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Foreword

The experimental approaches and methodologies of genomics have revolutionized
cancer research. The ability to scan the entire genome for relevant changes in DNA
sequence, copy number, and location has generated staggering amounts of infor-
mation about the derangements occurring in the genomes of cancer cells of
individual patients. However, with a few welcome and notable exceptions, this
information has not yet yielded major insights into the vulnerabilities of cancer
cells, nor has it provided clues leading to widely effective therapies. This is partly
due to the fact that, until recently, much of the information gathered has focused
primarily on the ultimate effect of mutations on the proteins encoded by genes
responsible for key metabolic and regulatory pathways in cells. Other major areas
of the genome and its homeostasis were relatively understudied.

Fortunately, this situation has changed. During the past few years, there has
been an explosion of information about ‘‘epigenomic’’ alterations in cancer cells,
including abnormalities in DNA methylation, histone acetylation, telomere size
and organization, subtleties of copy number variation, etc. As nicely summarized
in this volume, edited by a distinguished RNA biologist, Professor Jane Wu, the
most recent area of excitement and new information in this effort focuses on a
comprehensive interrogation of the varied RNA products of DNA transcription,
their metabolism, and their functional impact. For lack of a better or more original
term, I will use the shorthand ‘‘RNA’omics’’ to refer to this broad area of research

It is well established that most eukaryotic genes that ultimately encode proteins
in human are transcribed as modular pre-mRNA initial transcripts. Alternative pre-
mRNA processing (alternative splicing), selects which combinations of modules
(exons) are ultimately selected for inclusion in the mature mRNA. In humans,
alternative splicing increases the diversity of unique protein products arising from
the 20,000 human genes to greater than 100,000. Moreover, many individual
alternative splicing pathways are regulated differently in different tissues and at
different stages of development and differentiation. Thus, a single gene can give
rise varying arrays of related but distinctive isoforms in tissue-specific, differen-
tiation stage-specific, and physiologic state-specific patterns, as well as changing at
during embryonic, fetal, and adult stages of development. The spliceoforms can
change in ways that modify the protein’s functions, localization, and catabolism,
or even produce forms with unique or antagonistic functions.
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Pre-mRNA’s are also altered by polyadenylation stability at their 30 end, and
the addition of a 50 CAP structure that facilitates initiation of translation. They also
contain untranslated sequences (UTR’s) at each end of the mature mRNA mole-
cule. These govern stability and efficiency of translation, and their properties can
be modified by interaction with RNA-binding proteins. All of these features
interact with complex systems that modulate the efficiency of transport to the
cytoplasm, efficiency of translation, and degradation. The net result is that
sequence features built into mRNA and its precursors impact the quantity of
protein produced from its template as well as the amino acid sequence. High
throughput sequencing for mutations and gene expression arrays, which can
measure only sequence alterations and the amount of the mRNA’s produced thus
miss much that governs the ultimate impact of an expressed gene on the cell.

Finally, there are at least 1,000 small RNA molecules (micro RNA’s or
miRNA’s, inhibitory RNA’s or RNA’s, etc.) and the ribosomal and transfer RNA’s
that are actively transcribed but do not code for proteins. Abnormalities in almost
all of these components and processes have been described in various cancers or
cancer cell line but little is yet known about whether and how they affect the
neoplastic state. Nonetheless, it is clear that the collections of various small
nuclear RNA’s play a major role in regulating chromatin structure, transcription,
RNA stability, splicing, and translation, and that these steps are modified in many
cancer cells. miRNA’s have been shown to participate in the modulation of gene
expression, mRNA stability, and translatability. Some small nuclear RNA’s are
also critical for the formation of the spliceosomes that support constitutive and
alternative mRNA splicing pathways. Mutations in key protein factors that regu-
late alternative mRNA splicing have been recently found to be highly prevalent in
many hematologic malignancies. It is thus increasingly clear that any attempt to
form a comprehensive vision of the molecular abnormalities important in cancer
cells will require the inclusion of thorough analyses of the RNA’ome.

The chapters in this volume provide highly informative and readable summaries
of recent progress in many of these areas. Dr. Wu is an internationally renowned
expert in the regulation of alternative mRNA splicing and its abnormalities in
human disease. This interest is reflected in the fact that chapters about mRNA
splicing are the most abundant in this volume. However, she has not neglected
other considerations such as miRNA’s, mRNA stability, the perinucleolar body,
and ribosomal RNA’s. The volume is thus unique in the current snapshot it pro-
vides of work that is being pursued in the role of RNA metabolism in cancer, and
the evolving insights into that role. Each chapter provides a good overview and
much specific information that is current and to the point of the book. It is a
volume to be commended to students of molecular cancer pathobiology.

I congratulate Dr. Wu and her colleagues on the production of a high quality
and timely monograph about an important topic in cancer research.

Boston, MA, March 2012 Edward J. Benz Jr.
Dana-Farber Cancer Institute

vi Foreword



Preface

In the last decade, it has become increasingly clear that RNA (ribonucleic acid) is
not simply a messenger molecule (mRNA) directing protein synthesis. RNA has
multiple versatile functional roles in cells, especially in mammalian gene regu-
lation to influence almost every aspect of cellular life.

This volume reviews recent progresses in the selected areas of RNA processing,
especially data related to cancer development and therapy. It is not our intention to
cover comprehensively all areas of RNA processing. Instead, we have focused on
several areas in which more information with cancer relevance has been obtained.

Cancer is a group of highly complex, multifactorial genetic diseases. In cancer,
genetic defects may affect each step of gene expression: from transcription,
splicing to translational regulation, mRNA stability control, and post-translational
modifications. With the rapid development in technologies in gene expression
profiling and sequencing, we now have much more comprehensive knowledge
about the entire collection of different transcripts encoded by the human genome.
The vast majority of human protein-coding genes use a mechanism known as
alternative pre-mRNA splicing to generate more than one transcript from single
genes. This alternative splicing process, in which different combinations of
different regions of the primary gene transcript (pre-mRNA) are selected to form
different mRNA species, is one of most robust mechanisms to achieve genetic
diversity. Alternative splicing pattern changes have been detected in many types of
cancer in genes critical for various aspects of tumor development and cancer
metastasis. Such alternative splicing perturbations are being systematically
investigated not only for the underlying mechanisms but also as potential
biomarkers for diagnosis and therapeutic development.

In addition to protein coding genes, a large number of non-protein coding
transcripts (ncRNAs) are produced by the human genome. This recent discovery
has grown into a very active area of research. Evidence is accumulating that
ncRNAs including microRNAs play important roles in regulating signal trans-
duction pathways involved in cancer development and progression. In addition,
small RNAs and oligonucleotes are becoming promising tools for cancer therapy
development.

This book begins with the coupling between transcription and splicing. Three
subsequent chapters describe in detail cancer-associated aberrant RNAs, new
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methodology for their detection, and the functional impact on expression of
important genes including oncogenes and tumor suppressor genes. The following
chapter focuses on microRNAs in cancer. The possible involvement of particular
subcellular compartment, such as perinucleolar compartment (PNC), in cancer is
reviewed. Implications of mRNA stability regulation in cancer are also discussed.
In addition to genes controlling cell proliferation, cell death genes are tightly
regulated by alternative splicing. Splicing defects in regulation of cell death genes
have been discovered in many types of cancer. Potentials of developing thera-
peutics using oligonucleotides to modulate cancer-associated RNA defects are
then reviewed. Finally, clinical perspectives of studying RNA defects in cancer are
discussed together with their relevance to cancer diagnosis, therapies, and treat-
ment resistance.

The target readers of this book are primarily those interested in gene regulation
and cancer biology, especially those who are not directly working on RNA biol-
ogy, including clinicians and medical students.

We are very fortunate to have internationally renowned experts to contribute to
this book. We hope that this book will stimulate further innovative research col-
laborations between RNA biologists and cancer researchers, improving cancer
diagnosis and treatment in the future.

Chicago, USA, March 2012 Jane Y. Wu
Department of Neurology

Charles Louis Mix Professor of Neurology
Lurie Comprehensive Cancer Center

and Center for Genetic Medicine
Northwestern University

Feinberg School of Medicine
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Coupling Between Transcription
and Alternative Splicing

Ignacio E. Schor, Luciana I. Gómez Acuña
and Alberto R. Kornblihtt

Abstract

The scenario of alternative splicing regulation is far more complex than the
classical picture of a pre-mRNA being processed post-transcriptionally in more
than one way. Introns are efficiently removed while transcripts are still being
synthesized, supporting the idea of a co-transcriptional regulation of alternative
splicing. Evidence of a functional coupling between splicing and transcription
has recently emerged as it was observed that properties of one process may
affect the outcome of the other. Co-transcriptionality is thought to improve
splicing efficiency and kinetics by directing the nascent pre-mRNA into proper
spliceosome assembly and favoring splicing factor recruitment. Two models
have been proposed to explain the coupling of transcription and alternative
splicing: in the recruitment model, promoters and pol II status affect the
recruitment to the transcribing gene of splicing factors or bifunctional factors
acting on both transcription and splicing; in the kinetic model, differences in the
elongation rate of pol II would determine the timing in which splicing sites are
presented, and thus the outcome of alternative splicing decisions. In the later
model, chromatin structure has emerged as a key regulator. Although definitive
evidence for transcriptionally coupled alternative splicing alterations in tumor
development or cancer pathogenesis is still missing, many alternative splicing
events altered in cancer might be subject to transcription-splicing coupling
regulation.
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1 Introduction

Transcription and splicing are two processes that occur simultaneously in the
eukaryotic nucleus and that can functionally influence each other, due to coupling
mechanisms.

Several reports in which alterations of either of the two processes are associated
with cancer progression can be found. In the case of alternative splicing, examples of
cancer associated-mutations that change splicing patterns [1] include tumor supp-
resor genes like Klf6, where a mutation that originates a binding site for the regu-
latory protein SRSF5 (formerly SRp40) originates isoforms that presumably act as
dominant-negative mutants. Another example is the Brca1 gene, where mutations
are thought to eliminate a splicing enhancer on exon 18. In other cases, mutations
might not affect the alternatively spliced gene product itself, but can alter the levels
and activity of trans-acting splicing regulators instead. This is probably the case of
the Ron alternative isoform DRon, an inductor of invasive phenotype in gastric
carcinomas, whose splicing is regulated by the binding of the SR protein SRSF1.

As it will be shown in this chapter, the transcriptional status can modulate the
recruitment of splicing regulators to splice sites. Also, kinetic considerations of
transcription must be taken into account, especially in cases of long genes (for
example, Brca1 gene is 81kbp-long).

Although we do not have definitive evidence of transcriptionally coupled
alternative splicing alterations responsible for tumor development or cancer
pathogenesis, recent evidence suggests that the influence of transcription on
alternative splicing might determine cell fate decision between apoptosis and cell
cycle progression. DNA damage results in changes in RNA polymerase II elon-
gation rate, which ultimately affects the alternative splicing patterns of the Bcl-
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X and Caspase9 genes toward the proaptoptotic isoforms [2]. In this context,
alterations in the DNA damage response that lead to changes in transcription and,
as a consequence, in alternative splicing, might provoke cell cycle progression,
and oncogenic transformation.

Another intriguing issue is the existence of genes with multiple alternative
promoters in addition to alternative splicing events. In these cases, such as the
gene coding for p53 tumor-suppresor protein, interaction between altered promoter
choice and altered alternative splicing pattern in cancer is a suggestive possibility
deduced from the coupling between transcription and splicing.

In the following pages, we will summarize the evidence for coupling accu-
mulated mainly during the last decade.

2 Alternative Splicing and Its Regulation

We will review here some concepts that will apply to understand the coupling
between transcription and alternative splicing that is covered in detail in Chap. 3 of
this book.

Understanding alternative splicing regulation requires first a description of the
way the splicing machinery identifies exons and introns. Constitutive splice sites
are defined by consensus sequences (30 splice donor, 50 splice acceptor, polypy-
rimidine tract, and branching point) that recruit constitutive splicing factors,
primarily the small nuclear ribonucleoprotein particles (snRNPs) and several
auxiliary factors that mark the boundaries between introns and exons. In order to get
accurate splicing, these intron–exon boundaries have to be paired. This pairing can
occur across an intron (marking the intron that has to be removed) or across an exon
(specifying the exon that must be joined to the adjacent exon). In the first case, we
are in the presence of splicing via intron definition, typical of yeast where introns
are short; in the second one, splicing takes place via exon definition as can be seen
in higher eukaryotes that have small exons separated by much longer introns [3].

Both circumstances (recognition of intron–exon boundaries and pairing of the
splicing complexes) are prerequisites for the spliceosome to carry out the splicing
reaction. Any interference with this recognition (for example, due to mutation of
the consensus sequences or increase in the length of an exon in exon definition)
can affect splicing efficiency leading to complete inhibition of the splicing event,
or, in milder cases, to alternative splicing. In these cases, strong splices sites
would compete against weaker ones leading to a less frequent use of the inefficient
splice site.

Using high-throughput sequencing approaches, it is now estimated that more
than 90 % of the human genes with multiple exons have alternatively spliced
mRNA isoforms [4, 5] and that nearly 86 % of all human genes undergo alter-
native splicing to generate appreciable levels of two or more mRNA isoforms [4].
Why are not these mutations that decrease splicing efficiency of a given splice site
eliminated by negative selection? One possible answer is that new splicing events
are created as alternative ones and go through a ‘‘test’’ period before they are
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eliminated by negative selection or stabilized as constitutive [6]. Another expla-
nation would be that the result of these apparently harmful mutations (alternative
splicing) is sometimes very useful. The most obvious favorable consequence is
that if the exon was part of the coding region of the gene, and the proteins
produced by the different mRNAs generated by alternative splicing were stable,
that cell would be able to increase its proteomic diversity by means of a very
simple and economic way. But perhaps the most important advantage of this
process is the ability to control and regulate the relative amounts of the different
protein products through alternative splicing regulation. Accordingly to the latter
hypothesis, it was estimated that nearly 60 % of the human alternative splicing
events have tissue specific regulation [4]. This observation also supports the
hypothesis that phenotypic complexity in mammals can be explained, at least
partially, by alternative splicing, and that such a mechanism clearly contributes
to cell lineage and tissue identity.

If we think in the classical picture of a precursor messenger RNA (pre-mRNA)
that has just been transcribed and is waiting to be processed (capped, spliced, and
polyadenylated), there should be several ways in which splicing efficiency or
recognition of poor splicing targets can be modulated: [7–9].

Fig. 1 Combinatorial regulation of alternative splicing, considering post-transcriptional RNA
processing. An example of a pre-mRNA with two alternative exon cassettes is presented. Auxiliary
proteins can help to recruit basal splicing factors (light blue arrow). Auxiliary proteins binding to
exonic or intronic sequences modulate the use of the suboptimal splice sites of alternative exons
(black arrows). Secondary structures of pre-mRNA can inhibit binding of factors to some of these
sequences (gray arrow). The interaction can either promote of inhibit inclusion of the exons. In
addition, splicing outcome of one event (e.g. Event A) can affect splicing of the other (Event B)
and viceversa. The final mRNA results from the interaction of all these factors
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1. Auxiliary proteins (that would recognize cis-acting elements in the RNA
molecule) can help or inhibit recruitment of basal splicing factors.

2. Auxiliary proteins interacting with the 30 and 50 splicing complexes of the
spliceosome can help or inhibit pairing between contiguous exon–intron
boundaries.

3. A secondary structure of the pre-mRNA can block the access of the splicing
machinery to certain important sequence element, so it would be necessary to
recruit additional factors that change the secondary structure.
The picture is even more complex if we consider the existence of pre-mRNAs

with more than one event of alternative splicing (it is estimated that this occurs in
25 % of the human genes). The fibronectin (FN) gene is a paradigmatic example
[10] as it contains three regions of alternative splicing that display cell type- and
development-specific regulation. The combination of splicing events can eventu-
ally give rise up to 20 mRNA isoforms in humans, 12 in rodents, and 8 in chicken
[11]. In that situation, it is expected that the outcome of one alternative splicing
choice can affect the other/s, and that is indeed what is seen within this gene [12].
This effect (known as coordination) is likely to have influence on the processing of
several transcripts, as bioinformatics searches detect a strong bias in the splicing
isoforms of ESTs (sequences derived from mRNAs) annotated in genomic dat-
abases. Other examples of long distance regulation of splice site selection have
been reported in equine ß-casein intron 1, [13] and in the human thrombopoietin
gene [14].

These levels of modulation can exert their effects alone or in combination with
each other, to give some degree of regulation complexity (Fig. 1).

3 Splicing Co-Transcriptionality and Coupling

The classical view of the pre-mRNA as a full length molecule that will be pro-
cessed (capped, spliced, and polyadenylated) only after transcription is completed
has been long known to be incorrect. It is becoming clearer that the nucleus is a
highly organized organelle and that nuclear processes occur in coordinated com-
plexes of different proteins and ribonucleoproteins acting in the same region. The
concept of co-transcriptional processing has been widely accepted in the case of
capping. However, it is now clear that it applies also to splicing and polyade-
nylation [15–21].

Electron microscopy visualization of Drosophila embryo nascent transcripts
clearly demonstrated that splicing occurs co-transcriptionally with a reasonable
frequency and that splice site selection precedes polyadenylation [22]. Co-tran-
scriptional splicing was also demonstrated for the dystrophin gene [23]. Since
transcription of this 2,400 kb-gene, the largest in the human genome, would take
approximately 16 h to be completed, co-transcriptional splicing of its pre-mRNA
appears as a very intuitive concept. In fact, it is very difficult to conceive that the
splicing of the dozens of dystrophin introns would ‘‘wait’’ until the synthesis of a
huge 2,400 kb pre-mRNA substrate molecule is finished.

Coupling Between Transcription and Alternative Splicing 5



More recently, nascent RNA associated with actively transcribed chromatin was
analyzed in comparison with RNA found in nucleoplasm, no longer associated with
the transcribing machinery [24]. As predicted for co-transcriptional splicing, introns
are efficiently removed within the chromatin-associated RNA fraction suggesting
that they are excised while still associated with a transcribing RNA polymerase II
(pol II). Moreover, the presence of introns in the pre-mRNA increases toward the
50end of the two genes analyzed, c-Src, and FN, suggesting that they are removed as
they are transcribed. Exceptions can be found, however, as the 30terminal FN intron is
excised, co-transcriptionally, with higher efficiency that the upstream ones.

It should be noted, then, that co-transcriptionality of splicing is not strict, in the
sense that introns are not necessarily removed in the exact order they are transcribed.
If that was the case, the competition among splicing sites that leads to alternative
splicing would be impossible. What really happens is that introns in a transcript can
be eliminated in different orders, and some can be processed co-transcriptionally
while others are processed post-transcriptionally. This is exemplified by studies with
the Balbiani ring 1 (BR1) gene where intron 3, located 3 kb from the 50 end of the 40-
kb-pre-mRNA, is excised mostly co-transcriptionally, but intron 4, located 0.6 kb
from the poly A site, is excised co-transcriptionally in only 10 % of the molecules
[25]. As in the case of constitutive splicing, alternative splicing was also found to be
co-transcriptional, in the sense that it occurs mainly when the transcript is still being
synthesized, but the order of the flanking intron removal is not strict [24]. When
analyzing alternative splicing events that differ in their regulation mechanisms,
flanking introns were removed in different orders [24, 26], indicating the existence of
diverse splicing pathways. In the case of the FN alternative exon E33, the down-
stream intron is removed prior to the upstream one and the rate of intron removal is
altered by cis acting mutations of splicing factors binding sites or SR proteins
abundance changes that affect the alternative exon inclusion levels [26]. Overall, this
evidence suggests that intron order removal of an alternative splicing event is a
reflection of the underlying regulation mechanism.

All the evidence mentioned above suggest that the reaction of splicing occurs
while transcripts are still being synthesized, i.e., co-transcriptionally. However,
this does not imply, per se, that transcription and splicing are two processes that
are functionally coupled in terms that one alters the properties or the outcome of
the other [27, 28]. On the other hand, the fact that these processes occur at the
same time and in the same place seems to be a prerequisite for their machineries to
functionally interact in a coordinated manner.

Recently, two reports showed some evidence that strongly suggest coupling
between constitutive splicing and transcription in yeast. In one of them [29],
inducible reporter minigenes with or without an intron were stably integrated into
S. cereviciae genome. Upon induction, and at the time point when spliced mRNA
was first detected, a transient pol II accumulation, indicating transcriptional
pausing, was observed around the 30 splice site (30SS) of the intron bearing
minigene. When mutating the 30SS or the 50SS, pol II signal became lower at the
promoter, suggesting reduced transcriptional activity, and its accumulation around
the 30SS was no longer detected. Moreover, in the case of the 30SS mutation, pol II
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accumulation was observed around the 50SS. Overall, this work indicates that the
dynamics of pol II elongation along a gene depend on the presence of a splicing
event. In agreement, several splicing factors were found to affect transcription.
SC35, for example, stimulates pol II elongation by interacting with P-TEFb,
a complex that phosphorilates Ser2 of the CTD, engaging pol II to active elon-
gation [30]. In the second study [31], a genome wide approach was used to provide
evidence of a functional association between splicing and transcription. Total
RNAs purified from the chromatin associated fraction (i.e. nascent pre-mRNAs)
were analyzed with high density tilling microarrays, looking for intronic under, or
overrepresentation. The majority of intron bearing genes (taking into account that
in yeast most intron containing genes have only one intron) showed co-tran-
scriptional intron removal. In silico simulations, assuming no coupling, predicts a
positive correlation between co-transcriptionallity and terminal exon length.
However, this did not correlate with the experimental observations as genes with
higher efficiency in co-transcriptional splicing than predicted bear shorter terminal
exons. Accordingly, this group of genes showed a significant increase in pol II
density within the gene body, downstream the intron, in opposition to genes that
display lower efficiency than predicted in co-transcriptional splicing [31].

