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In this article, we provide evidence that a frequent

source of diversity between mammalian transcripts

occurs as a consequence of species-specific alternative

splicing (AS) of conserved exons. Using a highly pre-

dictive computational method, we estimate that O11%

of human and mouse cassette alternative exons undergo

skipping in one species but constitutively splicing in the

other. These species-specific AS events are predicted to

modify conserved domains in proteins more frequently

than other classes of AS events. The results thus provide

evidence that species-specific AS of conserved exons

constitutes an additional potential source of complexity

and species-specific differences between mammals.

Alternative splicing (AS), the process by which exons in
primary transcripts are spliced in different combinations,
is a crucial step in the regulation of many vertebrate genes
and is thought to have an important role in the generation
of proteomic diversity [1–3]. Recent computational ana-
lyses of AS have estimated that one-to-two-thirds of
mammalian genes are alternatively spliced [4,5]. These
and other studies have also provided evidence that
mammalian AS events frequently arise from the
evolutionarily rapid loss or gain of exons from genomes
(referred to as ‘genome-specific AS events’) [5–8]. How-
ever, in these previous studies, it was not determined to
what extent conserved human and mouse exons might
also undergo species-specific AS (i.e. skipping in one
species and constitutive splicing in another species).
Using a highly predictive computational approach, we
provide evidence that conserved human and mouse exons
frequently undergo species-specific AS in normal cells and
tissues. These species-specific AS events target conserved
protein domains more often than conserved AS events or
AS events involving genome-specific exons.
Computational identification of AS events in human and

mouse

We used computational methods initially to identify and
analyze different types of AS events, including cassette,
alternative 5 0–3 0 and mutually exclusive exons in 2603
unique human and mouse ortholog pairs (see the sup-
plementary material online for the methods used). These
ortholog pairs were selected from an initial starting set of
11 738 on the basis of several criteria including their
representation in sequence databases by comparable
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numbers of corresponding transcript sequences (supple-
mentary information online). The 2603 ortholog pairs
represent a wide range of mammalian gene functions
because they contain annotations for 1112 of 1873 Gene
Ontology Biological Process (GO-BP) categories (http://
www.geneontology.org/), obtained from combined human
and mouse annotations (supplementary information
online). The AS events were identified by aligning similar
numbers of human and mouse expressed sequence tag
(EST) and mRNA sequences to contigs of exons that were
extracted from the ortholog pairs. By comparing mRNA
and EST sequences in our total data sets, we detected a
greater percentage of AS genes in human compared with
mouse (65.3% versus 55.3%), a result that is consistent
with previous analyses [4,5]. We also detected an increased
frequency of AS events per gene in human compared with
mouse (1.92 versus 1.22).

Frequencies of conserved and species-specific

alternative exons in human and mouse

Next, we analyzed the features of human and mouse
cassette alternative exons, the most common type of AS.
By comparing the genomic exon structures and mRNA
and EST sequences of orthologs in our data sets, we esti-
mated the relative proportions of AS events that are
conserved between human and mouse versus those that
are species-specific. Species-specific AS events were dif-
ferentiated into two types: (i) those that are represented
by conserved exons (‘species-specific AS of conserved
exons’); and (ii) those that are represented by genome-
specific alternative exons (‘genome-specific AS’; Figure 1a).
We found that 46.4% of human and 46.5% of mouse exons
that undergo cassette AS are represented by exons that
are conserved in the other species (Figure 1b). Of these
conserved exons, 7.4% in human and 12.9% in mouse
are detected as alternative exons in the other species
(‘conserved AS’), whereas AS is detected only in human
and only in mouse for the remaining 38.9% and 33.6%
conserved exons, respectively.

Because computational detection of AS depends on the
level of mRNA and EST coverage, we applied a stringent
mRNAandEST-scoring scheme to identify ‘high-confidence’
cases of species-specific AS of conserved exons (supple-
mentary information online). This scoring scheme takes
into account the number of transcripts displaying inclu-
sion and exclusion of a conserved exon in one species, and
the relative number of transcripts displaying inclusion
only in the other species. For example, the presence of
numerous transcripts displaying inclusion and exclusion
in one species, and the presence of a comparable total
number of transcripts displaying inclusion only in the
other species, leads to high confidence score. Using this
scoring scheme on the mRNAs and ESTs in our entire data
sets, which include sequences from tumor and cell line
sources, we estimate that O11.1% of human and mouse
cassette exons represent conserved exons that undergo
species-specific AS (Figure 1b). A similar frequency is
measured when sampling mRNAs and ESTs sorted from
normal cell and tissue sources (Figure 1b), indicating that
species-specific AS of conserved exons occurs frequently
and under physiologically relevant conditions in mammals.
www.sciencedirect.com
Validation of computationally detected species-specific

