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Methods

Genome-wide identification of spliced introns

using a tiling microarray

Zhihong Zhang,'*? Jay R. Hesselberth,*? and Stanley Fields'->*

"Howard Hughes Medical Institute, University of Washington, Seattle, Washington 98195, USA; 2Departments of Genome
Sciences and Medicine, University of Washington, Seattle, Washington 98195, USA

The prediction of gene models from genome sequence remains an unsolved problem. One hallmark of eukaryotic
gene structure is the presence of introns, which are spliced out of pre-mRNAs prior to translation. The excised
introns are released in the form of lariats, which must be debranched prior to their turnover. In the yeast
Saccharomyces cerevisiae, the absence of the debranching enzyme causes these lariat RNAs to accumulate. This
accumulation allows a comparison of tiling array signals of RNA from the debranching mutant to the wild-type
parent strain, and thus the identification of lariats on a genome-wide scale. This approach identified 141 of 272
known introns, confirmed three previously predicted introns, predicted four novel introns (of which two were
experimentally confirmed), and led to the reannotation of four others. In many instances, signals from the tiling
array delineated the 5’ splice site and branchpoint site, confirming predicted gene structures. Nearly all introns that
went undetected are present in mRNAs expressed at low levels. Overall, 97% of the significant probes could be
attributed either to spliced introns or to genes up-regulated by deletion of the debranching enzyme. Because the
debranching enzyme is conserved among eukaryotes, this approach could be generally applicable for the annotation

of eukaryotic genes and the detection of novel and alternative splice forms.

[Supplemental material
supplemental_data/intron_tiling_supplement/.]

Gene annotation remains a formidable challenge following the
completion of a whole genome sequence. Annotation typically
relies on available expressed sequence tags (ESTs) or other cDNA
sequences, alignment to protein sequences, comparative analysis
of genomes, or de novo prediction programs that use statistical
models to detect codons and conserved motifs for transcription
initiation, polyadenylation, and splicing (Brent 2005). Given the
low gene density of many genomes and the low information
content of sequences specifying gene boundaries, exon-intron
junctions, and branchpoint sequences, the accuracy of gene pre-
diction remains to be improved, especially for organisms with
limited EST information. ESTs themselves suffer from 3’ bias, and
often cannot distinguish between splice variants. In contrast to
most eukaryotic genomes, the set of genes for the yeast Saccha-
romyces cerevisiae is extremely well-characterized; gene density is
high, introns occur in only ~5% of the genes and possess a near
invariant UACUAAC sequence at the branchpoint, and alterna-
tive splicing and pseudogenes are not major concerns (Spingola
et al. 1999). Nonetheless, even for S. cerevisiae, >10% of the ORFs
were revised and several additional introns were predicted with
the sequencing of related yeast species (Cliften et al. 2003; Kellis
et al. 2003).

Using S. cerevisiae as a model system, we sought to develop
a tiling array-based method for the genome-wide detection of
pre-mRNA introns. Tiling arrays that contain overlapping oligo-
nucleotide probes covering millions of bases have been used to
measure chromosomal copy number changes (Wilson et al. 2006)
and gene expression (Halasz et al. 2006; Manak et al. 2006), to
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identify transcript boundaries (David et al. 2006), to determine
chromatin modification and accessibility (Sabo et al. 2006; Schu-
macher et al. 2006; Sinha et al. 2006), and to identify sequence
polymorphisms (Gresham et al. 2006) for entire genomes. The
S. cerevisiae tiling array from Affymetrix has ~2.6 million 25-mer
probes spaced at an average of 5 nucleotides (nt) and covering
>95% of the genome.

The basis of our approach is the detection of tiling array
signals corresponding to introns, due to the accumulation of a
splicing intermediate in the appropriate yeast mutant. Following
transcription, primary pre-mRNA transcripts are processed by the
spliceosome to remove introns, which are released as lariats.
Lariat RNAs must be subsequently debranched prior to their turn-
over by cellular exonucleases (Fig. 1A). In wild-type cells, the
half-life of lariats is short; however, in yeast cells that lack the
debranching RNA endonuclease Dbrl, whose activity initiates
lariat degradation, lariat RNAs accumulate to high levels (Chap-
man and Boeke 1991) (Fig. 1B). This accumulation can allow the
detection of lariat hybridization signals on an array to globally
report the location of introns.