This evidence suggests a selective pressure toward co-transcriptionality in
splicing, perhaps to allow the functional coupling between both mechanisms. This
raises the question of the possible benefits on nuclear metabolism and gene
expression fine tuning. Currently, transcription and processing of mRNAs is thought
to be carried out by coordinated complexes of proteins and ribonucleoproteins that
link the two steps in the genesis of mature mRNAs, so the efficiency of the general
process is greatly improved [15]. As a general principle that can be deduced intui-
tively, the transcriptional elongation complex might provide a scaffold over which
the splicing machinery is recruited or assembled, so that the sequence of events is
established in order and there is less chance for mistakes [28]. The general result
could be both improved efficiency and enhanced splicing kinetics.

4 Molecular Mechanisms of Coupling

The coordination between transcription and processing seems to be a specific
feature of RNA polymerase II. Indeed, when protein-encoding genes are placed
under the control of either pol I, pol III, or T7 RNA polymerase promoters,
transcription takes place, but pre-mRNA processing is deeply affected, and in
particular the resulting transcripts are poorly spliced [32–35]. In vitro assays show
that nascent pre-mRNA synthesized by pol II is stabilized and efficiently spliced
[36] apparently, because it is immediately and quantitatively directed into the
spliceosome assembly pathway. In contrast, nascent pre-mRNA synthesized by T7
phage RNA polymerase is quantitatively assembled into nonspecific hnRNP
complexes which are inhibitory for spliceosome assembly, indicating that pol II
mediates the functional coupling of transcription to splicing by directing the
nascent pre-mRNA into proper spliceosome assembly [37]. However, other in
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vitro assays reported no changes in splicing efficiency or kinetics between pol II
synthesized RNA and presynthesized pre-mRNA [27]. This apparent contradiction
may be due to the fact that RNA stability is not properly measured and taken into
account as a possible cause of the splicing efficiency improvement [27]. This
brings us back to the notion that a concurrent splicing reaction along with tran-
scription, which appears to be the case in these assays, does not necessarily imply
coupling. We must consider, nevertheless, the limitations of in vitro systems,
consisting mainly on nuclear extracts that do not reproduce nuclear organization
and architecture and in which DNA is necessarily short and not packed into
chromatin [27]. More recently, the Reed lab demonstrated that a large group of
proteins interacts with RNA pol II in vivo. This includes almost all known SR
proteins and U1snRNP, but not other splicing factors or hnRNPs. Futhermore,
using nuclear extracts that perform both transcription and splicing in vitro, they
showed that SR proteins are necessary for pol II-mediated coupling, as efficient
splicing of extracts depleted of SR proteins is restored if these are added before but
not after transcription [38].

A key player in the coupling appears to be the carboxy-terminal domain (CTD)
of the catalytic subunit of RNA pol II. In fact, association of splicing factors to
sites of transcription is dependent on pol II CTD [39] and deletion of CTD causes
defects in capping, cleavage/polyadenylation, and splicing of the b-globin tran-
script [40].Besides, isolated CTD fragments [41] as well as the entire purified
phosphorylated pol II [42] are able to activate splicing in vitro. Nevertheless,
isolated CTD fragments cannot duplicate the whole pol II effect unless the pre-
cursor RNA is recognized via exon definition. These findings support a direct role
for the CTD in exon recognition and lead to the speculation that the CTD would
bring consecutive exons closer, which would then facilitate spliceosome assembly.
Consistently, Dye and Proudfoot [43] showed that exons flanking an intron that has
been engineered to be co-transcriptionally cleaved by inserting a ribozyme in the
middle are accurately and efficiently spliced together. These data suggest that a
continuous transcript is not required for pre-mRNA splicing in vivo and provide
evidence for a molecular tether connecting emergent splice sites in the pre-mRNA
to transcribing pol II.

The structure of the CTD is quite unique: it is composed of 52 tandem repeats in
mammals (26 in yeasts) of the consensus heptad YSPTSPS. CTD serines at
positions 2 and 5 within each heptad are subject to regulatory phosphorylations.
Phosphorylation of Ser5 by TFIIH is linked to transcriptional initiation, whereas
phosphorylation of Ser2 by P-TEFb is associated to transcriptional elongation
[44, 45]. However, it is becoming clearer now that this might be an oversimpli-
fication as the mammalian CTD bear 46 Ser2 and 51 Ser1 residues and it can be
subjected to other post translational modifications [46]. In this scenario, post-
translational modifications are likely to act in a combinatory way to exert different
effects to the properties of the pol II in terms of elongation and protein recruitment.

It has been shown that changes in the structure and phosphorylation pattern of
CTD modulate co-transcriptional but not post-transcriptional processing [47, 48].
It is worth mentioning that the roles of CTD in splicing may vary depending on the
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gene. Transcription by a pol II mutant lacking the CTD causes a dramatic
enhancement in the inclusion levels of the FN E33 alternative cassette exon
without affecting the efficiency of general splicing [49, 50]. The use of pol II CTD
variants with different numbers of repeats revealed that the length of the CTD
correlates inversely with E33 inclusion levels, with 19 heptads being the minimum
number of repeats necessary to sustain normal E33 splicing. This is in agreement
with reports showing that 22 tandem repeats are sufficient to support wild-type
levels of splicing of pre-mRNAs containing constitutively spliced introns or
introns that depend on an exonic splicing enhancer for efficient splicing [51].

Another feature that should be considered as a link between transcription
and alternative splicing is chromatin, since some splicing factors are known to be
recruited to the transcription site by interacting with specific histone post-
translational modifications. Histone H3 lysine 4 tri-methylation (H3K4me3), for
example, was shown to associate to major spliceosomal snRNPs, with U2 snRNP
being the strongest interaction, through binding to the CHD1 adaptor protein.
Downregulation of either CHD1 or H3K4me3 exerted a reduction of the IRF1 pre-
mRNA splicing efficiency [52]. A similar adaptor system seems to be relevant in
genes whose alternative splicing regulation is dependent on the polypyrimidine
tract binding protein (PTB) splicing factor. In such genes, tri-methylated H3 lysine
36 (H3K36me3) recruits PTB via binding the adaptor protein MRG15 [53].
H3K36me3 is a mark associated with transcription as the H3K36 methyltrans-
ferase Set1 is known to bind pol II CTD [54, 55].

All this evidence points to a temporal and functional coupling between pol II
mediated transcription and mRNA processing, with a central role for the CTD.
However, while this is a pre-requisite for an influence of transcription quality on
splicing choices, it does not imply this influence per se.

5 Evidence of Functional Coupling Between Transcription
and Alternative Splicing

Although the results mentioned above strongly suggest that the quality of tran-
scription would influence alternative splicing choices, they do not provide a direct
evidence of this ‘‘functionally-coupled regulation’’. The first direct evidence came
from experiments of promoter swapping using a minigene containing the extra
domain I alternative exon (E33, also known as EDI or EDA) of the FN gene as a
splicing reporter [56, 57]. E33 is 270 bp-long and contains an exonic splicing
enhancer (ESE) with the core sequence GAAGAAGA, which is targeted by the SR
proteins SRSF1 and SRSF7. When transcription of the minigene is driven by the
a-globin promoter; for example, E33 inclusion levels in the mature mRNA are
about 10 times lower than when transcription is driven by the FN or cytomega-
lovirus (CMV) promoters. In other genes, similar effects can be observed. Alter-
native splicing reporter minigenes corresponding to the CD44 and the calcitonin
gene-related product (CGRP) genes were placed under the control of steroid
sensitive promoters or promoters that do not respond to steroid hormones. Steroid
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hormones affected splice site selection only of pre-mRNAs produced by the first
type of promoters [58]. However, the effects are not the trivial consequence of
different mRNA levels produced by each promoter (promoter strength) but depend
on some qualitative properties conferred by promoters to the transcription/RNA
processing machinery. Promoter dependent alternative splicing patterns have been
also found in the cystic fibrosis transmembrane regulator [59] and in the fibroblast
growth factor receptor 2 genes [60].

Promoter swapping is not likely to be found in nature (although alternative
promoter usage might resemble it), but this artificial situation may reflect differ-
ences in the transcriptional machinery that physiologically are modulated via
transcription factor and co-regulator recruitment. In agreement with this view,
targeting of different transcription factors to a minigene promoter, using a
Gal4-fusion system, differentially affects splicing choices [61]. Constitutive
splicing can be modulated also by transcriptional activators, in a pol II CTD-
dependent manner [62]. Transcriptional co-regulators have been also implicated in
the control of alternative splicing. Several co-regulators of steroid hormone
nuclear receptors showed differential effects on alternative splicing in a promoter-
dependent manner [63]. Transcriptional co-regulators are proteins recruited to
gene promoters through protein–protein interactions with transcription factors that
bind directly to DNA. They can act as transcriptional co-activators or co-repres-
sors or both, depending on the promoter context on which they are recruited. For
example CoAA (co-activator activator), recruited by TRBP, which is, in turn,
recruited to promoters through direct interactions with activated nuclear receptor,
can regulate alternative splicing in a promoter-dependent manner. It similarly
enhances transcriptional activities fired by the steroid sensitive or insensitive
promoters, but only affects alternative splicing of transcripts synthesized from the
progesterone-activated MMTV promoter [64].

6 Consequence of Co-Transcriptionality in Splicing

Regulation of splicing, as summarized in Fig. 1, becomes even more complex as
we add the dimension of time.

Splicing complexes must be recruited to all introns and exons in a time window
that begins when the target sequence is transcribed and extends to the moment of
transcription termination (or even after, if we take into account post-transcriptional
processing) [20]. Thanks to the powerful chromatin immunoprecipitation technique,
co-transcriptional assembly of splicing factors can be examined in vivo. In both yeast
and mammalian cells it has been observed that snRNPs and other processing factors
accumulate at positions along intron-containing genes, coincidently with the
appearance of their target splicing sequences in nascent pre-mRNA [65–68]. As said
before, analysis of RNA associated to actively transcribed chromatin showed that
both spliced and unspliced forms are detected, which tells us that splicing has already
undergone in some of the RNA molecules [24, 68]. Furthermore, the proportion of
spliced mRNA associated with chromatin is increased when transcription is paused
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by application of the drug camptothecin (an inhibitor of DNA topoisomerase I) [68].
Therefore, splicing sequences exist that are transcribed in time following a prede-
termined order, splicing complexes are recruited to these sequences in a different
order and splicing catalysis occurs in another order, depending on the quality of
splicing complexes and the interaction between them. Processing complexes are also
interacting with the transcription machinery (mainly RNA pol II CTD), which might
affect co-transcriptional splicing.

The relevance of this situation to alternative splicing is obvious: the timing of
these different steps would either favor or disfavor the competition between splicing
sites, altering the outcome of alternative splicing. At the same time, exonic and
intronic splicing enhancer or silencers are being transcribed and secondary struc-
tures in the precursor RNA (that could inhibit or enhance splicing) are changing,
further influencing the result of alternative splicing choices. To add an extra level of

Fig. 2 Example of regulation of alternative splicing in time, considering co-transcriptional RNA
processing. (a). First alternative exon has recently been transcribed and its fate is being
determined by a combination of cis-acting sequences and trans-acting factors, as described for
Fig. 1. The downstream intronic sequence can be targeted by a regulatory factor that is able to
regulate 50 SS use. (b). As the downstream intron continues being transcribed, a secondary
structure forms that inhibits binding of factors to the intronic regulator, preventing its
participation in splicing regulation if the alternative exon fate has not been determined yet. Also,
the downstream constitutive exon is now transcribed, enabling competition for the upstream
splicing donor. (c). The first alternative splicing event (Event A) is already commited for exon
exclusion while the second alternative splicing event (Event B) is in an earlier step. In this
situation, the outcome of the first event is likely to influence the second. (d). When the Event B is
commited to exon inclusion, is not possible for it to influence the outcome of Event A, since the
later is already spliced. This situation explains the polarity observed in coordination phenomena.
(e). The final mRNA is the result of the combination of the different regulation steps and the
kinetics of transcription
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complexity, the coordination of different alternative splicing events within a same
transcript (the influence of one event in the outcome of the other) would be influ-
enced by the degree of co-transcriptionality.

Bearing these new considerations in mind, we surely need to upgrade our model
of alternative splicing regulation by including co-transcriptionality as a key factor
(Fig. 2). In the following sections, we will present evidence for the different
models of functional coupling between transcription and alternative splicing
regulation.

7 Models for Co-Transcriptional Regulation
of Alternative Splicing

Two different models have been proposed to deal with the promoter influence on
alternative splicing [18]. On the one hand, the promoter might affect the recruit-
ment to the transcribing gene of splicing factors or bifunctional factors acting on
both transcription and splicing. On the other hand, the promoter might affect the
rate of pol II elongation, affecting, in turn, the timing of co-transcriptional splicing.
It must be taken into account that these models do not exclude each other, as they
can both act physiologically at different times, in different exons or even together
on the same alternative splicing event. However, for the sake of simplicity, we
discuss in depth the evidence for the two models separately.

7.1 The Recruitment Model

There are several examples of transcription factors with effects in alternative
splicing, such as the transcriptional activator of the human papilloma virus [69],
and the thermogenic coactivator PGC-1. Interestingly, PGC-1 affects alternative
splicing, but only when it is recruited to complexes that interact with gene pro-
moters [70]. Another example is the transcription factor Spi-1, required for
myeloid and B lymphoid differentiation. Spi-1 is able to regulate alternative
splicing of a pre-mRNA for a gene whose transcription it regulates. Guillouf et al.
[71]. demonstrated that, similarly to PGC-1, Spi-1 must bind and transactivate its
cognate promoter to favor the use of a proximal 50 alternative site. Other mam-
malian cell candidates to act as bifunctional factors include the product of the
WT-1 gene, which is essential for normal kidney development, [72] SAF-B, which
mediates chromatin attachment to the nuclear matrix [73], CA150, a human
nuclear factor with characteristic WW and FF domains implicated in transcrip-
tional elongation [74, 75] and a group of proteins known as SCAFs (SR-like CTD
associated factors) which interact with the CTD and, similarly to SR proteins,
contain an RS domain and an RNA binding domain [76].

There are other DNA-binding proteins, with function in transcriptional regu-
lation, which can exert some effects on splicing regulation. One example is the
methyl-CpG-binding protein 2 (MeCP2), originally reported to participate in
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transcriptional repression of methylated genes in part via recruitment of histone
deacetylases. Young et al. showed that MeCP2 is able to promote the inclusion of
a CD44 minigene reporter. Interestingly, this effect does not depend on binding to
the DNA, but on interaction with the YB-1 splicing regulator [77].

Based on the experiments that determined the important role of RNA pol II
CTD for efficient mRNA processing, some lines of research pointed to the pos-
sibility that splicing factors were ‘‘loaded’’ on the CTD and delivered to the
splicing sites by the pol II holoenzyme. New insights into this possible mechanism
came from in vitro experiments in which the CTD was fused at the C terminus of
the splicing factor SRSF1 (formerly called SF2/ASF). Compared to SRSF1 alone,
SRSF1-CTD increased the reaction rate during the early stages of splicing. Both
the RNA-targeting domain of SRSF1 and phosphorylation of the CTD moiety
were necessary for the stimulation of splicing by the chimerical protein [78].

Using a combination of siRNA knockdown, inducible reporter systems and
transfection of different RNA polymerases, de la Mata et al. determined that the
requirement of CTD coupling differs among splicing factors. Whereas activation
of E33 inclusion by the SR protein SRSF1 is not affected by the absence of the
CTD, inhibition of E33 inclusion by another SR protein, SRSF3 (formerly SRp20),
is completely abolished when transcription is carried out by a DCTD pol II,
indicating that SRSF3 needs the CTD to be recruited to the transcription/splicing
machinery (Fig. 3) [48]. Interestingly, the CTD influences alternative splicing in a
way that is independent of capping and 30 end processing. Although no direct

Fig. 3 An example of how the transcription complex can affect alternative splicing by
recruitment of splicing factors. The carboxy terminal domain (CTD) of RNA polymerase II
mediates the inhibitory effect of the SR protein SRp20 on the inclusion of the alternatively
spliced fibronectin E33 exon. Transcription by a WT pol II (left) allows recruitment of SRSF3 to
the transcription machinery which stimulates E33 skipping. Either absence of SRSF3 or
transcription by a mutated pol II lacking the CTD (DCTD, right) causes higher E33 inclusion
because in both cases SRSF3 is not recruited
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physical interaction between SRSF3 and the CTD or the whole pol II large subunit
could be detected, it should probably exist, perhaps weak or indirect, because
SRSF3 has been found in a transcription complex known as ‘‘mediator’’, together
with the large subunit of RNA pol II [79].

7.2 The Kinetic Model

As we stated, when we first considered the consequences of co-transcriptionality in
alternative splicing, differences in the elongation rate of pol II would determine the
timing in which splicing sites are presented, and thus the outcome of alternative
splicing decisions. Accordingly, it is expected that regulators of pol II elongation
would also act as alternative splicing regulators. A kinetic role for transcription on
alternative splicing was originally suggested by Eperon et al. [80], who found that
the rate of RNA synthesis affects its secondary structure, which in turn affects
splicing. A similar mechanism involving a kinetic link was suggested from
experiments in which pol II pause sites affect alternative splicing by delaying the
transcription of an essential splicing inhibitory element (DRE) required for reg-
ulation of tropomyosin exon 3 [81].

7.2.1 Control of RNA pol II Elongation
Further evidences for a role of pol II elongation rates in regulating alternative
splicing came from a series of experiments using fibronectin E33 exon as a model.
For example, it was showed that transcription factors that stimulate mostly tran-
scriptional initiation, such as Sp1 and CTF/NF1, have little effect on alternative
splicing, whereas factors (such as VP16) and transcriptional regulatory elements
(such as the SV40 enhancer) that activate pol II elongation provoke skipping of the
E33 [61, 82, 83]. Also, the use of a pharmacological inhibitor of the kinase that
promotes pol II elongation phosphorylating ser 2 on CTD (p-TEFb) increased E33
inclusion by threefold [61, 84].

Given that, E33 (and most alternative exon cassettes) is alternatively spliced
due to a suboptimal 30 splice site that competes with the stronger 30 splice site of
the downstream exon, a highly processively elongating pol II, or the absence of
internal pauses, would favor the simultaneous presentation of both introns to the
splicing machinery, a situation in which the stronger 30 splice site of the down-
stream intron outcompetes the weaker 30 splice site of the upstream intron,
resulting in exon skipping. On the contrary, in the case of a slow polymerase or the
presence of pauses anywhere between these two sites, only elimination of the
upstream intron can take place. Once the pause is passed or the polymerase
proceeds, there is no option for the splicing machinery but to eliminate the
downstream intron, which leads to exon inclusion. This dependence on competing
splice sites for splicing response to elongation was supported by mutation analysis
showing that the better the E33 alternative exon is recognized by the splicing
machinery, the less its degree of inclusion is affected by factors that modulate
transcriptional elongation [84].
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Therefore, in theory, low pol II elongation rates or internal pauses for elongation
would favor the inclusion of alternative exons governed by an exon skipping
mechanism (such as E33), whereas a highly elongating pol II, or the absence of
internal pauses, would favor exclusion of these kinds of exons (Fig. 4). This
hypothesis was tested directly using a mutant form of RNA pol II (called C4) with
lower elongation rates [85]. The result supported the hypothesis: when a E33
reporter minigene is transcribed by the C4 pol II, the inclusion is 4-fold higher than
the same reporter transcribed by a wild-type pol II. Most importantly and of phys-
iological relevance, Drosophila flies carrying the C4 mutation show changes in the
alternative splicing profile of the large ultrabithorax (Ubx) endogenous gene. The
observed changes are consistent with a kinetic mechanism which allows more time
for early splicing events. Interestingly, Drosophila with the C4 allele in heterozy-
gosis but being wild-type for both Ubx alleles show a mutant phenotype called ‘‘Ubx
effect’’ that resembles the one seen in flies haploinsufficient for the Ubx protein.
Similar effects of pol II elongation rates on splicing were found in yeast. Alternative
splicing is a very rare event in yeast. By mutating the branch point upstream of the
constitutive internal exon of the DYN2 gene, an artificial cassette exon that becomes
alternatively spliced was created. Skipping of this exon is prevented when expressed
in a yeast mutant carrying a slow pol II or in the presence elongation inhibitors [86].
This supports the hypothesis that relative rates of spliceosome formation and pol II
processivity are important to the balance between exon skipping and exon inclusion.

Fig. 4 Kinetic coupling model for the regulation of alternative splicing by pol II elongation. The
30 splice site (SS) by the alternative cassette exon (white) is weaker than the 30 SS of the
downstream intron (black). Low transcriptional elongation rates (right) favor exon inclusion
because it gives time for the weaker 30 SS to be used, whereas high elongation rates (left) favor
skipping as it results in almost simultaneous presentation of both 30 SS
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More recent evidence called for a revision of the original kinetic model. Using the
E33 reporter minigen, it was observed that, when the alternative exon is included,
the downstream intron is removed prior to the upstream one. Alterations on splicing
factors recruitment that changed E33 inclusion levels, affects the relative rate of
intron removal according to the respective splicing factors mechanism of action, as
discussed above. However, changes in pol II elongation, caused either by DRB (an
inhibitor of the elongation factor pTEFb) treatment or by transcribing the minigene
with the C4 mutant, did not alter the rate of intron removal [26]. Therefore, reducing
pol II elongation might not necessarily affect the kinetics of intron removal itself, but
the early recruitment of splicing factors and commitment to splice.

The kinetics of transcription can also affect the coordination between different
splicing events in the same pre-mRNA molecule. According to the model, when
the elongation rate is high, both events are processed almost simultaneously so
they can influence each other equaly. However, if pol II elongation is slower,
polarity is expected as the proximal event can modulate the distal one, but no
viceversa. This is because when the second event is transcribed, the first one will
already be commited to splice or even spliced. In fact, when coordination and
polarity were tested transfecting human cells with minigenes carrying two alter-
native E33 regions in tandem, separated by 3,400 bp spanning three constitutive
exons and the corresponding introns, coordination was observed with transcription
driven by different promoters, but polarity was abolished when using a promoter
known to transcribe at higher elongation rates. More strikingly, polarity was
restored with this promoter if the cells were treated with an inhibitor of pTEF-b
that disfavor pol II elongation [12].

