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Eukaryotic mRNAs are transcribed as precursors containing
their intronic sequences. These are subsequently excised and
the exons are spliced together to form mature mRNAs. This
process can lead to transcript diversification through the phe-
nomenon of alternative splicing. Alternative splicing can take
the form of one or more skipped exons, variable position of
intron splicing or intron retention. The effect of alternative
splicing in expanding protein repertoire might partially un-
derlie the apparent discrepancy between gene number and the
complexity of higher eukaryotes. It is likely that more than
50% of human genes produce more than one transcipt form.
Many cancer-associated genes, such as CD44 and WT1 are
alternatively spliced. Variation of the splicing process oc-
curs during tumor progression and may play a major role in
tumorigenesis. Furthermore, alternatively spliced transcripts
may be extremely useful as cancer markers, since it appears
likely that there may be striking contrasts in usage of alter-
natively spliced transcript variants between normal and tu-
mor tissue than in alterations in the general levels of gene
expression.

1. Introduction

The improved management of human cancer will de-
pend on early detection, more accurate prognostic as-
sessment and the availability of a larger selection of
therapeutic agents. There is no doubt that the current
intense exploitation of the human transcriptome will
make a fundamental contribution in each of these areas.
We know that cancer is the result of surprisingly subtle
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changes in overall gene expression caused both by mu-
tation of key regulatory genes or epigenetic phenomena
such as aberrant methylation. Quantification of gene
expression using microarrays or the serial analysis of
gene expression (SAGE) estimate that only some 5%
of genes have altered expression levels in tumors as
compared with corresponding normal tissues. The per-
centages that exhibit down regulation and up regula-
tion are approximately equal. Moreover, the majority
of differentially expressed genes encodes proteins as-
sociated with basic cellular functions and in particular
reflects the altered proliferative state of the malignant
cell. They are thus not causal agents of the tumor nor
attractive drug targets. Alteration of the levels of ex-
pression is also on the whole rather modest with very
few genes consistently showing more than 5-fold dif-
ferences between normal and tumor samples. These
limited alterations render the use of these genes as tu-
mor markers requiring sensitive and accurate detection
techniques as well as very well defined tissue sam-
ples. Many human genes remain to be identified due
to the still draft stage of the available human genome
sequence, the impossibility of accurate gene prediction
using currently available computational tools and the
lack of sufficient transcript sequence data. Microarray
analysis, in particular, is only as useful as their DNA
content permits. Thus as we complete the inventory
of human genes and locate them in microarrays, ex-
amples more fundamentally transcriptionally regulated
may be discovered. These are likely to be rather poorly
expressed genes, however, as most genes that exhibit
higher levels of expression are already fully defined.
Again these changes will be relatively difficult to use
in clinical assays.

The complete definition of the human transcriptome
will not only permit the eventual global assessment of
differential gene expression but will also lead to the
identification of all the different transcript forms that
can originate from the same gene. It is possibly in this
area that the most exciting prospects for harnessing the
power of genomics in the fight against cancer lie. Pos-
sibly the majority of genes in the human genome pro-
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duce alternative transcripts that when transcribed lead
to protein products with altered stucture and function.
Crucially there is already evidence that such alternative
transcript generation, through the process of alterna-
tive splicing as described below, can accompany the
process of tumorigenesis. Indeed, the generation of
alternatively spliced transcripts may prove to be one of
the causal steps in the development of some cancers.
In this instance, there may be complete presence or
absence of particular splicing forms in a tumor as op-
posed to a corresponding normal tissue rendering them
highly suitable both as cancer markers and potential
drug targets. Although this area of research still re-
mains to be explored in any detail, indeed it is likely
that the vast majority of human transcripts types still
remain unknown to us, the preliminary data available
raise exciting possibilities.

