
METHOD

Noncanonical transcript forms in yeast and their regulation

during environmental stress

OH KYU YOON and RACHEL B. BREM
Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley, California 94720, USA

ABSTRACT

Surveys of transcription in many organisms have observed widespread expression of RNAs with no known function, encoded
within and between canonical coding genes. The search to distinguish functional RNAs from transcriptional noise represents
one of the great challenges in genomic biology. Here we report a next-generation sequencing technique designed to facilitate
the inference of function of uncharacterized transcript forms by improving their coverage in sequencing libraries, in parallel
with the detection of canonical mRNAs. We piloted this protocol, which is based on the capture of 39 ends of polyadenylated
RNAs, in budding yeast. Analysis of transcript ends in coding regions uncovered hundreds of alternative-length coding forms,
which harbored a unique sequence motif and showed signatures of regulatory function in particular gene categories;
independent single-gene measurements confirmed the differential regulation of short coding forms during heat shock. In
addition, our 39-end RNA-seq method applied to wild-type strains detected putative noncoding transcripts previously reported
only in RNA surveillance mutants, and many such transcripts showed differential expression in yeast cultures grown under
chemical stress. Our results underscore the power of the 39-end protocol to improve detection of noncanonical transcript forms
in a sequencing experiment of standard depth, and our findings strongly suggest that many unannotated, polyadenylated RNAs
may have as yet uncharacterized regulatory functions.
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heat shock

INTRODUCTION

Recent advances in tiling microarray technologies (Stolc
et al. 2004; David et al. 2006; Kapranov et al. 2007; Xu et al.
2009) and next-generation sequencing (Gowda et al. 2006;
Mortazavi et al. 2008; Nagalakshmi et al. 2008; Pan et al.
2008; Neil et al. 2009; Wang et al. 2009; Wilhelm and
Landry 2009) in many species have shown that a large per-
centage of the eukaryotic genome is transcribed. Beside
well-characterized mRNAs and structural and regulatory
noncoding RNAs, the complex transcriptome of a given
organism can include many molecular species of no known
function, both putative noncoding RNAs and novel mRNA
forms. A key challenge in genome biology is to determine
which such transcripts are functionally relevant, motivated
in part by the potential of RNAs as targets for treatment of
human disease and as therapeutic agents themselves.

The extensive literature on regulatory noncoding RNAs
has largely focused on short transcripts that mediate
transcriptional and translational repression, most promi-
nently microRNAs and Piwi-interacting RNAs (He and
Hannon 2004; Kim 2006). In addition, detailed single-locus
studies have revealed regulatory function by long and poly-
adenylated species (Brannan et al. 1990; Brown et al. 1991;
Lee et al. 1999; Sotomaru et al. 2002; Martens et al. 2004;
Willingham et al. 2005; Hongay et al. 2006; Camblong et al.
2007; Rinn et al. 2007; Thompson and Parker 2007; Uhler
et al. 2007; Houseley et al. 2008). Genome-scale studies have
identified characteristics of potential function at thousands
of novel noncoding RNAs, including proximity to coding
genes (Kapranov et al. 2007; Xu et al. 2009) and conservation
across species (Guttman et al. 2009), suggesting that many
additional biologically active RNAs remain to be uncovered
(Mattick 2004).

Likewise, as classic studies of alternative splicing have given
way to genome-scale investigation of coding transcripts, large
data sets of novel splice forms have become available in higher
organisms (Stolc et al. 2004; Wang et al. 2008). In addition,
other mechanisms can give rise to noncanonical forms of
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mRNAs, including transcription initiation from internal
promoters (Lochelt et al. 1994; Zhang et al. 1997; Yang
et al. 1998; Scharf et al. 2007; Tsuchihara et al. 2009) and
transcription termination at premature (Edwalds-Gilbert
et al. 1997; Sparks et al. 1997; Sparks and Dieckmann 1998;
Tian et al. 2005; Lutz 2008) or extended (True and Lindquist
2000; True et al. 2004; Shorter and Lindquist 2005) 39 sites.
Detailed single-gene studies have dissected the regulatory role
of such noncanonical coding forms, but the generality of
these mechanisms and their regulatory logic are not well
understood.

We set out to develop a method that would facilitate the
study of noncanonical transcript forms and mRNAs in
parallel in a single experiment. A short-read sequencing ap-
proach for this purpose should minimize library complexity
to detect and distinguish diverse transcript forms that are
overlapping, while maximizing sensitivity for rare transcripts
in a library of standard depth. We reasoned that sequencing
only the end of each transcript would concentrate reads in a
single peak rather than producing read peaks dispersed along
the feature, reducing the tendency for internal fragments
from long transcripts to populate sequencing libraries and
freeing up depth in the library for rare or short species. As
such, we developed a sequencing protocol that captures and
reads only the 39 ends of polyadenylated RNAs. We piloted
this protocol in the model eukaryote Saccharomyces cerevisiae,
and used it to discover noncanonical transcripts on a genome
scale in yeast, under standard growth conditions and under
treatment that destabilizes proteins to set off the unfolded
protein response (Travers et al. 2000).

