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Mammalian genes are organized on the
DNA in a typical exon–intron structure, with
an average of 8.7 exons per gene [1]. Following
the transcription of the DNA into pre-mRNA,
the introns are cut out in a process called
splicing. A huge RNA–protein complex, called
a spliceosome [2,3], recognizes conserved 
sequences (splice sites) at the intron–exon
boundaries and performs the actual splicing.

Alternative splicing takes place when the in-
trons of a certain pre-mRNA can be spliced in
more than one way, yielding several possible
mature mRNAs from the gene (Fig. 1). Thus,
one gene can produce several, sometimes func-
tionally distinct, proteins (recently reviewed in
[4,5]). The combinatorial nature of alternative
splicing enables the genome to produce nu-
merous transcripts out of a relatively small
number of genes. One of the most extreme ex-
amples is the Drosophila Down syndrome cell
adhesion molecule gene (Dscam), which can
produce up to 38,016 different transcripts from
the same pre-mRNA [6]. As about half of all
mammalian genes are estimated to have more
than one splice form [7–12], alternative splic-
ing is a major factor accounting for the discrep-
ancy between the size of the mammalian
genome and the size of the proteome.

Alternative splicing is strictly regulated.
Patterns of alternative splicing can be specific

to tissue, developmental stage, condition or
pathological state [5]. Different splice variants
of the same gene can also appear in the same
tissue and act as regulators of each other. For
instance, a growing number of studies show
that splice variants that lack an important do-
main of the protein can function as dominant
negative proteins and competitively inhibit
the activity of the full-length form. Thus, sev-
eral apoptosis-related proteins, such as Bcl-x,
Caspase-9, Ced-4 and Ich-1, have dominant
negative splice variants that regulate their ac-
tivity [13].

Aberrant splicing can result in pathological
states. Approximately 15% of the single base-
pair mutations that cause human genetic dis-
eases are thought to be linked to pre-mRNA
splicing defects [14]. The human mutations
database [15] currently contains >3000 entries
describing such mutations. In addition, some
pathological states, such as cancer, cause aber-
rant splicing [16]. Thus, splice variants could
serve as diagnostic markers for disease condi-
tions.

It is becoming increasingly clear that suc-
cessful drug discovery requires an understanding
of complex biological contexts. Alternative
splicing adds another important dimension of
complexity to the proteomic world. Although
information on alternative splicing has been
accumulating at a rapid rate during the last
four years [7–12], the core drug discovery
processes entail techniques that cannot dis-
tinguish between splice variants and are there-
fore trapped in the old dogma of ‘one gene,
one mRNA, one protein’.

When the phenomenon of alternative splic-
ing is overlooked, drug discovery processes
are exposed to only a fraction of the actual
proteomic world and therefore miss many po-
tential protein targets. Even in experiments
focused on a specific gene, results will be biased
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The publication of the sequence of the human genome revealed that the

gene count in humans is much lower than previously estimated. Although

textbooks usually place the number at 100,000, it is currently estimated

that the human genome contains no more than 30,000 protein-coding

genes. How can the great complexity of human life be explained by this

number, which is less than twice the number of genes in the primitive

worm C.elegans? The answer probably lies in the recent discovery that about

half of all human genes undergo alternative splicing.This paper reviews the

broad implications of alternative splicing for the drug-discovery process.

www.drugdiscoverytoday.com

REVIEWS

RESEARCH FOCUS

�



if alternative splicing is not taken into consideration. In
the next few paragraphs we will describe a few of the main
techniques for target identification, target validation and
drug design, and explain how they can be enhanced
through awareness of alternative splicing.

DNA microarrays
DNA microarrays (chips) are the method of choice for
comparing the transcriptomes of different cell types or
cells under different conditions, as well as for toxicity
analyses. In this method, short probes, each representing a
gene, are printed on a slide. The cDNA of the tested tissue,
fluorescently labeled, is then hybridized to the microarray,
and the level of the resulting signal should reflect the rela-
tive mRNA expression level of the gene. To design a DNA

microarray that will effectively report on the transcrip-
tional levels of genes, however, alternative splicing patterns
must be taken into account.

The possible consequences of designing probes for an al-
ternatively spliced gene without considering alternative
splicing can be inferred from Figure 2. Taking the probe
from the region common to both variants (Fig. 2b, probe C)
will produce a combined signal for both transcripts, which
will be especially misleading if the variants have different
expression profiles (as often occurs). If the probe is unique
for only one of the variants, however, the expression of the
other will not be measured and the information about the
expression of the gene will be incomplete (Fig. 2b, probe
B). In such a case one of the variants will be left out of our
view of the transcriptome and therefore go undetected as a
potential marker or target.

