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The degree of diversity at the transcriptome and proteome levels generated by
alternative splicing is astonishing. In this review, we discuss several issues related
to alternative splicing with a special emphasis on identification strategies based
on bioinformatics.

Introduction

Splicing refers to the processing of pre-

mRNA that joins the exons and removes

the intervening sequences (introns).

Although the chemical nature of the

splicing reaction is very simple, based

on two trans-esterification reactions, its

execution by cells in a biological context

is extremely complex. A cellular particle,

named spliceosome, composed of five

small nuclear RNAs and more than

200 proteins, is responsible for splicing

in the nucleus of basically all eukaryotic

cells. Immediately after the discovery of

introns, Gilbert1 predicted the existence

of variants produced by the alternative

choice of new exon/intron borders. This

process, that we now call alternative

splicing (AS), was soon after documen-

ted2,3 and believed to be a rare phenom-

enon occurring in approximately 5% of

higher eukaryotes genes.4 Currently esti-

mates suggest that more than 60% of all

human genes code for two or more

splicing variants.5 Similar estimates have

been made for mice.5 This phenomenon

in part explains the paradox between the

small number of genes compared to the

high complexity of higher eukaryotes and

is a major contributor to proteomic
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diversity.6 This diversity at the protein

level is achieved because most AS occurs

within the coding region.7 These AS

variations can be classified in three major

categories. The most frequent one is exon

skipping (42% in human), in which an

exon (or a group of continuous exons)

can be alternatively used in different

messages.5 Less frequent events include

the alternative usage of donor (23% of all

events in human) and acceptor sites (26%

in human) and intron retention (09% in

human).5 Fig. 1 shows a schematic view

of these different types of AS.

In the last few years a correlation

between AS and different features of

human diseases has become a central

issue in biomedical research.8 Parti-

cularly interesting is the association

between splicing variants and cancer.9

Several cancer-associated variants have

been identified and they might contribute

to the development of diagnosis and

prognosis protocols and also serve as

therapeutic targets.10 Therefore, obtain-

ing a complete catalogue of all human

transcripts and their involvement in

several biological processes would allow

a better comprehension of development

mechanisms, tissue-specific processes and

also enable characterization, comprehen-

sion and treatment of diseases.

Central to the studies linking AS to

disease is how cells regulate constitutive

and alternative splicing (by constitutive

splicing, we mean the excision of introns

having always the same borders, ie,

absence of AS). The emerging scenario

couldn’t be more complex. There are

three basic sequence features involved in

splicing regulation: i, the exon/intron

junctions at both the 59 and 39 ends of

the introns (donor and acceptor sites,

respectively); ii, the branch site located

upstream of the acceptor site and iii- the

polypyrimidine tract located between the

acceptor site and the branch site. It is

quite clear that these elements per se

cannot regulate constitutive and alter-

native splicing since they are short and

not very informative. Bioinformatics and

experimental approaches have unraveled

a large number of sequence elements that

contribute to the regulation of splicing.

Roughly, there are two additional types

of cis-acting elements, the enhancers and

the silencers with different and obvious

effects on splicing. The nomenclature of

these elements takes into consideration

not only their effect on splicing but also

their location in the gene, either exonic or

intronic. They are called exonic splicing

enhancers (ESEs), exonic splicing silen-

cers (ESSs), intronic splicing enhancers

(ISEs) and the intronic splicing silencers

(ISSs). These elements are present in

basically all genes in complex eukaryotes.

Fig. 1 also illustrates the relative position

of all these elements in a hypothetical

gene. Most of the enhancers act as

binding sites for a class of RNA-binding

proteins called SR (serine/threonine)

while most of silencers are binding sites

for hnRNPs (heteronuclear ribonucleo-

proteins), with many exceptions being

reported.11

We know today that AS is tightly

linked to other RNA processing phe-

nomena inside the cell,12,13 transcription

is a clear example. It has been shown, for

example, that the pausing pattern of

RNA polymerase II along the gene being

transcribed can affect the selection of

exon/intron borders in the respective

message.13 AS is also associated with

the phenomenon of nonsense-mediated

decay (NMD) responsible for the degra-

dation of messages presenting a prema-

ture stop codon.14

Ways to detect alternative
splicing

Bioinformatics has been fundamental in

the characterization of many new

splicing variants. While the ab initio

Fig. 1 Schematic view of constitutive and alternative splicing for a hypothetical gene with the major cis-acting elements represented. A represents

