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1. ABSTRACT

Alternative splicing is an important and prevalent
mechanism of gene regulation in higher eukaryotes. Nearly
three quarters of human multi-exon genes are alternatively
spliced. There is great interest in discovering alternative
splicing events in the transcriptome of cancer cells, and in
understanding how alternative splicing contributes to
tumorigenesis. In this article, I will review recent advances
in global analyses of pre-mRNA alternative splicing, and
the applications of these genomic technologies to studies of
alternative splicing in human cancers.

2. INTRODUCTION

It was anticipated that human genome had more
than 100,000 genes (1). However, after the completion of
the Human Genome Project, the analysis of the genome
sequence indicated only ~30,000 genes (2,3). Equally
surprisingly, it was revealed that a strikingly high
percentage of human genes produce multiple transcript and
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protein product through RNA alternative splicing (4-6).
Today, it is widely accepted that alternative splicing plays a
ubiquitous role in gene regulation in higher eukaryotes. It
affects a wide range of biological processes such as hearing
(7), heart development (8), apoptosis (9), and so on.
Alternative splicing is a major cause of human diseases
(10). An exciting new subject of research is alternative
splicing in human cancers. There are well-documented
cases of alternative splicing in cancer-related genes (11-
13). In this article, I will describe recent advances in
genome-wide analyses of alternative splicing, and what we
have learned about alternative splicing in human cancers
using genomics.

3. ALTERNATIVE
FUNCTIONAL IMPACT

SPLICING AND ITS

The majority of genes in human and other higher
eukaryotes have multiple exons and introns. The pre-



Alternative splicing in cancers

Exon skip-$- Alt.5 é- Alt. 3 -?

Mutually
exclusive

exons
Alternative e —
initiation
intron [ —
retention

Figure 1. Basic types of alternative splicing events.

RNA of a multi-exon gene undergoes splicing to remove
introns before it can be exported out of the nucleus and
translated. The control of splicing requires precise
recognitions of cis-regulatory elements in exons and their
surrounding introns by the splicing machinery. Either
mutations of these cis-regulatory elements, or differential
expression or activation of trans-acting factors that
recognize these elements, can change the default splicing
pattern of a gene, leading to alternative splicing (14).
Figure 1 illustrates different types of elementary alternative
splicing events, such as exon skipping, alternative
donor/acceptor sites, mutually exclusive exon usage, etc. In
many genes, these elementary alternative splicing events
are combined in a complex manner, generating a large
number of distinct transcript and protein isoforms. A
famous example is the alternative splicing of a Drosophila
gene Dscam, which has >38,000 distinct protein isoforms
(15). Its mosquito homolog, AgDscam, has >31,000 protein
isoforms (16).

Alternative splicing provides an important
mechanism for increasing the regulatory and functional
diversity of eukaryotic transcriptomes and proteomes (17).
It is common for different protein isoforms of a single gene
to have distinct or even antagonistic functions, due to the
insertion or deletion of key functional regions. For
example, the long isoform of a mammalian serine-threonine
kinase gene WNK1 inhibits ROMKI1 potassium channel by
promoting its endocytosis (18). The kidney-specific
alternative splicing of WNK1 disrupts its kinase domain
(19). Due to its loss of the kinase activity, this kidney-
specific WNKI1 isoform reverses the inhibition of ROMK1
by the long WNKI1 isoform (18). Another example is the
alternative splicing of integral membrane proteins. In many
genes encoding single-pass membrane proteins, alternative
splicing specifically removes the transmembrane segments,
turning the proteins into their soluble forms (20,21). Other
studies have investigated the genome-wide impact of
alternative splicing on protein domains (22,23), structural
clements (24,25), subcellular localization signals (26).
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Alternative splicing can impact the function of
important cancer-related genes. A classic example is the
alternative splicing of Bel-x. The longer protein isoform of
Bcl-x is anti-apoptotic while the shorter protein isoform has
pro-apoptotic activity (9). In fact, many genes involved in
the regulation of apoptosis and cell proliferation have
multiple protein isoforms via alternative splicing (11).
Before genomics, however, our knowledge about
alternative splicing in cancers was very limited.