Results

In order to identify spliced introns via the detection of accumu-
lated lariats, we isolated total RNA from diploid dbr1/dbrl and
DBR+/DBR+ yeast strains, labeled it as double-stranded cDNA,
and hybridized the cDNA to S. cerevisiae tiling arrays. Signals
enriched in the dbrl strain were identified and mapped to ge-
nomic coordinates. We integrated current intron annotations,
the presence of splice signals, and dbr1-specific hybridization pat-
terns to assess the ability of the array to identify intronic regions
and novel RNA splice forms. In S. cerevisiae, the great majority of
introns are readily identifiable by the presence of conserved splic-
ing signals at the 5" and 3’ boundaries and branchpoint (Lim and
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Figure. 1. (A) mRNA life cycle showing the fate of spliced introns and

joined exons. (B) Outline of tiling array approach to identify spliced in-
trons. Total cDNA from dbr1 and DBR+ yeast are labeled and applied to
tiling arrays. Signals in intronic regions (red) appear due to the accumu-
lation of spliced lariat introns in the dbr1 strain, whereas exonic signals
(black and green) remain at low levels.

Burge 2001). In order to facilitate our analysis, we compiled a
reference list of 272 introns in S. cerevisiae (Supplemental Table 1)
from published sources (Grate and Ares 2002; Christie et al.
2004).

We identified probes significantly enriched in the dbrl
sample using a window-based statistical test. Because we per-
formed multiple, simultaneous statistical tests, we evaluated the
array data using the false discovery rate (FDR), which measures
the expected proportion of false positives in a set of predictions
(Storey and Tibshirani 2003). We calculated the proportion of

Significant tiling array probes

Detected introns
Annotated introns

probes that fell within annotated intron regions at different FDR
thresholds. At an estimated FDR of 10% (P < 5.8 x 10™%, Wil-
coxon rank-sum test), the proportion of significant probes found
within annotated intronic regions is 90.9% (8953 of 9851
probes). At an estimated FDR of 5% (P < 2.8 X 10~ %), the pro-
portion of probes in intronic regions increases to 92.1% (8829 of
9586 probes), and we miss probes in two annotated introns that
were detected at an FDR of 10%. Finally, at an estimated FDR of
1% (P <1 x 10~ °), the proportion of probes in intronic regions
increases to 95.2% (7903 of 8304 probes), and we miss probes in
10 annotated introns that were detected at an FDR of 10%. The
difference between the estimated FDR and the observed propor-
tion of probes in annotated introns could be accounted for by
probes that fall within novel spliced RNAs. Because we were in-
terested in identifying novel introns, we used an estimated FDR
of 10% in subsequent analyses.

We examined the overall correspondence of dbrl-enriched
signals with our annotated intronic regions (Fig. 2). At an esti-
mated FDR of 10%, 141 of 272 annotated introns contained sig-
nificant probes in the dbr1 sample. Significant tiling array signals
were detected for all but three of 105 introns in ribosomal protein
genes, including 89 in coding regions and 13 in 5" untranslated
regions (UTRs). Of 158 introns found in the coding regions of
nonribosomal genes, 32 were detected by the tiling array, and of
seven introns found in the 5" UTRs of nonribosomal genes, five
were detected on the tiling array. In addition, the two introns in
snoRNAs were detected.

In order to assess the specificity and sensitivity of the ap-
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Figure 2. Genome-wide view of correspondence between annotated introns in S. cerevisiae and significant regions identified using a tiling microarray.
Significant probes identified at an estimated FDR of 10% on the tiling array (blue bars) and annotated introns (green) are plotted on the 16 nuclear
chromosomes of S. cerevisiae. Introns in which significant probes were observed (red) are aligned in the middle. Of 272 annotated introns, 141 are
identified using the tiling microarray.
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proach for identifying annotated introns, we also used a receiver—
operator characteristic (ROC) plot. In this analysis, we labeled
intronic regions “positive,” and all other genomic regions were
labeled “negative.” With these designations, ~13,000 probes map
to 67 kb in the positive regions (introns), and 2.4 million probes
map to 12 Mb in the negative regions (rest of the genome). We
used the P-values assigned to each probe based on its enrichment
in dbr1 versus DBR+ data sets (Supplemental Methods) as thresh-
olds for the construction of a ROC plot (Supplemental Fig. 1). At
each threshold, the proportion of significant probes found in the
positive and negative regions was plotted. The area under the
ROC curve is typically used to assess the quality of a classification
method; a score of 1.0 indicates a perfect classifier, whereas a
score of 0.5 indicates a random classifier. The tiling array data
scored 0.9. We also performed a more stringent ROC analysis
focused on intronic boundaries (Supplemental Fig. 1). Here, we
designated intronic regions to be positives, and regions up- and
downstream equal to half the size of the intervening intron to be
negatives. The ROC score of the tiling array data remained 0.9,
although there was a loss of sensitivity and specificity in this
second classification at an estimated FDR of 10%.