Recently, changes in the alternative splicing outcome due to alterations of pol II
elongation properties were reported in a more physiologically relevant cellular
context. In Muñoz et al. study [2], UV treatment caused an increase in the
inclusion levels of E33 into the endogenous FN mRNA, independently of DNA
damage in cis. Such increase is explained by pol II CTD hyper phosphorylation of
Ser2 and Ser5 residues and subsequent transcription elongation inhibition, in
agreement with the kinetic model. The same inclusion level increase was
observed, without UV treatment, using a mutant pol II that mimics the hyper-
phosphorylated state (Ser2 and Ser5 are replaced by a negatively charged gluta-
mate). By a similar mechanism, UV treatment also leads to an increase of the
Bcl-x and C9 proapoptotic isoforms. Interestingly, this UV effect is independent of
p53, a factor shown to be a key player in the apoptotic response. Overexpression of
the Bcl-x antiapoptotic long isoform abolished the UV response toward apoptosis,
suggesting that modulation on Bcl-x alternative splicing through this mechanism is
a key part of the p53-independent apoptotic response.

7.2.2 Chromatin Structure
Modification of the transcription machinery is not the only way to alter elongation
rates. The characteristics of the transcription template can be very important as
well. In particular, chromatin structure is known to affect elongation. Being
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dynamically regulated in vivo (by chromatin remodeling factors or post-tran-
scriptional modifications of histones—such as acetylation and methylation), the
modification of chromatin can be an important step of regulation of transcription
and transcription-coupled alternative splicing. Accordingly, Trichostatin A, a
potent inhibitor of histone deacetylation, favors E33 skipping [61]. This is con-
sistent with the idea that acetylation of the core histones would facilitate the
passage of the transcribing polymerase leading to a situation of higher elongation
rates. On the other hand, replication of the transfected minigene reporters, after
which these template plasmids adopt a more compact chromatin structure which
resists the pass of the polymerase, causes a 10 to 30-fold increase in E33 exon
inclusion levels in the transcript [82]. It is worth noting that intragenic DNA
methylation provokes a close chromatin structure and subsequently reduces the
efficiency of pol II elongation, [87] suggesting an additional role of DNA meth-
ylation in alternative splicing regulation as it might not only be involved in
transcriptional silencing when located at promoter regions.

Batsché et al. [88]. revealed a new role in alternative splicing for the chromatin
remodeling factor SWI/SNF whose mechanism of action involves the regulation of
pol II elongation. SWI/SNF is known to interact with pol II, splicing factors and
spliceosome associated proteins. Overexpression of Brahma (Brm), the key sub-
unit of SWI/SNF, favors inclusion of a block of consecutive alternative exons
(v1 to v10) in the CD44 gene, which is a target for SWI/SNF transcriptional
activation. Brm interacts with Sam68, a nuclear RNA-binding protein that, in turn,
binds splicing regulatory elements present in the CD44 variable exons and to
stimulate their inclusion upon activation of the ERK MAP kinases. ChIP experi-
ments showed that Brm is not only present at the gene promoter but appears
distributed along the whole transcription unit with levels that decrease gradually
toward the 30 end. Although also concentrated at the promoter region, pol II
molecules display a different distribution inside the gene with a clear accumulation
within the variable region, peaking on exon v4. This peak disappears when
endogenous Brm is knocked down by RNAi, but is higher when cells are treated
with phorbol esthers, that activate ERKs. Furthermore, in this region the phos-
phorylation status of the CTD shows an enrichment of the non-elongating phos-
pho-ser5 form of RNA pol II (typical of promoters). These findings strongly
suggest that activation of Sam68 by ERK triggers the formation of macromolec-
ular complexes together with pol II and Brm at the central block of variable exons
where the nascent transcript is exposing binding sites for Sam68, resulting in the
stalling of pol II molecules and the subsequent inclusion of the variable exons into
mature mRNA, in agreement with the kinetic coupling model. This work suggests
the existence of internal road-blocks regulated in vivo by external signals, that can
affect alternative splicing according to the kinetic model (Fig. 5) [89].

It is clear now, that modulation of histone post-translational modification patterns
can affect the outcome of alternative splicing, bringing into our attention a new field
of research with the premise that chromatin structure is likely to be a key player in the
effects of transcription over alternative splicing regulation. In a neuronal depolar-
ization model, for instance, it was found that depolarization triggers the skipping of
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exon 18 from the neuronal cell adhesion molecule (NCAM) mRNA and that this
correlates with increased acetylation of lysine 9 of Histone H3 (H3K9ac) between
exons 17 and 19, with no parallel increase at the promoter region [90]. Another
histone mark associated with transcription elongation, [54, 55] H3 lysine 36 tri-
methylation (H3K36me3) was also found to increase in distal regions of the ncam
gene upon depolarization. This is consistent with an increase in RNA pol II poces-
sivity observed at the area affected by the acetylation changes which explains the
decreased recognition of the alternative exon [90].

In a different work [91], targeting transfected small interfering RNAs (siRNAs)
to intronic regions downstream of the fibronectin alternative exon E33, increased
its inclusion into the mRNA due to local facultative heterochromatin formation, in
a mechanism resembling transcriptional gene silencing [92–94]. Moreover, this
effect was abolished by treating cells with drugs that favors chromatin relaxation:
TSA and the DNA methyltransferase inhibitor 5-azadeoxycytidine, implying a
causal relationship between the local repressive chromatin structure and the
splicing outcome. In light of these observations, then, it would not be surprising to
find out that endogenous noncoding RNAs have a relevant role in alternative
splicing regulation through epigenetic modulation.

Recently, genome-wide analysis of nucleosome positioning and histone marks
distribution, has revealed striking patterns that can be understand, at least partially,

Fig. 5 SWI/SNF stimulates inclusion of alternative exons in the CD44 gene by creating a ‘‘road
block’’ to pol II elongation at the variable region. The pause is the consequence of multiple
protein interactions involving SWI/SNF, pol II, the splicing regulator Sam68 and spliceosomal
components. The phosphorylation pattern of pol II CTD associated to Brm is changed from
phospho-Ser2 to phospho-Ser5. This might cause the stalling of pol II molecules coming behind,
even if they are phosphorylated at the elongation-competent Ser2
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from the perspective of pre-mRNA processing. In several metazoan organisms,
nucleosomes were found to be preferentially positioned on exons, strongly sug-
gesting a role of nucleosome occupancy in exon definition [95, 96]. Accordingly,
pseudoexons (nonincluded intronic sequences flanked by strong splice sites) were
depleted of nucleosomes, whereas exons flanked by weaker splice sites showed more
nucleosome enrichment than those with strong splice sites [96] and included alter-
native exons were more highly enriched in nucleosomes than excluded ones [95],
suggesting a role in alternative splicing regulation as well. Consistently with the
kinetic model of coupling, pol II levels were shown to be increased along exons,
suggesting that positioned nucleosomes might slow its elongation rate, favoring exon
definition [95]. Regarding histone marks, genome-wide analysis revealed a non-
random distribution as several modifications are enriched in exons but not in introns
[95, 96]. The H3K36me3 mark, for instance, was enriched along exons of active
genes, [95–97] although this pattern partially reflects underlying nucleosome
occupancy [96]. Interestingly, H3K36me3 signal was reduced on alternative exons in
comparison with constitutive ones [97]. Altogether, this compelling evidence sug-
gests a role of nucleosome positioning, chromatin structure, and histone modifica-
tions in alternative splicing regulation. This influence can be achieved through pol II
elongation rate modulation or, alternatively, by recruitment of splicing factors
through direct or indirect recognition of the different chromatin marks [52, 53].

8 Concluding Remarks

The combinatorial model once proposed to explain alternative splicing regulation
was initially thought to deal with post-transcriptional processing. During this
chapter, we wanted to introduce new insights into the complexity of this model
when considering transcription-coupled alternative splicing. Although the result-
ing model is far from being simple, there is little doubt in that it represents a much
more realistic picture of the process.

The first issue that must be taken into account is that different splicing events
will differ in their degree of co-transcriptionality, and that a specific splicing event
can be processed at different relative times depending on the transcriptional status.
This degree of co-transcriptionality would affect splicing choices per se (according
to the elongation model) and would also modulate the effect of trans-acting factors
(especially those that interact with the transcription machinery) and secondary
structures on alternative splicing.

This complex picture can be seen as an epi-phenomenon of the necessity to couple
transcription and splicing (an advantageous situation itself as it would facilitate a
more efficient processing of the pre-mRNA). However, it is also an opportunity for a
multi-step subtle regulation of the alternative splicing process, a physiologically
relevant issue when considering different splicing patterns in different tissues or in
response to external signals. For example, it is known that the epigenetic status of
particular sequences is altered during tissue differentiation, resulting in specific
template and transcription patterns for each cell type. It is expected that these
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transcriptional differences would impact on alternative splicing choices. In addition,
cell signaling can induce changes in transcriptional status of specific genes and
localized remodeling of chromatin and epigenetic marks, further affecting alterna-
tive splicing.

We also should reconsider previous reports of altered genes or gene expression
in some cancer types in light of the generalization of transcription/splicing cou-
pling. One example could be the fusion protein originated in human myeloid
leukemia between TLS and ERG proteins. Whereas both normal and fused TLS
can interact with RNA pol II, only TLS recruits splicing regulators such as
TASR1, also known as SRSF10 (formerly SRp38). This makes TLS/ERG fusion
protein act as an inhibitor of TASR-mediated splicing [98].

At this point, it should be noticed that there are plenty of levels where the
coupling between transcription and alternative splicing is probably altered in
cancer cells, resulting in abnormal expression patterns. The ongoing effort of
scientists to put all the regulatory processes together will test and clarify this
possibility and define its role in the disease.
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Abstract

Deregulation of gene expression plays a pivotal role in tumorigenesis, so the
ability to detect RNA alterations is of great value in cancer diagnosis and
management. DNA microarrays have been used to measure changes in mRNA
or microRNA level, but less often the change of RNA isoforms. Here we
appraise the utilization of microarray in detecting alternatively processed
RNAs, which have alternative splice forms, retained introns, or altered 30

untranslated regions. We cover the methodology and focus on cancer studies.
Recent development in parallel or deep sequencing used in transcriptome
analysis is also discussed.
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1 Introduction

Cancer is a genetic disease and it is the expression of genetic information, dictated
by intrinsic genetic content and by extrinsic influences, that ultimately determines
the disease status. Thus, knowing the entire gene activities of cancer cells would
have tremendous value to cancer diagnosis and treatment. Gene expression
changes are a key feature of cancer development. The changes can be at the level
of expression, but they can also be in the forms of RNA due to alternative RNA
processing. In this chapter, we illustrate the detection of form changes in RNA due
to alternative splicing or 30 end processing. We include studies that use genomic
tiling array to detect unspliced or partially spliced RNA. We also describe parallel
or deep sequencing techniques that are recently used to analyze gene expression,
and compare them with the microarray approaches.

2 Detection of Alternatively Spliced RNA

2.1 Exon-Junction Microarray

Exon junction microarray is composed of DNA oligos that span the exon–exon
junction of a splicing event. Only correctly spliced RNA will stably hybridize to
the junction oligo, and thus allowing detection of that splicing event. Exon
junction microarray is the first type of array specifically designed to detect alter-
natively spliced RNA isoforms. The first reported design is used to detect splice
events in S. cerevisiae and comprises three oligos per gene: one exon probe, one
intron probe, and one splice junction probe [1].

To detect exon skipping events in human cells, Shoemaker and colleagues use
an array that contains exon junction probes targeting all splice junctions
in *10,000 multi-exon genes [2]. This microarray is used to profile 52 human
tissues; they discover evidence of exon skipping in 74 % of those human multi-
exon genes, and they also detect a number of previously unidentified splice iso-
forms. Subsequent microarray designs include exon-body probes, together with
exon-junction probes [3–5]. These improved microarrays permit better measure-
ments of RNA isoform quantities. For example, to detect a cassette exon, a probe
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set typically consists of exon-body probes to detect the alternative exon and the
two flanking exons, as well as probes that monitor each of the three splice junc-
tions. Quantification in the exon-junction arrays depends on the optimal oligo
design and probe length, as well as on the data analysis algorithms [4–6]. The
design of the junction probe is particularly challenging, since flexibility in
choosing the oligo sequences is restricted.

Exon junction microarray is used to determine alternative splicing changes in
cell lines derived from Hodgkin lymphoma tumors at different disease stages [7].
Selected genes involved in apoptosis, cell signaling, proliferation, and regulation
of splicing are included in the array. Constitutive exons, alternative exons, and
splice junctions are monitored by oligonucleotide pairs, one has perfect match and
the other contains a single mismatch. Unsupervised clustering of the array data
illustrates a clear separation of Hodgkin cell lines and a normal B cell line, with
about 20–30 % of the splicing events showing a change in splice isoforms.

In collaboration with the Ares group, we employ exon-junction microarrays to
detect alternative splicing changes in two breast cancer cell lines, MCF7 and MDA-
MB-231 [8]. We elect to study 64 genes whose alternative splicing is well docu-
mented or linked to cancer. For a cassette exon, each alternative splicing event is
monitored by oligonucleotide probes, three targeting the splice junctions and three
exon-body probes targeting the alternative exon and the two adjacent constitutive
exons. For each cassette exon, a skipping index and an inclusion index are calcu-
lated, based on the ratio of the signal from junction probes and the signal from
constitutive exon probes. A cutoff of 1.5-fold change in the skipping or inclusion
indexes is used to detect alternative splicing events. We first compare the two breast
cancer cell lines to human mammary epithelial cells (HMEC) and detect a change
in splicing pattern in the cancer cell lines for a number of genes, including hnRNPA/
B, RBM9, FAS, and MYL6. We also identify differentially spliced isoforms between
MCF7 and MDA-MB-231 cell lines for HRMT1L1, APLP2, CD44, VEGF, ESR1,
and EEF1D. Our microarray study also shows that alternative splicing in tumor
xenograft is more closely related to splicing in three dimensional Matrigel cultures
than to splicing in two dimensional flat dish cultures.

The use and design improvement of exon junction microarray for detecting
alternative splicing have since been described recently including lung cancer
studies [9], analysis of the human transcriptome [10], and ABC transporter
splicing in drug development [11].

2.2 Ligation-PCR Followed by Microarray Detection

A different method to detect alternatively spliced transcripts is to take advantage of
accurate and specific ligation of oligonucleotides hybridizing at the splice junction
[12]. The RASL assay (RNA-mediated annealing, selection, and ligation) does not
involve prior RNA purification or cDNA synthesis, but is based on detecting a
RNA splice junction by annealing to it in solution two oligos complementary to
the two respective exonic sequences which create the junction. The correctly

Detection of Alternatively Spliced or Processed RNAs 27



annealed oligos are then ligated and become templates for PCR, which are
amplified using universal primers, labeled by either biotin or a dye. The products
of the RASL reaction are then hybridized to a fiber optic bead array. This approach
has great specificity of detecting a defined set of transcripts by virtually elimi-
nating the problems of cross-hybridization. The method is also more sensitive
compared to exon or splice junction arrays that rely on direct hybridization,
especially when monitoring small differences between different samples. RASL
can detect a well-expressed RNA transcript isolated from less than ten cells, as
well as to specifically amplify a transcript from a highly complex RNA mixture.

The RASL method is further improved by first converting mRNA to cDNA in a
method called DASL (cDNA-mediated annealing, selection, extension and liga-
tion) [13]. The oligo-annealing and ligation steps are also modified to include a
locus-specific oligonucleotide extension. Rather than ligating two oligos at the
splice junction as in the case of RASL, this approach permits a gap of 1–20 nt
between them, thus providing flexibility for choosing optimal sequences for the
oligos and resulted in increasing specificity. The assay is automated and used to
detect considerably degraded mRNAs from formalin-fixed and paraffin-embedded
tumor samples [14]. The assay is used to profile both transcript abundance and
alternatively spliced isoforms in prostate cancer tissues and cell lines [15]. The
study identifies a panel of 104 RNA isoforms, the majority of which displays
differential expression between normal and tumor prostate tissue and thus can be
used as biomarkers. In addition, many alternatively spliced genes linked to prostate
tumors are revealed, and differential splicing in MAPT, CACNA1D, and AMACR is
validated by RT-PCR. The DASL assay is commercialized by Illumina, which
assembles a DASL panel of 502 genes linked to cancer for monitoring gene
expression and alternative splicing [16]. The company also supports custom probe
panel creation and can profile up to 1,536 targets.

2.3 Exon Microarray

2.3.1 Design and Analysis of Exon Microarray
Since alternatively spliced RNAs have different combinations of exons, one could
use quantity changes of individual exons as indicators of alternative splicing. Exon
microarrays to detect individual exons in humans and other organisms have been
produced. For example, the Affymetrix human exon array contains 5.3 million
features (oligo probes) grouped into 1.4 million probe sets. One probe set is
typically designed to detect one exon, although some exons have more than one
probe set. The array can detect approximately 1.1 million exons or exon clusters,
which can be grouped into more than 300,000 different RNAs or transcript clus-
ters. Apart from targeting exons of well known genes, the array also includes
probes that map to exons and transcripts supported only by EST or gene prediction
algorithms; about half of the probes on the array are based on ESTs or GENE-
SCAN only and offering an opportunity to discover unannotated exons or novel
transcripts. The probes are grouped together according to supporting evidence and
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the user can choose to look at the signal from only well-annotated exons (core
exons, supported by RefSeq and full length GenBank mRNAs), the extended set
(ESTs, syntenic rat and mouse mRNAs), or the full set of probes (gene predic-
tions). Exons of less than 25 bases are not represented on the array due to
hybridization requirements, so some short exons as well as some alternative 5 or 30

splice sites are not interrogated by this array.
The exon array can also be used to derive gene level expression data, which is

important when analyzing alternative splicing. Since there are no mismatch probes
for background estimation, the exon array has to use a different algorithm to
estimate nonspecific hybridization by using genomic or antigenomic background
probes with defined GC content. Several groups have actually used the human
exon array to obtain reliable gene expression data comparable to those from
conventional gene arrays [17–20]. Gene expression estimates from the exon array
are further improved by selecting only probes with a reliable signal, while
removing probes that perform poorly or cross-hybridize to more than one target in
the genome [21, 22].

2.3.2 Alternative Splicing in Cancer Detected by Exon Microarray
The exon array has been used to assess alternative splicing in cancer. A study
to compare colon tumors with normal tissues has been reported [17]. The authors
filter the data both at exon level and at gene level to eliminate outliers and retain
exons/transcripts with signal above background. Then they calculate a Splicing
Index (SI), which represents the log ratio of exon signals between normal tissue
and tumors after normalization to the gene signal. The SI index is used
in the MIDAS algorithm (ExACT program, http://www.affymetrix.com/products/
software/specific/exact.affx) to test the hypothesis that no alternative splicing
occurs for a given exon. This approach identifies a list of potentially differentially
spliced genes between normal and tumor colon tissues. Among the 43 genes
identified, 9 (ACTN1, VCL, CALD1, CTTN, TPM1, FN1, COL6A3, SLC3A2, and
ITGB4) are validated by RT-PCR. Five of these genes, ACTN1, VCL, CALD1,
CTTN, and TPM1, code for proteins linked to cytoskeleton organization. FN1 and
COL6A3 are important for the extracellular matrix and SLC3A2 has a function in
integrin signaling. For some of these genes, cancer-specific alternative splice
variants have been previously identified. For example TPM1, ACTN1, and ITGB4
show similar splicing pattern in colon tumors [23] and ITGB4 and TPM1 are
identified as differentially spliced in several tumors by computational analysis [24].

A more recent study uses human exon arrays to identify differences in alter-
native splicing in colon, bladder, and prostate cancer and reports seven genes as
differentially spliced: ACTN1, CALD1, COLA3, LRRFIP2, PIK4CB, TPM1, and
VCL [25]. The validation rate in this study was 67 % (7 out of 15 candidates
confirmed by RT-PCR) and the identified genes match the previous studies,
including the prevalence of genes involved in the cytoskeletal organization.

Cancer-specific alternative splice forms are identified using exon arrays in
tumors of the nervous system. One study [26] reports that ATP2B4, CaMKII,
NLGN4Y, UNC84A, BIN1, MPZL1, and NRCAM are differentially spliced in glial
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brain tumors. Glioblastoma samples are used in another study that discovers 14
glioma-specific alternative splicing changes, seven of them novel: A2BP1, BCAS1,
CACNA1G, CLTA, KCNC2, SNCB, and TPD52L2 [27].

The use of exon microarray in detecting alternative splicing has grown in the
past few years [28], including studies of breast cancer [29] and method refinements
[30].

2.3.3 Improvement in Data Analysis for Alternative Splicing
Discovery

The studies based on the Affymetrix exon array analysis tools achieve a relatively
low validation rate for detection of differentially spliced exons. Substantial
improvements of alternative splicing detection are achieved by two groups using
different type of array analysis. One develops a regression-based algorithm for
analyzing the array data (REAP), and achieves a validation rate of 60 % for
randomly chosen differential splicing events [31]. The other method, MADS
(microarray analysis of differential splicing), attempts to remove the major sources
of false positives in detecting alternative splicing [32]. The authors incorporate in
the analysis algorithm background correction of probes intensities, iterative probe
selection for gene expression index calculation, and a procedure to remove
sequence-specific cross-hybridization. The method leads to a detection of 25 %
more true positive differentially expressed exons compared to Affymetrix’s
ExACT algorithm, with a validation rate of 90 %. The study also compares the
sensitivity of the Affymetrix Exon 1.0 array to a custom spotted oligonucleotide
array with splice junction probes [33], and concludes that the latter is more sen-
sitive to small changes in alternative splicing.

