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Introduction

The last 15 years have witnessed an impressive development of a discipline that uses computational expertise and
resources to approach biological problems. Bioinformatics, or computational biology as we know this discipline
nowadays, is one of the pillars of biomedical sciences in the 21st century. Similar to what happened to molecular
biology in the 1980s, it is expected that bioinformatics/computational biology will become a widespread
discipline. Basically, all research groups will need to have their own computational expertise to explore the vast
amount of data available in the public domain and to integrate that extracted knowledge into their own research
program.

How did this happen? It was simply a consequence of molecular biology. First, the molecular biology revolution
allowed the generation of huge amounts of data, illustrated by all the genome projects finished in the last 10
years. From the first moment, biologists needed computers to handle the data. More recently, biologists have
used computational tools to make “experiments” and infer biological and functional significance from
knowledge derived from in silico analyses. Comparative genomics is an example of such rationale.

One of the fields that has progressed more effectively under this new paradigm is transcriptomics. In the early
1990s, the first large-scale approach was used to generate expression data in the form of expressed sequence tags
(ESTs) (1). As of June 2007, dbEST contains more than 43 million ESTs from a variety of organisms (dbEST
release 062207: http://www.ncbi.nlm.nih.gov/dbEST). More recently, SAGE (2), MPSS (3), and microarray (4)
technologies have added a more quantitative character to the collection of expression data. The completion of
the Human Genome Project provided a scaffold onto which the expression data were mapped. The human
genome sequence, now “decorated” with many different types of data, has become a driving resource in the
biomedical sciences.

In this review, we will discuss how bioinformatics/computational biology and the genome sequence have been
used by us and others to study the phenomenon of alternative splicing. We will give special emphasis to the
association between alternative splicing and cancer.
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Figure 1. UCSC Genome Browser showing the three major types of alternative splicing. A, exon skipping reported for gene CD44. B,
usage of alternative acceptor site for gene MDM2. One of the alternative acceptor sites is reported by sequence AJ278977 (last exon). C,
intron retention reported for gene WDR39. The retention event is reported by sequence AK056423.

Alternative Splicing

The splicing of introns in eukaryotic genes is one of the most basic processes within the cell. We are still,
however, far from a complete understanding of the regulatory mechanisms acting on splicing. From a chemical
standpoint, splicing is very simple. It corresponds to two trans-esterification reactions that remove an
intervening sequence (the intron) and join the two flanking exons. Biologically, however, splicing is a complex
and intricate process. A huge ribonucleoproteic complex, the spliceosome (containing five RNAs and hundreds
of proteins), is needed. In spite of the fact that introns are on average 10 times longer than exons, the
spliceosome recognizes the correct intron/exon borders with an astonishing precision. This is achieved by a
balanced mix of cis and trans elements. To make things even more complex, elements in cis are short and weak.
Some of these sequence elements are present in basically all introns: a donor site (|GT), an acceptor site (AG|), a
branch site, and a polypyrimidine tract (see Ast (5) and Woodley and Valcarcel (6) for reviews). These elements
per se are not informative enough to make sure that cells can recognize the correct borders with precision. There
are additional sequence elements, most unknown, that are probably binding sites for RNAs and/or proteins—the
trans factors. These elements in trans are in the spliceosome and bind the elements in cis positioning in the
radical groups involved in the splicing reaction. Some of these elements can enhance splicing, such as the exonic
or intronic splicing enhancers (ESEs or ISEs, respectively). On the other hand, they can also silence splicing and,
therefore, are called exonic or intronic splicing silencers (ESSs or ISSs, respectively). Several groups of proteins
are now known to bind these elements. SR proteins, for example, bind enhancers preferentially, whereas hnRNPs
bind silencers preferentially (for a review, see Matlin et al. (7)).
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As predicted by Wally Gilbert (8) in his seminal “Why genes in pieces?” paper in the late 1970s, alternative exon/
intron borders can be used by cells with profound implications for the encoded protein. In fact, splicing variants
have been found since then for a variety of genes in several species. As shown in Figure 1, there are several types
of alternative splicing. The most common involves the skipping of one or more exons. Alternative donor and
acceptor sites can also be used, and finally, introns can be retained in the mature message.

