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Comparative analyses of ESTs and cDNAs with genomic
DNA predict a high frequency of alternative splicing in
human genes. However, there is an ongoing debate as
to how many of these predicted splice variants are func-
tional and how many are the result of aberrant splicing
(or ‘noise’). To address this question, we compared
alternatively spliced cassette exons that are conserved
between human and mouse with EST-predicted cas-
sette exons that are not conserved in the mouse gen-
ome. Presumably, conserved exon-skipping events
represent functional alternative splicing. We show that
conserved (functional) cassette exons possess unique
characteristics in size, repeat content and in their influ-
ence on the protein. By contrast, most non-conserved
cassette exons do not share these characteristics. We
conclude that a significant portion of cassette exons
evident in EST databases is not functional, and might
result from aberrant rather than regulated splicing.

Numerous studies have shown that alternative splicing is
prevalent in mammalian genomes. Using ESTs and
cDNAs aligned to the genomic sequence, these studies
estimate that between 35% and 59% of all human genes
undergo alternative splicing [1,2]. However, it is not clear
how many of the splice variants predicted from ESTs are
functional and how many represent aberrant splicing
(‘noise’) or EST artefacts (such as genomic contamination)
[3-5]. An mRNA variant can be defined as being ‘func-
tional’ if it is required during the life-cycle of the organism
and activated in a regulated manner.

Aberrant alternative splicing

Somatic mutations within splice sites or introns could
result in aberrant splicing, leading to non-functional
mRNAs; ESTs derived from these mRNAs would be
indistinguishable from normal splice variants. Because
somatic mutations are prevalent in cancer related tissues,
and >50% of the ESTs in dbEST come from cancer, cell-
lines or tumor tissues [6], such spurious variants can be
ubiquitous in dbEST.

Splicosomal mistakes have also been proposed as a
mechanism that can result in non-functional transcripts
[3]. In common with any complex biological machine, the
splicosome can ‘slip’ and identify cryptic splice sites in
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introns as normal splice sites, thus, inserting part of
an intron into the mature mRNA. Obviously such
mistakes would not represent functional, regulated alterna-
tive splicing.

What portion of the observed splice variants represents
functional alternative splicing? We employed a compara-
tive genomics approach to address this question, by com-
piling a dataset of exon-skipping events (cassette exons)
that are conserved between human and mouse. The con-
servation of such events in both human and mouse species,
which diverged from their common ancestor 75-110
million years ago, suggests the functional importance of
these exons.

Detecting cassette exons conserved between human
and mouse

We have recently collected a dataset of 980 EST-predicted
human alternatively spliced cassette exons [7]. From these
980 exons, 243 (25%) were also found to be alternatively
spliced in mouse [‘conserved alternatively spliced exons’
(CAS exons)]. The remaining 737 (75%) are ‘non-conserved
alternatively spliced exons’ (non-CAS exons) (Box 1). Low
levels of alternative splicing conservation between human
and mouse were also observed in other studies [8,9]. The
method that was used to locate cassette exons and
human—mouse conservation is described in detail in
Ref. [7]. Calculated features of the 980 exons used for
this study appear as supplementary material online.

Box 1. Finding exon-skipping events that are conserved
between humans and mouse

The initial set of exons comprised 980 apparently alternatively
spliced human exons, for which a mouse EST spanning the intron
that represents the exon-skipping variant was found. Two strategies
were used to identify an exon as being conserved in mouse:
(i) identification of mouse ESTs that contain the exon and the two
flanking exons; and (ii) if the exon was not represented in mouse
ESTs, the sequence of the human exon was searched against the
intron spanned by the skipping mouse EST on the mouse genome. If
asignificant conservation (>80%) was found, the alignment spanned
the full length of the human exon, and the exon was flanked by the
canonical AG acceptor and GT donor sites in the mouse genome,
then the exon was declared as conserved. For 243 exons (25% of 980),
conserved alternative splicing was detected in mouse. Detailed
description of the methods can be found in Ref. [7].
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Comparing conserved with non-conserved cassette
exons

Presumably, orthologous exons that are alternatively
spliced both in human and mouse have functional
importance. We can therefore regard the group of CAS
exons as a representative group of functional, alterna-
tively spliced exons.

