and URA5 mRNAs were unchanged.
These mRNAs are not regulated by PPRI (20, 27) and would
therefore not be expected to change.

We identified another subset of UPF-dependent mRNAs
that code for proteins involved in phosphate utilization, includ-
ing PHOS, which codes for the major secreted acid phospha-
tase (2), PHOS4 and PHOS86, which code for inorganic phos-
phate transporters (5), PHOS, which codes for an alkaline
phosphatase (13), and PHOS80, which codes for a cyclin-depen-
dent protein kinase that inhibits transcription of PHOS (6)
(Table 8). According to HDOA analysis, PHOS84, PHOS,
PHOS86, and PHOS were all decreased in abundance whereas
PHOS80 was increased in abundance in upf derivatives of
strain LRSy307 and in the upf strain ML51 (Table 3). All
other mRNAs known to code for proteins involved in phos-
phate utilization, were unchanged in abundance.

DISCUSSION

The goal of this study was to establish the extent to which the
Upf proteins affect the expression of the >6,000 genes that
comprise the transcriptome of S. cerevisiae. To address this
question, we probed HDOA with cRNAs corresponding to all
polyadenylated mRNAs in strains carrying functional disrup-
tions of the UPF genes. The fluorescent signals were analyzed
by using two outputs of GeneChip 3.0 software as the basis of
two different analytical methods (see Materials and Methods).

We identified a minimal set of 225 mRNAs that exhibited an
average UPF-dependent fold increase of 2- to 11-fold with a
standard deviation =50% of the average UPF-dependent fold
increase. To mine the data further, we devised the IKI to
compare changes in different upf~ strains. By analyzing the
distributions of IKI scores, which range from —1 to +1, we
found that 99.9% of the observed changes in mRNA abun-
dance were common to upfl, upf2~, upf3~, and upfl23~
strains. There were only five exceptions: UPF1, UPF2, UPF3,
YHRO076W, and YGRO073C.

The UPF genes exhibited a complex pattern of overexpres-
sion in the LRSy307 series of strains (Table 2). The anomalous
behavior of the UPF genes might be explained in part by the
fact that the genes were expressed from plasmids rather than
from their normal chromosomal loci. In strains carrying UPF
genes at their normal chromosomal loci, the UPF genes were
expressed at normal levels and in a UPF-independent manner.
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Given this, we do not currently attach any physiological signif-
icance to the UPF-dependent overexpression of UPF genes
from plasmids. However, we considered whether the overex-
pression could influence the number of mRNAs affected by
loss of UPF function or the magnitudes of the effects. By
comparing data from the strains that carry the single null
alleles (upfl—, upf2—, or upf3™) with data from the triple-null
strain (upf123~), we concluded that the overexpression of UPF
genes had no effect on the number of UPF-dependent mRNAs
or on the magnitude of the observed changes.

YHRO76W is located immediately adjacent to UPF2.
mRNA accumulation was increased about threefold in the
upfl~ and upf3~ strains but was absent in the upf2~ and
upf123~ strains. YGRO073C is located immediately adjacent to
UPF3. This mRNA was only marginally increased and only in
the upfl™ and upf2™ strains. Possibly some of these changes
can be related to the positions of these genes near the inser-
tions in the upf2A1::HIS3 and upf3-Al::TRPI null alleles. Al-
though insertions could perturb local rates of transcription
through local changes in chromatin structure, it is not clear
why these mRNAs are differentially expressed depending on
which of the UPF genes are being expressed from plasmids.

Barring the exceptions noted above, our results indicate that
the same mRNAs respond to loss of UPF function regardless
of which of the UPF genes is disrupted. This finding served as
the basis for pooling all trials for all upf— strains to calculate a
CKI index score for each mRNA. The CKI score measures the
consistency (but not the magnitude) of the UPF-dependent
effect on a given mRNA. This approach had the advantage of
producing a tighter distribution with a much smaller standard
deviation than any of the IKI distributions due to the increased
number of trials used to calculate the CKI scores (16 in all).

Like the IKI scores, the CKI scores range from —1 to +1
and provide a measure of the consistency of difference-calls
across all trials. CKI scores of +0.55 were 2 SD or more above
the mean score. To determine whether mRNAs with scores
near +0.55 were altered in abundance, we analyzed by North-
ern blotting seven mRNAs with scores ranging from +0.44 to
+0.59. Northern blotting showed these mRNAs to be in-
creased in abundance, indicating that mRNAs with CKI scores
in the range of +0.44 are candidates for natural targets of the
UPF genes. Overall, UPF-dependent changes in mRNA accu-
mulation were as high as 11.0-fold (YEL073C). Thirteen
mRNAs exhibited a greater than fivefold average increase in
abundance. The average increase among 529 mRNAs with
CKI scores of =+0.44 was 2.4-fold.

Although most of the observed changes in the transcriptome
were in the direction of increased accumulation when UPF
genes were inactivated, a smaller number of mRNAs de-
creased in abundance. Forty mRNAs had CKI scores =2 SD
below the mean CKI score. Six of these had CKI scores ranging
from —0.53 to —1.0 with two- to sevenfold downward changes
in abundance. The change for one of these, PHO84 mRNA,
was confirmed by Northern blotting. Overall, we detected
about 10 times more mRNAs that increased in abundance as
decreased in abundance.