2. Alternative transcript splicing

Eukaryotic mRNAs are transcribed as precursors
containing their intronic sequences. Subsequently,
these are excised and the exons are spliced together to
form mature mRNAs. This process can lead to diver-
sification through the phenomenon of alternative splic-
ing. Variation in mRNA structure takes many differ-
ent forms [1,2] that include the use of cryptic donor
and acceptor splicing sites, exon skipping and the use
of intronic sequence as an exon. Also, the positions
of either 5’ or 3’ splice sites can shift to make exons
longer or shorter. In addition to these changes in splic-
ing, alterations in the transcriptional start site or the
polyadenylation site also allow production of multiple
mRNAs from a single gene (Fig. 1). The consequences
of alternative splicing range from switching expression
of a protein on and off, by excluding and including stop
codons, to structural and functional diversification of
protein products. Usually, the process is highly regu-
lated so that particular splicing patterns occur only un-
der particular conditions. It is becoming clear that al-
ternative splicing has an extremely important role in ex-
panding the protein repertoire and might therefore par-
tially underlie the apparent discrepancy between gene
number and the complexity of higher eukaryotes. In-
deed, alternative splicing can generate more transcripts
from a single gene than the total number of genes in
an entire genome [3]. As yet, however, for the vast
majority of alternative splicing events their functional
significance remains unknown [4].

The effect of altered mRNA splicing on the struc-
ture of the encoded protein can be profound [1,2]. In
some transcripts, whole functional domains are added
to or subtracted from the protein coding sequence. In
other systems, the introduction of an early stop codon
can result in a truncated protein, transforming a mem-
brane bound into a solube protein, for example, or an
unstable mRNA. Alternative splicing is also commonly
used to control the inclusion of particular short pep-
tides sequences within a longer protein. These op-
tional sequence cassettes range from one to hundreds
of aminoacids in length, and have many specific ef-
fects on the activity of a protein product. Changes
in splicing have been shown to determine the ligand
binding of growth factor receptors and cell adhesion
molecules, and to alter the activation domains of tran-
scriptional factors [1,2]. Furthermore, the splicing pat-
tern of an mRNA may determine the subcellular local-
ization of the encoded protein, the phosphorylation of
proteins by kinases or the binding of an enzyme by its
allosteric effector. Determining how these sometimes-
subtle changes in the sequence affect protein function is
a crucial question in many different problems in devel-
opmental and cell biology, including control of apop-
tosis, neuronal connectivity, cell contraction and tumor
progression [4].

The amount of variation that can be generated from a
single gene through alternative splicing is astonishing.
An example is the Drosophila melanogaster DSCAM
gene [5]. Each transcript of the gene contains 24 exons
that encode an axon guidance receptor. However, the
gene contains an array of potential alternatives for ex-
ons 4,6,9 and 17. These exons are used in a mutually
exclusive way with 12 alternatives for exon 4, 48 for
exon 6, 33 for exon 9 and 2 for exon 17. Thus, alterna-
tive splicing can potentially generate more than 38,000
transcripts from this gene!

How do cells choose between specific splicing path-
ways? The information content in a splicing site is
limited. The most accurate computer programs achieve
an identification rate of approximately 50% [2]. Mu-
tations that destroy splice sites or create new ones are
responsible for 15% of all human genetic disease. The
initial commitment of an mRNA to splicing involves a
series of interactions between the mRNA and several
other RNAs and proteins. A family of proteins critical
to splicing is the serine-arginine family of splicing fac-
tors (SR proteins) [6]. These proteins seem to act as
bridges between the mRNA and several other protein
factors.

Alignment of both full length transcripts and ex-
pressed sequence tags (ESTs) has provided a minimum
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Fig. 1. The RNAs of some genes follow patterns of alternative splicing, whereby a single gene gives rise to more than one mRNA sequence. The
majority of genes are transcribed into RNA giving rise to a single type of transcribed mRNA. Alterations in the the polyadenylation site allow
production of multiple mRNAs. Exons can be substituted, added or deleted. Introns that are normally excised can be retained in the mRNA. The
positions of either 5’ or 3’ splice sites can shift to make exons longer or shorter.

estimate that 35% of human genes exhibit alternative
spliced products [7]. The same rate was observed by
Hanke et al. [8] in a set of 475 human proteins that
were aligned to the human EST databases. It is widely
thought, however, that this value is probably an under-

estimate since the transcript sequence information is
derived from a limited number of tissues and develop-
mental stages and as yet covers only a fraction of the
human transcriptome. Lander et al. [9], for example,
have found that 59% of all genes mapped on chromo-
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some 22 have more than one splicing variant. The rate
of alternative splicing in human genes already detected,
however, seems to be considerably higher than in C.
elegans where approximately 20% of all genes have at
least 2 splicing variants. It is quite common to find
human genes with dozens of splicing variants, includ-
ing the neurexins,N-cadherins and potassium channels.
Thus the current estimate of ∼ 30,000 human genes
may translate to hundreds of thousands of proteins.