Currently, the commonly used DNA microarray technol-
ogies do not consider alternative splicing, or do so only in
a very limited way. In most DNA microarray design technol-
ogies, the probe is taken from the 3′ end of the gene. Such
a design strategy combines the signals from all the splice
variants occurring within the gene to one signal. In addition,
it ignores variants that result from alternative polyadenyla-
tion, a common transcriptomic phenomenon [17,18]. As
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Figure 1. Possible patterns of alternative splicing. Exons are shown as
cylinders; introns are thin lines.Triangles mark excision of introns.
Beige exons are constitutively spliced; red and green exons are
alternative. (a) Exon-skipping, also designated cassette-exon. (b)
Alternative 3′ splice-site. (c) Alternative 5′ splice-site. (d) Mutually
exclusive exons. (e) Intron retention.
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Figure 2. Two possible ways of designing microarrays that report on
alternative splicing. (a) Schematic representation of a pre-mRNA with
two splicing options. (b) Designing probes unique to regions from
specific variants. (c) Designing probes that connect junctions between
two exons. (d) The signal expected by each of the probes.
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about half of all human genes are alter-
natively spliced, the spectrum of tran-
scripts that could currently be detected
by DNA chips is much smaller than the
actual spectrum.

Pioneering technologies addressing
these problems have emerged in recent
years. These technologies use alterna-
tive splicing knowledge to design DNA
chips that report on splice variants. In
the approach presented by Hu et al. [19],
each variant is represented by a specific
set of probes, so the expression level of
separate variants can be measured di-
rectly (Fig. 2b). Using this approach,
the authors were able to validate com-
puter-predicted rat alternative splicing
forms [19]. Implementing these princi-
ples, the widely used U133 array of
Affymetrix was designed to contain
around 6000 alternatively spliced vari-
ants of known genes (www.affymetrix.
com), but this, as described above, is
only a small fraction of the existing
variants.

Other technologies, such as the Bead
Array RASL technology [20] and the
splicing-specific microarrays used by
Clark et al. [21], detect splice variants
using probes spanning splice junctions, that is, boundaries
between two exons (Fig. 2c). Such probes will only detect
variants in which the two exons are adjacent, and there-
fore can measure expression levels of specific variants.

If, on the other hand, one is interested in the complete
expression level of a gene, arrays could be designed that
will detect all the variants of a specific gene with one
probe. Such an approach is used in the OligoLibraries™ (of
Sigma-Genosys and Compugen), which are based on probe
selection using Compugen’s LEADS™ [22].

Antisense and RNA interference
Antisense-mediated silencing and RNA interference (RNAi)
are two commonly used methods for knock-down of 
specific genes. In the antisense approach, short antisense
oligonucleotides complementary to a region in the mRNA
molecule that needs to be silenced are introduced to the
cell. RNAi is a powerful new technique in which short 
interfering RNA (siRNA) causes degradation of the mRNA
corresponding to the siRNA sequence (reviewed in [23]).

Here, too, understanding the alternative splicing pattern
of the gene targeted for silencing is essential for effective

results. If a complete shutdown of the gene is required, it is
important that the region selected to be represented as an
antisense oligonucleotide or siRNA will be common to all
splice variants. If, on the other hand, the silencing of only
one splice variant is desired, the oligonucleotides/siRNAs
should be selected from the region unique to this variant.

Antisense oligonucleotides can also be designed to be com-
plementary to the splice sites of the targeted variant, thus
‘guiding’ the spliceosome to the ‘right’ variant. Indeed, such
an approach was implemented to down-regulate a splice 
variant of the Bcl-x gene, an apoptotic regulator of the cell 
[24] (Fig. 3). This gene has two splice variants, Bcl-xL (long 
isoform) and Bcl-xS (short isoform), with opposite functions:
the short isoform is pro-apoptotic and the long one is anti-
apoptotic. Bcl-xL is highly expressed in many types of cancer, 
including multiple myeloma, small cell lung carcinoma 
and breast cancer. Specifically, 100% of prostate tumors
express Bcl-x, presumably the long variant. Using antisense
oligonucleotides against the 5′ splice site of the long, anti-
apoptotic variant, Mercatante et al. managed to shift the
splicing pattern towards the short, pro-apoptotic isoform
and to induce apoptosis in a prostate-cancer cell line [24].