The likeliest reason for a failure to detect an intron in the
dbr1-specific signals is that the primary transcript was expressed
at too low a level. Alternatively, there could be a relationship
between the size of an intron and its identification on the array.
To address RNA expression levels, we calculated the average in-
tensity of tiling array probes within the exons of intron-
containing genes expressed in DBR+ cells and plotted these in-
tensities versus intron length (Fig. 3A; Supplemental Table 3).
Introns that were detected were likely to be either more highly
expressed or larger than the mean intron length. At an estimated
FDR of 10%, all of the 124 genes (131 introns) for which an
intronic signal was not observed were below the mean exonic
probe intensity of these genes, and all but one were below the
mean intron length. Those genes not transcribed under the cul-
ture conditions used or transcribed at a level below the threshold
required for significance will be missed, such as HMRal (a silent
mating cassette that is not expressed) and SPO22 (expressed
mainly during meiosis) (Primig et al. 2000). In addition, other
genes whose splicing is highly regulated were missed, such as
REC107, HFM1, and AMA1, which are spliced only in meiotic
cells (Engebrecht et al. 1991; Spingola and Ares 2000). Finally,
the intron may be due to a spurious annotation.
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Because the lariat RNA structure could give rise to biases in
the array labeling and hybridization process, we looked at the
distribution of tiling array signals at annotated intron boundaries
and splice signals (Fig. 3B). We calculated the position of signifi-
cant probes within the 272 annotated introns by normalizing the
intron loop and tail lengths to their mean values (210 and 36 nt,
respectively). In order to assess signals at intron boundaries, we
also considered significant probes that were found within 100-bp
regions flanking the introns. At an estimated FDR of 10%, we
observed a total of 8947 probes in lariat loop regions, 91 signifi-
cant probes within 100 bp upstream of the 5’ splice site, and 31
significant probes downstream of 3’ splice site. One reason for
this “spillover” to flanking regions is the inaccuracy of intron
annotation. For example, among 91 significant probes found up-
stream of a 5’ splice site, 26 are upstream of the RPL26B intron,
which we considered a case for reannotation. Only six significant
probes were found in lariat tails. This absence of signal could be
due in part to the short length of lariat tails in S. cerevisiae, which
average 36 nt. Alternatively, this bias could be due to the exonu-
cleolytic degradation of lariat tails (Chapman and Boeke 1991),
which may influence their labeling efficiency and subsequent
detection on the array. Because of splice site sequence degen-
eracy, the correct assignment of exon-intron boundaries and
thus gene structures is difficult. However, with tiling array signals
falling between the 5’ splice site and branch point, this approach
should be useful for demarcating regions in which these signals
should occur.

We examined a gene model for RPL7A, a dual intron-
containing gene, in more detail (Fig. 4A). Significant tiling array
probes are found within both introns, and the ratio of dbr1/DBR+
signals illustrates the correspondence of annotated introns with
the accumulation of intron-specific signals. The expression of
RPL7A in DBR+ cells is shown to demarcate intron-exon bound-
aries, and the conservation among seven related yeast species is
shown to highlight the lack of conservation found in intronic
regions (Cliften et al. 2003; Kellis et al. 2003).