3 Detection of Alternatively Processed RNA
Using Genomic Tiling Microarray

3.1 The Design of Genomic Tiling Microarray

Genomic tiling arrays aim to interrogate transcripts from a whole genome, using
regularly spaced oligonucleotide probes in an unbiased way except for repetitive
sequences (reviewed in [34–36]). Three companies offer tiling arrays, with different
resolution and hybridization protocols. The Affymetrix protocol uses biotin labeling
and one-color assay, while Agilent and NimbleGen produce tiling arrays that use
dual-color hybridization and longer oligo probes (60-mer for Agilent, and 50–75-
mer for NimbleGen, both tiled at about 100-bp intervals). The Affymetrix tiling
arrays are probably the most popular to date and offer the highest resolution.
Its human tiling array consists of 25-mer probes with approximately a 10-bp gap
between adjacent probes (Fig. 1a). The array has two variants. The GeneChip
Human Tiling 1.0 R Array Set includes perfect match (PM) and mismatch
(MM) probes in 14 arrays, each having over 6.5 million probes. The GeneChip
Tiling 2.0R Array Set has seven arrays, for which the mismatch probes are omitted.
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Affymetrix has developed Tiling Analysis Software (TAS) for analyzing the arrays,
which can perform quantile normalization of the array signal, sliding window
analysis of the signal intensities, and subsequent region definition according to user-
defined parameters for length and threshold (minimum run and maximum gap).
Figure 1b illustrates the steps in a typical experiment involving Affymetrix tiling
arrays, and Fig. 1C demonstrates the signal visualization for a single gene, vimentin
(VIM), taken from an experiment performed in our group (see Sect. 3.3).

3.2 Tiling Microarray Used in the Transcriptome Mapping
and the ENCODE Project

The tiling array is unique among the different microarray designs in the fact that it
systematically interrogates transcription outside known or predicted genes. Initial
experiments to assess transcription across human chromosomes 21 and 22 using
tiling arrays are performed with 11 tumor tissues and fetal cell lines and reveal
surprising complexity [37, 38]. About an order of magnitude more of the genomic
sequence is detected as transcripts than what has been assumed on the basis of
annotated and predicted exons. This finding is confirmed and extended by using a
tiling array of 36-mer probes at a resolution of 46 base pairs on the average,
covering the entire human genome [39]. The study detects numerous transcrip-
tionally active regions (TARs) in addition to unannotated genes, antisense tran-
scription, and previously undetected exons of known genes. A study using arrays

Fig. 1 Design and analysis of a genomic tiling array. (a) Probes of 25-mer on a genomic tiling
array are spaced at 35 base pairs on the average, with a gap of about 10 bp between adjacent
probes. (b) Flowchart for tiling array analysis. (c) Expression of VIM in HEK293 cells transfected
with wild type DHX16 cDNA, detected by Affymetrix human tiling array. Exons are represented
as boxes and introns as lines. The graph above the gene shows the normalized signal from
individual oligo probes as vertical lines, on a log2 scale
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with a high resolution of five base pairs further provides evidence of an extensive
network of overlapping transcripts with almost half of all transcribed sequences
not polyadenylated [40]. The massive unannotated transcription is not unique to
human cells, since similar findings are documented in mouse [41], fly [42], and
Arabidopsis [43].

Tiling arrays are also used in the ENCODE project [44] to assess transcription
of *1 % of the human genome. The ENCODE tiling array has *750,000 25-mer
PM and MM oligo probes, spaced at 21-bp intervals. The ENCODE study detects
transcription fragments (TxFrags) from 14.7 % of the nucleotides represented on
the arrays, with 63 % of the TxFrags residing in intronic or intergenic regions. By
a combination of 50RACE and tiling array hybridization, more than 60 % of the
annotated protein-coding genes show evidence of new alternative exons in their
introns, and 68 % exhibit a potential new transcription start site upstream of their
first annotated exon [45]. The distal 50 exons often overlap with adjacent genes,
thus creating chimeric transcripts. Many of the novel exons are expressed in a
tissue-specific manner, which underlines the importance of whole-genome tran-
scriptome studies in disease models.

3.3 Detection of Unspliced or Partially Spliced RNA
by Tiling Microarray

While alternative cassette exons and many 5 or 30 alternative splice sites can be
detected by exon or exon-junction arrays, unspliced or partially spliced transcripts
are best followed by probes that cover the intron regions. The genomic tiling
arrays thus provide an opportunity to systematically assess intron retention events
arising from perturbation of the splicing machinery. Such types of splicing
changes may be important for cancer, since miss-splicing is linked to cancer [46,
47]. While alternative splicing involving exon skipping is underrepresented in
tumor cells than in normal cells, intron retention events are at a higher level [48].

Detection of introns by tiling arrays is reported by comparing wild-type S.
cerevisiae and a mutant strain deficient in processing of excised introns [49]. The
study confirms previously predicted introns and discovers new intron-containing
genes. A recent study also uses tiling arrays to investigate the effect of nonsense-
mediated decay and nuclear exosome on the intron content in S. cerevisiae [50].
The study shows that about a third of the yeast introns increase upon inactivation
of the nonsense-mediated decay pathway, an effect which is not observed when
analyzing yeast intron content by other types of microarrays. The sensitivity of the
tiling array detection in this experiment is comparable to Northern blot data.

Our group has used the Affymetrix human tiling array to detect transcripts
affected by a human DExH-box spliceosomal protein, DHX16 [51]. RNA samples
from cells expressing wild type DHX16 and from cells expressing a dominant
negative mutant were removed of ribosomal RNA, labeled, and hybridized to probes
on the array. The data were analyzed using TAS to integrate neighboring oligo
signals and to identify RNA fragments or intervals. In this analysis, we included only

32 M. Gencheva et al.



intervals with a minimum length of 100 nucleotides, since an average human intron
is longer than 4,000 nt and few introns are shorter than 100 nt [52]. We detected a
number of genes showing clear evidence of intron retention in the transcripts. RPL19
is an example of a gene whose transcripts retain introns in the mutant-expressing
cells (Fig. 2). The array data indicate that many of those genes have elevated signal
from the majority of their introns, a pattern which is possible to detect with the
unbiased tiling array. Thus, genomic tiling microarray is effective in identifying
gene transcripts that retain introns when splicing is impaired.

3.4 Detection of Alternatively Processed RNAs
in Breast Cancer Using Tiling Array

We also used the aforementioned Affymetrix genomic tiling microarray to com-
pare RNA samples from breast tumors and from normal tissues [53]. Breast tumors
were biopsies from patients and normal breast tissues were taken from plastic
surgery of normal individuals for cosmetic purpose. In this analysis, we included
intervals with a minimum length of 50 bases, since the median of human exons is
only 124 bases [54]. Intervals representing increase in breast tumors by more than
2-fold with a p value less than 0.01 were further analyzed.

Most of the up-regulated intervals were coincided with annotated mRNA exons.
For example, KPNA2 has 11 exons; five of the exons were identified as up-regulated
intervals (Fig. 3a). The remaining six exons of KPNA2 had probes showing sig-
nificant increase in signals. KPNA2, karyopherin alpha2, is a potential prognostic
marker in breast tumors and predicts poor survival in breast cancer patients [55, 56].

Fig. 2 Comparing RNA from mutant and wild type DHX16-expressing cells using genomic
tiling microarray. HEK293 cells were transfected with a dominant negative DHX16 mutant
cDNA (DN) or with a wild type DHX16 cDNA (WT). RNA was extracted and analyzed on tiling
microarray. Shown here is the genomic region containing RPL19 gene, which is transcribed from
left to right. Log2 of the signal ratio between DN and WT are shown as vertical lines above the
gene. Signals that are lower in DN have lines pointing downward. Intervals with a 2-fold increase
are depicted with thick bars
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A few upregulated intervals fell into introns of known genes. For example, an
intronic interval was found in intron 2 of the IFI27 gene. Further analysis indicates
that this intragenic interval is part of a novel transcript with a long exon 2 that ends
within the intron 2 of the standard, longer transcript (Fig. 3b). Another interval was
found in the intron of FOXA1 gene, which is shown to be an alternative exon
(Fig. 3c). IFI27, interferon alpha-inducible protein 27, is up-regulated in a number
of epithelial cancers, although its association with breast cancer is less clear [57, 58].
FOXA1, forkhead-box A1, is expressed in breast cancer, although its value in
prognostic prediction is still being investigated [59, 60].

Fig. 3 Comparing the tiling microarray signals between breast tumors and the normal tissues.
Four genes are depicted: (a) KPNA2, (b) IFI27, (c) FOXA1, and (d) ADAM12. The exons and
introns are depicted as in Fig. 1; KPNA2 and IFI27 are transcribed from left to right, while the
other two genes are right to left. The vertical lines above the gene represent log2 of the signal
ratio between tumors and normal tissues, with a horizontal line representing 2-fold up-regulation.
Intervals with a ratio greater than 2 (R [ 2) are shown as bars below the ratio lines and intervals
with a p value less than 0.01 (p \ 0.01) are shown above the ratio lines
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Several intergenic intervals were found to locate near the 30 end of a protein-
coding gene. These RNA segments could represent a 30 extension of the nearby
gene or a complete separate transcript. For example, RefSeq database shows
transcripts of the ADAM12 gene having two different 30 ends (Fig. 3d). The tiling
array data indicated that the short form was not well expressed in breast tumor.
Moreover, the intervals found 30 to the ADAM12 gene, upon further analysis,
represent a transcript that is longer than the long form. ADAM12, a disintegrin and
metalloprotease 12, is associated with several cancers including breast [61, 62],
however, this ‘‘extra’’ long transcript has never been described.

Recently, genomic tiling microarray was used to detect aberrant processing of
RNA transcripts at cryptic polyadenylation sites in introns when U1 snRNP was
knockdown [63].

4 Transcriptome Analysis by Direct Sequencing

Whole genome direct sequencing of transcripts has emerged as a powerful alter-
native to microarray analysis [64–69]. It is based on a new generation of massive
parallel sequencing technologies. Currently three deep sequencing platforms have
gained popularity. The first platform was introduced by 454 Life Sciences
(available trough Roche) and relies on pyrosequencing by synthesis. The 454
platform can read 200–400 bases from each molecule and can achieve 1 million
reads per run. Illumina offers a bead-based sequencing by synthesis employing
reversible fluorescent terminators. The technology was developed by Solexa and
can achieve *3 billion bases per run, with read length of 35–70 bases. A rela-
tively new system is SOLiD (Applied Biosystems), based on massive, parallel
sequential ligation technology. SOLiD can map 4–6 billion bases per run, with a
read length of 50 bases. Although the length of the reads in all three cases is short
compared to the Sanger sequencing, the new technologies provide very high
accuracy and ultra-high throughput, making the sequencing of whole transcrip-
tome fast and increasingly affordable.

Analysis of transcripts by sequencing has important advantages compared to
microarrays. First, sequencing can discover new isoforms without prior knowledge
of the exact sequence. Second, sequencing bypasses hybridization and thus elimi-
nates problems associated with background and cross-hybridization, a major cause
of signal variability in microarray analysis [70, 71]. Third, transcript detection
achieved by deep sequencing and RNA-Seq protocol is shown to be quantitative
with a linear range over five orders of magnitude [65, 66]. Furthermore, it is reported
that about 40 million reads of *25 bases are sufficient to accurately detect splice
isoforms for transcripts with high- or moderate expression [65]. Detecting alterna-
tively spliced RNAs, for nearly all of the multi-exon RefSeq human genes with an
accuracy of detection comparable to quantitative PCR have also been reported [66].

Massive parallel sequencing has been used to detect cancer-specific transcripts in
two comprehensive studies of pancreatic cancer and glioblastoma [72, 73]. In both
studies, deep sequencing on an Illumina/Solexa platform is combined with SAGE to

Detection of Alternatively Spliced or Processed RNAs 35



quantitate gene expression. This approach identifies 541 genes differentially
expressed in prostate cancers compared to normal cells. On average, these genes
have 88-fold higher expression in primary pancreatic tumors. In the case of glio-
blastoma, 143 genes are determined to be expressed at 10-times the level in normal
brain. Many of these genes encoded proteins which are secreted or expressed on the
cell surface, thus making them potential diagnostic markers or therapy targets.

5 Summary and Conclusion

In this chapter, we evaluate microarrays that are used to detect alternatively
spliced or processed RNA. Ligation of junction-hybridizing oligos followed by
PCR and array detection is most sensitive, although the number of splicing events
it can simultaneously measure is somewhat limited. Exon junction microarray can
measure splice variants with a potential to be genome-wide; however, its accuracy
can be affected by the hybridization behaviors of the restricted exon junction
probes. All-exon microarray has already reached genome-wide scale and is
commercially available; however, there is still a need to develop an algorithm for
analyzing most if not all alternatively splicing events reliably.

No microarray is specifically designed to discern RNA with intron retention or
alternative 30 processing in human cells. We describe here our studies using genomic
tiling microarray from Affymetrix for these purposes. Although novel alternatively
spliced RNA is detected in our studies, the recognition relies on visual examination
of the intervals on Integrated Genome Browser and additional molecular assays. The
suitability of using genomic tiling microarray for alternative splicing studies
remains to be further evaluated. Parallel or deep sequencing has shown great
promise in identifying novel transcripts and obtaining quantitative information.
However, the storage and computation power needed to handle the massive data
generated from sequencing still post a major challenge to its general applications.

The role of alternative or aberrant splicing in cancer is quite evident [74], but
more investigations are warranted [75]. The 30 untranslated region is critical for the
translation, stability, localization of the RNA, and microRNA regulation [76, 77],
and the length regulation of 30 UTR in cancer has just gained momentum [78].
Thus, detecting and studying alteration in splicing/processing shall remain a focus
in cancer biology.
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Cancer-Associated Perturbations
in Alternative Pre-messenger RNA
Splicing

Lulzim Shkreta, Brendan Bell, Timothée Revil, Julian P. Venables,
Panagiotis Prinos, Sherif Abou Elela and Benoit Chabot

Abstract

For most of our 25,000 genes, the removal of introns by pre-messenger RNA (pre-
mRNA) splicing represents an essential step toward the production of functional
messenger RNAs (mRNAs). Alternative splicing of a single pre-mRNA results in the
production of different mRNAs. Although complex organisms use alternative splicing
to expand protein function and phenotypic diversity, patterns of alternative splicing are
often altered in cancer cells. Alternative splicing contributes to tumorigenesis by
producing splice isoforms that can stimulate cell proliferation and cell migration or
induce resistance to apoptosis and anticancer agents. Cancer-specific changes in
splicing profiles can occur through mutations that are affecting splice sites and splicing
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control elements, and also by alterations in the expression of proteins that control
splicing decisions. Recent progress in global approaches that interrogate splicing
diversity should help to obtain specific splicing signatures for cancer types. The
development of innovative approaches for annotating and reprogramming splicing
events will more fully establish the essential contribution of alternative splicing to the
biology of cancer and will hopefully provide novel targets and anticancer strategies.
Metazoan genes are usually made up of several exons interrupted by introns. The
introns are removed from the pre-mRNA by RNA splicing. In conjunction with other
maturation steps, such as capping and polyadenylation, the spliced mRNA is then
transported to the cytoplasm to be translated into a functional protein. The basic
mechanism of splicing requires accurate recognition of each extremity of each intron by
the spliceosome. Introns are identified by the binding of U1 snRNP to the 50 splice site
and the U2AF65/U2AF35 complex to the 30 splice site. Following these interactions,
otherproteins andsnRNPsare recruited togenerate thecomplete spliceosomalcomplex
needed to excise the intron. While many introns are constitutively removed by the
spliceosome, other splice junctions are not used systematically, generating the
phenomenon of alternative splicing. Alternative splicing is therefore the process by
which a single species of pre-mRNA can be matured to produce different mRNA
molecules (Fig. 1). Depending on the number and types of alternative splicing events, a
pre-mRNA can generate from two to several thousands different mRNAs leading to the
production of a corresponding number of proteins. It is now believed that the expression
of at least 70 % of human genes is subjected to alternative splicing, implying an
enormous contribution to proteomic diversity, and by extension, to the development
and the evolution of complex animals. Defects in splicing have been associated with
human diseases (Caceres and Kornblihtt, Trends Genet 18(4):186–93, 2002, Cartegni
et al., Nat Rev Genet 3(4):285–98, 2002, Pagani and Baralle, Nat Rev Genet
5(5):389–96, 2004), including cancer (Brinkman, Clin Biochem 37(7):584–94, 2004,
Venables, Bioessays 28(4):378–86, 2006, Srebrow and Kornblihtt, J Cell Sci 119(Pt
13):2635–2641, 2006, Revil et al., Bull Cancer 93(9):909–919, 2006, Venables,
Transworld Res Network, 2006, Pajares et al., Lancet Oncol 8(4):349–57, 2007,
Skotheim and Nees, Int J Biochem Cell Biol 39:1432–1449, 2007). Numerous studies
have now confirmed the existence of specific differences in the alternative splicing
profiles between normal and cancer tissues. Although there are a few cases where
specific mutations are the primary cause for these changes, global alterations in
alternative splicing in cancer cells may be primarily derived from changes in the
expression of RNA-binding proteins that control splice site selection. Overall, these
cancer-specific differences in alternative splicing offer an immense potential to improve
the diagnosis and the prognosis of cancer. This review will focus on the functional
impact of cancer-associated alternative splicing variants, the molecular determinants
that alter the splicing decisions in cancer cells, and future therapeutic strategies.

Keywords

Oncogene � Mutations � Apoptosis � RNA binding proteins � Anticancer
strategies � Splice variants
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1 Introduction

For most of our 25,000 genes, the removal of introns by pre-messenger RNA
(pre-mRNA) splicing represents an essential step toward the production of functional
messenger RNAs (mRNA). Alternative splicing of a single pre-mRNA results in the
production of different mRNAs. Although complex organisms use alternative splicing
to expand protein function and phenotypic diversity, patterns of alternative splicing are
often altered in cancer cells. Alternative splicing contributes to tumorigenesis by
producing splice isoforms that can stimulate cell proliferation and cell migration or
induce resistance to apoptosis and anticancer agents. Cancer-specific changes in
splicing profiles can occur through mutations that are affecting splice sites and splicing
control elements, and also by alterations in the expression of proteins that control
splicing decisions. Recent progress in global approaches that interrogate splicing
diversity should help to obtain specific splicing signatures for cancer types. The
development of innovative approaches for annotating and reprogramming splicing
events will more fully establish the essential contribution of alternative splicing to the
biology of cancer and will hopefully provide novel targets and anticancer strategies.

Metazoan genes are usually made up of several exons interrupted by introns. The
introns are removed from the pre-mRNA by RNA splicing. In conjunction with other
maturation steps, such as capping and polyadenylation, the spliced mRNA is then
transported to the cytoplasm to be translated into a functional protein. The basic
mechanism of splicing requires accurate recognition of each extremity of each intron
by the spliceosome. Introns are identified by the binding of U1 snRNP to the 50 splice
site and the U2AF65/U2AF35 complex to the 30 splice site. Following these interac-
tions, other proteins and snRNPs are recruited to generate the complete spliceosomal
complex needed to excise the intron.
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While many introns are constitutively removed by the spliceosome, other splice
junctions are not used systematically, generating the phenomenon of alternative
splicing. Alternative splicing is therefore the process by which a single species of
pre-mRNA can be matured to produce different mRNA molecules (Fig. 1).
Depending on the number and types of alternative splicing events, a pre-mRNA
can generate from two to several thousands different mRNAs leading to the
production of a corresponding number of proteins. It is now believed that the
expression of at least 70 % of human genes is subjected to alternative splicing,
implying an enormous contribution to proteomic diversity, and by extension, to the
development and the evolution of complex animals.

Defects in splicing have been associated with human diseases [1–3], including
cancer [4–10]. Numerous studies have now confirmed the existence of specific dif-
ferences in the alternative splicing profiles between normal and cancer tissues.
Although there are a few cases where specific mutations are the primary cause for
these changes, global alterations in alternative splicing in cancer cells may be pri-
marily derived from changes in the expression of RNA-binding proteins that control
splice site selection. Overall, these cancer-specific differences in alternative splicing
offer an immense potential to improve the diagnosis and the prognosis of cancer.

This review will focus on the functional impact of cancer-associated alternative
splicing variants, the molecular determinants that alter the splicing decisions in
cancer cells, and future therapeutic strategies.

2 Function of Cancer-Associated Splice Variants

Alternative splicing is part of the normal expression program of the majority
of human genes. The initial reports describing the importance of alternative
splicing in the control of sex determination in Drosophila [11] were followed by
several examples linking splicing to the regulation of gene expression in human
cells. For example, it was shown that alternative splicing controls the production of
membrane-associated or secreted forms of immunoglobulins [12], and the syn-
thesis of hormones with distinct physiological functions [13]. The most striking
examples of the effect of splicing on gene expression are found in the nervous
system where alternative splicing is used to expand the functional repertoire of
receptor molecules. One notable example is the alternative splicing of the Slo gene
that leads to the production of different proteins playing a role in the perception of
different sound frequencies during audition [14].

The contribution of alternative splicing to gene expression is not always to
expand protein diversity. Indeed, alternative splicing can also regulate the level of
gene expression by producing mRNA isoforms containing premature stop codons
that activate nonsense-mediated RNA decay (NMD). However, a global analysis
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Fig. 1 Patterns of alternative splicing. Gray boxes represent exons or exonic fragments that are
alternatively spliced. a cassette exon, b mutually exclusive exons, c alternative 50 splice sites,
d alternative 30 splice sites, e intron retention, f alternative promoters can affect the identity of the
first exon, and g alternative polyadenylation sites can impact the structure of the terminal exon
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of the effect of knocking-down a specific NMD component on the abundance of
3126 alternative splicing events suggests that this pathway is not general but rather
affects a selected group of pre-mRNAs [15]. Interestingly, splicing factors such
as PTB and SC35 autoregulate their own expression by promoting the production
of the NMD-sensitive isoforms [16–18]. Recent studies indicate that this mode of
regulation is a hallmark of many splicing regulatory factors that belong to the SR
and hnRNP family of proteins [17, 19].