3. Alternative splicing in cancer cells

Many cancer-associated genes are alternatively
spliced. Loss of fidelity or variation of the splicing
process occurs during tumor progression and may well
play a major role in tumorigenesis [10–14]. In addi-
tion, controlled switching to specific splicing alterna-
tives may also occur. Transcript variants that only oc-
cur in tumors are both potential novel drug targets as
well as potential diagnostic markers. In addition, their
detailed analysis may prove crucial to our eventual un-
derstanding of the phenomena of malignancy. Proba-
bly the best characterized of known cancer associated
genes that exhibit cancer associated alternative splicing
are CD44 and WT1. These two genes represent two
quite different situations. CD44 is a gene, similar to the
Drosophila DSCAM gene that is apparently designed to
exhibit considerable variability and has a large number
of variably used exons. WT1 on the other hand has far
fewer alternatives but which are of extreme importance
to the malignant process.

3.1. CD44

The CD44 gene generates a family of molecules con-
sisting of many isoforms [15]. CD44 proteins are sin-
gle chain molecules comprising an N-terminal extra-
cellular domain, a membrane proximal region, a trans-
membrane domain, and a cytoplasmic tail. The extra-
cellular domain is glycosylated. CD44 is the principal
hyaluronic acid (HA) receptor, although the molecule
can bind other ligands, in some cases with low affinity.
The CD44 proteins bind extracellular matrix glycopro-
teins, such as collagens and fibronectin. The CD44
gene has only been detected in higher organisms and
the amino acid sequence of most of the molecule is
highly conserved between mammalian species.

The molecular diversity of this glycoprotein is gen-
erated by both post-translational modification and dif-
ferential exon utilization (Fig. 2). CD44 is encoded by

a single gene composed of 20 exons, located on the
short arm of chromosome 11, spanning approximately
50 kb of human DNA [16]. The first 5 exons coding
for the extracellular domain are designated the 5’ con-
stant region, whereas the next 10 exons are subjected
to alternative splicing. This generates a variable region
containing different exon combinations [15]. Variable
region exons are designated V1 to V10. Exons 16 and
17 are the first two constant exons of the 3’ constant
region and they, together with part of exon 5, encode
the membrane proximal region of the extracellular do-
main (with optional inclusion of variant exons). The
next domain is the hydrophobic transmembrane region,
which is encoded by exon 18 of the 3’ constant region.
The cytoplasmic domain is also subjected to alterna-
tive splicing. Differential utilization of exons 19 and
20 generates the short version (3 amino acids) and the
long version (70 aminoacids) of the cytoplasmic tail,
respectively. The first 3 aminoacids, common to both
tails, are encoded by exon 18. The DNA sequence of
exon 19 carries a long poli A+T tract, possibly caus-
ing instability in the mRNA of the short version. The
additional amino acids of the long cytoplasmic domain
are encoded by exon 20. The long version of the cy-
toplasmic tail is much more abundant than the shorter
version [15]. The most abundant version of CD44 is the
standard lacks the entire variable region, with exon 5
of the constant 5’ region being directly spliced to exon
16 of the 3’ constant region [15,17]. Individual cells
can simultaneously express different isoforms [15].

The major physiological role of CD44 is to main-
tain organ and tissue structure via cell-cell and cell-
matrix adhesion, but other isoforms can also partici-
pate in cell traffic, lymph node homing, presentation of
chemokines and growth factors to traveling cells and
transmission of growth signals [18].