Comparative studies have identified novel introns by
searching for conserved splice-donor and branchpoint signals
among related yeast species (Brachat et al. 2003; Cliften et al.
2003; Kellis et al. 2003). We found correspondence between
some of these predictions and several regions enriched on the
tiling arrays. 5’ UTR introns predicted to be upstream of SUN4
and SIM1 (Cliften et al. 2003; Kellis et al. 2003) were identified,
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(A) Relationship between gene expression, intron length, and intron detection. Intron-containing genes were categorized as ribosomal (105)

and nonribosomal (167); (green) detected introns, (red) undetected introns; (black dashed lines) mean intron length (246 nt) and mean exon probe
intensity (1269). (B) Coverage of intronic regions by tiling array probes. Normalized positions of tiling array probes are plotted. (a) 5’ splice site, (b)

branchpoint, (c) 3’ splice site.
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cells (blue), and conservation among seven related yeasts (gray). (Light blue) Predicted splice junctions confirmed by RT-PCR, (red arrows) proposed

novel start codons.

agreeing with previous experimental studies (Z. Zhang and F.
Dietrich, unpubl.). In addition, previous studies predicted 5’ UTR
introns in URA2 (Kellis et al. 2003) and BMH2 (M. Ares,
pers. comm.) and a coding region intron in HRB1 (Kellis et al.
2003), and these introns were identified on the tiling arrays (Fig.
4B-D; Supplemental Table 2). We confirmed the presence of pre-
dicted introns in HRBI1, URA2, and BMHZ2 using RT-PCR with
primers that spanned the putative splice site (Supplemental Fig.
2), and sequenced these products to confirm the correct splice
form.

Although the S. cerevisiae genome has been studied exten-
sively by traditional genetics, functional genomic approaches,
and comparative sequence analysis of related genomes, we iden-
tified at least four likely spliced sequences that were previously
undetected. An intron in the 5" UTR of YPR153W contains tiling
array signals that lie between a canonical 5’ splice site signal and
noncanonical branchpoint (5’-AACTAAC) (Fig. 4E; Supplemental
Table 2). PTC7 contains an intron within its coding region (Fig.
4F). RT-PCR and sequencing of these products confirmed the
presence of both of these introns (Supplemental Fig. 2). The read-
ing frame of PTC7, encoding a mitochondrial protein phospha-
tase, remains intact before and after splicing, raising the possi-
bility that the mRNA codes for two protein isoforms. We were
unable to confirm putative introns in BDF2 (coding region) or
YEL023C (5" UTR) (Supplemental Fig. 3D,E).

Array data could also be used to identify misannotated in-
trons. We found three ribosomal genes (RPL26B, RPL20A, and
RPL20B) for which the array signals differed from the annotated
intron regions, agreeing with other studies (M. Ares, pers.

comm.). RPL26B contains a previously annotated 354-nt intron
in its 5" UTR (Fig. 4G). However, signals from the array suggest
that the intron is 123 nt larger, with a different 5" splice site that
coincides with the array signals; the updated annotation for
RPL26B was confirmed by RT-PCR and sequencing (Supplemen-
tal Fig. 2), and N-terminal sequencing of RPL26B is consistent
with this annotation (Otaka et al. 1984). Another intron that was
reannotated is YBRO90C, which contains a 357-nt intron. This
intron was previously suggested to be reassigned as a shorter 5’
UTR intron of NHP6B (Davis et al. 2000). However, our data sup-
port the original intron annotation (i.e., 357 nt) (Supplemental
Fig. 2), but cannot conclusively assign the intron to YBRO90C or
NHP6B (Supplemental Fig. 3). A recent survey of full-length
cDNAs in S. cerevisiae (Miura et al. 2006) assigned this intron as a
5" UTR intron of NHP6B.

We characterized a total of 898 significant probes that fell
outside of annotated intronic regions. Among them, 88 are due
to reannotation (RPL26B, RPL20A, RPL20B, NHP6B/YBR090C)
and 236 to newly predicted introns (URA2, BMH2, PTC7, HRBI,
YPR153W). Several other genes are apparently up-regulated by
DBR1 deletion, including FMP45 (172 probes), HSP12 (47
probes), and SYN8 (69 probes), accounting for 32% of the 898.
Overall, 97% of the 9851 significant probes can be attributed
to spliced introns or gene up-regulation in the dbrl strain. Some
of the significant probes could belong to bona fide spliced in-
trons that remain to be experimentally verified, or could be
due to spurious detection events, such as cases in which a sig-
nificant dbr1/DBR+ ratio is observed for a gene expressed at a low
level.
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Discussion