Despite the involvement of alternative splicing in the expression and diversity
of selective sets of genes, the global impact of the functional diversity imparted by
alternative splicing still remains incomplete and controversial [20]. However,
some of the best available evidence documenting the breadth and significance of
alternative splicing has been provided by the study of cancer cells. Selected
examples ordered by cellular functions are presented below.

2.1 Cellular Proliferation

Expression of the fibroblast growth factor receptor (FGFR) family is closely linked
to cellular proliferation and cancer. Alternative splicing of FGFR1 and FGFR2
pre-mRNAs produce splice variants that have different affinities for their respec-
tive ligands. The FGFR2-IIIc splice isoforms is overexpressed in advanced stages
of prostate cancers and transforms human mammary epithelial cells when
expressed ectopically [21, 22]. FGFR2-IIIc accumulates in mesenchymal cells
while FGFR2-IIIb is preferentially produced in epithelial cells. In a rat model
system, prostate cancer cells expressing the FGFR2-IIIc-specific exon in a reporter
construct revealed unexpected mesenchymal-epithelial transitions in primary
tumors and lung micrometastases, revealing their phenotypic plasticity [23].

Proto-oncogenes and tumor-suppressor genes are essential players in the regu-
lation of cellular proliferation. The majority of these genes express isoforms that are
generated by alternative splicing. For example, the pre-mRNA encoding the p53
protein is alternatively spliced to produce isoforms whose abundance vary in breast
tumors [24]. Other members of the p53 family such as p73 and p63 are alternatively
spliced leading to the inclusion or the exclusion of the transcription transactivation
domain. Inclusion of the transactivation domain transforms these tumor-suppressor
proteins into oncoproteins [25]. The transcriptional activity of p53 is itself controlled
via the alternative splicing of MDM2. Variations in the splicing of MDM2 in cancer
tissues influence its accumulation in the nucleus and therefore affect its capacity to
repress the transcription of p53 [26, 27]. Other examples of cancer-associated
changes in alternative splicing are listed in Table 1.

2.2 Cellular Invasion

Integrins are a family of cell adhesion transmembrane proteins. Their expression
modulates the invasive properties of cancer cells. Numerous integrin splice
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variants that either facilitate or inhibit cellular proliferation have been described
[28]. The cell–cell adhesion glycoprotein CD44 whose expression is associated
with the metastatic potential of cancer cells [29] is produced in more than 20
splicing isoforms. Isoforms that contain exon v6 induce metastasis in mammary
and pancreatic carcinomas in rats [30], while inclusion of exon v10 modifies
CD44 adhesion properties and contributes to cancer progression [31]. Integrins
often interact with fibronectin, itself produced in various versions. The alternate
EDB- and EDA-containing isoforms of fibronectin are involved in cell adhesion
and spreading [32]. In breast and colon cancers, overexpression of RonD, the
splice variant of the transmembrane receptor MSF (macrophage-stimulating fac-
tor) is overexpressed, which enhances the migratory properties of cancer cells [33].
Table 1 lists additional genes whose change in alternative splicing has been shown
to affect cell adhesion properties and invasiveness.

2.3 Angiogenesis

Several splicing changes affect angiogenesis, most notably those of the vascular
endothelial growth factor (VEGF) in which an alternative 30 splice site causes an
antiangiogenic form to be produced in normal tissues [34]. Recently, it was also
shown that prostate tumors have reduced incorporation of exon 7. Experimental
inhibition of exon 7 inclusion reduced the ability of transplanted cells to induce
angiogenesis in mice [35]. Exon 7 incorporation is positively regulated by the
RNA-binding protein T-STAR (also known as SLM-2) [36]. VEGF expression is
itself affected by the alternative splicing products of the Estrogen receptor alpha
and the cholecystokin-2/gastrin receptor (CCK2 R) [37, 38]. Another relevant
event is the removal of exon 3 of Survivin, which gives it a specific function in
promoting angiogenesis [39].

2.4 Resistance to Apoptosis

Alternative splicing has a strong impact on the function of proteins implicated in
apoptosis. A comprehensive inventory of isoforms derived by alternative splicing
of apoptotic genes and a summary of their known functions appeared recently [40].
The functional consequences of alternative splicing have been demonstrated for
the death receptor Fas, as well as the adaptor and regulatory proteins APAF1 and
Survivin. The function of apoptotic mediators such as Bcl-x, Bfk, Mcl1, Bim
and Bid, and several caspases were also shown to be modulated by alternative
splicing [40]. The alternative splicing of these genes produces isoforms that often
have different and sometimes opposing activities.

A close association with cancer is particularly well documented for the splicing
variants of Bcl-x. Competing 50 splice sites dictate the expression of the Bcl-xL and
Bcl-xS isoforms, two proteins with antagonist regulatory functions [41]. Bcl-xL is an
anti-apoptotic protein that protects the integrity of mitochondria, and is overexpressed
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in many types of cancer cells [42–46]. On the other hand, the pro-apoptotic isoform
Bcl-xS can heterodimerize with Bcl-xL to abrogate its anti-apoptotic activity [47].
Furthermore, Bcl-xL overexpression is directly responsible for the resistance of cancer
cells to stresses and chemotherapeutic drugs [41, 48–56].

Another example of a splicing event linked to apoptosis is FIR, a known
inhibitor of MYC. In this case, a shorter splice isoform of FIR switches protein
activity to facilitate the overexpression of MYC, inhibiting apoptosis [57]. The
alternative splicing of protein kinase C delta (PKCd) was also shown to produce an
isoform that can protect human teratocarcinoma cells from apoptosis [58]. Other
recent examples of splice isoforms affecting apoptosis are presented in Table 1.

2.5 Multidrug Resistance

Drug transporters defend cells against cytotoxic agents. Thus, alterations in their
alternative splicing may alter the efficacy of anticancer agents. One major group of
transporters are known as the multidrug resistance-associated proteins (MRP;
ABCC gene family). Alternative splicing of many genes in this group creates
functional variants, as is the case with MRP1 that produces splicing variants
conferring resistance to doxorubicin in ovarian tumors [59]. Alternative splicing of
MRP4, a drug-efflux pump mediating the efflux of nucleotide analogs, generates a
non-functional protein via introduction of premature termination codons [60].
Differential expression of two mRNA isoforms of the ATP-binding cassette
transporter gene ABCB 5 was reported in melanoma cells [61]. Several alterna-
tively spliced P-glycoprotein transcripts have been found in multidrug-resistant
cells and their expression correlates with drug resistance [62, 63]. Finally, BCRP
(ABCG2) splice variants are differentially expressed in human drug-selected
breast cancer cell lines [64].

The deregulated expression of dominant negative variants of p63 and p73
lacking the transactivation domain can inhibit the transactivation of target genes
and apoptosis, thus contributing to chemoresistance [65]. A splice variant of the
spindle checkpoint gene Mad2 abrogates mitotic arrest and adriamycin-induced
apoptosis [66]. Finally, a MAP-kinase activating death domain (MADD) splice
variant of the IG20 gene suppresses tumor cell survival and enhances susceptibility
to apoptosis and anticancer drugs [67].

3 Alternative Splicing Control: Basic Principles

Before discussing specific examples of molecular alterations responsible for
cancer-specific splicing patterns, it is important to review some key principles of
splice site control and selection. Splice site selection is determined first by the
sequence of splice sites. The sequence of constitutive splice sites that are used
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all the time usually matches the consensus CAG/GUGAGU, for a 50 splice site
(«/» indicates the junction between exon and intron), and a polypyrimidine-rich
tract followed by CAG/at the 30 splice site (Fig. 2a). In contrast, alternative splice
sites usually display various mismatches to the consensus sequence, which make
them intrinsically weaker splice sites. This intrinsic weakness renders them
amenable to modulation by control factors that may increase or decrease their use.
Hence, the use of alternative splice sites is often influenced by the presence of
nearby exonic or intronic auxiliary elements that promote or repress splicing.
These sequence elements function by recruiting proteins that either directly
modulate splice site recognition, affect the formation of specific splicing com-
plexes or change the conformation of the pre-mRNA to promote the use of certain
splice site combinations.

Direct modulation of splice site recognition is promoted by members of the SR
family of proteins, which are frequently associated with stimulatory elements.
However, other types of proteins with stimulatory activity have been identified (for
example, CELF, hnRNP H, hnRNP L, TIA1, and TIAR) [68]. When these proteins
are bound in the proximity of a splice site, they may interact with other compo-
nents of the splicing machinery (U1 snRNP at the 50 splice site or U2AF at the 30

splice site) to improve their binding (Fig. 2b). Alternatively, some sequence ele-
ments located near splice sites may repress their use (Fig. 2c) by recruiting pro-
teins that hinder the recognition or utilization of the adjacent splice sites.

In addition to the direct role of proteins recruited in the vicinity of a splice site,
changes in the conformation of the pre-mRNA may also influence splicing deci-
sions. These changes sometimes involve the formation of a secondary structure that
blocks the utilization of a splice site [69]. In other cases, the changes are induced by
an interaction between proteins bound at different locations on a pre-mRNA. Such
spatial rearrangement can stimulate the use of a splice site located outside of the
loop, and may simultaneously repress splice sites located inside that loop (Fig. 2d).
Although this model was initially proposed to explain the mechanism of action of
the hnRNP A1 protein in alternative splicing [70–72], it is also relevant to the
mechanism of action of hnRNP H, and possibly hnRNP I/PTB and Nova-1 proteins
[72–75]. hnRNP A1 may also counteract the activity of certain SR proteins through
a different model which proposes that hnRNP A1 can nucleate and spread over
regions of a pre-mRNA through cooperative RNA binding [76, 77].

Detailed investigations of selected alternative splicing events indicate that
splice site selection is determined by a combination of several layers of positive
and negative regulators. Thus, the frequency with which a given alternative
splicing pattern is used will be determined by: (1) the intrinsic strength of each
splice site involved, (2) the number, identity, and the position of control elements,
and (3) the relative concentration and affinity of each RNA-binding protein to its
respective binding site. The phosphorylation of specific SR and hnRNP proteins
will also have an impact on splice site selection since this modification can affect
their activity and cellular distribution [78].
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4 Molecular Basis for Splicing Alterations in Cancer

Different types of molecular perturbations can cause alterations in alternative
splicing profiles. Point mutations at splice sites have been linked to numerous
diseases and have been proposed to account for 15 % of human genetic diseases
[2, 79]. This number is likely to be considerably larger since mutations in introns,
which constitute the majority of the gene sequence, are rarely considered. A recent
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study suggests that as much as 60 % of the point mutations that cause genetic
diseases affect splicing decisions [80]. Thus, we can anticipate that several cancer-
related genes sustain mutations at splice sites or in regions bound by proteins that
control the selection of splice sites. Exonic mutations that create a stop codon can
also affect the function of a splicing control element, thereby modifying splicing
profiles [81]. In other cases, missense mutations, again through changes in splic-
ing, may have a more profound impact on protein structure than the predicted
change in amino acids caused by the mutations. Finally, even mutations that are
considered to be neutral because they do not change amino acids can have an
impact on alternative splicing [2, 3]. The following sections present some exam-
ples of mutations (Fig. 3) and changes in the expression of splicing factors (Fig. 4)
that affect the splicing of cancer-associated genes.

4.1 Mutations at Splice Sites and in Auxiliary Elements

According to the Cancer Genome Project of the Welcome Trust Sanger Institute
(http://www.sanger.ac.uk/genetics/CGP/Census/), about 363 human genes have
mutations that have been associated with cancer; 90 % of these genes have
somatic mutations, approximately 20 % show germline mutations that predispose
to cancer, and 10 % show both somatic and germline mutations. Specifically, 42
of these 363 genes have sustained mutations that affect splicing. Splicing muta-
tions are the most prevalent type of mutations found in the NF1 gene, which is
implicated in neurofibromatosis, the most common form of autosomal dominant
cancer in humans [82]. Mutations in the splice sites of NF2 are used as markers to
grade the severity of the disease [83].

Similarly, approximately 30 mutations affecting the splice sites of p53 have
been reported in different cancers [84]. Another interesting example concerns the
tumor suppressor gene APC, where two mutations have been closely associated
with the development of familial adenomatous polyposis [85]. One of these
mutations creates a splice site that promotes the deletion of one nucleotide
resulting in the production of a truncated APC protein. Other mutations that

Fig. 2 Control of splice site selection. a Schematic representation of a splicing unit (top) and an
alternative splicing unit (bottom). The consensus sequences of a 50 splice site, a branch site and a
30 splice site are shown. R purine, Y pyrimidine. Elements that control splicing decisions are
shown and include positively acting exonic and intronic splicing enhancers (ESEs and ISEs,
respectively), as well as negatively acting exonic and intronic splicing silencers (ESSs, ISSs,
respectively). b Proteins bound to exonic or intronic enhancers can recruit or stabilize the binding
of splicing factors to the 30 (left) or 50 (right) splice site. In the illustrated examples, an SR protein
bound to an ESE enhances U2AF and U2 snRNP binding to the 30 splice site/branch site region
[102, 217], while binding of TIA1 to ISE can stimulate recognition of an adjacent upstream 50

splice site by the U1 snRNP [126]. c Splicing inhibition. Steric interference caused by the
presence of a protein bound in the proximity of a splice site impedes its recognition. The SR and
hnRNP H proteins can, respectively, inhibit the binding of the U2 and U1 snRNPs [218], [219].
d Change in pre-mRNA conformation can be promoted by an interaction between hnRNP A1
proteins bound to introns flanking an alternative exon, provoking repression of the looped out
exon, and stimulation of splicing between the distal pair of exons [72]

b
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weaken or create new splice sites in different genes associated with cancers are
listed in Fig. 3. This list includes well-known genes such BRCA1, BRCA2,
CDKN2, PTEN, KIT, ATM, and XPC.

Mutations in cis-acting splicing regulatory elements can also modify the
relative abundance of splicing variants or induce the utilization of new splice
sites. For example, a mutation of an exonic element in the BRCA1 gene reduces
the binding of ASF/SF2, thereby increasing the exclusion of exon 18 [86]. Many
mutations that affect splicing control elements have been described in the
BRCA1 gene [87]. A polymorphism in the intron upstream of exon 2 in KLF6
creates a binding site for SRp40 that activates cryptic sites in exon 2 [88]. This
mutation is associated with an increased risk of prostate cancer. The altered
KLF6 proteins may counteract the tumor-suppressor activity of the wild-type
protein. Intronic and exonic mutations in the cadherin CDH17 gene that do not
directly affect the splice junctions have been proposed to interfere with splicing
decisions [89]. Other examples of this type of mutation have been reported in
NF1, APC, and MLH1 genes (Fig. 3).

The diversity of splicing control elements suggests that most intronic or exonic
mutations that were initially considered silent mutations may in fact have an
important impact on constitutive and alternative splicing. For the same reasons,
a large subset of single nucleotide polymorphisms (SNPs) found within the human
population may modulate alternative splicing. For example, a SNP in an SRp40
binding site in the APC gene correlates with exon omission and attenuated familial
adenomatous polyposis [90]. These differences may predispose some individuals
to develop certain types of cancers, while other polymorphisms may increase their
resistance. Consistent with this view, a recent study has identified a high frequency
of alternative splicing in microsatellite regions linked with human longevity or
resistance to anticancer treatments [91].

4.2 Alterations in the Activity of Splicing Proteins

While many cis-acting mutations have been shown to affect splicing, the majority
of alterations in alternative splicing profiles appear to proceed from changes in the
expression or activity of splicing factors [4]. Because a proof for the direct con-
tribution of such changes to cancer is not always available, only experimentally
proven cases will be discussed below.

4.2.1 Chromosomal Translocations
In some cancers, as in Ewing’s sarcomas, chromosomal translocations affect the
genes EWS and TLS (FUS or hnRNP P2) that encode RNA-binding proteins. The
interaction of these proteins with splicing factors such as SF1, U1C, YB-1 and
some SR proteins may explain why their translocation has an impact on splicing
control [92–95]. Translocations between these genes and transcription factors
of the ETS family result in the production of chimeric proteins with strong
transcriptional activity and oncogenic properties, as for example EWS-FLI1,
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EWS-NOR1, and TLS-ERG [96]. The failure of the hybrid proteins EWS-FLI1
and TLS-ERG to recruit the YB-1 and SR proteins may compromise their role in
splicing [95, 97]. The interaction of EWS-FLI1 and TLS-ERG with transcrip-
tionally active form of RNA polymerase II [94, 95, 98] may affect the cotran-
scriptional selection of splice sites. EWS-NOR1 can interact with the snRNP
protein U1C. EWS-NOR1 can also enhance the use of a distal 50 splice site in a
reporter pre-mRNA more efficiently than the EWS protein alone [99]. In leukemia,
the well-known Bcr-Abl translocation has been associated with splicing defects in
SLP65, Bruton’s tyrosine kinase, Pyk2 and Ikaros. However, the mechanism
responsible for these alterations may be indirect since Bcr-Abl enhances the
expression of SRPK1, a kinase that modulates the activity of SR proteins [100].

4.2.2 Alterations in the Expression and Localization
of Splicing Control Factors

Viral transformation was first associated with the upregulation and increased
activity of SR proteins [101], and this change affected fibronectin pre-mRNA
splicing [102]. The first case of a deregulation in the expression of hnRNP and SR
proteins in cancer cells was observed in colon adenocarcinomas [103]. Since then,
alterations in the expression of a variety of RNA-binding proteins have been

Fig. 3 Alternative splicing of selected cancer-related genes (see main text for details)
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reported in different types of cancers [104] (see Table 2). For example, expression
of the SR protein ASF/SF2 is upregulated in many types of cancers and can elicit
the transformation of immortal rodent fibroblasts [105]. Notably,
ASF/SF2 shifts the alternative splicing of three pre-mRNAs: BIN1 produces an
isoform that lacks tumor–suppressor activity; a MNK2 kinase variant can phos-
phorylate eiF4E in a MAP kinase-independent manner; the S6K1 kinase is spliced
to produce an oncogenic isoform [105]. Since ASF/SF2 overexpression in breast
cancer has been linked to cell motility through the production of RonD [33], ASF/
SF2 may contribute to early and late steps of carcinogenesis.

While over expression of SR proteins has been linked to cancer, downregula-
tion and altered phosphorylation are relevant to apoptosis, a process that is often
defective in cancer cells. A reduction in ASF/SF2 can induce apoptosis. Genomic
DNA fragmentation is blocked because the drop in ASF/SF2 changes the alter-
native splicing profile of the ICAD nuclease to favor the expression of the inactive
isoform [106]. Similarly, induction of the apoptotic pathway through activation of
the death receptor Fas dephosphorylates SR proteins [107]. Fas and the anticancer
drug gemcitabine increase the levels of ceramide that activates protein
phosphatase 1 (PP1), which in turn can act on SR proteins. Since ceramide

Fig. 4 Specific examples of mutations reported to affect alternative splicing in cancer. Mutations
are organized according to their impact on the inactivation or activation of splice sites by directly
changing the structure of the splicing signals or control elements. The name of the gene that is
affected, the type of cancer in which it was reported, and relevant references are given
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promotes a shift toward the production of the pro-apoptotic Bcl-xS protein, a
reduction in phosphorylation of SR proteins may elicit apoptosis.

An increase in the levels of hnRNP I/PTB and SRp20 in ovarian cancers that
are resistant to doxorubicin correlates with the overexpression of some isoforms of
the multidrug resistance protein MRP1 [59]. Moreover, PTB knockdown
suppresses growth and invasiveness [108]. Overexpression of the alternative
splicing factor SPF45 is often observed in tumors and may confer resistance to
chemotherapeutic agents [109].

Components of the constitutive splicing machinery may also be subject to
differential regulation in tumors. The branchpoint binding protein SF1 is down-
regulated in mouse intestinal tumorigenesis. Expression of SF1 is regulated by
b-catenin and it affects alternative splicing of several genes including WISP1,
FGFR3 and the Estrogen receptor-beta [110]. In pancreatic tumors, the expression
of U2AF35 (part of the other main protein complex that recognizes 30 splice sites)
is also often repressed. This situation promotes the synthesis of a constitutively
active isoform of the CCK-B receptor and a resulting stimulation of cellular
proliferation [111]. The breast cancer-associated scaffold attachment factor
SAFB1 interacts with a plethora of splicing factors and affects splicing [112].

In general, however, while several studies have reported increased expression
of specific RNA-binding proteins in cancer tissues, the functional impact of these
differences in the alternative splicing of important genes in cancer remains poorly
documented. A few of the most important cases where this link has been estab-
lished are presented below.

FGFRs. Approximately 10 distinct elements control the alternative splicing of
the mutually exclusive IIIb and IIIc exons in FGFR2 (Fig. 4a). Fox-2 and hnRNP I/
PTB proteins have been implicated in the activity of some of these controlling
elements [113, 114]. hnRNP I/PTB also controls the alternative splicing of FGFR1.
Interestingly, the high levels of hnRNP I/PTB in glioblastomas may promote the
exclusion of exon a, thereby improving its affinity for the ligand [115].

CD44. An increase in the expression of some SR proteins is associated with the
progression from the pre-neoplastic to the metastatic status of mammary tumors
[103, 116]. This observation correlates with modifications in the alternative
splicing of the cell-surface glycoprotein CD44 in human mammary tumors [103].
In ovarian cancers, an increase in the expression of SR proteins and their hyper-
phosphorylated forms has also been observed [117]. In addition, exon v9 of CD44
contains a stimulatory element that can be bound by low molecular weight SR
proteins [118].