4. DISCOVERY OF CANCER-SPECIFIC SPLICE
FORMS FROM EXPRESSED SEQUENCES

For almost two decades since the exon-intron
structure was discovered (27,28), alternative splicing was
regarded as a rare form of gene regulation. Its frequency
was considered to be less than 5% in human genes (4).
However since mid-1990s, genomics has completely
transformed our view on alternative splicing. The first
wave of large-scale alternative splicing discovery came
from computational analyses of expressed sequences such
as full-length cDNAs and expressed sequence tags (ESTs)
(4). ESTs are shotgun fragments of full-length mRNA
sequences. During the past ten years, EST sequencing
projects have generated >6.5 million human ESTs (see
http://www.ncbi.nlm.nih.gov/UniGene/). ESTs account for
over 95% of human transcript sequences deposited to the
NCBI UniGene database. They keep “snapshots” of human
transcripts under a variety of conditions, and are
particularly useful for discoveries of novel splice variants.

Analyses of expressed sequences suggest that
alternative splicing is widespread in human and many other
species (4). Figure 2A shows how to detect alternative
splicing from expressed sequences. Briefly speaking,
mRNA and EST sequences of a gene are aligned to the
genome to identify the exon-intron structure. Exons are
identified as aligned regions between the expressed
sequence and the genomic sequence. Introns are identified
as long gaps in the expressed sequence relative to the
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Figure 2. Methods to detect alternative splicing. (A)
Detections of alternative splicing from EST data. ESTs are
aligned to the genomic sequence. The top EST indicates
exon inclusion, while the bottom EST indicates exon
skipping. Taken together, they provide evidence for
alternative splicing of the middle exon. (B) Profiling
alternative splicing using oligonucleotide probes. Probes
against exons and exon-exon junctions are used to
interrogate alternative splicing of the middle cassette exon.
Probes colored in black target constitutive exons and their
intensities are measures of overall gene expression. Probes
colored in red target the exon-inclusion transcript. Their
intensities will be upregulated if exon inclusion becomes
predominant. The probe colored in green targets the exon-
skipping transcript. Its intensity will be upregulated if exon
skipping becomes the predominant splicing pattern.

genomic sequence. The exon-intron boundary can be
confirmed by the conserved “GT-AG” or “AT-AC” splice
sites, which occupy the first and last two nucleotides of
most (>99%) introns in eukaryotes. Next we compare the
exon-intron structures of multiple expressed sequences
from the same gene for evidence of alternative splicing. For
example, in Figure 2A, the middle exon is included in one
EST but skipped from another EST, indicating an exon
skipping alternative splicing event. Many researchers have
used this strategy to detect alternative splicing in animal
and plant genomes (29-40). These studies unanimously
conclude that alternative splicing is widespread in higher
eukaryotes. For example, analyses of human ¢cDNA and
EST database suggest that 40-60% of human genes are
alternatively spliced. This frequency is much higher than
previously expected (4).