The availability of a large amount of expressed data in the form of ESTs has allowed large-scale studies on
alternative splicing in mammals, especially mouse and human (9, 10). Surprisingly, these analyses showed that
alternative splicing is much more frequent than originally estimated. At least one-half of all human genes
undergo alternative splicing, and this number is certainly underestimated, because for those genes with a high
expression level and consequently more represented in dbEST, the rate is close to 90%. This high frequency of
alternative splicing has raised concerns about the biological significance of the splicing variants. Although there
is evidence for a functional significance of some splicing variants, some authors have argued that a significant
fraction of all splicing variants is spurious. These variants could be simply the products of leaking in the splicing
reaction. In fact, a significant amount of splicing variants occurring in the coding region of genes does not
maintain the respective reading frame (11). However, if we take those variants that are present in both mouse
and human, most of them conserve the reading frame. Interestingly, some have argued that these spurious
variants can have a functional role by down-regulating the normal function of a gene. These authors have
termed this process RUST (regulated unproductive splicing and translation) (12, 13). These “unproductive”
messages would be degraded by a process known as nonsense-mediated decay (NMD) (14). NMD is an RNA
surveillance system that recognizes and targets for destruction those messages presenting a premature stop
codon.

Also important in this field is the characterization of the regulation of alternative splicing. Much of our
knowledge about the intricate mechanisms regulating constitutive and alternative splicing was achieved through
individual laboratories working on specific models. More recently, large-scale approaches have been used
extensively in the identification of putative regulatory elements. For example, proteomic analysis has been used
in the identification of proteic components of the spliceosome (15). SELEX has been used extensively in the
characterization of the RNA-binding specificity of many splicing factors (16). Finally, a combination of
experimental and bioinformatics approaches has been used extensively by Chris Burge’s group in the
identification of different types of regulatory elements (17-19).

Computational Approaches to Detect Splicing Variants

Almost the totality of data on splicing variants was deduced by different methods involving sequence
comparisons. The idea behind these methodologies is that splicing variants from the same gene share some
common sequence and can therefore be grouped together. ESTs are the major source in these studies aimed to
catalog the splicing variants. Mironov et al. (20), for example, used EST contigs from the TIGR gene index to
make an inventory of intron-exon structures in the set of known human genes. With the availability of the
human genome sequence, several groups started to make more precise inferences about alternative splicing by
simply mapping all cDNAs onto the genome sequence (9, 21). The use of more precise algorithms of alignment,
such as Sim4 (22), which pays special attention to the exon/intron border, made these inferences more reliable.

Instead of comparing pairwise alignments, the state-of-art methodology nowadays aligns all cDNAs against the
genome, loads the cDNA coordinates into relational databases, and compares the borders among different
cDNAs from the same gene. Details on the approach used by our group can be found elsewhere (21, 23, 24).
Figure 2 shows two variants from gene WDR39 extracted directly from our relational database.

The major advantage of this approach is the possibility to perform genome-wide analyses through the
development of software that interrogates the relational database. The knowledge extracted can be inserted back
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Figure 2. Structure of an in-house database reporting two splicing variants for gene WDR39. The first query for sequence AK056423
reports five exons. The second query for sequence BC032812 reports seven exons. Differences are attributable to an inclusion of the
second exon in the sequence BC032812 and an intron retention in sequence AK056423 (fourth exon in AK056423 corresponds to the
fifth and sixth exons in BC032812).

in the same database in the form of different tables. The information can also be easily linked to other types of
data because most of the related information currently uses the genome sequence as a scaffold.

Differential Expression of Splicing Variants in Tumors

Alternative splicing has been involved in many different biological phenomena including sex determination in
Drosophila (25), among others. As expected, alternative splicing seems to be quite important in the pathogenesis
of several human diseases. It is believed that around 15% of all human genetic diseases are caused by mutations
in sequence elements important for constitutive splicing. One of the first splicing mutations described activates a
cryptic acceptor site in the 3-globin gene resulting in f+-thalassemia. The involvement of splicing variants in a
specific disease can be more subtle. Let's take, as an example, the fronto-temporal dementia with Parkinson
(FTDP-17), a neurological disease linked to chromosome 17 (26). One of the first candidate genes for this
disease was the protein tau, a microtubule-associated protein involved with axonal transport in neurons. Indeed,
mutations in tau have been reported to be associated with development of FTDP-17 (27). More recently,
mutations that alter the ratio of splicing variants, skipping or including exon 10, have also been associated with
FTDP-17 (28).

Isolated cases of differential expression of splicing variants in cancer have been reported in the last 10 years (for
a review, see Caballero et al. (29)). For example, Bcl-x, an apoptosis regulator, has two splicing variants because
of alternative donor sites in its exon 2. Only the longer form is differentially expressed in small cell lung
carcinoma (30) and breast carcinoma (31). The most known example, however, is CD44, a cell surface
glycoprotein. Differential expression of several splicing variants has been observed for a range of different
tumors (for a review, see Caballero et al. (29)). More recently, Matsushita et al. (32) reported that a splicing
variant of FIR (FUSE-binding protein-interacting repressor) is unable to repress c-Myc and to drive apoptosis.
This splicing variant was only expressed in colorectal cancer cells and was not detected in the adjacent normal
cells. The results presented in this report suggest that this variant promotes tumor development. Narla et al. (33)
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reported an association between a germline polymorphism with both an unbalanced expression of a splicing
variant of KLF6 and an increased risk for prostate cancer.