Sam68 and hnRNP A1 also contribute to the alternative splicing of CD44 by
controlling the inclusion of exon v5 [119, 120]. A protein of the same family as
Sam68, T-STAR (SLM2), can also bind to the v5 exon to promote its inclusion and
this is antagonized by other RNA-binding proteins such as SRp30c, hnRNP G, and
SAF-B, as well as by SIAH-1, a ubiquitin ligase and candidate tumor suppressor
[121]. The inclusion of exon v5 is stimulated by the phosphorylation of Sam68
following activation of the Ras signaling pathway. This stimulation requires the
participation of the splicing co-activator SRm160, which interacts with Sam68
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[122]. As demonstrated in a recent study, the binding of Tra2b to exon v4 of CD44
and its synergic action with the nucleic acid-binding protein YB-1 enhance the
inclusion of both exons v4 and v5 [123].

Interestingly, overexpression of Brm, a component of the SWI/SNF chromatin
remodeling complex can promote the inclusion of the v5–v9 exons through a
process that requires Sam68 [124].

Ron. The binding of the SR protein ASF/SF2 to a sequence of exon 12 on the
pre-mRNA of Ron, a tyrosine kinase transmembrane receptor, improves the uti-
lization of its 30 splice site and enhances the exclusion of the immediate upstream
exon 11. Upregulation of ASF/SF2 in cancer cells is associated with enhanced
exon 11 skipping and generation of RonD, an isoform that improves the motility
and invasive properties of these cells. RonD is upregulated in metastatic breast and
colon cancers [33, 125].

Fas. Alternative splicing of the pre-mRNA encoding the cell death receptor Fas
generates two isoforms through inclusion or skipping of exon 6. The membrane-
bound long isoform activates the extrinsic apoptotic pathway, while the soluble
short isoform that lacks the transmembrane domain is an anti-apoptotic factor.
The production of the long isoform is facilitated by TIA1 and TIAR that bind to a
U-rich sequence situated immediately downstream of the 50 splice site of alter-
native exon 6. These proteins stimulate the binding of the U1 snRNP at this 50

splice site (Fig. 4b) [126]. In contrast, the exclusion of exon 6 is enhanced by the
binding of hnRNP I/PTB to exon 6 which interferes with the communication
between the downstream U1 snRNP bound to the 50 splice site and U2AF bound to
the upstream 30 splice site [127].

Bcl-x. The alternative use of two 50 splice sites produces the pro- and anti-
apoptotic isoforms of Bcl-x (Fig. 4c). Several regulatory elements have been
identified in the regions flanking these splice sites. Intronic regulatory elements
(IRE) may repress the use of the 50 splice site of Bcl-xL following induction by
IL-6 and GM-CSF, or treatment with TPA [128]. In addition, two exonic regions
known as CRCE1 and CRCE2 mediate the pro-apoptotic effect conferred by
ceramide on the splicing of Bcl-x [129]. Given that the U2 snRNP-associated
protein SAP155 binds to CRCE1 and that its genetic depletion by RNA interfer-
ence also promotes Bcl-xS usage, the signaling pathway activated by ceramide
possibly prevents SAP155 binding. More recently, a role for Sam68 has also been
uncovered [130]. Although the cis-acting element mediating this function is cur-
rently unknown, Sam68 appears to interact with hnRNP A1 to elicit a splicing shift
toward Bcl-xS. Three other regions have been identified as important for con-
trolling the use of the alternative 50 splice sites. One of them (B2) is specifically
bound by hnRNP F/H proteins and is required to enforce the use of Bcl-xS 50 splice
site [131]. The B3 region is bound by SRp30c and enforces Bcl-xL usage [132].
Finally, a region (SB1) upstream of the Bcl-xS 50 splice site distinct from CRCE1
represses the use of the 50 splice site of Bcl-xS. This SB1-dependent splicing
repression is lifted by drugs that inactivate protein kinase C, as well as by a variety
of anticancer agents [133, 134]. The pathways that control this aspect of Bcl-xS

splicing vary considerably between different cancer cell lines.
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Caspase 2. Members of the SR and hnRNP family of proteins participate in the
alternative splicing control of caspase 2 [135]. Overexpressing SR proteins
enhances the exclusion of exon 9 to favor the production of the pro-apoptotic
isoform Casp2L. In contrast, overexpressing hnRNP A1 stimulates the inclusion of
exon 9 and the production of the anti-apoptotic isoform Casp2S [136]. The intronic
sequence In100 is a control element modulating the alternative splicing of caspase
2 (Fig. 4d). This element is bound by hnRNP I/PTB and it prevents splicing
between exons 9 and 10 through formation of a nonproductive complex with
splicing factors recruited at the In100 site [137].

4.2.3 Other Perturbations that Impact Alternative Splicing
As discussed above, cancer cells can accumulate genetic changes that directly
affect the splicing machinery or splicing regulatory elements in pre-mRNAs to
deregulate alternative splicing patterns. In addition, at least four other molecular
processes may affect the production of splicing variants to impact on carcino-
genesis. These include transcription, RNA editing, NMD, and signal transduction
events.

Transcription
Simple overexpression of pre-mRNAs may contribute to deregulated alternative
splicing. For overexpressed pre-mRNAs, there might not be enough available
control factors to modulate their splicing. In addition, the sequestration of splicing
factors by this pre-mRNA may affect the splicing of other pre-mRNAs, similar to
the situation occurring when triplet repeat expansion in the 30 untranslated region
of the DMPK pre-mRNA sequesters MBNL with an impact on the alternative
splicing of cardiac troponin T, tau, insulin receptor, ClC-1, and myotubularin-
related 1 pre-mRNAs [138, 139].

The mechanistic coupling of RNA synthesis by RNA polymerase II to alter-
native splice site choice has been documented [140, 141]. Both enhancer and core
promoter elements can modulate the alternative splicing of their nascent
pre-mRNA [142, 143]. Promoter identity can control alternative splicing through
the differential recruitment of transcription factors and cofactors, such as Brm
[124], CoAA [144] and Spi-1 [145], or by recruitment of specific splicing factors,
such as SRp20 [146]. Ultimately, promoter-specific transcription complexes can
dictate alternative splice site choice by altering the rate of elongation and/or the
processivity of RNA polymerase II [147, 148], or through physical interactions
with the splicing machinery. Consequently, factors that modify the status of
chromatin that change the intrinsic speed of the transcriptional complex or that
modify its sensitivity to pausing sites can potentially affect alternative splicing.

In addition to the impact of different complexes at a single promoter on alternative
splicing, there is now convincing evidence for the impact of multiple promoters of a
single gene on alternative splicing. For Bcl-x [149] and caspase-2 [150], the choice of
alternative promoters can define the ratio of splice variant expression. The literature
now contains a growing list of genes that contain alternative promoters [151]. In fact,
a recent bioinformatics analysis estimated that 52 % of human genes contain
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alternative promoters [152]. In this context, oncogenic alterations of transcription
factors, as well as genetic or epigenetic changes in promoter regions could influence
the alternative splicing patterns in tumor cells. We already know that there must be
considerable tissue- and cancer-specific variations in the combinatorial assemblies at
promoters. What remains to be discovered is the extent of the contribution of these
transcriptional aspects to global patterns of alternative splicing in cancer.

RNA Editing
RNA editing is a process that directly modifies specific adenosine residues into
inosines [153]. RNA editing can influence the secondary structure of specific
pre-mRNAs in preparation for splicing. In some types of tumors, editing defects
can affect the alternative splicing of the PTPN6 phosphatase and glutamate
receptor pre-mRNAs [154, 155]. Because the contribution of RNA editing to the
alternative splicing of cancer-related genes has not been investigated systemati-
cally, it is likely that more examples of this type exist.

NMD
NMD is a surveillance process that eliminates mRNA molecules containing a stop
codon localized more than 50 nucleotides upstream of exon/exon junction [156, 157].
Therefore, NMD can potentially neutralize the impact of mutations that create new
termination codons [157, 158]. While NMD can affect the accumulation of some
splicing variants, its widespread contribution in controlling the expression of splicing
isoforms is unlikely [15] but controversial [159]. Interestingly, the non-productive
isoforms of splicing factors that are generated from the alternative splicing of exons
enriched in ultra conserved sequences form a distinct class of NMD-regulated tran-
scripts [17, 19].

It is possible but yet undocumented that changes in the expression or activity of
factors involved in regulation of the NMD may promote the accumulation of the
mutated or aberrantly spliced transcripts and therefore may contribute to cancer.
Although the number of examples supporting a role for NMD in cancer remains
small [160, 161], this pathway appears to contribute to the elimination of mRNA
encoding proteins involved in drug-resistance [60]. Such alterations in the NMD
pathway may contribute to tumorigenesis.

Signal Transduction
Cell signaling impacts alternative splicing [162, 163] and a typical means by
which such changes can be mediated is by the phosphorylation of SR proteins,
which causes them to accumulate in different subcellular compartments [164]. The
upregulation of PKA and the MKK3/6/p38 signaling pathway results in the cyto-
plasmic localization of hnRNP I/PTB and hnRNP A1, respectively [165, 166].
Another splicing factor displaying this behavior is KSRP, which is implicated in
the inclusion a specific exon in the c-src mRNA in neurons [167]. KSRP
accumulates in the nucleus when neuroblastoma cells are induced to differentiate
[167]. Therefore, the altered subcellular localization of splicing factors via their
post-translational modification can potentially play a role in the deregulation of
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splicing in cancer cells. The impact of splicing factor localization on the cancer
phenotype is likely underappreciated, as documenting changes in localization is
considerably more laborious than determining changes in total expression levels of
the mRNA or protein.

The interface between signal transduction and splice site selection is just
beginning to be explored. The Ras/PI 3-kinase/AKT pathway is often activated in
human cancer [168]. This pathway can modulate the activity of SR proteins to
affect the alternative splicing of fibronectin and PKC bII [169, 170]. The Ras-
dependent signaling pathway is also implicated in the alternative splicing of CD44
[171]. The intricate interplay between alternative splicing and cell signaling is
illustrated by the fact that just as signaling affects alternative splicing, so alter-
native splicing can affect signaling. For example, the inclusion of exon v6 in CD44
promoted by Ras helps to sustain late Ras signaling [172]. The SR protein kinase
SRPK1 is overexpressed in many types of cancers and its downregulation
increases the sensitivity of cells to anticancer drugs [173], and MAP2 K is alter-
natively spliced in response to activation of SRPK1 [174]. Another recent example
of a link between signaling and splicing control involves the Notch3 signaling
pathway which regulates the splicing of Ikaros in leukemia by inducing the
RNA-binding protein HuD [175–177]. The deregulated expression of CDK12 and
cyclin L1/L2 can also affect alternative splicing decisions [178].

Thus, it would not be too surprising if cancer-specific alterations in signaling
pathways impact the production of isoforms that contribute to neoplastic trans-
formation. However, the contribution of signal transduction events to splicing
decisions that are relevant to cancer remains to be more fully investigated.

Arginine methylation of splicing factors also affects their localization and
activity [179, 180]. Recently, the arginine methylase CARM1 was shown to
control splicing decisions [181]. Although cancer-specific defects in the arginine
methylation of splicing factors are yet to be reported, important contributions of
this pathway to various aspects of cell growth can be anticipated.

5 Outlooks and Challenges

5.1 Global Detection of Splicing Variation in Cancer

The existence of cancer-specific signatures made up of individual alternative
splicing events was initially investigated by using large-scale compilation of
cDNAs and expressed-sequences tags (ESTs). Computational approaches revealed
considerable differences between the alternative splicing patterns of normal and
cancer prostate tissues [182, 183]. Genome-wide profiling of splicing events
became possible with the development of DNA oligonucleotide microarrays.
Using this technology, one of the first observations was that the genes displaying
tissue-specific alternative splicing were largely different from the genes presenting
tissue-specific differences in steady-state expression levels [184]. Indeed, a quarter
of the genes that showed alternative splicing between normal and cancerous

Cancer-Associated Perturbations in Alternative Pre-messenger 73



prostate had no detectable change in overall gene expression level [185]. A similar
conclusion was obtained when mining for differences in expression profiles and
the detection of splicing isoforms between melanoma and melanocytes [186].
Overall, the classification of tumors was improved when alternative splicing was
considered, strongly arguing in favor of mining the wealth of alternative splicing
diversity for the purpose of developing a complementary disease-specific signature
that could have diagnostic and prognostic value.

Splicing-sensitive arrays were generated using limited sets of alternative splice
junction probes and used to detect splicing changes in cancer tissues. For example,
changes in splicing profiles and the abundance of splicing factors in Hodgkin
lymphoma was observed using an array that measured mRNA levels and 100
splicing events [187]. More recently, a similar design was used to compare
alternative splicing of 64 genes in breast cancer cell lines and xenografts [188].
In this case, four genes were found to be differentially spliced between breast
cancer and normal cell lines and four other tumor-associated genes were spliced
differently according to cell culture conditions.

A new technique called DASL was developed to measure the expression of
cancer-related splice isoforms. This technique combines targeted microarray and
PCR techniques and treats splicing isoforms as separate genes. DASL therefore
estimates changes in global gene expression level, as a normal microarray does,
while providing additional information on the ratio of splice isoforms variants
[189]. Recently, this approach has been used for the analysis of 1,500 different
splice variants from 364 genes in six prostate tumor cell lines and 22 prostate
tumors [185, 190]. Fourteen genes had different isoforms whose expression in
normal tissues inversely correlated with their expression in tumor samples,
implying a likely switch in alternative splicing.

Companies have also designed microarrays for cancer biomarker discovery
using known alternatively spliced junction probes identified through bioinfor-
matics mining of EST libraries. The Jivan cancer-specific splice variant array
covers 524 putative cancer-specific splices although this has been largely super-
seded by their total splice form microarray that includes 193,000 specific splice
junctions. ExonHit also has pathway-specific microarrays and a ‘genome-wide’
alternative splice junction microarray. The other approach to splicing discovery is
to print probes for every exon:exon junction and deduce alternative splicing pat-
terns from the relative junction expression patterns. The first large-scale splicing
microarrays using this approach covered about half of the known exon:exon
junctions in the human transcriptome and monitored splicing globally in multiple
normal and cancer cell lines [191]. Affymetrix now produces a Human Exon
GeneChip microarray that detects over 1,000,000 different human exons. This was
used to compare splicing between ten matched normal tumor colon cancer pairs
and nine high confidence differences were confirmed by RT-PCR [192].

One drawback of most current global approaches is that they rely on previously
documented splicing events and are therefore not designed to discover novel
splicing events. Because our current collection of existing splicing events is likely
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incomplete, biased, and poorly validated, there is a need to incorporate strategies
that can identify novel splicing events and technologies that can accurately vali-
date the quantitative differences detected between samples. Current microarray
technologies may be superseded in the future by high-throughput sequencing
technologies of single molecules [193]. However, although all the above
approaches are designed to improve the annotation and assessment of alternative
splicing events, they all fail to provide a description of the complete structure of
splice isoforms. Indeed, pre-mRNA often sustains multiple alternative splicing
events, sometimes involving regions that are far apart. Given that splicing deci-
sions taken in one region can affect the splicing outcome of an apparently distinct
unit [194], we cannot assume that all combinations of potential isoforms are
represented in the mRNA population. The only currently reliable way to obtain
this information remains through cDNA cloning and large-scale projects in this
direction would provide a useful complement to current high-throughput mapping
efforts directed at specific alternative splicing units.

5.2 Depleting Specific Splice Isoforms

We have seen that mutations in splicing elements of key genes and expression
defects of splicing control factors can contribute to neoplastic transformation.
The alterations in the splicing profiles observed in tumors may lead to the
production of novel isoforms. In other cases, the isoforms may correspond to
molecules that are normally expressed in other cell types or at other stages of
development. Most frequently, splicing alterations will involve differences in
the relative abundance of isoforms already expressed in the normal tissue.
Although several of these alterations may have a neutral impact, other splicing
alterations may confer growth advantages to cancer cells. For example, the
signaling pathways that inhibit cell proliferation or induce cell death may be
neutralized leading to cell propagation and invasion. Considering the enormous
potential for diversity emanating from alternative splicing, the number of iso-
forms that are known to affect the growth of cancer cells is most probably
vastly underestimated. More extensive annotation of the function of different
isoforms is a priority that represents a challenge both in terms of commitment
and methodology.

To help with the goal of attributing function to splice variants, the RNA
interference (RNAi) technology represents a useful approach because it can be
used to reduce the expression of specific isoforms. Although this approach has
been used successfully in Drosophila cells [195], it is yet to be used in a systematic
manner in human cells. If RNA interference-based approaches turn out to promote
transcriptional silencing in addition to RNA degradation [196, 197], depletion of
specific mRNA isoforms may only be possible with siRNAs targeting exon-exon
junctions. This caveat could seriously compromise the use of RNA interference as
a tool to assess isoform function.
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5.3 Reprogramming Alternative Splicing

A different approach aims at reprogramming alternative splicing decisions. The
spectacular physiological improvement obtained by reprogramming the Duchenne
muscular dystrophy gene in a mouse model [198] supports applying this strategy to
cancer. The original version of the approach employs a complementary oligonu-
cleotide to cover the targeted splice site (Fig. 5a). By blocking the 50 splice site of the
anti-apoptotic Bcl-xL with 20-O-methyl oligonucleotides, Mercatante et al. [199]
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could decrease the concentrations of the Bcl-xL isoform and increase the level of the
corresponding pro-apoptotic Bcl-xS isoform. This change in the splicing profile of
Bcl-x increased the sensitivity of cells to chemotherapeutic agents and even induced
apoptosis in some cell lines [200]. Similar approaches have been successfully
applied on the FGFR1 and the MYC pre-mRNAs [201, 202].

An alternative strategy involves using antisense oligonucleotides that target
splicing control elements (Fig. 5b). An oligonucleotide complementary to a
sequence upstream of 50 splice site of Bcl-xL strongly repressed the use of this site
[203] probably because its hybridization neutralizes a positive controlling element
[131]. In a similar way, inactivating intronic repressor elements can also be used to
modulate alternative splicing [202, 204]. Modification of the oligonucleotide with a
non-hybridizing tail that contains one or several binding sites for a protein produces
a bifunctional oligonucleotide that can recruit factors to a specific region on the pre-
mRNA. For example, binding of hnRNP A1 to the tail of a bifunctional oligonu-
cleotide sterically interferes with the efficient utilization of a neighboring 50 splice
site (Fig. 5c) [205]. The architecture of the tail can be modified to provide binding
sites for other factors [206]. The general concept is flexible and changing the identity
of the recruited protein or modifying the hybridization site can be used to stimulate
splicing (Fig. 5d and e) [72, 207]. A PNA (peptide-nucleic acid) version has also
been used with success. In this case, the tail is made of alternating serine and arginine
amino acids that mimic SR proteins in their ability to promote exon inclusion
(Fig. 5f) [208, 209]. The above approaches can be used to document the functions of
different splice isoforms and therefore help to define new therapeutic targets. The
development of oligonucleotides whose chemistries are compatible with human use
may offer new therapeutic means for anticancer treatment. Although trans-acting
non-coding nucleic acid molecules to reprogram splicing have been used by
researchers for many years, only recently did we realize that this molecular strategy
is used normally by cells to modulate splicing decisions. A snoRNA was recently
shown to shift the splicing of a serotonin receptor [210]. Likewise, microRNAs
(miRNAs) have very recently been shown to regulate alternative splicing during
muscle differentiation [211, 212]. Given that miRNA expression is often altered in
cancer cells [213], it is likely that additional examples of misregulation of splicing
through miRNAs will be found in cancer-associated genes.

Fig. 5 Reprogramming of alternative splicing through use of oligonucleotides. a An oligonu-
cleotide blocking a splice site favors the use of an alternative site. b Oligonucleotides
complementary to exonic or intronic controlling elements can prevent the binding of control
factors. If these elements are ESEs and ISEs as shown, the oligos will stimulate splicing to an
alternative site. c A complex between hnRNP A1 protein and the tail of an oligonucleotide partially
complementary to an exonic sequence can provoke steric interference to reduce the use of a splice
site and favor alternative splice site selection. d When the tail of the oligo contains a sequence of
high affinity for a SR protein, splicing to the adjacent site can be stimulated. e If the hnRNP A1
binding tail is contained in an oligo complementary to an intron region near the 50 splice site,
splicing stimulation can occur. f A PNA (peptide-nucleic acid) portion covalently linked to an RNA
sequence complementary to an exon can stimulate exon inclusion when the PNA tail contains
repetitions of the dipeptide arginine-serine to mimic the RS domain of SR proteins

b
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Another interesting approach consists in modifying the expression or activity
of proteins that affect alternative splicing. This strategy has potential value given
that the inhibition of the SRPK1 kinase through RNA interference reduces cellular
proliferation and increases apoptosis in cells derived from pancreatic tumors
[173, 174]. A more classic pharmacological approach consists in screening
libraries for chemical compounds to identify small antagonist molecules with
therapeutic value. An application of this strategy has resulted in the discovery of
compounds that inhibit other kinases specific for SR proteins and that affect
alternative splicing [214, 215]. Recently, screening assays have uncovered mole-
cules that directly target SR proteins and that preferentially inhibit splicing events
required for HIV replication [216]. These encouraging results justify that similar
approaches be attempted with other regulatory splicing factors.