Non-CAS exons, on the other hand, can also be func-
tional, representing exons created after the divergence of
the human and the mouse lineages. However, if these
exons, as a group, were indeed functional, we might expect
them to have the same general characteristics as CAS
exons. Therefore, we compared several features between
the two groups of exons predicted by ESTs.

We first sought to understand the influence of the
alternatively spliced exons on the proteins in which they
are inserted. From the 243 CAS exons identified, 195
had an unambiguous coding-region annotation in the
GenBank cDNAs. Of these, 191 (98%) were located within
the protein-coding region and four were located within the
untranslated region (UTR). This finding is not surprising
because UTRs are mostly found in the terminal exons [10],
whereas the exons in our study were internal exons. A
similar percentage of the non-CAS exons were located in
the coding sequence and UTR.

The influence of the CAS exons on the protein coding
sequence (CDS) was significantly different from the
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influence of the non-CAS exons (Figure 1). In 147 of 191
(77%) CAS exons that were located within the protein-
coding region, the insertion of the alternatively spliced
exon did not alter the reading frame and only eight of
these 147 exons (5%) contained an in-frame stop codon.
This means that 73% of the conserved alternative exons
are ‘peptide cassettes’ (i.e. they insert a short amino-acid
sequence into the translated protein without changing the
coding frame) (Figure 1). These results indicate a strong
tendency of functional cassette exons to add or remove
amino acids within the protein sequence, rather than
inflict a dramatic change on it.

By comparison, only 206 of the 510 (40%) non-CAS
exons preserved the reading frame; when an alternatively
spliced exon was inserted in frame, almost half (47%) of
these contained a stop codon. Thus, only 109 of the
510 (21%) non-CAS exons were indeed ‘peptide cassette’
exons (Figure 1).

We examined in detail the cases in which the
alternatively spliced exons caused a frame shift in the
CDS. Of the 44 CAS exons that caused a frame shift, 27
(61%) actually made the protein longer by suppressing a
nearby stop codon and only four exon insertions (9%)
resulted in a protein shorter than 100 amino acids. This
indicates that, in a substantial fraction of the conserved
alternatively spliced exons that cause a frame shift, the
exon insertion changes only the C-terminus of the protein.
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Figure 1. The influence of alternatively spliced exons on the protein-coding sequence. Our dataset of human alternatively spliced exons contained 980 exons. These were
divided into two subsets: (i) exons whose existence was also confirmed by mouse ESTs or mouse genomic sequence (243 exons, termed ‘conserved alternatively spliced
exons’); and (ii) exons for which no such evidence was detected (737 exons, termed ‘non-conserved alternatively spliced exons’). The influence of these exons on the pro-
tein-coding sequence is indicated by the tree-like diagram. Those exons with ‘unambiguous CDS annotation’ [i.e. all annotated GenBank cDNAs in which the exon appeared
had the same annotation (either UTR or CDS)] were analyzed further. Peptide cassettes were found in 73% (139 of 191) and 21% (109 of 510) of the conserved alternatively
spliced and non-conserved alternatively spliced exons, respectively (shown in red). Definitions: frame shift, the length of the exon is not a multiple of three; stop in exon,
the exon contains an in-frame stop codon; peptide cassette, contains exons that neither cause a frame shift nor contain a stop codon. Abbreviations: CDS, coding sequence;

FS, frame shift; UTR, untranslated region.
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By contrast, of the 304 non-CAS exons that caused a
frame shift, only 25 (8%) resulted in a longer protein,
whereas 91 (30%) resulted in a protein shorter than 100
amino acids. This implies that insertion of non-CAS exons
into the mature mRNA frequently has a major effect on the
protein sequence.

