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As a result of large-scale sequencing projects and recent splicing-
microarray studies, estimates of mammalian genes expressing
multiple transcripts continue to increase. This expansion of tran-
script information makes it possible to better characterize alter-
native splicing events and gain insights into splicing mechanisms
and regulation. Here, we describe a class of splice sites that we call
dual-specificity splice sites, which we identified through genome-
wide, high-quality alignment of mMRNA/EST and genome sequences
and experimentally verified by RT-PCR. These splice sites can be
alternatively recognized as either 5’ or 3’ splice sites, and the dual
splicing is conceptually similar to a pair of mutually exclusive exons
separated by a zero-length intron. The dual-splice-site sequences
are essentially a composite of canonical 5 and 3’ splice-site
consensus sequences, with a CAG|GURAG core. The relative use of
a dual site as a 5’ or 3’ splice site can be accurately predicted by
assuming competition for specific binding between spliceosomal
components involved in recognition of 5 and 3’ splice sites,
respectively. Dual-specificity splice sites exist in human and mouse,
and possibly in other vertebrate species, although most sites are
not conserved, suggesting that their origin is recent. We discuss the
implications of this unusual splicing pattern for the diverse mech-
anisms of exon recognition and for gene evolution.
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E ukaryotic genes are split into exons and introns, which in the
vast majority of cases are marked by a GU dinucleotide (5
splice site) at the exon/intron boundary and an AG dinucleotide (3’
splice site) at the intron/exon boundary. To produce a mature
transcript from a pre-mRNA, the introns are spliced out and the
exons are ligated by a large protein/small nuclear RNA complex, the
spliceosome (1, 2). The accuracy and efficiency of exon and intron
recognition and splicing are dictated by: (i) primary splicing signals,
including the splice sites, a polypyrimidine tract, and a branch site
(2); (i) nearby exonic or intronic regulatory sequences acting as
splicing enhancers or silencers (3-5); (iif) spatial and structural
constraints, such as exon and intron size (6, 7) and RNA secondary
structure (8); and (iv) interactions of these cis-acting elements with
splicing factors (9). Any compromise or disruption of these splicing
elements or changes in the levels or properties of the factors may
result in regulated alternative splicing (AS) or aberrant splicing
events (10).

With the availability of genome sequences and a large amount of
mRNA/EST data, especially in human and mouse, genome-wide
bioinformatic analysis has revealed that a majority (>60%) of
mammalian genes are alternatively spliced in various patterns (11,
12). Typical types of AS events include exon skipping/inclusion
(cassette exons), alternative 5’ or 3’ splice sites, mutually exclusive
exon use, intron retention, and various combinations thereof (10).
Despite the complexity of splicing patterns and regulation, in all of
these cases, 5" and 3’ splice sites are defined unambiguously and
recognized by distinct sets of spliceosomal components, usually at
the earliest stages of spliceosome assembly (Fig. 14) (1). The splice
sites have degenerate consensus sequences, although GU and AG
are nearly invariant at the 5’ and 3’ intronic borders, respectively.
Interestingly, CAG|GU defines the consensus sequence of both 5’
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and 3’ splice sites, although with a different extent of degeneracy
(Fig. 1C). This observation raises interesting questions concerning
how the splicing machinery distinguishes 5" and 3’ splice sites, and
whether the same site can be used as both a 3" and a 5’ splice site.

In this study, we investigate unusual AS events associated with
splice sites that can be used as either 5’ or 3 splice sites. We refer
to these sites as dual-specificity splice sites (or dual splice sites). We
detected these dual-specificity sites with high-quality mRNA/EST
and genome sequence alignment evidence. In these cases, a par-
ticular splice site is used as a 3’ splice site in some transcripts, and
in other transcripts, the same site is used as a 5’ splice site. When
the dual splice site is recognized as a 3 splice site, the sequences
upstream of the site are removed as an intron, whereas the
sequences downstream are retained as an exon. However, this
situation is reversed in alternative isoforms, in which the dual site
is used as a 5’ splice site and the sequences downstream of the site
are removed as an intron (Fig. 1B). Thus, the resulting exon/intron
flip-over in different isoforms affects the nature of the protein
products. We validated the occurrence of dual-specificity splicing in
vivo by RT-PCR and direct sequencing and found that the use of
the site as a 5’ or 3’ splice site can vary in a tissue-specific manner.
Bioinformatic analysis revealed unique features that are consistent
with the dual-specificity character and predictive of the splicing
outcome. The implications for protein coding and gene-structure
evolution are also discussed. We conclude that the use of dual-
specificity splice sites as either a 5" or 3’ splice site represents an
additional class of AS.