The physiological functions of CD44 indicate that
the molecule has characteristics that are consistent with
it playing a role in the metastatic spread of tumors.
Many studies have detailed the pattern of CD44 splic-
ing and the transcript abundance in tumors. It has
been found that changes in CD44 expression (mainly
up-regulation, occasionally down-regulation, and fre-
quently alteration in the pattern of isoforms expressed)
are associated with a wide variety of cancers and the
degree to which they spread. This is not universal,
however, in some types of cancers, the CD44 pattern re-
mains unchanged. Most importantly, the expression of
CD44 has been shown to correlate with the progression
and prognosis of some malignant tumors.

Recent studies have shown that CD44 is involved in
two of the three steps of the invasive cascade: adhesion
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Fig. 2. Representation of CD44 genomic organization and examples of alternatively spliced transcripts. CD44 is encoded by a single gene
composed of 20 exons, spanning approximately 50 kb of human DNA. The first 5 exons code for the extracellular domain are designated the 5’
constant region, whereas the next 10 exons, designated V1 to V10 are subjected to alternative splicing. Exons 16 and 17 are the first two constant
exons of the 3’ constant region and they, together with part of exon 5, encode the membrane proximal region of the extracellular domain (EC)
(with optional inclusion of variant exons). The next domain is the hydrophobic transmembrane region (TM), which is encoded by exon 18 of
the 3’ constant region. The cytoplasmic domain (CT) encoded by exons 19 and 20 is also subjected to alternative splicing. To (E) Alternative
splicing enriches the CD44 repertoire. The standard, ubiquitously expressed isoform of CD44, does not contain sequences encoded by the variant
exons. Differential utilization of exons 19 and 20 in the standand CD44 generates the long version (B) and the short version (3 amino acids) (C)
(70 aminoacids) of the cytoplasmic tail, respectively. The first 3 aminoacids, common to both tails, are encoded by exon 18. Numerous variant
isoforms of CD44 containing different combinations of exons V1–V10 inserted into the extracellular domain can be expressed (D and E). EC:
extracellular domain, TM: transmembrane domain, CT: cytoplasmic tail.

to the extracellular matrix and cell motility [19]. CD44
may contribute to malignancy through changes in the
regulation of HA recognition, the recognition of new
ligands and/or other new biological functions of CD44
that remain to be discovered [15,18,20].

CD44 proteins can bind growth factors and present
them to their authentic high-affinity receptors, and thus
promote proliferation and invasiveness of cells. This
mode of action could account for the tumor-promoting
action of CD44 proteins. The second mode of action
of CD44 proteins comes into play when cells reach
confluent growth conditions. Under specific condi-
tions, binding of another ligand, the ECM component
hyaluronate, leads to the activation and binding to the
CD44 cytoplasmic tail of the tumor suppressor protein
merlin. The activation of merlin confers growth arrest,
so-called contact inhibition. This function of CD44
proteins defines them as tumor suppressors, but the type
of action of CD44 on a given cell will depend on the
isoform pattern of CD44 expressed [21].

Additional evidence of the importance of CD44 in
tumorigenesis is that metastatic potential can be con-
ferred on non-metastasizing cell lines by transfection
with specific CD44 variants [18]. Furthermore, the
introduction of antisense CD44 cDNA down-regulates

expression of overall CD44 isoforms and inhibits tu-
mor growth and metastasis in highly metastatic colon
carcinoma cells [22]. Moreover, it has been shown
in animal models that injection of reagents interfering
with CD44-ligand interaction (e.g., CD44 standand or
CD44v-specific antibodies) inhibit local tumor growth
and metastatic spread. These findings suggest that
CD44 may confer a growth advantage on some neo-
plastic cells and, therefore, could be used as a target for
cancer therapy [15].

Whereas some tumors, such as gliomas, exclusively
express standard CD44, other neoplasms, including
gastrointestinal cancer, bladder cancer, uterine cervical
cancer, breast cancer and non-Hodgkin’s lymphomas,
also express CD44 variants.

In prostate cancer, down-regulation of both CD44
standard and CD44V6 was related to high T classifica-
tion, metastasis, high Gleason score, DNA aneuploidy,
high S-phase fraction, high mitotic index, perineural
growth and dense amount of tumor infiltrating lympho-
cytes, poor survival and unfavorable prognosis [23].