Frequencies of ESTs, repeats and size as measures of
function

It was recently suggested that a higher number of
ESTs/mRNAs supporting a splice variant correlates with
its functionality [11]. Our results agree with this obser-
vation: although CAS exons were on average supported by
nine sequences (median 3), the average EST and mRNA
support for non-CAS exons was 2.2 sequences (median 1).
However, sequence support by itself is not sufficient for
detecting functional alternative splicing: in our study, 30%
of the CAS exons were supported by a single human
expressed sequence.

We have previously shown that point mutations within
silent intronic Alu elements can result in the creation of
new alternatively spliced exons [12]. Such Alu-derived
exons represent at least 5% of the alternatively spliced
cassette exons found in dbEST [13]; however, it is unclear
whether these Alu exons are functional [14]. Other
repetitive elements, such as the RTE-1 retrotransposon
in cattle, have also shown the ability to be exonized
(i.e. become exons via a splicing-mediated process) [15].

To check how many alternatively spliced exons are the
result of such exonization, we performed a BLAST search
of the exons against a database of mammalian repeats.
Only one of the 243 CAS exons had a significant ‘hit’
(e-value <10 %) to a mammalian interspersed repeat
(MIR). By contrast, 191 of the 737 non-CAS exons (26%)
had significant ‘hits’ to a repeat. In 147 (77%) of these
cases, the repeat was an Alu retrotransposon, which is
unique to primates. The repeat content within exons,
therefore, is another feature in which CAS exons differ
from non-CAS exons.

Conserved and non-conserved cassette exons also differ
in their exon length distribution. The average length of a
CAS exon was 87 bases (median 76). By contrast, the
average length of non-CAS exons was 116 (median 104).
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The difference between these two distributions is statisti-
cally significant (P < 10~%). (For comparison, the average
length of constitutively spliced exons is 129 bases [16].)
Thus, non-CAS exons are significantly longer than CAS
exons.

Which exons are functional?

We detected a conserved mouse exon for 25% of the human
cassette exons in our set. These CAS exons most probably
have functional importance. In principle, some of the 75%
human non-CAS exons could also be functional; however,
these might be expected to have similar characteristics to
those of the CAS exons. This is not the case. We have
shown that the group of non-CAS exons significantly
differs from the group of CAS exons in many important
parameters (discussed previously) (these differences are
summarized in Table 1). This suggests that many of the
apparently non-conserved splice variants in the human
genome are non-functional. It is noteworthy that this
claim is based on the assumption that functional non-CAS
exons ought to have properties similar to those of CAS
exons — this has yet to be verified.

To further test this assumption, we examined non-CAS
exons that are supported by multiple ESTs. Of the non-
CAS exons, 21% have no frame shift and no stop codon.
However, in the subset of non-CAS exons that are
supported by five sequences or more and are found in
the CDS (37 exons), 54% have no frame shift and no stop
codon. Therefore, some of the non-CAS exons indeed
represent new functional exons that are specific to the
human lineage. In addition, this supports our claim that
functional non-CAS exons have properties similar to those
of CAS exons.

Non-CAS exons might have an important evolutionary
role even if they are not functional. These rarely expressed
splice isoforms ‘suggest’ new variants while keeping the
genomic repertoire intact. Such new variants can have a
positive effect on the organism and become fixed during
evolution. Indeed there are several examples, such as the
Alu-derived exon in the ADARBI1 gene [17], in which
repetitive elements were found to be recruited from an
intron during evolution and fixed as new alternatively

Table 1. Features differentiating between conserved alternatively spliced exons and non-conserved alternatively spliced exons

Features Conserved alternatively Non-conserved alternatively P value®
spliced exons spliced exons®

Average size 87 116 P<10°

Percentage of exons that are a multiple of three 77% (147/191) 40% (206/510) P<107%

Percentage of exons that are ‘peptide cassettes’ © 73% (139/191) 21% (109/510) P<107"®