AS of conserved exons

To test the accuracy of our computational detection
method and estimated frequencies of ‘high confidence’
species-specific AS of conserved exons, we performed
RT–PCR assays on ten examples each of the human and
mouse-specific AS events identified by our scoring scheme
(Figure 1c). To facilitate unbiased and direct comparisons,
the 20 examples were randomly selected from the high
confidence set, with the additional criterion that they are
represented by human and mouse mRNAs and ESTs from
the same adult tissue source (i.e. brain in this case).
Accordingly, we performed RT–PCR assays using polyAC
mRNA isolated from human andmouse adult whole brain.
These polyAC mRNA samples were obtained from pooled
sources, thereby reducing the possibility of measuring
individual-specific variation in AS. Remarkably, species-
specific exon skipping was detected in all 20 cases, thereby
confirming that our computational method for detection
of species-specific AS of conserved exons is accurate
(compare adjacent lanes indicated by the horizontal lines
below the accession numbers in Figure 2c). Thus, 11.1%
appears to represent a reliable lower-bound estimate for
the percent of cassette AS events representing conserved
exonsthatundergospecies-specificASinhumanandmouse.

Functional significance of species-specific AS of

conserved exons

To what extent is species-specific AS of conserved exons
likely to represent a process that is under evolutionary
selection pressure and, therefore, of functional import-
ance, as opposed to representing possible splicing errors?
In the vast majority of the examples identified using our
scoring scheme, exon skipping was detected in 5–95% of
themRNA and ESTsequences sampled, and, in most cases,
these examples were represented by sequences from more
than one cell or tissue type. Thus, it is unlikely that many
of these events arise as a consequence of splicing errors,
which are estimated to occur in less than a few percent of
total transcripts [9]. This conclusion is also supported by
the experimental verification of computationally detected
species-specific AS of conserved exons using pooled mRNA
samples, which are from sources that are independent
of those used for cDNA and EST library construction.
Consistent with the RT–PCR results, in which the skipped
isoform is generally the less abundant isoform, a survey of
themRNA andESTclusters corresponding to the set of the
high confidence species-specific AS events indicates that
these AS exons are frequently included (Figure 2a). By
contrast, consistent with previous estimates [5], genome-
specific alternative exons are more often skipped and
conserved alternative exons are included and skipped at
comparable frequencies (Figure 2a).

We next asked to what extent species-specific AS of con-
served exons targets structural and functional domains in
proteins. Notably, in both human and mouse there is a
two-to-threefold increase in the frequency at which ‘high
confidence’ species-specific AS of conserved exons is
expected to result in alteration (i.e. modification, disrup-
tion or creation) of conserved protein domains, compared
with the frequency of domain alteration that occurs
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Figure 1. Analysis of alternative splicing (AS) in human and mouse. (a) Types of cassette AS identified and analyzed by comparisons of human and mouse mRNA and EST

sequences corresponding to 2603 unique orthologous gene pairs. An exon can be detected as alternative in both species (‘Conserved AS’ top panel), detected only in one of

the two species (‘Genome-specific AS’ middle panel), or an exon can be conserved but detected as alternative only in one species (‘Species-specific AS of conserved exons’

lower panel) (Box 1). (b) The percentages of the total cassette AS exons shown in (a) that were detected using either total mRNA and EST sequences (from all sources

including tumor and cell lines), or mRNA and EST sequences from ‘normal’ cell and tissue sources only. Further information on the procedures used to sort mRNAs and ESTs

according to cell and tissue library sources is given in the supplementary material online. (c) RT–PCR analysis of 20 examples of computationally detected, high confidence,

species-specific AS of conserved exons. RT–PCR assays were performed using polyAC mRNA isolated from pooled whole adult human (H) and mouse (M) brain tissue, using

species-specific primer pairs targeted to the immediate flanking constitutive exon sequences (for more information, see the supplementary material online). Bands indicated

by asterisks are consistent with the sizes expected for skipped exon products; approximately half of these were sequenced and in every case their identity was confirmed. The

arrows on the bottom-right of two of the gel panels indicate non-specific primer amplification products that were also detected in the absence of mRNA (not shown). The

RefSeq ID or accession number representing the ‘included’ isoform for each alternatively spliced gene is shown. Horizontal lines below the accession numbers indicate pairs

of human and mouse orthologs.
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following AS of conserved or genome-specific alternative
exons (Figure 2b). Consistently, a smaller (twofold)
increase in the frequency of domain disruption is observed
for species-specific AS of conserved exons that do not fall
within the ‘high confidence’ set (Figure 2b). This is
www.sciencedirect.com
expected given the probable higher false-positive detec-
tion rate for species-specific AS among this group (i.e. it is
more likely that a larger number of these are conserved AS
exons, which alter protein domains at a reduced rate).
Domain alteration by species-specific AS of conserved

http://www.sciencedirect.com


Box 1. The types of cassette alternative splicing (AS) events

and their distinguishing features

Conserved AS
The same AS event is detected in transcripts in more than one species

(in the present study human and mouse were compared). These AS

events are detected at a significantly lower frequency than species-

specific AS events and do not appear to show a preferential trend

towards either high or low inclusion levels across mammalian tissues.