EST databases record the origins of many EST
libraries  (19,41), such as their tissue sources,
developmental states, etc. We can use such information to
detect splice forms that are differentially spliced under
various conditions. Several groups classified EST libraries
into tumor or normal libraries, and developed automatic
procedures to detect splice forms enriched in tumors or
normal human tissues (42-45). Wang and colleagues
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analyzed 11,014 RefSeq sequences and >3.4 million EST
sequences to identify tumor-associated splice forms. Their
genome-wide screen identified 845 isoforms that are
enriched in tumor samples (43). Among the 67 genes
chosen for RT-PCR validation, alternative splicing was
confirmed in 55 (82%) genes, and the enrichment of splice
forms in tumor samples was validated in 45 (67%) genes.
Some of the tumor-enriched splice forms were restricted to
a particular type of cancers, while some others were
prevalent in all the tumor samples surveyed in the study.
Xu and colleagues developed a rigorous Bayesian approach
to identify 316 human genes differentially spliced between
tumors and normal tissues (42). These 316 genes were
strongly enriched for tumor suppressors and genes involved
in cell proliferation and cell cycle control, suggesting that
alternative splicing of these genes might play a role in
tumorigenesis. Surprisingly, in many of these genes, the
tumor-specific splice forms were well-studied, but the
splice forms specific to normal tissues were unknown
splice forms. For example, estrogen-related receptor o
(ERRo) is an orphan nuclear receptor transcription factor
implicated in breast cancer. It is constitutively active
regardless of the presence of hormone. Xu ef al. identified a
novel splice variant of ERRo which was only present in
ESTs from normal tissues. The novel splice form removes
an exon from the transcript product, causing a 57aa in-
frame deletion. The resulting protein isoform lacks ERRa’s
transcriptional coactivator binding site but still retains its
dimerization region. Xu et al. suggested that the novel
isoform of ERRa could act as a dominate negative form to
repress ERRa activity in normal tissues (42). A follow-up
experimental study confirmed the existence of many “novel
normal” splice forms (46). These results suggest that many
cancer-related genes, which were initially cloned from
tumor libraries, have uncharacterized transcripts in normal
tissues. Studying the function and regulation of these
“normal” transcripts might shed new light on the
mechanism of tumorigenesis. In addition, some of the
cancer-specific splice variants are potential cancer
biomarkers (47) or therapeutic targets (48).

However, these EST-based analyses of cancer-
specific alternative splicing have many limitations. First,
ESTs are not high-quality sequence data. They contain
various types of artifacts and errors (49). Second, due to
issues such as the normalization of EST libraries, EST
count doesn’t accurately reflect the actual abundance of a
particular splice form in the cell (41). Third, ESTs are
biased toward highly expressed genes. Fourth, EST
sequences are usually biased towards 3’ end of the
transcripts. Alternative splicing events in the 5° end and the
middle of the transcripts are underrepresented in the EST
data. Finally, EST databases simply don’t cover all the
tissues and cellular states that are interesting to individual
investigators.

Fortunately, microarrays provide an attractive
solution to these problems (50). The recent advance in
splicing microarray technology offers a powerful tool to
profile alternative splicing in the entire transcriptome, to
which I will devote the remainder of this review.
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5. GLOBAL PROFILING OF ALTERNATIVE
SPLICING IN CANCERS USING MICROARRAYS

Although expression microarrays are traditionally
used for measuring overall mRNA abundance (51), it can
also be used for high throughput profiling of RNA
alternative splicing. This new application requires a
fundamental change in the design of microarray probes.
Traditionally, alternative splicing has been largely ignored
throughout the probe design and data analysis of expression
microarrays. For example, the conventional Affymetrix
GeneChips use 11 perfect-match (PM) probes and 11
mismatch (MM) probes against the 3’ end of the mRNA
sequence. The signals from multiple probes are
summarized into a single value representing the overall
expression index (52). On the other hand, in order to obtain
quantitative measurements of alternative splicing, we need
oligonucleotide probes that specifically target different
mRNA isoforms of the same gene. Figure 2B demonstrates
how to detect an exon skipping event using microarrays.
We use probes complementary to individual exons or exon-
exon junctions. The relative intensities of various probes
indicate the splicing pattern of an exon (see Figure 2B).