RESULTS

Strand-specific 39-end RNA-seq

We developed a strategy for massively parallel, strand-
specific sequencing of 39 RNA ends (Fig. 1) by modifying
the original mRNA-seq protocol (Nagalakshmi et al. 2008).
Briefly, for a given sample of polyadenylated RNA, we
fragmented the RNA and then reselected for polyadenylated
fragments. We then used anchored oligo(dT) primers
(Thomas et al. 1993) in a reverse transcription step, re-
sulting in cDNA fragments of z100 base pairs (bp) with
poly(A) tails of <20 bp. We constructed libraries with
Illumina adapters, sequenced both ends of each fragment
clone, and aligned the output sequences to the genome.
Any mapped read with a stretch of As at the end was inferred
to originate from the Watson strand of the annotated yeast
genome from the Saccharomyces Genome Database (http://
www.yeastgenome.org), while a stretch of Ts at the front of
the read indicated a transcript originating from the Crick
strand of the genome.

In piloting our 39-end protocol, we sought to use it for
the discovery of novel transcript forms and their regulation
across changing conditions. As such, we grew yeast in rich

media and under treatment with dithiothreitol (DTT),
which disrupts protein structures by breaking disulfide
bonds, initiating the environmental stress response (Gasch
et al. 2000) and the unfolded protein response (Travers
et al. 2000). We isolated RNA from yeast grown in each
condition and sequenced libraries using both our new 39-
end protocol and standard mRNA-seq as in Nagalakshmi
et al. (2008). In the last stage of 39-end library construction,
in which cDNA fragments ligated to adapters were amplified
by the polymerase chain reaction (PCR), we tested two dif-
ferent PCR settings, P1 and P2 (see Materials and Methods).
Analyzing the results of read mapping, we focused first on
libraries from yeast grown in rich media. We compared
expression levels of coding genes measured by mRNA-seq
and by 39-end RNA-seq and found good agreement (Sup-
plemental Fig. S1), confirming the ability of the 39-end pro-
tocol to quantitate gene expression. As expected, mRNA-seq
libraries were populated by more reads from long genes than

FIGURE 1. Schematic of strand-specific 39-end RNA-seq. Blue and
red represent transcripts originating from the sense (Watson) and
reverse complement (Crick) strands relative to the reference genome,
respectively. RNA (light colors) was fragmented and filtered for
polyadenylated species. Reverse transcription (RT) was primed with
an anchored oligo(dT) primer (NVTTT: N = A,C,T,G and V = A,C,G)
to yield double-stranded complementary DNA fragments (dark blue
and dark red). Illumina paired-end adapters (green) were ligated to
cDNA ends and amplified by PCR. Both ends of each strand of cDNA
were sequenced to generate a paired-end read pair (PE1, PE2) and the
reads were mapped to the reference genome. Read pairs mapping in
an orientation such that the poly(A) stretch appears at the end were
inferred to have originated from the sense strand relative to the
reference, and pairs mapping such that poly(T) appears at the front
were inferred to have originated from the reverse complement strand
relative to the reference.
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from short ones, while the 39-end RNA-seq method elimi-
nated this bias (Supplemental Fig. S2). We next categorized
sequenced reads relative to open reading frame (ORF)
definitions for both the 39-end RNA-seq and mRNA-seq
data (Fig. 2; Supplemental Table S1). As expected, most
reads from the standard mRNA-seq method originated from
inside ORFs (92% of mapped reads), whereas a majority of
sequencing reads from our 39-end RNA-seq procedure map-
ped within a few hundred base pairs downstream from ORF
ends (Fig. 2; Supplemental Fig. S3; Supplemental Table S1).
Noting that P1 39-end RNA-seq libraries allowed the deepest
sampling of intergenic and noncanonical transcripts (27%
observed for P1; Supplemental Table S1), we used the P1
protocol in all further analyses. As a further check, we used the
positions of reads from 39 RNA-seq to infer 39 UTR lengths
for all expressed yeast genes and found good agreement with
those previously reported from mRNA-seq (Nagalakshmi
et al. 2008) and from computationally predicted poly(A)
sites (Supplemental Fig. S4; Graber et al. 2002).

Multiple length forms of coding transcripts

Apart from extensive coverage of 39 UTRs, the data from our
39-end sequencing protocol also revealed thousands of
polyadenylated transcript ends mapping inside ORFs. Such
sequencing reads, corresponding to 12%–15% of the total set
of mapped reads from a given sample (Fig. 2; Supplemental
Table S1), suggested the presence of alternative length forms
of coding genes relative to canonical annotations in the yeast
genome. To investigate the potential for biological function
of these gene forms, we first defined transcript ends with

respect to coherent groups of sequencing reads mapping
close together, which we refer to as transcript units. We
retained transcript units whose total read count in each
library exceeded an expression-level dependent threshold for
each gene (see Materials and Methods).

Tabulating the locations of all such transcript units with
respect to gene annotations, we found that a majority of genes
had no transcript units in the 59 UTR or ORF and one
transcript unit in the 39 UTR (Fig. 3), conforming to canonical
gene annotations. Strikingly, however, more than a third of all
genes harbored >1 transcript unit inside the ORF, in RNA
from cells grown either in rich media or under DTT treatment
(Fig. 3). Figure 4 and Supplemental Figure S5 illustrate
examples of such short coding forms, with the full list reported
in Supplemental Table S2. As expected, we detected alterna-
tive-length coding transcripts from the yeast genes RNA14 and
CBP1 (Fig. 4; Supplemental Fig. S5), whose condition-specific
regulation by alternative termination has been previously
reported (Sparks et al. 1997; Sparks and Dieckmann 1998).
Our wide-ranging observation of alternative coding forms,
beyond the latter well-studied examples, suggested their
potential as a major regulatory strategy in yeast.