111

TARGETS Vol. 2, No. 3 June 2003

www.drugdiscoverytoday.com

REVIEWS

RESEARCH FOCUS

Figure 3. Alternative splicing of Bcl-x pre-mRNA is modified by antisense oligonucleotide. (a)
Two possible splice variants of Bcl-x.The long variant (Bcl-xL) is the anti-apoptotic variant; the
short variant (Bcl-xS) is pro-apoptotic. (b) Addition of antisense oligonucleotide matching the
unique 5′ splice site of the long variant induces a shift of splicing from Bcl-xL to Bcl-xS.This results
in a significant apoptosis phenotype in PC-3 prostate cancer cells (adapted from [24]).
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Antisense oligonucleotides can be designed to inhibit
abnormal, disease-causing splicing. Such an approach was
used to correct an aberrant splicing of the cystic fibrosis
transmembrane conductance regulator (CFTR) gene [25].
This approach was also employed to alter the alternative
splicing of the Tau gene that causes frontotemporal de-
mentia and parkinsonism linked to chromosome 17 [26].
Similarly, Celotto and Graveley demonstrated that exon-
specific RNAi can be used to selectively degrade specific al-
ternatively spliced mRNA isoforms containing exons 4.1 or
4.4 of the Dscam gene in cultured Drosophila cells [27].

Antisense RNA complementary to a unique splice variant
could also be used to induce PKR-mediated cell death. PKR is
a kinase that is activated in the presence of double-stranded
RNA longer than 30 base-pairs and, when activated, it in-
duces apoptosis and inhibition of protein synthesis. Shir and
Levitzki demonstrated that they could recruit PKR for the
inhibition of glioma growth by using antisense RNA com-
plementary to fragments flanking a glioma-specific deletion
[28]. As some splice variants are restricted to specific tu-
mors, future implementation of this method could target
these splice variants as a means to eliminate the tumors.

Other technologies: antibodies, mass spectrometry
and knockout
Alternative splicing information is useful at many other
stages of the drug discovery process. For example, when 

selecting an antibody for a desired
therapeutic role, alternative splicing
must be considered. If, for example,
one wants to eliminate totally a certain
protein, the antibody should be de-
signed against the region common to
all splice variants of it; otherwise, the
antibody will miss some of the protein
isoforms (Fig. 4). Alternatively, when
only one of the isoforms is disease-spe-
cific, an antibody that binds only the
isoform-specific part of the protein
should be selected. In both these cases,
a prior knowledge of alternative splic-
ing is necessary. In recent years, many
isoform-specific monoclonal antibodies
have been used by academic investi-
gators for basic research; however, no
variant-specific drugs have yet been
developed.

Knowledge of alternative splicing is
also important when designing knock-
out mice experiments. For example,
the mouse knockout of the estrogen 

receptor α (ERα) was used for several years as a model to
study the function of the gene. However, it turned out that
not all the gene is shut down and a residual binding activ-
ity remains in uterine tissue. A recent study showed that
this activity resulted from a splice variant of the ERα that
was not knocked out [29]. Thus, when trying to shut down
the activity of a gene, the knockout cassette should be in-
serted into an exon common to all variants. It is also possible
to design knockout mice for specific isoforms.

Another example concerns mass spectrometry, which is
a technique enabling the identification of a protein by
comparing the mass of peptides derived from its prote-
olytic cleavage to a database of known protein sequences.
Usually a small number of identified peptides is sufficient
for protein identification. Without knowledge of alterna-
tive splicing, mass spectrometry results may be incorrectly
interpreted, as some peptides are common to several pro-
tein isoforms.

Alternative splicing prediction tools
The finding that alternative splicing could be deduced
from alignments of expressed sequence tags (ESTs) and full-
length mRNAs was a major breakthrough in alternative
splicing research [30]. An EST represents a piece of an mRNA,
and is the result of sequencing part of a cDNA clone that
has been generated from an mRNA [31]. The largest public
database of ESTs is dbEST [32], a division of GenBank that
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Figure 4.Variant-specific antibodies can distinguish between different protein isoforms. Schematic
representation of a gene with two splice variants resulting from the ‘mutually exclusive exons’
pattern of alternative splicing. Each of the variants is translated to a protein isoform. Regions
common to both protein isoforms are beige; isoform-specific regions are red and green.The black
antibody binds the common region, and will therefore bind both variants.The blue and yellow
antibodies are isoform-specific.
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currently contains >16 million se-
quences, including >5 million ESTs from
human. There are also private EST
databases, such as the one produced by
Incyte Genomics (www.incyte.com),
which also contain millions of ESTs.