Results
Identification and Classification of Dual-Specificity Splice Sites. We
built a database of classified AS events (dbCASE), using high-
quality transcripts (mRNA/EST) and genome alignment for mul-
tiple species. A data structure called splicing graph (13) was applied
and extended to efficiently detect various alternative and constitu-
tive splicing events and to track supporting transcripts (see Materials
and Methods). During this process, we found that previous data
structure could not represent the transcript data in some cases
because of the presence of dual splice sites. In total, we found 594
human (and 195 mouse) putative dual splice sites with supporting
transcript (mMRNA/EST) evidence. We also extracted strictly con-
stitutive exons and introns (in the sense that no violating transcripts
were detected) as a comparative dataset to further analyze the
nature of these dual splice sites.

Because most canonical introns have GU and AG dinucleotides
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Fig. 1. lllustrative representation of dual splicing. (A and B) Schematic
diagram of canonical splicing (A) and dual splicing (B). Boxes represent exons,
and lines are introns. The dual splice site is labeled in B. (C and D) The motifs
of canonical (constitutive) 5’ and 3’ splice sites (C) and of dual splice sites (D).
Dotted arrows and boxes indicate the similarity of dual sites with constitutive
splice sites. Uridine is shown as thymine in the logos.

at their 5" and 3’ termini, respectively (14), we first examined
whether the dual splice sites conform to this AG|GU rule. Overall,
155 dual splice sites (26%) conform to the AG|GU rule. This
percentage is lower than that expected compared with constitutive
splice sites (Table 1). There are several explanations that may
account for this difference. First, sites with few supporting tran-
scripts may be unreliable because they could reflect aberrant
splicing or RT-PCR errors. Second, repetitive elements, sequencing
errors in the transcripts (especially ESTs) or in the genome,
polymorphisms, and transcripts from paralogous or pseudo genes
may result in spurious alignments. The third point, which is not
mutually exclusive with the two preceding explanations, is that we
observed 64 human (and 9 mouse) genes with clusters of dual splice
sites. These genes seem to be highly conserved across vertebrate
species but are enriched in exonic SNPs (data not shown). They
account for approximately half of the total number of putative dual
splice sites. Most of these sites (=85%) do not match the AG|GU
pattern, and it is unclear whether they are authentic examples of
dual splice sites or whether they represent artifacts.

To increase the level of confidence in dual-splice-site prediction,
we explored ways to increase the stringency of our criteria for
dual-splice-site classification. The percentage of AG|GU sites in-
creased greatly when two or more supporting transcripts were
required for each isoform (Table 1). We also considered gene
transcripts with only one dual splice site (singletons) by removing
all genes with two or more sites, to eliminate potential noise from
other classes of transcripts, as described above. This filtering step
further increased the proportion of AG|GU sites. For example, 23
of 26 (88.5%) singleton sites with three or more supporting
transcripts for each isoform conformed to the AG|GU pattern; this
percentage is significantly higher compared with constitutive splice
sites (P = 0.0006 for 5’ splice sites, P = 10~!* for 3’ splice sites,
Fisher’s exact test). Thus, we surmise that most authentic dual splice
sites follow the AG|GU rule, which is likely an important feature to
specify dual splicing, probably by the U2-type spliceosome (2).

To characterize the features of dual splice sites, we derived a
high-confidence dataset by limiting dual splice sites to AG|GU sites
with two or more supporting transcripts for each isoform. We
further removed nine sites from the UBC gene (because this gene
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Table 1. Percentage of dual splice sites conforming to the
AG|GU rule.