We reasoned that, if truncated mRNAs were the product
of regulation by specific processing factors, the genes that
harbor truncated forms would exhibit shared sequence
elements. To test this, we identified 606 genes with highly
expressed truncated mRNAs and used MEME (Bailey and
Elkan 1994) to search for consensus sequence motifs within
50 bp upstream of truncated transcript ends. This analysis
found a single, strongly enriched motif, GAAGAAGA
(E-value < 3.1 3 10�103). Matches to this motif were more
prevalent within ORFs than in full-length 39 UTRs and
recapitulated the end positions of truncated RNAs (Fig. 5),
reflecting the specificity of this sequence element to the
ends of truncated forms. While the GAAGAAGA motif
does not match the target sequence of any yeast RNA-
binding protein (Hogan et al. 2008), a putative binding
function for this motif in yeast would echo the role of the
GAAGAAGA sequence in mammals as an exonic splicing
enhancer (Tacke et al. 1998; Sanford et al. 2009).

Functional genomics of alternative-length
coding forms

To further dissect the function of alternative-length coding
transcripts, we took a genomic approach, testing Gene
Ontology (GO) biological process terms for enrichment of
genes harboring transcript ends inside ORFs. We set a
significance cutoff for enrichment scores corresponding to
a chance expectation of a single category in each analysis,
and we examined all categories of functionally related genes
whose enrichment for alternative length coding forms ex-
ceeded this criterion. The results, shown in Table 1, re-
vealed a strong signal for a number of categories. In our
39-end RNA sequencing data from yeast growing mitotically

FIGURE 2. The genomic distribution of mapped reads differs
between 39-end RNA-seq and standard mRNA-seq. Shown are the
frequencies of uniquely mapped reads whose positions fell into the
indicated genomic elements. Left, P1 39-end RNA-seq library con-
structed as in Figure 1; right, mRNA-seq library constructed as in
Nagalakshmi et al. (2008). For 39-end RNA-seq, poly(A) (or poly(T))
positions were classified according to annotations on the same strand,
while for mRNA-seq, start positions were classified without strand
specificity. 59 UTR definitions were taken from Nagalakshmi et al.
(2008) and 39 UTR lengths are defined in Materials and Methods.
Noncoding, reads mapping to regions outside known ORFs, 59 and 39
UTRs, and known structural or regulatory RNAs.
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in rich media, we observed enrichment of alternative-length
forms in gene categories involved in stress response and
meiosis (Table 1). In contrast, in RNA from yeast treated
with DTT, short coding forms were enriched among chro-
matin remodeling and protein catabolism genes; we also
observed short coding forms in several broad categories
annotated in positive regulation, which contain genes me-
diating transcription elongation, ribosomal RNA processing,
and other housekeeping processes (Table 1). Thus, in each
case, we detected enrichment of short coding forms among
genes whose products were unlikely to be in high demand in
the cell. Such a pattern is suggestive of a general regulatory
function for truncated coding transcripts: under this model,
short coding forms are produced and degraded when the
gene product is not of immediate use, while a full-length
transcript becomes the major form in conditions when the
gene product is required.

We focused on the results from cultures grown in rich
media, and in particular on the hypothesis that truncated
coding forms of stress response transcripts (Table 1) re-
flected a means to repress stress genes in nutrient-replete con-
ditions. To test this hypothesis, we selected for further study
six genes from the stress response GO category: four heat-
shock genes (HSP82, HSC82, SSA4, and HSP42), the trans-
porter OPT2, and the stress-sensitive chromatin regulator
ASF1 (see Fig. 4; see Supplemental Fig. S5). We reasoned
that, if truncated coding forms represented a mechanism for
repression in standard culture conditions, this repression
would be relieved during heat shock, shifting the balance
from short to full-length mRNA forms. We grew yeast in

standard culture conditions at 30°C and
during heat shock at 37°C, and using
RNA from each culture we measured
the abundance of transcript forms with
quantitative PCR. As shown in Figure 6,
for five of the six genes, after heat shock
the full-length transcript increased in
abundance relative to the short coding
form. For negative control genes un-
related to the heat shock pathway, the
abundance of alternative length forms
showed no change upon heat treatment
(Supplemental Fig. S6), confirming the
specificity of these regulatory changes.
Results for one heat shock gene, HSP42,
were not consistent with our hypothesis,
showing a modest increase in the abun-
dance of its short form in RNA from
cells grown at high temperatures; this
discrepancy may be related to the basal
function of HSP42p as a chaperone even
in standard conditions (Haslbeck et al.
2004). Overall, however, our results sug-
gest a regulatory function for short cod-
ing transcript forms among heat shock

genes, lending further support to a model in which alternative
length forms serve as a general regulatory strategy in yeast.

Intergenic transcripts and induction
by chemical stress

We next set out to assess the utility of our 39-end sequencing
protocol in the study of putative noncoding transcripts,
which we took to encompass all RNAs expressed from in-
tergenic regions lacking functional annotation. As expected,
in our sequencing results, reads from coding transcripts do-
minated library composition for both the standard mRNA-
seq protocol and our 39-end procedure (Fig. 2). However,
while only 1% of mapped reads were intergenic in the
former, 12%–15% met this criterion in the P1 39-end
libraries (Fig. 2; Supplemental Table S1), reflecting a higher
sensitivity for these transcripts and illustrating the promise
of our protocol for the study of noncoding, polyadenylated
RNAs.