We demonstrate an approach for identifying spliced introns on a
genome-wide basis by the detection of lariat signals on a tiling
array; the signals arise because of a mutation in the debranching
enzyme necessary for lariat turnover. In yeast, this method is
capable of identifying more than half of the known introns, pro-
viding gene models that typically allow the delineation of both
the 5’ splice site and the branchpoint. Introns that were not
detected lie in genes that are either not expressed or expressed at
a low level under the conditions of our experiments. Despite the
intense analysis of yeast introns in the decade since the genome
sequence became available, our approach predicted novel introns
and led to the reannotation of others.

Previous studies have used microarrays to study mRNA splic-
ing and its regulation (Clark et al. 2002; Johnson et al. 2003).
These studies employed oligonucleotide probes that are designed
to hybridize at the exon-exon boundaries of spliced mRNAs. Al-
though useful for studying many aspects of pre-mRNA splicing,
this strategy requires detailed knowledge of each splicing event
in order to design exon—exon probes, and thus would miss some
of the noncanonical sequences in yeast and could miss many
more splicing events in higher eukaryotes. By contrast, the analy-
sis of lariat RNA provides verification of numerous gene structure
models from a single experiment, enabling the confirmation of
5" splice sites and branchpoints with near base-pair resolution,
and identifies novel mRNA splice forms. A recent study (Miura et
al. 2006) used whole-genome full-length cDNA sequencing for
the annotation of S. cerevisiae, confirming several of our findings
by identifying novel introns in BMH2, YPR153W, and NHP6B,
and correcting the intron annotations of RPL26B, RPL20A, and
RPL20B.

Spliced intronic lariats serve as markers for transcriptional as
well as spliceosomal activity. This utility is in marked contrast
with total RNA hybridization to tiling arrays (Kapranov et al.
2002; Kampa et al. 2004; David et al. 2006), which revealed abun-
dant antisense transcription but could not distinguish between
functional and spurious transcripts. Yeast tiling arrays were pre-
viously used to provide a global view of transcription, and were
effective in discerning many exon-intron boundaries (David et
al. 2006). However, our method allows the identification of a
number of introns that were missed when assessing transcription
alone.

Because splicing in metazoans is significantly more compli-
cated than in yeast, the tiling array method could have limita-
tions when applied to other organisms. For example, alternative
splicing would give rise to complex tiling array signals; however,
alternative splice forms might be addressed by the identification
of subsets of introns within a gene that have distinct dbr1/DBR+
signals. Another concern would be the assignment of 5" and 3’
splice sites and branchpoints, which can be highly degenerate
(Lim and Burge 2001). This method should provide high-
resolution definition of the 5’ splice site and branchpoint. How-
ever, because stabilization of intron lariats results in the degra-
dation of their 3’ tails, the identification of 3’ splice sites may be
difficult, precluding the assignment of alternative 3’ splice sites
(e.g., NAGNAG motifs; Hiller et al. 2004). Finally, intron size and
expression level may confound the use of this approach. In hu-
mans, introns average 87 nt in length (Lander et al. 2001), and in
Caenorhabditis elegans they average 47 nt (C. elegans Sequencing
Consortium 1998). Although we identified several short introns
in yeast (as small as 93 nt), most of those we identified are >200

nt. Genes expressed at low levels will be difficult to detect, but
the method could be used on tissue-specific samples from a va-
riety of tissue types to encompass cases in which certain genes are
more highly expressed.

Our approach may therefore be applicable to at least a subset
of genes in most eukaryotes, and it should be complementary to
other approaches to identify introns and annotate genes. The
regulation of intron turnover in metazoans via debranching is
largely unknown. The Pfam database (Finn et al. 2006) indicates
that invertebrates have a single, highly conserved DBRI ortho-
log, but that vertebrates may have two or more DBR1 orthologs,
possibly as a result of alternative splicing. However, the activity
of DBR1 genes has been successfully reduced in more complex
eukaryotes by RNAi, resulting in the manipulation of lariat
RNA levels. Targeting of the debranching enzyme via siRNA in
Drosophila stabilizes intron lariats (Conklin et al. 2005), and
targeting of this enzyme in human cell culture affects the effi-
ciency of HIV retroviral replication (Ye et al. 2005). Thus, this
approach could prove useful for genome annotation in many
organisms.