We tested the efficacy of HDOA analysis in predicting the
magnitude of changes in mRNA abundance by measuring the
abundance of 17 UPF-dependent mRNAs by Northern blot-
ting. The mean fold changes measured by HDOA analysis
were similar to those measured by Northern blotting. In gen-
eral, when discrepancies were observed, larger fold changes
were detected by Northern blotting. These results suggest that
HDOA analysis is a reasonable but not a perfect predictor of
the magnitudes of change.

We know of at least two UPF-dependent mRNAs identified
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in previous studies, CTFI3 (9) and PPRI (15, 24), that had
unexpectedly low CKI scores that would generally not be in-
dicative of a dependence on the UPF genes. For this reason,
these two mRNAs were not included in the list of UPF-depen-
dent mRNAs predicted by HDOA analysis despite three- to
fourfold increases in abundance demonstrated by Northern
blotting. These mRNAs may have escaped detection by
HDOA analysis because their levels of abundance in wild-type
strains are near the threshold of detection. When mRNAs are
present at threshold levels, errors in predicting relative abun-
dance are more likely to occur. Consequently, greater incon-
sistencies between trials can lower the index score and cause an
erroneous call. In addition to these false-negative calls, false-
positive calls are possible at some frequency, especially for
mRNAs with CKI scores that reflect borderline consistency
across trials (scores near +0.44). Assuming that false-negative
and false-positive calls occur with similar frequencies, on bal-
ance our results indicate that well over 500 mRNAs change in
abundance when the UPF genes are inactivated; 63% of the
mRNAs exhibited greater than twofold increases in abun-
dance. The largest change in abundance was 11-fold.

The best-described function for the Upf proteins is in their
role in promoting the accelerated decay of nonsense mRNAs.
These mRNAs are targeted for rapid decay by the presence of
a premature stop codon caused either by a mutation or by an
error in gene expression. However, the Upf proteins could also
cause a reduction in the overall decay rate of any mRNA as
part of the normal repertoire of gene expression for that
mRNA. Although naturally occurring mRNAs do not typically
contain a premature stop codon, they could be targeted for
rapid decay by an alternate mechanism. For example, they
might contain a stop codon at the end of a translatable up-
stream ORF or some other sequence element that serves a
targeting function, or the normal stop codon at the end of the
ORF might have the atypical property of triggering rapid de-
cay. In any case, it seems likely that the Upf proteins cause
changes in the abundance of naturally occurring mRNAs
through a mechanism involving RNA decay.

If this is so, then the inactivation of a UPF gene should cause
increased mRNA abundance of a selective group of targeted
mRNAs. While most of the UPF-dependent mRNAs exhibited
increased abundance, we observed some declines in abundance
and confirmed one of these (for PHO84 mRNA) by Northern
blotting. Changes in abundance in both directions could be
explained if mRNAs coding for either positive or negative
regulatory proteins served as direct targets for accelerated
decay.

In support of this view, we found that the mRNA coding for
the transcriptional activator Pprlp was increased in upf
strains as were two mRNAs (URAI and URAI0) coding for
enzymes in uracil biosynthesis that are transcriptionally acti-
vated by Pprlp. A third mRNA, URA4, which has been re-
ported to be regulated by PPR1, did not respond to loss of UPF
gene function for unknown reasons. It was reported previously
that the half-life of PPRI mRNA increases threefold, commen-
surate with a threefold increase in PPRI mRNA abundance
(24). One mRNA (URA3) that is regulated by PPRI was shown
to increase in abundance due to an increased rate of transcrip-
tion (15, 16). This example illustrates one way that the altered
half-life of a single mRNA coding for a regulatory protein
could indirectly influence the abundance of additional mRNAs.

Using similar logic, we reason that increased accumulation
of a transcriptional repressor should cause a decrease in the
accumulation of mRNAs regulated by a repressor. The five
UPF-dependent mRNAs involved in phosphate utilization
could involve negative regulation by one or more repressors
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given that one of the mRNAs (PHOS80) was increased whereas
four others (PHOS84, PHOS5, PHOS86, and PHOS) all declined in
abundance. PHOS0 codes for a cyclin-dependent protein ki-
nase that represses transcription of the PHO5 gene coding for
secreted acid phosphatase by phosphorylating transcription
factors encoded by PHO2 and PHO4 (2, 5, 6). Thus, the ob-
served decline in PHO5 mRNA accumulation could be due to
the increased accumulation of PHOS0 mRNA. Further studies
will be required to establish whether the PHO mRNAs change
in abundance as a group through independent direct targeting
of multiple mRNAs or indirect targeting of regulators that
influence the abundance of the other mRNAs. To further
support of the idea that mRNAs coding for regulatory proteins
may serve as targets of UPF-mediated decay, we identified a
host of additional UPF-dependent mRNAs coding for posi-
tively and negatively acting factors that influence transcription,
most notably PDR3 (CKI = +0.47), RMSI (CKI = +0.78),
FZF1 (CKI = +0.63), KSS1 (CKI = +0.94), and HSTI (CKI =
+0.41), and HST2 (CKI = +0.53).

We measured the half-lives of nine mRNAs selected among
those that had a CKI score of =+0.44 and where the increased
abundance was confirmed by Northern blotting. None of these
mRNAs appeared to have an altered half-life (data not
shown), which suggests that indirect targets may predominant
over direct targets and that the Upf proteins may cause a
change in the mRNA half-life of a small subset of the UPF-
dependent mRNAs. Further studies are in progress to identify
the direct targets of accelerated decay among naturally occur-
ring mRNAs and to establish the mechanism for recruiting
these mRNAs into the UPF-mediated pathway for rapid decay.
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