Soon after the prevalence of RNA alternative
splicing was recognized, several studies successfully
demonstrated the use of oligonucleotide probes to profile
alternative splicing in individual genes (53-56). A genome-
wide splicing microarray platform was developed to detect
intron-retention events in S. cerevisiae (57). Clark and
colleagues designed oligonucleotide probes targeting
introns, exons and exon-exon junctions of intron-containing
genes in yeast. Microarray data indicated that the
inactivation of several important splicing regulatory
proteins led to global repression of mRNA splicing and
accumulation of intron-containing transcripts in yeast.
Johnson and colleagues reported a genome-wide survey of
mRNA alternative splicing in 52 human tissues using exon
junction arrays (58). They designed ~125,000 36-mer
probes against the junctions of adjacent exons in ~10000
human multi-exon genes. If two consecutive exon junctions
give very low signals, it suggests that the middle exon is
skipped. This microarray platform detected hundreds of
novel exon-skipping events. Combined with EST data, the
microarray data by Johnson and colleagues suggest that
74% of multi-exon genes in human have multiple splice
forms (58). Pan and colleagues designed exon probes and
exon junction probes targeting 3126 cassette exons in
mouse (59). They used a Bayesian model, GenASAP (60),
to infer the exon inclusion levels of 3126 cassette exons in
ten mouse tissues. This study provided a large set of tissue-
specific alternative exons in the mouse transcriptome.
Although most of the genome-wide splicing microarray
platforms were designed to detect exon skipping events, Le
and colleagues showed that microarrays can also be used to
detect more subtle splicing changes, such as alternative
donor/acceptor sites splicing (61). Taken together, these
studies (also see (62)) demonstrate that splicing
microarrays provide a powerful tool for genome-wide
analysis of alternative splicing on any samples of interest.
Moreover, unlike EST-based studies, microarray profiling
of alternative splicing is not biased towards highly
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expressed genes, as long as we have probes for medium
and low expressers. Researchers have used splicing
microarrays to identify targets of important splicing
regulators (63,64), to detect brain-specific and muscle-
specific exons in mouse (65), to study the relationship of
alternative splicing and mRNA nonsense mediated decay
(66), etc.

Besides customized arrays designed by individual
laboratories, there are several commercially available
splicing  microarray  platforms  from  Affymetrix
(http://www.affymetrix.com/products/arrays/exon_applicati
on.affx), Jivan (http://www jivanbio.com/products.html)
and Exonhit (http://www.exonhit.com/). A major difference
of these commercial platforms is their probe design. The
splicing microarray platforms from Jivan and Exonhit have
both exon probes and junction probes for quantitative
measurements of known alternative splicing events. They
also provide smaller versions of their arrays that target
specific sets of genes (e.g. apoptosis-related genes). By
contrast, the Affymetrix Exon Arrays only have exon
probes. It is of a significantly higher density, with over six
million probes targeting all annotated and predicted exons
in a genome. This allows accurate measures of overall gene
expression and qualitative discoveries of novel alternative
splicing events. However, direct experimental comparisons
of these platforms haven’t been performed.

Splicing microarrays enable us to depict a high-
resolution, exon-level picture of the cancer transcriptome.
A few studies have used splicing microarrays to detect
alternative splicing events in Hodgkin lymphoma cells (67),
prostate cancer (68,69), and breast cancer cell lines (70). In
one study, an oligonucleotide splicing microarray platform
was used to detect differential splicing in two breast cancer
cell lines (MCF7, estrogen-receptor positive; MDA-MB-
231, estrogen-receptor negative) and normal mammary
epithelial cells (HMEC) (70). 15 events of differential
splicing were found between MCF7 and HMEC, of which
11 were validated by RT-PCR. Similarly, 14 events of
differential splicing were found between MDA-MB-231
and HMEC, of which 11 were validated by RT-PCR (70).
Li and colleagues used a fiber-optic microarray platform to
measure the abundance of 1532 mRNA isoforms from 364
prostate-cancer related genes in prostate tumor cell lines
and tumor cell lines of non-prostate origins (68). They
developed a computational algorithm to simultaneously
infer changes in transcript abundance and changes in
splicing. Based on RT-PCR validation tests for 24 genes,
the method had a false discovery rate of ~5% and a false
negative rate of ~20% in detecting differential splicing in
prostate tumor cell lines. Li ef al. then applied their isoform
profiling approach to clinical samples of prostate tumors
and normal prostate tissues. They identified a total of 104
isoforms characteristic of prostate tumors, and showed that
these isoforms could classify tumors from normal tissues at
~90% accuracy. A Support Vector Machine (SVM)
classifier combining overall transcript abundance and
isoform distributions correctly classified 92% of the
samples, compared to an accuracy of 87% if the same
classifier was used on overall transcript abundance alone
(69). These studies demonstrate that splicing microarray
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Figure 3. Distinguishing changes in overall transcript
abundance and changes in splicing. Consider a probe
against the middle cassette exon (in red). (A) There is a
two-fold upregulation in the intensity of the probe in cancer
cells compared to normal cells. It is caused by a two-fold
upregulation in transcription without any change in
splicing.(B) There is a two-fold upregulation in the
intensity of the probe in cancer cells compared to normal
cells. It is caused by an increased percentage of exon-
inclusion transcripts in cancer cells (33% to 66%) without
any change in the overall mRNA abundance.