The correlation between lymph node metastasis and
the expression of standard-type CD44 in cancer cells
was examined immunohistologically in samples of su-
perficially invasive colorectal cancer. In cases of inva-
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sive colorectal cancer, the loss of standard-type CD44
expression in the invaded area is a sensitive marker for
metastasis to the lymph nodes [24].

The expression of CD44 isoforms has also been eval-
uated in breast infiltrating lobular carcinomas in a panel
of 39 tumors. The expression of membranous and cy-
toplasmic CD44s, V3, V5, V6, V7 and V3-10 was ana-
lyzed in the infiltrating cells by immunohistochemical
staining. The protein positive tumors showed mem-
branous and/or cytoplasmic staining with all antibodies
used except for CD44V7, which only displayed cyto-
plasmic staining. Cytoplasmic expression of CD44V3
and membranous expression of V6 were significantly
associated with alveolar, classical/alveolar carcinomas
and mucinous/alveolar carcinomas. Furthermore, in
alveolar, classical/alveolar and mucinous/alveolar car-
cinomas, cytoplasmic staining of CD44V5 was corre-
lated with lymph node negative patients, whereas mem-
branous V5 was correlated with lymph positive pa-
tients. In classical, classical/trabecular and trabecu-
lar carcinomas expression of membranous CD44s was
significantly correlated with lymph node status [25].
The serum levels of different soluble CD44 molecules
(CD44 standard form and CD 44 splice variant V6)
were measured with an enzyme immunoassay method
in venous blood samples preoperatively collected from
100 patients with invasive breast carcinoma. Preoper-
ative serum soluble CD44 V6 was found to be closely
related to distant metastases and TNM staging, indicat-
ing that CD44 V6 may have prognostic value in breast
carcinoma.

It is becoming clear that CD44 variants may be use-
ful as diagnostic or prognostic markers in some human
malignant diseases. However, the data are conflicting,
and further studies are needed to establish the prognos-
tic value of CD44 and its variant isoforms. Further-
more, the precise function of CD44 in the metastatic
process and the degree of involvement in human ma-
lignancies has yet to be established. Nevertheless, the
studies cited above provide one of the most advanced
instances of the systematic study of the association of
particular alternatively spliced isoforms of a protein
and malignancy and provides a proof of principal that
alternatively spliced transcripts can act as cancer mark-
ers.

3.2. WT-1

Wilms tumor (WT) or nephroblastoma is a pediatric
kidney cancer arising from pluripotent embryonic re-
nal precursors. Multiple genetic loci have been linked

to Wilms tumorigenesis; positional cloning strategies
have led to the identification of the WT1 tumor sup-
pressor gene at chromosome 11p13 [26]. WT1 en-
codes a zinc finger transcription factor that is inacti-
vated in the germline of children with genetic predis-
position to Wilms tumor and in a subset of sporadic
cancers. When present in the germline, specific het-
erozygous dominant-negative mutations are associated
with severe abnormalities of renal and sexual differen-
tiation, pointing to an essential role of WT1 in normal
genitourinary development [27].