the genome sequence for a hypothetical gene. B represents all major types of AS. Exon 1 is subjected to constitutive splicing. Exons 2 and 3 are

subjected to alternative splicing. The major cis regulatory elements are also shown. GT: donor site; AG: acceptor site; Py: polypyrimidine tract; A:

branch site; ESE: exonic splicing enhancer; ESS: exonic splicing silencer; ISE: intronic splicing enhancer; ISS: intronic splicing silencer.
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identification of splicing variants has

been hampered by the lack of informa-

tion on basic aspects of splicing and its

intrinsic complexity, the processing of

experimental data has been speeded up

by the development of computational

tools and strategies. Below we describe

the major ways to detect splicing variants

giving a special emphasis on their com-

putational aspects.

cDNA sequences

The large number of expressed sequences

identified and available at public data-

bases in the last decades became a

potential source for large-scale identifi-

cation of splicing variants. EST collec-

tions are especially suitable once they are

originated by partial sequencing of

mRNAs from different tissues, develop-

mental and pathological stages.

One of the simpler approaches consists

in aligning EST sequences against each

other or against mRNA sequences to

search for regions of insertion or dele-

tion.15 A significant improvement was

achieved by the alignment of both EST

and mRNA sequences to the genome

sequence, which enables the definition of

exon/intron boundaries.16 In this sense

the development of algorithms, like

Sim4,17 that more precisely define the

exon/intron borders by adjusting the

alignments to force the use of canonical

donor and acceptor sites and contributed

to more precise inferences.

Currently the most widely used strat-

egy consists of two steps. First, the

alignment of cDNA sequences against

the human genome followed by the

comparison of exon/intron borders

among all expressed sequences of the

same gene.10,18 This allows the evalua-

tion of a broader number of sequences

rather than the traditional pairwise

alignment. To date, the information

generated by many cDNA-genomic

alignment projects are available in dif-

ferent AS databases, which are listed in

Table I.

Another valuable strategy for AS

identification is the cross-species align-

ment of ESTs against genome sequences,

especially when performed between

closely related organisms. The alignment

of mouse transcript sequences to the

human genome identified 8921 AS events

not represented in human transcript

sequences, which was considered a pre-

diction of novel human variants.24

Another study comparing human, mouse

and rat datasets predicted 320 novel

alternative human exons based on

transcript sequences of mouse and rat.

RT_PCR experiments validated more

than 50% of the tested exons.25

Although this approach has been useful

for the identification of new splicing

variants, there are several limitations.

The most serious is the differential repre-

sentation of tissues and cells from differ-

ent organisms in the public databases.

Although there are y7.9 million

human ESTs in the respective database

(dbEST release 011907) they do not

cover the entire human transcriptome

reducing the repertoire of detectable AS

isoforms. This can be illustrated by the

shorter number of ESTs from normal

tissue in comparison to tumor counter-

part affecting studies focused in identifi-

cation of tumor-associated variants.26

Other problems have been highlighted

when aligning EST to genome sequence

including poor quality alignments, vector

contamination, genomic DNA contam-

ination and incomplete splicing that

compromise the identification of bona

fide splicing isoforms, although many of

these problems can be solved through

bioinformatics filters.

A serious limitation on the utilization

of ESTs for the identification of splicing

variants is their fragmentary nature.

Since ESTs are in average 500 bp long,

AS events are identified in a individual

basis without the context of the whole

transcript. The precise identification of

all AS events in a single transcript is

achieved by the sequencing of complete

cDNA clones as done by several initia-

tives including MGC (Mammalian Gene

Collection).27

Microarray AS platform

Microarray technology is a powerful

approach for large-scale expression ana-

lysis of genes in a large amount of

samples. Therefore it is suitable for the

characterization of expression profile of

the different transcripts of a gene. Many

platforms have been designed to specifi-

cally measure the abundance of splicing

variants.28 Most of these approaches

depend on the design of specific probes

spanning alternative exon junctions.

Although a previous knowledge of exon

boundaries is necessary, this approach is

useful for evaluating splicing profiles in

different tissues. Johnson et al.29 ana-

lyzed 10 000 human cDNAs through an

exon junction platform hybridized with

52 tissues and could determine tissue

distributions for thousands of known

and novel alternative splicing events. In

another study Gardina et al.30 con-

structed a platform with 1.4 million

probe sets representing one million exons

based on mRNA sequences and ab initio

computational predictions. This platform

was hybridized with 10 matched pairs of

normal and colon primary tumor and

resulted in 189 new putative splicing

events, of which 43 were submitted to

RT_PCR with a validation rate of

approximately 30%.