Site All AG|GU sites

5’ splice site 27,556 15,455 (56.1%)
3’ splice site 27,556 5,022 (18.2%)
dual site 594 155 (26.1%)
dual site.2 85 46 (54.1%)
dual site.3 40 28 (70.0%)
dual site.singleton 319 119 (37.3%)
dual site.singleton.2 39 31(79.5%)
dual site.singleton.3 26 23 (88.5%)

dualsite.2 (dualsite.3), dualsplice sites with two (three) or more supporting
transcripts for each isoform; dual site.singleton, singleton dual splice sites (no
other dual splice sites from the same gene). dual site.singleton.2 and dual
site.singleton.3 are similarly defined.

contains multiple repetitive coding units (15), which are prone to
alignment uncertainties) and also three other sites that lacked
perfectly matching alignments in sequences flanking the sites. The
final high-confidence dataset has 36 dual-specificity splice sites
[supporting information (SI) Table 2], which were used for the
analyses below. Among these splice sites, 11 (31%) have RefSeq or
mRNA supporting evidence for both isoforms, whereas the re-
maining 25 (69%) have only ESTs as supporting evidence for one
or both isoforms.

The dual splicing pattern can be classified according to the nature
of the resulting alternative transcripts. The most prevalent class of
dual splice sites is associated with the first exon (12 of 36 cases)
(class I, SI Fig. 5). This is unlikely to be attributable to sequence-
alignment artifacts, because all spurious terminal exons <25 nt were
removed, so that each intron is flanked by two reliable exons.
Instead, this first-exon preference suggests a possible link between
alternative promoters and dual-splice-site choice (SI Fig. 5). Other
dual sites create an upstream or downstream alternative exon (class
IL, SI Fig. 6 and class III, SI Fig. 7) or result in intron retention (class
IV, SI Fig. 8) or exon truncation (class V, SI Fig. 9).

Dual Splice Sites Resemble the 5’ and 3’ Splice Site Consensus
Sequences. To study the specificity of recognition as 5’ splice sites
and 3’ splice sites more quantitatively, we derived the position
weight matrices (PWMs) of dual splice sites, and canonical 5’ and
3’ splice sites from constitutive exons (16) (Fig. 1C). Compared with
the constitutive splice sites, it is readily discernible that the PWM
of dual splice sites (Fig. 1D) is approximately the juxtaposition of
the intronic portions of the constitutive 5" and 3’ splice site matrices,
with CAG|[GURAG (R represents A or G) as a core in the
consensus. The GC content around dual splice sites is higher than
that of the corresponding portions of constitutive splice sites (SI
Table 3). This finding could reflect either that exonic sequences
generally have a higher GC content than intronic sequences (11) or
perhaps unknown mechanistic reasons related to the recognition
and splicing of dual splice sites.

One could argue that the resemblance of the dual splice site
matrix to both canonical 5" and 3’ splice site matrices of constitutive
splice sites may be an artifact of contamination with both types of
splice sites, which are erroneously classified as dual splice sites. To
exclude this possibility, we scored each individual dual splice site
with both canonical 5" and 3’ splice site matrices, using methods
described in ref. 16 (see Materials and Methods for details).

As shown in Fig. 2, the canonical 5’ and 3’ splice sites of
constitutive exons fall into two distinct but overlapping populations
in the space of 5" and 3’ splice site matrix scores. Most 5’ splice sites
have low scores, using the PWM for 3’ splice sites, and vice versa.
In contrast, dual splice sites have relatively high scores, using both
matrices (Fig. 24 and C). For example, only 2-4% of constitutive
splice sites have both scores for a single site greater than the first

PNAS | September 18,2007 | vol. 104 | no.38 | 15029

GENETICS


http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1



http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1



http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1
http://www.pnas.org/cgi/content/full/0703773104/DC1



http://www.pnas.org/cgi/content/full/0703773104/DC1



http://www.pnas.org/cgi/content/full/0703773104/DC1