We sought to compare the observed transcription at
intergenic loci from our 39-end protocol with intergenic
RNAs annotated in a previous report (Xu et al. 2009). The
latter used yeast strains mutant for RNA surveillance path-
ways to identify capped, polyadenylated, putatively non-
coding RNAs, known as cryptic unstable transcripts (CUTs),
in parallel with a study of wild-type strains that detected
stable unannotated transcripts (SUTs). We defined transcript
units, clusters of transcript ends mapping close together,
within CUT and SUT boundaries and only analyzed those
transcript units containing $5 read counts in each library. As

FIGURE 3. Transcript ends cluster in gene elements. Each panel represents the frequency of
genes containing dense clusters of transcript ends (transcript units, defined in Materials and
Methods) from P1 39-end RNA-seq, mapping to the indicated elements. (Left panel) 59 UTRs;
(middle panel) ORFs; (right panel) 39 UTRs.
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FIGURE 4. (Legend on next page)
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expected, our 39-end sequencing protocol detected a majority
of previously defined SUTs (616 out of 847 of all SUTs)
(Supplemental Fig. S7). Remarkably, though our analysis
was confined to wild-type strains with no defect in RNA
surveillance, our 39-end RNA-seq data also detected 675
previously defined CUTs (73% of all CUTs) (Supplemental
Fig. S7), reflecting the extensive coverage of such features in
our data. We compared the positions of sequenced reads
from our libraries to previously defined CUT and SUT an-
notations (Xu et al. 2009) and found good agreement (Sup-
plemental Fig. S8), with most peaks of sequencing reads
located within 100 bp upstream of CUT or SUT ends. Figure
4 and Supplemental Figure S9 show several examples of in-
tergenic expression from our 39-end RNA-seq data, including
transcripts with a continuous pattern of 39 ends throughout
the length of the annotated feature (CUT094, CUT311,
CUT577, and CUT695) and those with a more punctu-
ated pattern of discrete transcript units (SUT168, SUT573,
SUT651, and CUT578).

As a preliminary investigation into the regulation of
intergenic, putative noncoding RNAs during the yeast
unfolded protein response, we used the previous definitions
of CUTs and SUTs (Xu et al. 2009) to examine changes in
noncoding expression between cells grown in rich media
and those treated with DTT. The full list of expression
changes is given in Supplemental Table S3, and several dra-
matic examples are shown in Figure 4: For SUT651, en-
coded antisense to the coding gene YJR153W/PGU1, and
for CUT373, antisense to the coding gene RAT1/YOR048C,
expression of the noncoding RNA was anti-correlated with
the level of mRNA from the opposite strand. In addition,
manual inspection revealed a handful of previously un-
reported intergenic RNAs induced in DTT (Supplemental
Fig. S9). As an independent means to confirm the expres-
sion-level changes of noncoding transcripts, we designed
quantitative PCR assays for a subset of CUTs, SUTs, and
unannotated putative noncoding RNAs with expression
changes in DTT treatment predicted from our 39 RNA-seq
data. As shown in Figure 7, we observed good agreement
between quantitative PCR and RNA-seq measures of dif-
ferential expression in DTT, underscoring the power of our
39-end protocol to detect reproducible and robust condi-
tion-specific changes in expression among noncoding
transcripts. Taken together, our observations of noncoding
expression reinforce the notion that the massive genome-
wide production of low-abundance noncoding species is a
characteristic of wild-type organisms, and that the potential

regulatory function of these transcripts can be studied
without perturbing RNA degradation pathways.

DISCUSSION

In the study of unannotated ‘‘dark matter’’ transcription,
distinguishing biologically relevant molecular species from
transcriptional noise represents one of the great challenges
in genomic biology (Struhl 2007). In many cases, inferring

FIGURE 5. A consensus sequence motif at the 39 ends of alternative-
length coding transcripts. Each panel represents results from the set of
606 genes with the most abundant truncated coding forms in cells
grown in rich media. (A) The motif enriched at the 39 ends of trun-
cated coding forms. The sequence logo was visualized using the
WebLogo program (Schneider and Stephens 1990; Crooks et al. 2004).
(B) Frequency of match scores to the matrix in A across ORFs (blue
line) or 39 UTRs (red line). The x-axis reports the score of the
sequence window in the indicated feature with the best match to the
matrix in A, and the y-axis reports the frequency of such windows
with a given score. (C) Frequency of positions of sequence matches
inside ORFs to the matrix in A. The x-axis reports the distance
between the position of the sequence window with the best match to
the motif and the position of the end of the truncated transcript
observed in P1 39-end RNA-seq (blue bars) or a randomly selected
position inside the ORF (black dotted line); the y-axis reports the
frequency of best-match windows with a given distance.