Another valuable platform is the tilling

array, in which probes are designed

across all loci in a chromosome or whole

genome. Depending on the design of the

array, however, the precise definition of

the exon/intron border is somehow lim-

ited and the platform is better suitable

for the detection of exon skipping and

intron retention events. Furthermore,

not all exons can be identified and the

definition of the expression level of exons

bearing repetitive elements, such as Alu

sequences, is seriously limited because of

cross-hybridization (in some platforms

such repetitive elements are avoided in

the stage of probe design).

The microarray technology, as with

most of the other technologies, does not

allow the unambiguous identification of

the exon/intron organization of a full

transcript since it is not possible to

characterize how most of the exons are

connected.

cDNA libraries enriched with splicing

variants

Another interesting approach for the

identification of splicing variants is the

construction of AS-enriched cDNA

libraries. This approach is based on the

availability of two full-length cDNA

libraries constructed from distinct sam-

ples and results in a third library

composed by clones representing AS

events between the two parental libraries.

The enrichment step is based on the

assumption that heteroduplexes formed

between two different splicing variants
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from the same gene can be retrieved by

using either biotinilated random oligos31

or single-strand binding proteins32 This

method is a very powerful approach since

any kind of alternative splicing event

may be identified and a previous knowl-

edge of the transcripts of both parental

libraries is unnecessary. Although

promising, this is a laborious approach

depending on extensive cDNA librariy

construction and sequencing. Further-

more, at least in their present form, such

methods do not allow the complete

characterization of all splicing borders

in a single transcript.

AS in the new genomics era

The technological advances in DNA

sequencing in the last few years promise

to revolutionize the biomedical

sciences.33 Based on the progress made

with the new sequencers already in the

market (see http://www.454.com and

http://www.solexa.com) and others that

will appear soon (from Applied

Biosystem and Helicos) it is reasonable

to estimate that in a few years we will be

able to sequence a human genome

(y3GB of DNA) for less than

US$2000. This will generate an amount

of data that even for today’s standards is

astonishing. Regarding AS we will be

able to: (i) generate a complete spatial/

temporal map of all splicing variants in

human cells, (ii) sequence both expressed

and genome sequence for the same

subjects to associate germline and

somatic mutations with the expression

pattern of splicing variants and (iii)

associate AS patterns with specific fea-

tures of many biological situations,

including pathologies. A critical issue

with these technologies is their read

length, usually shorter than the conven-

tional Sanger-based sequencing. Based

on that, a whole transcriptome shotgun

approach will probably cover most of

the alternative exon/intron sites but not

the combination of sites in a single

transcript.

In terms of systems biology, one will

be able to perturb the expression/func-

tion of components of a given system and

exhaustively evaluate the effect of those

perturbations in the expression of all

genes in the system. In principle, we

should have available a map of all

splicing variants from cells in which

components of the spliceosome were

perturbed (through either knockout or

over-expression experiments). A compar-

ison of the AS pattern among these cells

will certainly help to elucidate the func-

tion of many splicing factors.

The challenges for bioinformatics are

hard to measure. First, we will need to

integrate all these types of data in a

concise and productive way. There will

be a need for more sophisticated mining

tools to manage the enormous amount of

data In these aspects, the databases listed

in Tables 1 will have a pivotal role in

making all these data accessible in a

friendly way to regular biologists.

Finally, we should be able to more

effectively integrated data derived from

many of the ‘‘omics’’ approaches into

strategies aiming to perform dynamic

modeling of biological systems. This

may be important as a source of hypoth-

eses that can then be tested in an

experimental model.

Final comments

The experimental and computational

approaches described above have been

and will continue to be important for a

better understanding of both constitutive

and alternative splicing. Despite the great

progress obtained in the last decade we

are still quite far from having a complete

understanding of the phenomena in most

of the biological contexts.

It is our feeling that we are just starting

to explore the enormous complexity

generated by AS in the transcriptome

and proteome. It is important that we

continue to generate data from large-

scale approaches, especially now in the

light of these new sequencing technolo-

gies. For instance, no single cDNA

library has been exhaustively sequenced

to determine all the splicing variants in a

cell/tissue. In parallel, this has to be

coupled with strategies that will allow a

better understanding of the mechanisms

responsible for the regulation of AS.
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