6 Conclusions

Cancer can arise from alterations in a variety of cellular pathways including signal
transduction, cell cycle, and apoptosis. Alternative splicing is an important process
that participates in the complex regulation of these cancer-related pathways.
Despite incomplete information, it is becoming increasingly evident that defects in
alternative splicing imposed by mutations or changes in the levels of splicing
factors can generate isoforms whose activities contribute to the initiation and
progression of cancer. Given current efforts at documenting the function of splice
variants and at cataloguing cancer-specific splicing alterations, we can expect that
the role of alternative splicing in cancer will provide many novel anticancer tar-
gets. In the meantime, the results of different approaches aimed at reprogramming
splice site usage will pave the way for novel therapeutic strategies against cancer.
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Alternative Splicing of Tumor
Suppressors and Oncogenes

Claudia Ghigna, Silvano Riva and Giuseppe Biamonti

Abstract

Alternative splicing is a fundamental mechanism to modulate gene expression
programs in response to different growth and environmental stimuli. There is
now ample evidence that alternative splicing errors, caused by mutations in cis-
acting elements and defects and/or imbalances in trans-acting factors, may be
causatively associated to cancer progression. Recent work indicates the existence
of an intricate network of interactions between alternative splicing events and
signal transduction pathways. In this network, splicing factors occupy a central
position and appear to function both as targets and effectors of regulatory circuits.
Thus, a change in their activity deeply affects alternative splicing profiles and
hence the cell behavior. Here, we discuss a number of cases that exemplify
the involvement of deregulated alternative splicing in tumor progression.
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1 Introduction

Extensive duplications within the genome followed by a variety of modifications
of the genetic information account for the complexity of proteomes in prokaryotes
and lower eukaryotes. However, during evolution the number of genes stopped
growing in parallel with the complexity of the proteome and evolution of meta-
zoan is marked by new mechanisms to generate protein diversity. Thus, the human
genome contains only 20,000–25,000 genes (International Human genome
Sequencing Consortium, 2004)—twice as many as in the fly—while the proteome
might number more than several hundred thousand of protein species [1]. This
discrepancy in number between genes and proteins leads to a better appreciation of
alternative splicing as the source of the proteome complexity.

The term ‘‘alternative splicing’’ describes any situation in which a single
primary transcript can be spliced in more than one pattern to generate multiple,
distinct, mature RNAs [2]. There are remarkable examples of hundreds and even
thousands of functionally divergent mRNAs and proteins being produced from a
single gene. The Drosophila DSCAM gene is both a fascinating example of the
subtle structural changes that can be introduced in a protein and an extraordinary
demonstration of the number of proteins that can be generated from a single
gene through alternative splicing (if all combinations of alternatively spliced
exons were used the DSCAM gene would produce 38.016 different DSCAM
proteins!) [3].

It has been estimated that more than 90 % of human genes encode for tran-
scripts that undergo alternative splicing, which underscores a major role of this
mechanism in the regulation of the gene expression [4, 5]. Indeed, appropriate
spatio-temporal generation of splicing variants is required for organism develop-
ment, to define cell identity, and for cell adaptation to environmental cues.
Although the molecular details are still to be deciphered, it is likely that proper
alternative splicing depends on extensive regulation networks similar to the ones
that ensure transcriptional control.

We can distinguish two types of exons (Fig. 1). Most exons are constitutive
which means that they are always spliced and included in the mature mRNA. On
the contrary, a regulated exon is sometimes included and sometimes excluded
from the mRNA and is called a cassette exon. In certain cases, multiple cassette
exons are mutually exclusive, i.e. the mature mRNA always contains only one of
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several possible exon choices. In rare cases, a whole intron is removed or retained
to give two different messenger RNAs. Alternative 50 or 30 splice sites can result in
exons of different size. Additionally, alternative splicing of transcripts initiated at
different transcription start sites leads to mature mRNAs with different first exons.
The 30 terminal exons can also vary by coupling alternative splicing with alter-
native polyadenylation. To understand the mechanisms that control alternative
splicing is a major task of future studies.

Fig. 1 Different types of alternative splicing. Alternatively spliced mRNAs result from exon
skipping, intron retention, usage of alternative 50- (donor) or 30- (acceptor) sites, and from
selection of mutually exclusive exons. At the protein level, alternative splicing drastically affects
the amino acid sequence by deletion or insertion of domains, frame-shifts, or stop codons.
Alternative splicing in non-coding regions of the mature mRNA might impact on translation and
mRNA stability
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1.1 Sequence Elements and Protein Factors Controlling
Alternative Splicing

The mechanisms of splice site selection in constitutive and alternative splicing
appear to be closely connected, since components of the spicing machinery that are
essential for splicing of constitutive exons are also implicated in the regulation of
alternatively spliced sequences [2]. From a mechanistic standpoint, the different
types of alternative splicing can be simply viewed as a problem of splice site
recognition by the splicing machinery, the spliceosome: the decision as to whether
a particular exon, or exon region, is included in the final mRNA molecule mainly
depends on the recognition and utilization of the splice sites that flank the exon.

Alternative exons are often characterized by short and degenerate splice sites
whose recognition by the spliceosome is modulated by a number of auxiliary cis-
acting elements, referred to as enhancers and silencers of splicing that respectively
promote and inhibit exon recognition. These regulatory elements are frequently
clustered on the pre-mRNA [6] and can be found both within exons (ESEs, Exonic
Splicing Enhancers and ESSs Exonic Splicing Silencers) and introns (ISEs,
Intronic Splicing Enhancer, ISSs, Intronic Splicing Silencers) [7] (Fig. 2a). The
best-characterized splicing enhancers are typically purine-rich. A variety of RNA-
binding assay and in vitro and in vivo selection (SELEX) experiments have shown

Fig. 2 Cis- and trans-acting elements that control alternative splicing. a Alternatively spliced
exons are usually characterized by weak splice sites. Recognition of these sites depends on
splicing regulatory elements: exonic splicing enhancers (ESE) and silencers (ESS) and intronic
splicing enhancers (ISE) and silencers (ISS). b ESE elements are bound by splicing factors of the
SR family. Via interactions with proteins of the splicing apparatus, the RS domain of SR factors
promotes the assembly of the spliceosome on the upstream exon. In addition, SR proteins can
counteract the inhibitory activity of hnRNP proteins bound to ESS elements
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that these sequences function by providing binding sites for serine-arginine (SR)
proteins, a family of essential splicing factors highly conserved in metazoans [8,
9]. All members of this family share a modular structure consisting of one or two
copies of an RNA-recognition motif (RRM) followed by a C-terminal domain rich
in alternating serine and arginine residues (the RS domain) [10]. The RRMs
determine the RNA-binding specificity, whereas the RS domain mediates protein–
protein interactions that are essential for the recruitment of the splicing apparatus
and for pairing of 50- and 30-splice sites [11–13] (Fig. 2b). In addition, RS domains
are targets of phosphorylation events that influence the activity [14] and the sub-
cellular localization of SR proteins [15]. A number of SR-specific kinases,
including the SR protein kinases SRPK1 and 2 [15, 16] topoisomerase I [17] and
the cdc-like kinase CLK/Sty [18], has been identified. The role of these kinases is
still poorly understood; however, in some cases they appear to control different
properties of splicing factors. Thus, for instance, phosphorylation by cytoplasmic
SRPK1, is required for nuclear import [15] and the successive accumulation in
nuclear speckles of shuttling SR proteins. Thereafter, phosphorylation by CLK/Sty
kinase controls mobilization from nuclear speckles to sites of pre-mRNA splicing
in the nucleoplasm.

Several models have been proposed for the function of ESEs and SR proteins.
According to one of these models, upon binding to an ESE, SR proteins promote
exon definition by directly recruiting the splicing machinery through specific
protein–protein interactions mediated by the RS domain [19–21] (Fig. 2b).
Another model predicts that the main function of ESE-bound SR proteins is to
antagonize the negative effect on splicing of an inhibitory protein that is bound to a
juxtaposed silencer element (ESS) [22]. These models of splicing enhancement are
not necessarily mutually exclusive, as they might reflect different requirements in
the context of different exons. Splicing silencers identified to date appear
remarkably diverse. They may act as binding sites for factors that block access of
the splicing machinery to a splice site. Among the proteins interacting with
silencers there are heterogeneous nuclear ribonucleoproteins (hnRNP), a group of
RNA-binding proteins that share the ability to interact with nascent pre-mRNAs.
Similar to SR factors, hnRNP proteins have a modular structure. They contain at
least one of three different RNA-binding domains: RRMs, KH-(hnRNP K
homology) domain, and RGG domain (a protein region rich in Arg-Gly-Gly
repetitions). These domains provide a certain level of RNA-binding specificity.
HnRNPs also contain the so-called ‘‘auxiliary’’ domains, very different in
sequence, that control the sub-cellular localization and the interaction with other
proteins. RNA-binding specificity and protein–protein interactions contribute to
the assembly of the ribonucleoprotein complexes that are the substrates for the
ensuing splicing reaction. Two hnRNP proteins, hnRNP A1 and hnRNP I (better
known as polypyrimidine tract-binding protein or PTB) have been characterized in
detail as mediators of silencer activity [22].

Only in few cases alternatively spliced exons are controlled by tissue-specific
splicing regulators. An example is provided by the Nova-1 and Nova-2 proteins
[23] that are expressed almost exclusively in neurons of the central nervous
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system, where they control alternative splicing of genes involved in the regulation
of synapse activity. The vast majority of alternative splicing events, on the con-
trary, appear to be controlled by the relative abundance and/or activity of widely
expressed antagonistic SR factors and hnRNP proteins through a combinatorial
mechanism, with multiple positive and negative factors and sequence elements
influencing the final outcome of the splicing reaction. This is exemplified by
antagonistic SF2/ASF, an SR factor, and hnRNP A1 proteins: high levels of SF2/
ASF induce exon inclusion whereas high levels of hnRNP A1 promote exon
skipping [22, 24]. Recent studies indicate that signaling pathways may control in
splicing decisions by affecting the sub-cellular distribution and/or activity of
splicing regulators [25, 26]. Many SR factors and hnRNP proteins continuously
and rapidly shuttle between the nucleus and the cytoplasm [27], which unveils a
cytoplasmic function of these proteins, as for instance in mRNA translation.
Several stress treatments perturb the nucleo-cytoplasmic distribution of some
splicing regulators. For instance, osmotic stress leads to cytoplasmic accumulation
of hnRNP A1 while a number of splicing regulators, including SF2/ASF, is
sequestered in nuclear stress bodies after treatments that activate the heat shock
response [25, 26]. This opens the exciting possibility that stressing conditions, as
for instance those in the tumor microenvironment may influence the splicing
profile of a number of genes thus affecting cell identity.

The complexity of the regulatory pathways underlying alternative splicing
makes their molecular characterization a really challenging task. So far, only a few
systems of regulated splice site choice have been genetically or biochemically
dissected, and many regulatory proteins and sequence elements are as yet to be
identified.

2 Alternative Splicing and Cancer

The idea that alternative splicing plays a prominent role in the modulating diverse
and even antagonistic cell functions has recently gained momentum due to a surge
in careful examination of gene transcripts. Indeed, the generation of protein iso-
forms through alternative splicing enables fine-tuning of critical cellular processes
such as proliferation, differentiation, apoptosis, migration, and survival to stressing
conditions. It is not unexpected, therefore, that the alteration of the normal splicing
profile of critical genes can be causatively linked to inherited and acquired genetic
diseases. There are several examples of hereditary genetic disorders associated
with defects in the splicing profile of specific genes. These include, among others,
spinal muscular atrophy, myotonic dystrophy, retinitis pigmentosa, Frasier syn-
drome, atypical cystic fibrosis, and certain neurodegenerative diseases [28, 29].
It has been calculated that 15–50 % of point mutations that cause hereditary
diseases alter pre-mRNA processing by affecting canonical 50 and 30 splice sites,
branch sites, or polyadenylation signals [30, 31]. In some cases, mutations affect
splicing regulatory elements (enhancers and silencer) and prevent the interaction
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with splicing regulators (hnRNPs and SR factors) thus changing pre-mRNA pro-
cessing. Indeed, the analysis of a database of 50 single-base substitutions that
cause exon skipping in human genes showed that more than 50 % of these sub-
stitutions, which include missense, nonsense, and translationally silent mutations,
disrupted at least one target motif for SR proteins in ESEs [32]. Notably, premature
stop codons introduced as a consequence of splicing defects, far from resulting in
the synthesis of shorter nonfunctional proteins, target the mRNA to degradation by
the nonsense-mediated decay pathway (NMD) [33]. As a consequence no protein
at all is synthesized by the cell. In the last few years, a link has emerged between
cancer development and inappropriate alternative splicing [22, 29]. The transition
from normal cell growth to neoplasia and subsequently to malignancy is a mul-
tistep selection process that affects important cell features. Recent progress in
molecular and cell biology indicate that altered splicing profiles of critical genes
may impact on all the major aspects of cancer cell biology including cell cycle
control, activation of signal transduction pathways, the ability to survive to
stressful conditions that elicit apoptosis, activation of gene expression programs
involved in angiogenesis, cell motility, and invasive phenotypes associated with
metastatic spreading of the tumor. A good example is the tumor-suppressor
BRCA1 gene. Germline mutations in this gene are well-known markers of pre-
disposition to breast and ovarian cancers. A nonsense mutation in exon 18 was the
first one that was shown to affect splicing by disrupting an ESE element and
inducing exon skipping [34]. Since then, panoply of mutations that presumably
affect splicing enhancers and silencers has been described in BRCA1. An in silico
approach using the program ESEfinder [35] has identified 23 highly conserved
ESEs in the 22 exons of the BRCA1 gene. About 60 % of these ESEs are predicted
to be affected by sequence variants reported in the Breast Cancer Information Core
[36]. Similar observations have been done with a number of tumor-associated
genes such as p53, APC, FHIT and LKB1, cyclin D and p16 arf. However, all these
cases, and many others that are continuously described, represent an extension of
the concept according to which cancer progression is due to a number of stable
genetic mutations that perturb the structure, the function or the abundance of
critical proteins. In this sense, splicing defects can be viewed as one of routes
through which gene mutations cause tumorigenesis. More interesting from our
point of view, is the observation, reported by many studies over the last 20 years
that a number of alternative splicing events that distinguish the cancerous cell from
its normal counterpart do not result from mutations in the affected gene. This
implies that the splicing defect is due to an alteration in the expression and/or
activity of splicing regulators [22, 29]. Indeed, changes in the repertoire of SR
factors and hnRNP proteins frequently occur in tumors and are accompanied by
alterations in the ratio between alternative splicing products, a typical signature of
cancerous cells with predictable effects on cellular behavior [37–41]. As a matter
of fact, cancerous cell lines show a high level of alternative splicing events that are
not conserved between human and mouse and are not expressed in normal tissues
[42] strengthening the idea that a change in the level of splicing regulators in
cancer cells may severely impact on gene expression programs. From this
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viewpoint, splicing regulators can be considered as true oncoproteins and tumor
suppressors depending on their antagonistic functions on splice site selection.

Also post-translational modifications of splicing regulators may be relevant for
tumor progression. Thus, SRPK1 is over-expressed in breast and colonic tumors
and the level of this kinase increases in parallel with the tumor grade [43].
Interestingly, RNAi-mediated down-regulation of SRPK1 in breast and colon
tumor cell lines promotes cell apoptosis and makes the cell more sensitive to
chemotherapeutic intervention [43]. This suggests that SRPK1 inhibitors may be
effective either as stand-alone anti-tumor drugs or in combination with conven-
tional chemotherapeutic regimens.

2.1 Alternative Splicing and Apoptosis

Apoptosis or programmed cell death is essential for proper development and for
maintenance of cellular homeostasis in multicellular organisms. Consequently,
abnormalities in this crucial physiological process impact on important human
pathologies among which autoimmune disorders, degenerative diseases, and
cancer. An increasing body of data indicates a role of alternative splicing in
controlling programmed cell death [44] and, in a way, the choice between cell life
and death. Indeed, for a number of critical genes, alternative splicing determines
the choice between proteins isoforms with distinct and even opposing functions in
the apoptotic cascade. This is thoroughly discussed by Schwerk and Schulze-
Osthoff [44]. Here we will focus on two genes, caspase-9 and Bcl-X, that very well
illustrate the link between external stimuli and splice site choice. These two
examples point to alternative splicing as a potent gene expression regulator that is
involved in the ability of the cells to cope with stressful conditions originating
from environmental changes. Alternative splicing of exon of the caspase-9 gene
leads to the production of two proteins: a long caspase-9a isoform, which is a post-
mitochondrial initiator of the apoptotic cascade, and a short caspase-9b protein that
lacks the catalytic domain and acts as a dominant-negative inhibitor of apoptosis
possibly by interfering with the formation of the functional ‘‘apoptosome com-
plex’’ with Apaf1 [45]. Bcl-X is a member of the BclII family that directs mito-
chondrial breakdown during apoptosis. Alternative 50 splice sites within exon 2 are
involved in the production of two protein isoforms: a long antiapoptotic form (Bcl-
XL) and a short apoptosis-promoting protein (Bcl-XS) [46]. Several RNA pro-
cessing factors including Sam68, the SR factor SF2/ASF, hnRNP F/H proteins,
and SAP155 contribute in controlling the choice between the two alternative
50-splice sites. For instance, Sam68 over-expression induces the production of pro-
apoptotic Bcl-XS and this effect is reverted upon Sam68 phosphorylation [47]. On
the other hand, hnRNP F/H proteins [48] promote the usage of the Bcl-XS-50 splice
site by binding to a G-rich stretch immediately downstream of this site [49]. All
these RNA processing factors are necessary to modulate Bcl-X splicing in response
to different extra-cellular factors including interleukin-6, granulocyte–macrophage
colony stimulating factor (GM-CSF), TPA [50], and ceramide. The lipid ceramide
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is a mediator/regulator of apoptosis, and promotes the expression of the pro-
apoptotic splicing variants Bcl-XS and caspase-9a with the concomitant loss in the
anti-apoptotic isoforms Bcl-XL and caspase-9b. In the case of Bcl-X, the choice
between the two alternative 50-splice sites is controlled by a ceramide responsive
element (CRCE 1) within exon 2 [51] and bound by SAP155 [51]. Down-regu-
lation of SAP155 by RNA interference increases the production of Bcl-XS and
mimics the effect of exogenous ceramide on the activation of the Bcl-XS 50 splice
site. Ceramide acts by modulating the phosphorylation status of SR proteins in a
phosphatase-1 (PP1)-dependent manner [51]. Several studies have demonstrated a
role for PP1 in regulating alternative splicing and spliceosomal targets for PP1
have been described [52–54]. One of these is the SR factor SF2/ASF which is a
major regulator both of caspase-9 and of Bcl-X pre-mRNAs processing [55].

The ratio of caspase-9 and Bcl-X splice variants has a direct relevance in the
cell sensitivity to a wide variety of apoptotic agents and may have significance in
drugs resistance and chemotherapeutic sensitivity. Consequently, the possibility to
modulate the production of the different isoforms via pharmaceutical manipulation
of alternative splicing may open up new therapeutic avenues for the treatment of
cancer.

2.2 Alternative Splicing and Cell Membrane Proteins

Recently, the link between alternative splicing and tumor development has started
to emerge from the study of cell surface proteins and their molecular partners,
most of which can control invasive growth and formation of metastases. Since
cancer-related splice variants can provide unique biomarkers for diagnosis and
treatment of cancer, alternative splicing of these molecules has been thoroughly
investigated. Below we report a few relevant examples.

CD44 is the main receptor for hyaluronan, which is the major component of
extracellular matrix (ECM). Alternative splicing of CD44 pre-mRNA responds to
alterations in the ECM that influence cell growth, survival, and differentiation.
Moreover, it is critical for organ development, neuronal axon guidance, immune
functions, haematopoiesis, and tumor development. The coding region of the
CD44 gene consists of 21 constitutive exons and contains a block of 10 con-
secutive variant exons (v1–v10) that are subjected to extensive alternative
splicing leading to the production of several isoforms [56]. The physiological
relevance of these isoforms is poorly understood. However, a large number of
studies indicate that specific CD44 splicing variants, which include exon v5 and
or v6, are mainly found in proliferating cells and tumors, and their expression
often correlates with enhanced malignancy and invasiveness [57]. For example,
isoforms including exon v6 (CD44v6) are bad prognostic markers of gastric
cancer. By means of antibodies specifically directed against the v6 peptide, it has
been shown that CD44v6 isoforms are frequently up-regulated in squamous cell
carcinomas and in a proportion of adenocarcinomas of different origin [58].
These results paved the way to the development of new therapeutic tools and
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radiolabeled anti-v6 antibodies are in clinical trials for the treatment of head and
neck cancers [59].

Recent findings indicate that changes in the epigenome enhance the probability
of the transformed cell to metastasise. While a genetic mutation initiates the
cancer, the epigenetic change would be necessary to promote cancer progression.
Importantly, epigenetic reorganization of the chromatin structure and histone
modifications can also modulate specific alternative splicing decisions. This has
been shown for the CD44 gene where the information stored in the histones bound
to variant exons is conveyed via HP1c to the splicing factors and mediates the
association of nascent pre-mRNA with chromatin [60].

The gene of the fibroblast growth factor receptor (FGFR1) is characterized by
alternative splicing of a single exon encoding an Ig-like loop in the extracellular
domain. The FGFR1-b isoform, which originates from skipping of this exon, has a
higher affinity for fibroblast growth factors [61] and its increased expression
correlates with cancer in the pancreas, and in brain, and with poor prognosis in
breast tumors [62, 63]. Moreover, contrary to the full-length protein, FGFR1-b
promotes tumor formation in nude mice [61]. The ratio between the two isoforms
is controlled by two RNA processing factors: SRp55 and the polypyrimidine tract-
binding protein (PTB). Splicing regulator SRp55 binds to a 69-nucleotide exonic
splicing enhancer (ESE), which is required for alpha-exon inclusion [64]. On the
other hand, PTB, also known as hnRNP I, directly binds to a sequence upstream of
the a-exon and when overexpressed promotes exon skipping and production of
FGFR1-b. Thus, the up-regulation of PTB observed in brain tumors may be
causatively linked to the deregulated splicing profile of FGFR1 [65]. This provides
a further example of the link between the altered levels of specific RNA-binding
proteins and the appearance of the cancerous phenotype, which supports the idea
that RNA processing factors may be true oncoproteins. Antisense oligos directed
either against the PTB mRNA or complementary to the PTB binding site upstream
of a-exon can reduce the FGFR1-b/FGFR1-a ratio and restore FGFR1 splicing in
cell cultures [66]. Interestingly, splicing restoration causes an up-regulation of
caspases 3 and 7, which, ultimately, may be a mechanism for splicing-related gene
therapy [66].