FIGURE 4. Transcriptional profiles of example genes and intergenic RNAs. In each panel, genome annotations are shown at top: yellow, ORFs;
green, SUTs (Xu et al. 2009); blue, CUTs (Xu et al. 2009). The bottom four plots in each panel report raw RNA-seq data. Gray horizontal bars
represent reads from P1 39 RNA-seq libraries constructed as in Figure 1, and blue vertical bars represent histograms of data from standard mRNA-
seq as in Nagalakshmi et al. (2008). The x-axis reports the start position of a given read and the y-axis reports log2 of the number of reads
mapping to the indicated position. For 39-end RNA-seq libraries, reads mapping to the Crick strand are assigned negative counts; poly(A) tails are
drawn in blue and reverse complement poly(T) tails in red. Control, RNA from cultures grown in rich media; DTT, RNA from cultures treated
with dithiothreitol. Major transcript forms for genes and putative noncoding RNAs are indicated by red arrows. Panels represent genomic regions
containing (A) YMR061W/RNA14, (B) YPL240C/HSP82, (C) YER103W/SSA4, (D) SUT651, (E) CUT094, and (F) CUT373.
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function for uncharacterized RNAs will require techniques
that allow observation of low-abundance transcript forms
and canonical mRNAs in the same experiment. Sequencing-
based analysis of transcript ends can serve as a powerful
method for the study of transcriptomes (Eveland et al.
2008; Nagalakshmi et al. 2008; Neil et al. 2009; Ozsolak
et al. 2009) but can be hampered by relatively low through-
put and/or the necessity for genetic perturbations. In this
work, we report a 39-end RNA-seq protocol that provides
the sequences and counts of diverse transcript forms with
high sensitivity, enabling coverage of intergenic transcripts
and alternative and canonical forms of mRNAs in libraries
sequenced at standard depth.

We have harnessed the sensitivity of 39-end RNA-seq to
survey intergenic, putative noncoding RNAs in yeast. By vir-
tue of its focus on polyadenylated transcripts, our procedure
is well-suited for the study of noncoding RNAs transcribed
by RNA polymerase II. Polyadenylated molecular species com-
prise the vast majority of intergenic RNAs in yeast (David
et al. 2006) and are also abundant in mammals (Kapranov
et al. 2007; Guttman et al. 2009). Tour-de-force molecular
dissection experiments have studied the regulatory function of
a number of long, polyadenylated noncoding RNAs (Brannan
et al. 1990; Brown et al. 1991; Lee et al. 1999; Sotomaru et al.
2002; Martens et al. 2004; Willingham et al. 2005; Hongay
et al. 2006; Camblong et al. 2007; Rinn et al. 2007; Thompson

and Parker 2007; Uhler et al. 2007; Houseley et al. 2008). Such
regulators exert their effects by a range of mechanisms, from
cis-acting repression via transcription interference, as with the
antisense regulator of the yeast meiosis factor IME4 (Hongay
et al. 2006), to trans-acting interactions with protein factors,
as observed for the human noncoding transcript NRON, a
nuclear trafficking regulator (Willingham et al. 2005). The
pace of continued discovery of these regulatory RNAs suggests
that many more remain as yet unidentified, underscoring the
importance of genomic methods designed to quantitate
noncoding RNA expression.

We have also used our 39-end sequencing protocol in
a genome-wide survey of alternative-length coding tran-
scripts, which exhibit a shared sequence motif and are
expressed preferentially in genes of particular functional
categories. On a single-gene scale, the molecular biology
literature has described several main mechanisms that
generate truncated mRNA forms. Short coding transcript
forms can result from transcription initiation from pro-
moters internal to ORFs (Lochelt et al. 1994; Zhang et al.
1997; Yang et al. 1998; Scharf et al. 2007; Tsuchihara et al.
2009), although in yeast, most such cryptic initiation sites
appear to be suppressed (Cheung et al. 2008). Likewise,
many studies have observed premature termination and
polyadenylation at individual genes (Edwalds-Gilbert et al.
1997; Sparks et al. 1997; Sparks and Dieckmann 1998; Tian

TABLE 1. Gene Ontology terms are enriched for genes with truncated coding transcripts

GO ID Name
Fraction

truncated
Raw

P
Adjusted

P

Standard growth condition
GO:0051716 Cellular response to stimulus 199/394 0.000020 0.0226
GO:0033554 Cellular response to stress 186/371 0.000069 0.0390
GO:0007126 Meiosis 52/88 0.000337 0.1254
GO:0007039 Vacuolar protein catabolic process 58/101 0.000444 0.1254
GO:0051321 Meiotic cell cycle 53/92 0.000701 0.1584

DTT-stress condition
GO:0006338 Chromatin remodeling 32/57 0.000044 0.0357
GO:0007039 Vacuolar protein catabolic process 47/95 0.000066 0.0357
GO:0006333 Chromatin assembly or disassembly 32/60 0.000167 0.0602
GO:0051171 Regulation of nitrogen compound metabolic process 129/331 0.000313 0.0673
GO:0006325 Chromatin organization 68/157 0.000339 0.0673
GO:0048522 Positive regulation of cellular process 61/139 0.000450 0.0673
GO:0019219 Regulation of nucleobase, nucleoside, nucleotide, and nucleic

acid metabolic process
127/328 0.000483 0.0673

GO:0009893 Positive regulation of metabolic process 57/129 0.000560 0.0673
GO:0031325 Positive regulation of cellular metabolic process 57/129 0.000560 0.0673
GO:0044248 Cellular catabolic process 164/442 0.000784 0.0778
GO:0010604 Positive regulation of macromolecule metabolic process 55/125 0.000791 0.0778
GO:0045935 Positive regulation of nucleobase, nucleoside, nucleotide,