Genome-specific AS
This type of AS event is represented by exons that are detected in only

one of two or more species being compared. Genomic-specific AS

exons appear to represent the most common type of cassette AS events

in mammalian species, and these exons are on average frequently

skipped in mammalian tissues (for more details, see Ref. [5]).

Species-specific AS of conserved exons
This class of AS event is represented by exons that undergo AS in

one species but that are constitutively included in another species.

We provide the first estimate of the frequency of this type of AS

in human and mouse, using an experimentally validated scoring

scheme (see Figure 1c and supplementary material online). Our

conservative estimate is that at least 11% of cassette alternative

exons belong to this class of AS event. Conserved exons that

undergo species-specific AS are on average frequently included

across human and mouse tissues, however, they appear to target

conserved protein sequences more often than the other types of AS

events listed above (see Figure 2b).
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exons was also found to be significantly more frequent
than the hypothetical rate (17.8% in human and 16.3% in
mouse) of domain alteration measured by simulated
skipping of constant exons (data not shown). There is a
close correlation between the frequencies at which the
human and mouse AS events alter protein domains,
indicating that these measured frequencies are reliable
and significant. Thus, although species-specific AS of
conserved exons does not appear to often result in
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Figure 2. The proportion of different cassette AS exons in human and mouse transcripts
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pronounced changes in exon inclusion levels, it is expected
to often result in the regulation of activities that are
attributed to conserved protein domains. These AS events
could therefore provide an important contribution to the
evolution of novel selected characteristics, which ulti-
mately define fundamental differences between species. In
this context, it is noteworthy that the domains that are
affected by species-specific AS of conserved exons are
associated with genes in diverse GO-BP categories (Table
4 in the supplementary material online).
Concluding remarks

We have provided evidence that at least 11% of human
and mouse cassette AS events represent conserved exons
that undergo species-specific AS. These species-specific
AS events have the potential to modulate frequently the
structural and functional properties of proteins that are
attributed to conserved domains. Therefore, they could
have an important role in the evolutionary differences
between mammalian species. Future experimental studies
will be required to determine the precise contribution of
these AS events to proteomic diversity and to the funda-
mental differences that exist betweenmammalian species.
Update

While this article was in preparation, the authors
confirmed experimentally the differences in global
inclusion-level properties of conserved and species-specific
alternative exons shown in Figure 2a, using a new quan-
titative AS microarray profiling system [10].
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Supplementary data

Supplementary data associated with this article can be
found at doi:10.1016/j.tig.2004.12.004
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Is abundant A-to-I RNA editing primate-specific?
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A-to-I RNA editing is common in all eukaryotes, and

is associated with various neurological functions.

Recently, A-to-I editing was found to occur frequently

in the human transcriptome. In this article, we show

that the frequency of A-to-I editing in humans is at least

an order of magnitude higher than in the mouse, rat,

chicken or fly genomes. The extraordinary frequency of

RNA editing in human is explained by the dominance of

the primate-specific Alu element in the human transcrip-

tome, which increases the number of double-stranded

RNA substrates.
Introduction

A-to-I RNA editing is the site-specific modification of
adenosine to inosine in stem-loop structures within
precursor mRNAs, catalyzed by members of the double-
stranded-RNA (dsRNA) specific ADAR (adenosine
deaminase acting on RNA) family [1]. ADAR-mediated
RNA editing is essential for the normal development of
both invertebrates and vertebrates [2–5]. Altered editing
patterns are associated with inflammation [6], epilepsy
[7], depression [8], amyotrophic lateral sclerosis (ALS) [9]
and malignant gliomas [10]. In a few known examples,
editing changes an amino acid in the translated protein,
resulting in a change in its function. However, it was
suggested that this might not be the primary role of
editing by ADARs [4] because most documented editing
events occur within intronic and untranslated regions
(UTRs) [11]. These editing events can affect splicing, RNA
localization, RNA stability and translation [12], however,
a full understanding of the purpose of editing in these
regions is still elusive.

Using a bioinformatics approach to search for potential
stem-loop structures in transcripts combined with differ-
ences between EST and genomic sequences, we have
recently reported the identification of abundant A-to-I
editing in human, affecting O1600 different genes [13].
Most of these editing sites reside in Alu elements within
UTR regions [13,14]. Alu elements are short interspersed
elements (SINEs), typically 300 nucleotides long, which
comprise O10% of the human genome. Despite being
considered genetically functionless, Alu elements were
suggested to have broad evolutionary impacts [15,16].
They are found in all primates but in no other organism
[17,18]. Therefore, they were suggested to have a role in
primate evolution [19,20]. However, the nature of this role
is still under debate. The question thus arises whether the
abundance of A-to-I editing sites in humans is related to
some special characteristics of the Alu repeat, and there-
fore unique to primates, or whether similar editing

http://dx.doi.org/doi:10.1016/j.tig.2004.12.004
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