The increasing amount of cDNA libraries constructed from both normal and tumor samples allows the
development of genome-wide strategies for the identification of tumor-associated splicing variants. Several
groups reported genome-wide screening strategies searching for splicing variants differentially expressed in
tumors (23, 34-36). Without exception, these authors made use of the huge amount of cDNA data available in
the public databases to identify putative variants differentially expressed in tumors. The proportional frequency
of cDNAs derived from distinct variants is an indication whether a given variant is differentially expressed in a
library or in a pool of libraries. One of the major problems affecting this type of analysis is the identification of
genes, not variants, differentially expressed in tumors. This happens because the computational and statistical
methods used in the analyses are not sensitive enough to discriminate the expression level of all variants from a
given gene. More recently, we tried to overcome this limitation by using SAGE data to discriminate variants
differentially expressed from genes differentially expressed (23). Our computational approach identified more
than 1,300 splicing variants putatively associated with cancer. Experimental validation for a subset of these
candidates was achieved for both tumor cell lines and patient samples.

All of these reports reinforce the notion that cancer cells reprogram the splicing pattern of their genes. How?
One possibility is that splicing factors are differentially expressed in tumors, and this causes a downstream effect
on the transcriptome of these cells. We have recently evaluated this possibility through the use of SAGE and
microarray data (37). We showed that splicing factors are indeed differentially expressed in tumors.

The discovery of splicing variants associated with cancer represents a promising strategy in the fight against this
terrible disease. As already discussed, changes in splicing have been shown to play a functionally significant role
in tumorigenesis. They can also serve as targets for the early diagnosis of cancer. Furthermore, cancer-specific
splicing variants can present new epitopes recognized by the immune system and may serve as targets for
immunotherapy.

Large-Scale Analysis of Alternative Splicing in Parasites

Parasites are a diverse group of organisms that share the common features of living within and exploiting a host
organism. Most parasites undergo complex, multiphase life cycles that can involve extracellular and intracellular
stages as well as different hosts. As a result of this complexity and unusual approaches to survival, parasites
developed some remarkable adaptations at both the genetic and biochemical level that allow them, for example,
to evade host defenses and to facilitate transmission to new hosts.

Molecular studies of parasites, particularly of trypanosomatids and apicomplexans, have revealed novel aspects
of gene regulation and expression that could later be applicable to higher eukaryotes. Post-transcriptional
modifications, such as trans-splicing (38) and RNA editing (39), were first observed and characterized at the
molecular level in trypanosomatids. cis-Splicing also occurs among parasites, although to a lesser extent than
that observed for higher eukaryotes. Interesting examples of alternative splicing in parasites have already been
documented. Alternative splicing isoforms of the hypoxanthine-xanthine-guanine phosophoribosyltransferase
gene (HXGPRT) have been observed in Toxoplasma gondii. These isoforms differ in the presence or absence of a
49-amino acid insertion (which is specified by a single, differentially spliced exon) and present different cellular
localization, suggesting the existence of functional differences between both isoforms (40). Alternative splicing
isoforms of the PfPK6 gene in Plasmodium falciparum have also been observed and shown to be differentially
expressed during different asexual erythrocytic stages of this parasite (41).

These initial works suggest that alternative splicing might have an important role in parasites’ biology and could
regulate important events such as invasion into host cells and evasion of host defense. Genome sequencing
projects have been carried or are under way for several relevant human parasites, such as P. falciparum and P,
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vivax, Trichomonas vaginalis, Toxoplasma gondii, Schistosoma mansoni, Leishmania major, Trypanosoma cruzi,
and T. brucei (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?zdb=Genome). Expressed sequences (ESTs and full-
length cDNA clones) from different life stages of most of these parasites are also publicly available (http://
www.tigr.org/tdb/tgi/index.shtml). In this context, large-scale analysis of alternative splicing in parasites, using
computational tools similar to the ones we described in this chapter, would be extremely important for a better
understanding of parasites' biology and could eventually have important practical implications for preventing,
diagnosing, and treating parasitic diseases.

Final Comments

As discussed by Wang et al. (19), the characterization of an “RNA splicing code” will require a detailed catalog of
all splicing variants, all splicing factors, all regulatory elements, and the interactions among all of these elements.
We expect that bioinformatics/computational biology will continue to provide essential information for the
completion of this catalog and finally, a full characterization of alternative splicing.
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