and nucleic acid metabolic process
50/112 0.000915 0.0825

Listed are the top-scoring GO biological process terms enriched for multiple transcript ends, in P1 39-end RNA-seq libraries from yeast grown in
standard growth conditions and DTT-stress conditions. Dense clusters of transcript ends (transcript units) were identified as described in
Materials and Methods, and the number of transcript units mapping between the 59 UTR and 39 UTR boundaries was tabulated for each gene.
Fraction truncated, the number of genes in the category with >1 detected transcript unit divided by the number of genes with $1 detected
transcript units. Raw P, significance of GO term enrichment relative to genome-wide frequencies according to Fisher’s exact test. Adjusted P,
corrected significance from the Benjamini–Hochberg method (Hochberg and Benjamini 1990).
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et al. 2005; Lutz 2008). In a number of cases, condition-
specific use of alternative 39 ends has been identified as a
means of gene regulation (Peterson and Perry 1989; Berger
and Meselson 1994; Edwalds-Gilbert et al. 1997; Sparks
et al. 1997; Santos et al. 1998; Sparks and Dieckmann 1998;
Hoopes et al. 2000; Quesada et al. 2003; Simpson et al.
2003; Xing et al. 2004; Arigo et al. 2006; Lutz 2008). These
include the flowering time regulator FCA in Arabidopsis,
at which alternative polyadenylation within an intron gov-
erns the balance of functional and nonfunctional forms
(Quesada et al. 2003; Simpson et al. 2003), and the yeast
genes CBP1 and RNA14, whose full-length forms, generated
during fermentation, are translated to functional proteins
while short forms transcribed during respiration are not
(Sparks et al. 1997; Sparks and Dieckmann 1998). Inter-
estingly, at the Drosophila heat shock factor HSP70,
truncated forms are produced by paused RNA polymerase
II in the uninduced state (Rougvie and Lis 1988) while long
forms appear upon heat shock (Berger and Meselson 1994),
consistent with the length regulation we observe among
yeast heat shock mRNAs. Given the known control of heat
shock gene expression at the level of transcriptional ini-
tiation (Pirkkala et al. 2001; Hahn et al. 2004), condition-
specific mRNA length forms are expected to function as an
additional point of input for regulation in this complex
pathway. The picture emerging from our work and that of
others suggests that truncation and extension of coding
transcripts may be a major regulatory strategy, in heat
shock and in other pathways, that dovetails with regulation
of transcriptional initiation and splicing.

On a genomic scale, what predominant mechanisms are
likely to govern the abundance of truncated mRNA forms?

One model would predict a major role for polymerase
pausing, which is widespread in yeast and other eukaryotes
(Brodsky et al. 2005; Kim et al. 2005; Muse et al. 2007;
Pelechano et al. 2009) and is known to generate truncated
mRNAs at a range of genes beside those involved in heat
shock (Fort et al. 1987; Reines et al. 1987; Haley and
Waterfield 1991; London et al. 1991; Kash et al. 1993).
Under an alternative model, termination and polyadenyla-
tion sites may be regulated specifically in response to en-
vironmental change. Consistent with the latter idea, heat
shock of HeLa cells induces an interaction between the heat
shock transcription factor HSF1 and symplekin, a scaffold-
ing protein necessary for polyadenylation (Xing et al.
2004). Likewise, environmental stress in yeast regulates
the association of several RNA-binding proteins with pre-
mRNAs (Krebber et al. 1999; Henry et al. 2003), and these
factors in some cases appear to dictate the balance between
long and short mRNA forms (Minvielle-Sebastia et al.
1998; Bucheli et al. 2007). The full complement of length
form regulators could also involve splicing factors, which
are known to influence polyadenylation (Lutz et al. 1996;
Licatalosi et al. 2008; Wang et al. 2008); our identification,
in truncated yeast mRNAs, of a motif nearly identical to
a mammalian splicing enhancer leaves open the possibility
that splicing-related proteins may regulate coding length
forms on a genomic scale. Future work will be necessary to
distinguish between the models for the regulation of mRNA
forms. In parallel, genomic approaches will continue the
search for regulatory function among unannotated tran-
scripts, both genic and intergenic.

FIGURE 7. Comparison of measures of expression changes of inter-
genic RNAs under dithiothreitol treatment. Each point represents an
intergenic RNA with expression changes during DTT treatment. For
each RNA, the y-axis reports the log2 fold-change of abundance
measured by quantitative PCR using primers that interrogated the 39
boundary of the feature. The x-axis reports the induction fold-change
in DTT measured by P1 39-end RNA-seq, defined as the log2 of the
normalized sum of read counts in transcript units at the 39 boundary
of the feature in libraries from control samples, subtracted from the
analogous quantity from DTT-treated cultures. Error bars are calcu-
lated as one standard deviation from four biological replicates.