Percentage of exon insertions that result in a longer protein 61% (27/44) 8% (25/304) P<107°

(from a total of exons that are not a multiple of three)

Percentage of exon insertions that result in a protein <100 9% (4/44) 30% (91/304) P < 0.02

amino acids (from a total of exons that are not a multiple of

three)

Average supporting expressed sequences 9 2.2 P<107°

Percentage of exons that contain repetitive elements® <0.5% (1/243) 26% (191/737) P<107%

?Non-conserved alternatively spliced exons are human exons that were found to be alternatively spliced in human ESTs but were not found in the mouse genome.
PThe P value was calculated using Fisher’s exact test, except for the ‘average size’ and ‘average support’, for which P values were calculated using student’s t test.
°A ‘peptide cassette’ exon is defined such as it neither causes a frame shift nor contains a stop codon, so that the effect of its insertion or deletion on the translated protein is a

local insertion or deletion of a peptide.

9Exons were aligned to a database of repetitive elements, and ‘hits’ with e-value <10~ '° were considered positive.
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Box 2. Methods

Detailed methods for compilation of exon sets are found in Refs [7]
and [13]. Fisher's exact statistical test was used for calculating
P values of the parameters differentiating between the two exons
sets, except for the ‘average size’ and ‘average support’, for which
P value was calculated using student’s t test. Human—mouse
exon skipping data from ASAP were downloaded from http:/
www.bioinformatics.ucla.edu/ASAP/data/Comparative_Genomics/
Hs_Mm_exon_skip_status_table. Lengths of these exons were
extracted from: http://www.bioinformatics.ucla.edu/ASAP/data/
Alt_Splice/Human/January_2002/ exon_obs_table.

spliced exons. Such a recruitment of intronic sequences as
new alternatively spliced exons was previously proposed to
be major evolutionary driving force towards the emergence
of new protein sequences in eukaryotes [8,9,13,15,18].

Comparison with other results

We examined the results of Modrek and Lee [9], who
compared exon-skipping events between human and
mouse using ASAP, an EST-based alternative splicing
database. 127 ASAP exons were identified in which both
variants (exon inclusion and exon skipping) were observed
in human and in mouse (equivalent to our CAS exons); in
78 (61%) the length of the exon was a multiple of three
(i.e. did not cause a frame shift). By contrast, of the 427
ASAP human exons that were predicted to be skipped in
human but were not conserved in mouse (non-CAS exons),
only 164 (38%) had an exon length that was a multiple of
three. These numbers are similar to the numbers calcu-
lated from our set of exons, showing that our results are
not database dependent (Box 2).

Our results suggest that 73% of functional cassette
exons neither change the coding frame nor introduce a
premature stop codon. However, Zavolan et al. reported
that only 178 of 423 (42%) of the alternative splicing
detected in mouse full-length mRNAs preserved the
reading frame [19]. Another study that detected alterna-
tive splicing using ESTs and cDNAs also reported that only
40% of the deletions or insertions of a new sequence in the
middle of the protein were in frame [20]. This contradiction
probably stems from the fact that these two studies
used alternative splicing predicted from alignments of
expressed sequences (ESTs and ¢cDNAs), which contained
both conserved and non-conserved splice variants. Indeed,
combining the numbers from both our sets (CAS and non-
CAS exons) results in 248 out of 701 (35%) of the exons
preserving the reading frame, similar to the results in
these studies. [19,20] In a study of a sample of 1000
alternatively spliced exons compiled from the literature,
~78% were identified as ‘peptide cassette’ exons (neither
contained a stop codon nor introduced a frame-shift) [21] —
similar to the 73% we detected in CAS exons. These data
strongly supports our results because experimentally
confirmed splice variants are more likely to be functional.

We have shown that a comparative genomics approach
can be useful for assessing the functionality of splice
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variants. In the future, the parameters defining functional
cassette exons could be used for de novo identification of
alternative splicing in organisms for which no EST data
exist.
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