WT1 encodes a DNA binding protein that is thought
to act as a transcriptional regulator. Exons 1–6 of WT1
encode domains involved in transcriptional regulation,
dimerization, and possibly RNA recognition, whereas
exons 7–10 encode four zinc fingers of the DNA-
binding domain. Four isoforms of WT1 are formed
by alternate RNA splicing [28] (Fig. 3), but in total,
twenty-four potential protein isoforms may be synthe-
sized due to contribution of two alternative splicing re-
gions corresponding to the whole of exon 5 (17 amino
acids) and to the three last codons of exon 9 (KTS),
respectively [28], a site of RNA editing at codon 281 in
exon 6 (a C to T transition producing a leucine to proline
substitution [29], a non-AUG initiation codon resulting
in WT1 proteins with a higher molecular weight [30]
and an internal AUG initiation codon resulting in WT1
proteins with a lower molecular weight [31]. Bio-
chemical and genetic evidence is accumulating that the
WT1(−KTS) and WT1(+KTS) isoforms have differ-
ent functions. WT1(−KTS) behaves as a transcription
factor and in vitro can regulate several genes expressed
during kidney development, including IGF2, PDGFA,
EGFR, PAX-2, and WT1 [32]. However, the precise
physiological and functional significance of this regu-
lation is still unknown. The most frequent splice vari-
ants include the additional 17 aminoacids inserted N-
terminal to the first zinc finger through the inclusion
of exon 5 Insertion of the KTS tripeptide has a pro-
found effect on both the DNA-binding affinity and the
specificity of WT1. The WT1-KTS isoform binds to a
9-bp early growth response protein (EGR-1) consensus
site with high affinity whereas the +KTS splice variant
binds to the same site 10- to 20-fold more weakly [33].
Moreover, the different KTS+/− WT1 isoforms local-
ize to distinct compartments in the nucleus suggesting
that these two different forms of the protein have differ-
ent functions. WT1-KTS co localizes with other tran-
scription factors, whereas the more abundant +KTS
isoform co localizes and is physically associated with
splice factors where it potentially functions through
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Fig. 3. Representation of WT1 genomic organization and alternatively spliced transcripts. The exons of WT1 (1–10) are shown in open boxes,
while the introns and alternative splice sites are shaded. The carboxyl terminus of this protein contains four zinc finger domains. Four different
transcripts (I to IV) are the result of alternative splicing. The most prevalent is isoform I.

RNA binding [34]. Thus, the presence or absence of
the KTS insert in the third linker modulates both the
DNA-binding affinity and the functional distribution of
WT1 within the nucleus. Indeed, it has been suggested
that differences in DNA-binding affinity of the +KTS
and KTS splice variants might dictate the pattern of
nuclear localization, with the tighter-binding KTS iso-
form being preferentially compartmentalized with the
DNA. The balance between isoforms with and without
the 17-amino acid insertion seems to affect the regula-
tion of proliferation, differentiation, and apoptosis and
the prevention of tumor formation [35,36].

In Wilms tumors, changes in the WT1 expression
were found in 90% of unilateral unifocal WT cases,
with 63% showing splicing alterations. Disruption of
exon 5 splicing was the most frequent alteration, but
alteration of exon 9-KTS splicing with an increase in
the amount of isoforms with the KTS domain has also
been observed in some tumors [12]. These results raise
the possibility that regulation of splicing is an important
factor in the development of the genitourinary system,

and that tumors may arise through aberrant splicing.
WT1 isoform imbalance may be involved in various
types of cancer because it has also been reported in
breast tumors [37]. The distinct functional properties
of WT1 isoforms and tumor-associated variants may
shed light into the link between normal organ-specific
differentiation and malignancy.

The WT1 gene contrasts starkly with CD44, since
very discrete and limited transcript variability appears
to have a profound effect on protein function. Given
the very high percentage of human genes that exhibit
alternative splicing of this type, it is clear that a huge,
and as yet very poorly explored, a wealth of biological
information exists that could profoundly alter our un-
derstanding of cancer and our ability to detect and treat
this devastating disease.

4. Conclusion

These two examples provide the first glimpse of the
enormous potential importance of alternative splicing
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to the understanding detection and treatment of human
cancer. Alternate transcripts lend themselves well to
laboratory-based detection. For example, one can en-
visage microarrays specifically composed of exons that
we know to be alternatively spliced and which could
prove significantly more powerful than other microar-
ray types for cancer diagnosis and prognosis. On a
more specific basis, individual transcript variants of
particular relevance to the disease can be readily de-
tected and quantified by established PCR technologies.
Furthermore, since the alternative transcripts lead to
altered protein structure, it should be possible to gen-
erate monoclonal antibodies that distinguish between
isoforms. These will be applicable both in immuno-
histochemical analysis and also for ELISA determina-
tions. Given the relatively small number of genes in
the human genome there is widespread expectation that
the complexity of transcript variants may prove to be in
the key in understanding the functioning of the human
body. We predict that they might be equally crucial
in the development of complex genetic diseases such
as cancer. The systematic exploration of this possi-
bility over the current decade may thus be one of the
most important routes to the development of the next
generation of cancer markers.
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