Methods

Strains and culturing

S. cerevisiae BY4743 (MATa/MATa his3A1/his3A1 leu2A0/leu2A0
lys2A0/+ met15A0/+ ura3A0/ura3A0) and its corresponding dbrl
double-deletion strain were obtained from Open Biosystems.
Yeast was cultured in rich medium (YPD) at 30°C. Escherichia coli
strain DHS5a was used in ¢cDNA cloning.

RNA preparation and hybridization

Total RNA from exponential phase (ODgg, = 1.0) S. cerevisiae cul-
tures was purified using an RNeasy Mini kit (Qiagen) after treat-
ment with Turbo DNase (Ambion). Probe labeling was done us-
ing the GeneChip WT Double-Stranded cDNA Synthesis Kit (Af-
fymetrix) following the manufacturer’s protocol. Labeled probes
were hybridized to the GeneChip S. cerevisiae Tiling 1.0R Array
(Affymetrix) using the manufacturer’s protocol. These arrays con-
tain ~2.6 million 25-mer perfect match (PM) probes and ~2.6
million corresponding mismatch (MM) probes, which have a
one-base mismatch at the thirteenth nucleotide in the sequence,
overlapped with each other at an average of 5 nt offset, covering
>95% of the genome. Scanning and data collection were done by
GeneChip Scanner 3000 7G (Affymetrix) and GeneChip Operat-
ing Software. Three independent cultures of the BY4743 and dbr1
strains were applied to the tiling arrays. Raw data for array ex-
periments have been deposited in the NCBI Gene Expression
Omnibus under accession GSE5470 (http://www.ncbi.nlm.nih.
gov/geo/).

Tiling array data analysis

Raw tiling array data were analyzed using the Tiling Analysis
Software (TAS) package (Affymetrix). Data from triplicate arrays
were combined and quantile normalized prior to analysis. For
expression measurements (i.e., signals derived from BY4743 total
RNA), signals obtained from PM and MM probes from three bio-
logical array replicates were compared in ~11 probe windows
using a Wilcoxon rank-sum test. The center probe of the window
was assigned the resulting P-value, and the calculation was re-
peated for each probe on the array. In order to assess dbr1-specific
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enrichment, we looked at the overall gene expression correspon-
dence between the BY4743 and dbr1 strains. The Pearson corre-
lation of probes within exonic regions from two strains is 0.93,
indicating an overall correspondence between probe intensities
from each strain (Supplemental Fig. 4). The Wilcoxon rank-sum
test was used to obtain a P-value for 41-bp windows (i.e., 24
probes from BY7473 replicates and 24 probes from dbrl repli-
cates). Data were visualized using the UCSC Genome Browser,
and supplemental files used for all analyses are available on the
Web (http://depts.washington.edu/sfields/supplemental_data/
intron_tiling_supplement/).

False discovery rate estimation

The QVALUE software (Storey and Tibshirani 2003) was used to
estimate the false discovery rate (FDR) in the analysis of dbrl/
DBR+ enrichment. Default values were used for the analysis, and
the overall proportion of true null hypotheses (m,) was estimated
to be 0.637.

RT-PCR

A total of 5 pg of total RNA from S. cerevisiae BY4743 and dbrl
strains were reverse transcribed using an anchored oligo-dT
primer (5'-T,;VN-3') using SuperScript III Reverse Transcriptase
(Invitrogen). Gene-specific primer pairs were used to amplify
cDNA potentially spanning the novel introns (Supplemental
Methods). Amplified fragments were gel purified and cloned into
the pCR2.1 TA vector (Invitrogen) and sequenced to confirm
predicted splice junctions. Sequences of novel splice forms have
been deposited in the NCBI GenBank under accessions
DQ881448 (BMH2), DQ881449 (HRB1), DQ881450 (PTC7),
DQ881451 (RPL26B), DQ881452 (URA2), DQ881453 (YPR153W),
EF138821 (RPL20A), and EF138822 (RPL20B). Details of novel or
modified introns are listed in Supplemental Table 2.
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