FIGURE 6. Transcript length forms change in heat shock. Shown are
transcript abundances measured by quantitative PCR with two primer
sets per gene, one at the annotated ORF end (interrogating the long
form of the RNA) and the other at the position of an internal 39
alternative transcript end (interrogating the short form) inferred from
39-end RNA-seq data. The y-axis reports the log2 fold-change in
abundance between the two amplicons in RNA from cultures grown
at 30°C (dark gray) and at 37°C (light gray); negative values cor-
respond to loci at which the short form of the RNA is more abundant
than the long form. Cultures were grown to z3.5 3 107 cells/mL for
RNA used to quantitate HSP82 and HSC82, and z1.0 3 107 cells/mL
for all other genes.
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MATERIALS AND METHODS

Yeast growth and treatment

All experiments used yeast strain BY4716 (isogenic to s288c,
MATa lys2D0). For RNA-seq, we grew two cultures, biological
replicates 1 and 2, to early log-phase (OD = 0.6–0.9) at 30°C in
YPD medium, and treated each with 4 mM DTT (or an equal
volume of distilled water as control) for 1 h. Standard mRNA-seq
library construction was applied to biological replicate 2. For the
heat shock experiment, BY4716 was grown in YPD medium at
30°C to OD of 0.3 or 0.6, split into two flasks, and then grown at
either 30°C or 37°C for 3 h. In all cases, RNA was harvested using
the hot phenol method (Ausubel et al. 1995) and purified of
genomic DNA with TurboDNase (Ambion).

39-end RNA-seq

Polyadenylated RNA was isolated from total RNA samples using
Dyna oligo(dT) magnetic beads (Invitrogen) and subjected to zinc-
catalyzed fragmentation (Ambion) for 2–3 min. Polyadenylated
RNA fragments were reisolated using Dyna oligo(dT) magnetic
beads. First-strand cDNA was synthesized using anchored oligo(dT)
primers (NVT20, N = A,C,G,T, V = A,C,G; Invitrogen) and Su-
perscript II reverse transcriptase (Invitrogen). The complementary
second strand was synthesized using RNase H (Invitrogen) and
Escherichia coli DNA polymerase I (Invitrogen) to generate a double-
stranded cDNA library. Paired-end DNA adapters (Illumina) were
ligated onto both ends of each fragment using Quick DNA Ligase
(New England Biolabs). cDNA fragments of z250 bp were isolated
by 2% agarose gel electrophoresis to remove remaining adapters, and
the resulting library was enriched by PCR using Phusion polymerase
(New England Biolabs). Libraries made from biological replicates 1
and 2 used PCR conditions P1 and P2, where the number of PCR
cycles was 23 and 17, respectively. Samples were sequenced using
36 bp paired-end modules on an Illumina 2G Genome Analyzer.
In each sequencing run, an mRNA-seq library on the same flow cell
was used as the control lane. A more detailed method for 39-end
RNA-seq library preparation is provided as supplemental material.

Data analysis

Output sequence reads (4–7 million reads per library; Supple-
mental Table S1) were aligned to the S. cerevisiae reference ge-
nome from the Saccharomyces Genome Database (http://www.
yeastgenome.org) using Bowtie (Langmead et al. 2009) as follows.
The reverse complements of each set of paired-end reads were first
generated, and this set was used as the input for Bowtie with the
options ‘‘–phred64-quals -l 20 -n 3 -e 300 –rf.’’ We retained each
pair of uniquely mapped reads mapping within 250 bp of one
another and filtered these for consecutive series of Ts at the front
or As at the end (>1 bp). To ensure that the reads were from poly-
adenyl tails and not from stretches of As and Ts in the genome, we
identified reads whose stretch of As or Ts contained <50%
mismatches to the reference genome and removed these reads
from further analysis. We also removed all reads that had a stretch
of poly(T) or poly(A) at both the front and end. For each read, the
poly(A) site was tabulated as the genomic position of the mapped
nucleotide immediately adjacent to the poly(A) tail.

Filtered reads from each library were sorted according to the
genome coordinate of the inferred poly(A) sites and grouped

into transcript units as follows. For each chromosome, we set the
59 boundary of the first transcript unit to be the position of the
first read, and sequentially added reads to this unit based on their
mapped position, setting the 39 boundary when the next read
mapped >d bp from the last read assigned to the unit; subsequent
transcript units were assembled similarly. We found a regime in
which the number of called transcript units was relatively insensitive
to the d parameter (Supplemental Fig. S10), and within this regime,
we chose d = 30 bp. Filtering such groups to retain all with $5
sequence reads in libraries from control and DTT-treated cultures,
we identified 29,725 and 21,642 units in the former and the latter,
respectively. The median across the poly(A) positions of all reads in
a transcript unit was taken as the position of the transcript unit.

For analysis of coding transcription, we estimated 39 UTR
lengths for Figure 2 and Supplemental Figures S3 and S11 as fol-
lows. For each gene we examined the region from the ORF end
to the start of the 59 UTR of an adjacent gene or noncoding
feature annotation, using for this purpose 59 UTR lengths from
Nagalakshmi et al. (2008). Within this region we identified the
transcript unit with the maximum number of counts. We took the
genome coordinate of this transcript unit as the end of the 39 UTR.
For all subsequent analyses, we used these estimated 39 UTR
definitions and 59 UTR definitions from Nagalakshmi et al. (2008).

To normalize for the tendency for improved detection of
noncanonical forms among highly expressed genes, we applied
a further filtering step in the analysis of transcript units within
genes. For each gene, we tabulated the number of reads n3UTR

mapping to the 39 UTR as defined above. For each transcript unit i
in the gene comprised of ni reads in each library, we calculated the
ratio ni/nUTR and eliminated the transcript unit from further
consideration if this quantity was <0.25 in any library. The number
of transcript units in 59 UTRs, ORFs, and 39 UTRs emerging from
our data with this filtering scheme is shown in Figure 3 for the
control sample and listed in Supplemental Table S2 for both
samples. For all analyses of coding genes, we only used transcript
units that passed this filtering scheme. A comparison of results from
this scheme with those from an alternative strategy, in which we
filtered transcript units in genes according to the absolute number
of reads in each unit and did not correct for the respective gene’s
expression level, is shown in Supplemental Figure S11.