technology is an efficient approach to identify isoform
biomarkers for particular types of tumors. The information
about isoform distributions provides a more refined
“molecular signature” for better classifications of clinical
tumor samples.

6. FUTURE CHALLENGES

Despite these exciting successes, there are still
many unsolved problems and challenges. Compared to
conventional gene expression microarrays, splicing
microarrays pose a far more complex computational
problem. Probe intensities on a splicing microarray are
affected by both changes in transcription and changes in
splicing (see Figure 3). Moreover, as each exon typically
has a small number of probes (for example, the Affymetrix
Exon Array platform usually has 4 probes for each exon),
variations in probe affinities and cross-hybridization can
further complicate data analysis and interpretation. It is a
challenging task to design robust algorithms to deconvolute
overall gene expression and proportions of individual splice
forms. Another key computational problem is how to
predict the likely biological function of detected splice
variants for prioritization of experimental studies. Since
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microarrays only generate information about alternative
splicing of individual exons, it is important to have
algorithms that reconstruct full-length isoforms from
splicing microarray data, similar to those developed for
EST-based analyses of alternative splicing (71).

It is also critical to understand the biological roles
of cancer-specific alternative splicing events discovered by
genomic analyses. Functional studies are needed to
establish causal relationships between alternative splicing
of individual genes and the initiation and progression of
certain types of tumors. While it is possible that many
cancer-specific splice forms are simply by-products of
abnormal splicing regulation in cancer cells, there are well-
documented alternative splicing events in cancer-related
genes, which might play a direct role in tumorigenesis (see
(12,13)). For example, disruption of BRCAI is a common
and important event in breast and ovarian cancers. A
number of mutations in BRCA1 affect splicing and produce
non-functional proteins (72-74). In fact, recent data suggest
that as high as 60% of human disease-causing mutations
are splicing mutations (75). Combining large-scale
mutation screening and whole-transcriptome splicing
profiling in cancer cells might shed new light on the
biology and clinical treatment of cancers.

7. MEDICAL IMPLICATIONS

The findings from genome-wide analyses of
cancer-specific alternative splicing have important medical
implications. The discovery of cancer-specific splice forms
provides potential cancer biomarkers. Clinical tests using
RT-PCR, microarray or antibody-based detection methods
can be developed for diagnosis of certain cancers based on
observed splicing patterns in the clinical samples (47), as
shown successfully by the study of Li and colleagues (68).
Alternative splicing events of important cancer-related
genes are promising drug targets. For example, alternative
splicing of Bcl-x has been the target of several
oligonucleotide-based studies which aim to increase the
ratio of the proapoptotic isoform (Bcl-xS) over the anti-
apoptotic isoform (Bcl-xL) (76,77). There are a variety of
therapeutic strategies developed for targeting disease-
causing alternative splicing, such as protein isoform
specific inhibitors, isoform-specific RNAI, oligonucleotide
mediated “re-programming” of aberrant splicing, etc (for
details, see the review by Garcia-Blanco and colleagues
(78)). These methods might be used for clinical treatment
of cancers.
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