Using multiple alignment algorithms,
the millions of available ESTs and cDNAs
can be utilized to identify alternative
splicing events (Fig. 5). Such analyses
have led to the estimate that 35–59%
of all human genes are alternatively
spliced [7–11]. Several resources provide
specific alternative splicing analysis for
genes in human and other organisms
(Table 1).

Large-scale analysis of EST data in-
volves a considerable computational
complexity. First, the alignment of this
huge amount of sequence data requires
powerful computers running accelerat-
ing algorithms. Just to give the sense 
of it, if an alignment of one EST to the
genome takes ten seconds with a pub-
lic query in NCBI, without using custom
algorithms and powerful hardware it
would take >1.5 years to align the five
million human ESTs to the human
genome.

Another obstacle is the fact that EST datasets intrinsically
contain countless artefacts that complicate the accurate
prediction of splice variants [33,34], including bad sequence
quality, vector contamination, chimeric sequences and 
so on. Some kinds of contamination are easily detected,

whereas others, such as pre-mRNA contamination and
genomic contamination, are more subtle. As the artefacts
often result in spurious alternative splicing predictions,
these predictions must be viewed with caution. Recently,
new methods have been developed for screening such 
artefacts [34,35] that use statistical features of confirmed
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Figure 5. Deduction on alternative splicing using alignments of expressed sequences. Lower right
panel graphically represents alignment of expressed sequences. ESTs are blue; full-length mRNAs
are dark green. Middle right panel shows four distinct splice isoforms (transcripts) deduced from
the alignment. Deduced mRNA transcript are purple; open reading frames are light purple. Upper
right panel shows the genomic organization of this gene. Exons are dark red boxes; introns are
light red.The figure presented is a snapshot of the Gencarta™ transcriptome viewer; other 
tools, such as the UCSC genome browser and the Ensembl genome browser, are also available
(see Table 1).

Table 1. Current online resources for alternative splicing analysis

Genomic viewers Website Description

UCSC genome browser http://genome.ucsc.edu/
Ensembl genome browser http://www.ensembl.org/
GencartaTM http://www.gencarta.com

All three genomic viewers contain a graphical
  interface to results of alignments of expressed
  sequences to the genome, and visually show splice
  variants inferred from the alignments.

Alternative splicing
databases

Website Description

ASAP http://www.bioinformatics.ucla.edu/ASAP/ Based on genome-wide analyses of alternative splicing
  in human

HASDB http://www.bioinformatics.ucla.edu/~splice/HASDB/ Human alternative splice variants predicted from
  EST data

AsMamDB http://166.111.30.65/ASMAMDB.html Human, mouse and rat alternative splicing database
Alternative Splicing Database http://cgsigma.cshl.org/new_alt_exon_db2/ Alternative splicing evidence collected from the

  literature



alternative splicing and of EST libraries. Another verifica-
tion method is to check the conservation of alternative
splicing between species [9,36].

Despite the possible difficulties and artefacts, ESTs are
still the major tool for large-scale analyses of alternative
splicing, and are currently the best data source for alterna-
tive splicing information. However, it is also possible to use
other tools, such as the DATAS technology by ExonHit
(www.exonhit.com). In this technology, alternatively spliced
exons are identified by an experimental comparison be-
tween mRNAs from two different tissues. SAGE (serial analy-
sis of gene expression) is another technology, in which the
expression levels of short sequence tags representing 3′
ends of different mRNAs are measured. This method is
much cheaper than the EST method, as it only requires the
sequencing of 10 base-pairs per transcript, but it is less ac-
curate and can mainly detect alternative poly-adenylation
rather than alternative splicing.

Conclusions
Clearly, knowledge of alternative splicing is crucial to the
key drug discovery processes. We have reported that technol-
ogies enabling the usage of alternative splicing infor-
mation are emerging, but are still far from being mature.
More ways of implementing alternative splicing knowl-
edge, such as in the fields of rational structure-based drug
design, chemical screening, pharmacogenomics, pathways
and toxicity analyses, will probably emerge in the future.
This new window to the transcriptome and the proteome
adds an additional dimension of accuracy and reduces 
the costly levels of uncertainty embedded in the process.
Already there are several biotechnology companies (among
them are Compugen and ExonHit) that base their drug 
discovery strategy on the new knowledge of alternative splic-
ing. The next few years will probably see many more drug-
discovery programs that will embrace this new knowledge.
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