Expression fold-change of putative noncoding RNAs in DTT
was calculated as follows. In each library, we identified all
transcript units with $5 reads that fell within the boundaries of
CUTs and SUTs taken from Xu et al. (2009). For each such feature
in each library, we summed the read counts; for DTT-treated
samples, this sum was normalized by the ratio of the total number
of uniquely mapped reads in control and DTT-treated libraries.
The difference between this normalized sum from the DTT sample
and the read count sum from the control sample yielded the
induction measures listed in Supplemental Table S3. In Figure 7,
data were treated analogously except that, for each putative
noncoding RNA, the measured expression level was taken as the
sum of read counts within the boundaries defined by feature ends
and the positions of primers used for quantitative PCR.

Consensus sequence motif search

To search for sequence motifs in truncated gene forms, we used
39-end RNA-seq data from cultures grown in rich media to
identify the transcript unit of highest expression mapping inside
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each ORF, and we compiled the 606 genes in which this major
internal transcript unit comprised >50 sequence reads. For each of
these 606 transcript units, we retrieved the strand-specific DNA
sequence 50 bp upstream of the poly(A) position of the transcript
unit, and we used this set as the input to MEME (Bailey and Elkan
1994), searching for a motif with a length from 4 to 8 bp.

To score matches to the GAAGAAGA motif in Figure 5B, we
used the 8-position position-weight matrix output by MEME. We
scanned gene elements with a sliding window of 8-mer and a step
size of 1 bp; given the nucleotide at each site in a window, we defined
the score as the probability of observing that nucleotide according
to the MEME motif, and we defined the score for a given window as
the sum of such probabilities across all sites in the window. For each
gene element, we identified the window of highest score, reporting
its score, multiplied by 10, in Figure 5B and its position in Figure 5C.
To calculate the null distribution of expected motif positions in
Figure 5C, for each gene we calculated the distance between the
location of the best-scoring window and a random location inside
the ORF, and we took the average of 1000 such simulations.

For comparison to the results from MEME, we also imple-
mented an independent means to identify sequence motifs in
truncated mRNA forms as follows. Using the set of 606 genes with
highly abundant truncated forms as above, we extracted the 50 bp
upstream of the poly(A) position of the major transcript unit
inside the ORF for each gene and tabulated the frequency of each
possible hexamer (4096 total hexamers) and 8-mer (65,536 total
8-mers) across this sequence set. We then repeated this frequency
analysis on a null set in which we randomly selected a 50-mer
from inside the ORF of each of the 606 genes. We observed strong,
significant enrichment of GAAGAAGA and slight variants in
truncated transcript ends relative to null sequences (data not
shown), confirming the signal for this motif as reported in the
main text. This analysis also detected enrichment of the TATATA
element, which is a yeast polyadenylation signal (Graber et al.
2002), suggesting a mechanism of specific sequence regulation of
polyadenyl tails for truncated forms (data not shown).

Gene Ontology term analysis

We used the Biological Process categories from the yeast gene and
GO term associations (Ashburner et al. 2000) maintained by the
Saccharomyces Genome Database (http://downloads.yeastgenome.
org/literature_curation/gene_association.sgd.gz). For a given cate-
gory, we only considered genes with >50 read counts mapping
anywhere in their respective loci, and categories with fewer than six
genes meeting this criterion were not considered further. Category
pairs with identical sets of genes were combined. For each GO
category, we identified the number of genes j harboring >1
transcript unit from the start of the 59 UTR to the end of the 39

UTR, as defined above, and likewise the number of genes k
harboring exactly 1 transcript unit. Finally, we formulated a 2 3

2 table to compare j and k for each category to the sums of these
quantities across all categories, and we assessed the difference using
Fisher’s exact test. The computed P-values were corrected for
multiple testing using the Benjamini–Hochberg method (Hochberg
and Benjamini 1990). A total of 1130 GO terms were analyzed for
the library from cultures grown in rich media and 1082 from
cultures treated with DTT, such that the expected number of false
positive categories in Table 1 was 0.000701 3 1130 = 0.79 and 0.
000915 3 1082 = 0.99, respectively.

Quantitative PCR

For each gene studied by quantitative PCR we designed two
primer sets, where each set consists of forward and reverse primers
designed to amplify around transcript ends detected by 39-end
RNA-seq. Each primer set was placed z100 bp upstream of one
detected polyadenylation position. Primers were designed using
Primer3 Plus (Untergasser et al. 2007), checked for hairpins and
dimers using BeaconDesigner Web Edition (PREMIER Biosoft
International), and synthesized by Elim Biopharmaceuticals.
Primers used are listed in Supplemental Table S4. Single-stranded
cDNA was synthesized from total RNA using oligo(dT) primer
(Invitrogen) and Superscript III reverse transcriptase (Invitrogen).
The cDNA was amplified using the DyNamo qPCR HS (Finnzymes)
for 40 cycles on a Stratagene MX3000P qPCR machine.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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