The TrkA/NTRK1 (neurotrophin receptor tropomyosin-related kinase A) gene
encodes the receptor of nerve growth factor (NGF). TrkA is a tumor-suppressing
trans-membrane receptor that is mutated to constitutively active forms in many
cancers. A constitutively active isoform, called TrkAIII, is generated through
alternative splicing events that promote skipping of exons 6, 7, and 9. This isoform
lacks the regulatory immunoglobulin-like domains located in the extracellular
region of the receptor and its expression is restricted to undifferentiated early
neural progenitors, to human neuroblastomas (NBs), and to a subset of other neural
crest-derived tumors. Interestingly, the production of TrkAIII is stimulated by
hypoxia, which suggests the possibility that stressing conditions may ultimately
lead to the expression of an isoform that increases cell survival. Indeed, TrkAIII
over-expression confers to the cells the ability to form tumors, to resist apoptosis,
and to stimulate angiogenesis. This is due to the ability to TrkAIII to activate the
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PI3K/AKT signaling pathway and to upregulate the vascular endothelial growth
factor (VEGF) [67].

The fibroblast growth factor receptor 3 (FGFR3) is involved in tumor sup-
pression and maintenance of the differentiated state. Various alternative splicing
events leading to frame-shifts around the third immunoglobulin loop are expressed
at high levels in colorectal cancer [68].

KAI1/CD82 is a transmembrane glycoprotein that suppresses the formation of
metastases. A variant lacking the 28 amino acids encoded by exon 7 fails to
localize to the cell membrane and its expression in gastric cancer tumors associ-
ated with short survival time [69].

The cell adhesion molecule C-CAM1, also called CEACAM1, has two major
isoforms, L-form C-CAM1 and S-form C-CAM1, which are produced through
alternative splicing of exon 7 (53 bp). Skipping of this exon dramatically affects
the length of the protein, since it generates a frame shift that leads to a premature
stop codon in exon 8. As a result, S-form C-CAM1 lacks the 73-amino acid
cytoplasmic domain that is implicated in insulin receptor signaling. Interestingly,
expression of S-form C-CAM1 increases during lung tumorigenesis [70].

Integrin b1C differs from integrin 1A for the inclusion of an alternative exon
that changes the cytoplasmic tail of the protein. The 1C form inhibits cell pro-
liferation and is down-regulated in endometrial cancers [71].

The expression of the anti-apoptotic protein survivin is grossly elevated in
many cancers, while the surviving 2B splice variant has a growth-inhibitory effect
and is lost in late-stage breast [72] and colonic cancers [73].

The proteins listed above lay at the starting point of signal transduction cas-
cades that, as detailed below, may influence the activity of splicing regulators.
Thus, expression of alternatively spliced variants of cell surface proteins may have
a strong impact on the splicing profile of several additional genes. On the other
hand, activation of signal transduction pathways in response to external stimuli
may affect the splicing profile of cell membrane proteins. This could lead to a self-
sustained loop characterized by a mutual influence between cell membrane pro-
teins and signal transduction pathways with important effects on the cell identity.

2.3 Alternative Splicing and Cell Invasiveness

There are several examples of alternative splicing events that control the expres-
sion of genes involved in cell motility and invasion, a pre-requisite for the for-
mation of cancer metastases.

This is the case of specific alternative splicing variants of the androgen and
estrogen receptors that are involved in mammary carcinomas [74, 75]. Interest-
ingly, an isoform of estrogen receptor alpha due to skipping of exon 3 (delta3ER)
is a more potent activator of VEGF than the wild-type receptor, linking this variant
to angiogenesis of breast tumors [76].

Rac1 is a member of the Ras superfamily of small GTPases involved in signal
transduction pathways that induce the formation of lamellipodia, stimulate cell
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proliferation, and activate the JNK/SAPK protein kinase cascade [77]. The splice
variant Rac1b, which is generated by inclusion of a 57-nucleotide cassette exon,
has been shown to lead to anchorage-independent cell growth. Interestingly,
expression of Rac1b increases in colorectal tumors at various stages of neoplastic
process, as compared to adjacent normal tissues [78]. Alternative splicing of Rac1
is controlled by matrix metallo proteases (MMPs). MMPs are up-regulated in
nearly all cancers [79] and play a major role in modulating cell–cell and cell-
substratum adhesion, in promoting tumor cell proliferation, invasion, angiogene-
sis, and metastases [80]. In particular, MMP-3 can cause epithelial-mesenchymal
transition (EMT) and malignant transformation in cultured cells, and genomically
unstable mammary carcinomas in transgenic mice. Exposure of mouse mammary
epithelial cells to MMP-3 induces the expression of Rac1b, which causes an
increase in cellular reactive oxygen species (ROS) by stimulating the release of
mitochondrial superoxide into the cytoplasm. This leads to genomic instability
[80] and can drive tumorigenesis. Interestingly, splicing factor SF2/ASF has been
recently linked to genomic instability [81]. Depletion of SF2/ASF from the cells,
results in the formation of RNA:DNA structures (R-loops), in which nascent pre-
mRNAs form stable hybrids with the template DNA strand. These structures lead
to increased DNA damage that in turn activates cell cycle checkpoints, DNA repair
systems, and apoptosis. These findings open the exciting possibility that tran-
scription and subsequent RNA processing not only cooperate to guarantee efficient
production of mature mRNAs but also to assume genome integrity.

Genomic amplification and high-level overexpression of the fibroblast growth
factor receptor 2 (FGFR2) are frequently observed in breast cancer. Two of the
several FGFR2 variants so far described are relevant for tumor progression and
originate from the mutually exclusive use of exon IIIb in epithelia and exon IIIc in
mesenchyme. The choice of exon IIIc in mesenchymal cells, which involves acti-
vation of this exon and repression of exon IIIb, depends on several factors among
which PTB [82]. Selection of the epithelial cell-specific exon is controlled by
(U)GCAUG elements, which are bound by Fox protein family members. Interest-
ingly, Fox-2 isoforms are differentially expressed in IIIb+ cells in comparison to
IIIc+ cells. Fox-2 is critical for the IIIc-to-IIIb switch observed in cells grown to
overconfluency that show molecular and morphological changes consistent with a
mesenchymal-to-epithelial transition [83]. By means of minigene constructs that use
the GFP reporter protein to visualize alternative splicing of FGFR2, it has been
possible to follow splicing decision during prostate tumor progression in rats. These
experiments revealed unexpected EMTs in primary tumors. These transitions were
observed more frequently where tumor cells were in contact with stroma, among
lung micrometastases, in the organ parenchyma, and immediately adjacent to blood
vessels [84]. Recently, it has been reported that the expression of FGFR2-IIIb is also
controlled by two epithelial cell-type-specific RNA-binding proteins, called epi-
thelial splicing regulatory proteins 1 and 2 (ESRP1 and ESRP2) [85]. By regulating
alternative pattern of CD44, p120-Catenin (CTNND1) and hMena (ENAH), ESRP1
and ESRP2 are coordinators of an cell-type-specific post-transcriptional program
that accompany the EMT (or its reversal MET) process.
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Antibody-based targeted delivery of bioactive agents to sites of tumor is an
attractive therapeutic strategy for cancer treatment. The most promising target for
this strategy is fibronectin, which is a secreted extracellular molecule and a key
determinant for control of proliferation, cell migration, cell invasiveness, and
metastatic behavior of tumor cells. Several fibronectin isoforms are produced
through alternative splicing [86]. One of these, the EDB isoform, is generated
through inclusion of the type III repeat extra domain B (EDB) exon, which
encodes 91 amino acids sequence perfectly conserved in mouse, rat, rabbit, dog,
monkey, and man. The EDB variant is specifically expressed in embryos and is
essentially undetectable in healthy adults. However, EDB-containing fibronectin is
abundant in many aggressive solid tumors, and displays either predominantly
vascular or diffuse stromal patterns of expression, depending on the tumor type
[87–89]. Antibodies against the EDB isoform allow a more accurate diagnosis of
high-grade astrocytomas [90], and clinical trials have now started to use anti-EDB
antibodies to target radioactive iodine to colorectal and lung tumors [91, 92].
Inclusion of the EDB exon is regulated by a purine-rich splicing-enhancer whose
activity is controlled by the SRp40 protein [93]. Interestingly, overexpression of
this splicing factor occurs in mouse mammary tumors [38].

Recently, we have used the Ron proto-oncogene as a model to investigate the
relationship between alternative splicing and tumor progression. Ron, the human
receptor for the macrophage-stimulating protein (MSP), is a heterodimeric protein
(p185-Ron) composed of a and b subunits both deriving from the processing of a
common precursor (Fig. 3). Binding to MSP stimulates the intrinsic tyrosine
kinase activity of Ron and results in phosphorylation of its docking site for
multiple transducer and adaptor proteins leading to the activation of signaling
cascades. Ron is a member of the scatter factor receptor family, which includes
Met, the hepatocyte growth factor (HGF) receptor. In addition to promoting cell
growth and protection from apoptosis, these factors control cell dissociation,
motility, and invasion of extracellular matrices, a process known as ‘‘invasive
growth’’ or ‘‘scattering’’ [94]. Invasive growth is physiologically relevant during
development, organogenesis, and tissue regeneration. However, it can also mediate
invasiveness of epithelial cancer. The splicing profile of the Ron gene is frequently
altered in cancer cells with the production of different isoforms: DRon (skipping of
exon 11), RonD160 (skipping of exons 5 and 6) and RonD165 (skipping of exons
5, 6 and 11) [95, 96]. Over-expression of any of these isoforms increases cell
motility (scatter-like activity). However, only RonD160 or RonD155 are able to
induce focus formation, sustained anchorage-independent growth, and the ability
to form metastatic tumors in mice [96]. This oncogenic potential is channeled
through the P3K-AKT pathway [97]. Also Met transcripts undergo alternative
splicing and an isoform, called Met-SM, originates from skipping of exon 14
which encodes a 47 amino acid segment in the juxtamembrane domain. This
isoform has been recently shown to play an important role in development and
progression of human cancer [98].

We have studied in detail the alternative splicing of exon 11 that is involved in
the production the constitutively active DRon, (Fig. 3). The choice between
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inclusion and skipping of this exon is governed by two adjacent regulatory ele-
ments, a silencer and an enhancer, both located in the constitutive exon 12 [95].
The activity of the enhancer is controlled by splicing factor SF2/ASF and deter-
mines the strength of the acceptor site of the upstream intron 11. By affecting the
competition between acceptor sites in intron 10 and 11, SF2/ASF directs the
choice between inclusion and skipping of exon 11 and the production of DRon.
Similarly to what is observed with DRon, over-expression of SF2/ASF profoundly

Fig. 3 Schematic representation of the Ron receptor. a Ron is a single-pass, disulfide-linked a/b
heterodimer. The a chain is an extracellular glycoprotein, while the b chain is a transmembrane
subunit with tyrosine kinase activity. The intracellular domain includes the tyrosine kinase
catalytic site (azure box) flanked by distinctive juxtamembrane and carboxy-terminal sequences.
Phosphorylation of two tyrosines within the kinase domain positively regulates the enzyme
activity, whereas a serine residue in the juxtamembrane domain has a negative regulatory role.
Two tyrosine residues in the carboxy-terminal region, when phosphorylated, form a specific
docking site for multiple signal transducers and adaptors. GRB2 binds preferentially to the second
tyrosine and activates the RAS pathway through association with SOS (modified by permission
from Macmillian Publishers Ltd: [94]). b The constitutively active DRon isoform is generated
through skipping of exon 11. This is controlled by two adjacent splicing elements, a silencer and
an enhancer, located in the central part and at the 30 end of exon 12, respectively. These two
regulatory elements may form a ‘‘control cassette’’ that tunes the strength of the acceptor site of
intron 11 and thus the ratio between Ron and DRon transcripts. Splicing factor SF2/ASF directly
binds to the enhancer and governs its activity. The primary function of the silencer could be to
antagonize the enhancer and prevent exon skipping
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affects the cell morphology and triggers nuclear accumulation of b-catenin,
reorganization of actin cytoskeleton, and down-regulation of E-cadherin, a tumor
and invasion suppressor in human carcinomas. All these morphological and
molecular changes represent hallmarks of the epithelial to mesenchymal transition
(EMT), which is implicated in the metastatic spreading of human carcinomas [99].
Given the reported up-regulation of several SR proteins, including SF2/ASF,
during tumor progression [38–41], it is tempting to speculate that splicing factor
SF2/ASF could promote the malignant transformation by inducing a DRon-med-
iated EMT. This is consistent with a recent report showing that SF2/ASF is a true
oncogene and its over-expression confers to mouse fibroblasts the ability to form
sarcomas in mice [100].

Recently, we have investigated the possibility to use the cancer-specific variant
as a potential target for the development of new anti-metastatic therapeutic
strategies. We have exploited approaches based on bifunctional oligonucleotides
or small-molecule inhibitors of SF2/ASF activity to modulate the pathological
DRon splicing event [101]. As a first approach, we used a targeted oligonucleotide
enhancers of splicing (TOES) antisense RNA oligonucleotide complementary to
Ron exon 11 and with an additional non-complementary RNA tail that was
designed to mimic an ESE sequence and to interact with splicing factors. As an
alternative approach to ‘‘correct’’ DRon splicing, we used indole derived com-
pounds (IDCs), a new class of splicing inhibitors that selectively inhibit the ESE-
dependent splicing activity of individual SR proteins. Both treatments efficiently
correct DRon splicing and increase exon 11 inclusion. In addition, inhibitors of
SF2/ASF activity also affect the invasive phenotype of the cells. These treatments
could represent important strategies toward the development of effective anti-
cancer therapeutic approaches.

2.4 Alternative Splicing and Signal Transduction

A number of studies in the last 10 years have shown that activation of signaling
pathways by extracellular stimuli can impact on alternative splicing. In particular,
a link between splicing regulation, mitogen-activated protein kinase (MAPK), and
AKT signaling pathways has been described [102]. Little is known about the
mechanisms by which signaling cascades control the nuclear splicing machinery.
However, it is commonly accepted that proteins involved in pre-mRNA splicing,
including abundant hnRNPs and SR splicing factors, are both targets and effectors
of signal transduction cascades activated by extra-cellular stimulation.

Although the presence of 10 variant exons makes the analysis highly prob-
lematic, CD44 is an excellent example to illustrate how extra- and intra-cellular
cues, by affecting the activity or sub-cellular distribution of specific splicing
factors, can lead to the unscheduled expression in cancer cells of splicing isoforms
involved in the formation of metastases. There is reciprocal influence between
alternative splicing of CD44 and the RAS signaling pathway. Indeed splicing of
exon v6 is regulated by RAS and, in turn, CD44v6 isoforms are involved in a
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positive feedback loop that sustains late RAS signaling, a key event for cell cycle
progression [103]. CD44v6 isoforms appear to exert their activity by forming a
complex with HGF and its receptor MET, which is then able to activate RAS
signaling [104]. The production of different CD44 isoforms correlates with
changes in the abundance of SR proteins [37, 38] and several splicing factors
(including hnRNPA1, SRp55, SF2/ASF, Tra-2 beta, YB-1, SRm160 and Sam68)
have been shown to regulate particular variant exons [103, 105–109]. In particular,
Sam68 and SRm160 collaborate to control alternative splicing of exon v5 in
response to extracellular signals and their activity is stimulated by the ERK kinase
downstream of RAS [103, 106].

Another good example of splicing modulation by signaling pathways comes
from the fibronectin gene. Contrary to what occurs in the adult where it is mainly
skipped, the EDA exon is efficiently included in the mature fibronectin mRNA in
embryos as well as during wound healing and in certain tumors. Exon inclusion is
triggered by the activation of the Ras–PI3K–AKT pathway by growth factors.
AKT directly phosphorylates the SR proteins 9G8 and SF2/ASF, which in turn
bind and promote splicing of the EDA exon [102, 110]. Activation of the same
pathway by insulin regulates the activity of another SR protein, SRp40, and
stimulates the inclusion of an alternative exon in the protein kinase C (PKC) II pre-
mRNA [111–113]. Based on these data, it is tempting to speculate that deregu-
lation of the Ras/PI3K/AKT pathway by activating mutations in its components
would have dramatic consequences for the splicing pattern of any of the pre-
mRNAs regulated by 9G8, SF2/ASF, SRp40, and, perhaps, other SR proteins. An
attractive hypothesis is that exons responsive to this signaling pathway belong to a
set of genes that function cooperatively to modulate the physiology of the cell in
accordance with the biological role of the signaling molecule. The identification of
these exons, therefore, will be of the utmost interest.

Phosphorylation of 9G8 and SF2/ASF by AKT not only leads to inclusion of the
EDA exon, but also enhances the translation of mRNAs containing the EDA exon
[102]. Thus, activation of a single signal transduction pathway acts at two different
points to stimulate the production of a specific protein. The net effect is a drastic
increase both in the speed and strength of the signaling response as measured by
production of the induced protein.

An interesting observation is that kinase activities able to modulate alternative
splicing may affect signal transduction pathways. This is the case of the SRPK1
that, as stated above, is over-expressed in breast and colonic tumors. Targeted
inhibition of SRPK1 has an anti-tumoral effect, which is mediated by a change in
the alternative splicing of MAPK2 (also known as extracellular signal regulated
kinase ERK2), one of the two major kinases responsible for phosphorylation of
MAPK1 [43]. Together, these results suggest an important role for SRPK1 in
MAPK and AKT pathways in deregulation of splicing profiles in cancer cells and
point to SRPK1 inhibitors as novel anti-tumor drugs.
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3 Concluding Remarks

Cancer is an inherently complex, multi-step process of perturbation of cellular
homeostasis that requires the timely accumulation of oncogenic mutations.
Genetic models have suggested that 5–7 gene mutations are needed for cancer
onset [114]. In recent years, alternative splicing has emerged as an important
player in the development and progression of human cancer. Alternative splicing is
a fundamental mechanism to modulate gene expression programs in response to
different growth and environmental stimuli. There is now ample evidence that
alternative splicing errors, caused by mutations in cis-acting elements and defects
and/or imbalances in trans-acting factors, may be causatively associated to cancer
progression. Moreover, a number of examples in this review strongly support the
idea that the unscheduled expression of alternative splicing variants may be critical
for tumor progression and the formation of metastases by promoting the EMT. As
proposed in Fig. 4, the interaction between tyrosine kinase receptors (TKR) on the
surface of cancer cells and specific growth factors in the tumor microenvironment
would activate signal transduction cascades that target, among others, specific
splicing regulators such as SR factors. A consequence of this event could be a
change in alternative splicing programs leading to EMT even in the absence of
gene mutations. Expression of constitutively active isoforms of TRKs (as for
instance DRon) could be a result of this general reprogramming of alternative
splicing. Activated TRKs, in turn, would make the activation of signal

Fig. 4 A model for the role of alternative splicing in EMT. A specific splicing program is
expressed in epithelial cells. C cytoplasm, N nucleus, TRK tyrosine kinase receptor, SF splicing
factor, T protein encoded by alternative splicing variants (green circle). Interaction of TRKs with
their ligands (L) activates signal transduction pathways that, through phosphorylation of splicing
factors, can promote alternative splicing programs specific of mesenchymal cells. Alternative
splicing would also induce the production of constitutively active isoforms of TRKs that make
signal transduction pathways independent of external stimuli
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transduction pathways independent of external stimuli thus conferring to cancer-
ous cells the ability to form metastases. Molecular approaches to therapy can target
either the pre-mRNA or the splicing factors to change ratios between splicing
isoforms and correct unscheduled splicing profiles. Hopefully, in the coming years
a better understanding of the contribution of alternative splicing to carcinogenesis
will be reached and novel methods will help identifying new targets for innovative
anticancer therapeutic approaches.
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MicroRNAs in Cancer
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Abstract

MicroRNAs (miRNAs) are a group of endogenous, small noncoding RNAs of
approximately 22 nucleotides in lengths. As a new class of signaling
modulators, miRNAs have attracted great attention for their unique features,
including multitarget regulation, tissue specificity, and evolutionary conserva-
tion. These small endogenous RNAs are able to interact with many important
genes and play critical roles in a wide range of biological processes, including
cell proliferation and differentiation. Strikingly, miRNAs are frequently
dysregulated in human cancers. A number of studies have shown that miRNAs
are involved in cancer pathogenesis by regulating oncogenes or tumor
suppressor genes. Here, we review recent studies of miRNAs in cancer
development and discuss their potential applications in cancer therapeutics.
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1 Introduction

MicroRNAs (miRNAs) are a group of endogenous, small noncoding RNAs of
*22 nucleotides. The human genome contains at least one thousand of distinct
miRNAs, which potentially regulate over 30 % of the transcriptome. So far, a
number of evidence shows that miRNAs make significant contribution to the
formation and development of tumors, especially metastasis. In this chapter, we
will start with the introduction of miRNA biogenesis, and summarize the global
dysregulation of miRNAs in cancer, and then explain the roles of miRNAs in
metastasis and their interaction with conventional protein modulators in several
signaling pathways, and finally discuss the potential of miRNAs in therapeutical
applications.

2 Biogenesis of miRNAs

The majority of primary miRNA (pri-miRNA) transcripts are produced by RNA
polymerase II [9, 72]. The lengths of these pri-miRNAs vary from a few hundred
to thousands of nucleotides with one or more double-stranded regions. Some pri-
miRNAs have independent transcriptional units with mono- (e.g. miR-21) or
polycistronic miRNA-precursor structure (e.g. the miR-17-92-1 cluster) [8, 45],
whereas others locate in the intron (e.g. miR-10b) or extron (e.g. miR-198) of
messenger RNAs [8, 106]. These polymerase II-directed pri-miRNAs are post-
transcriptionally capped at 50 end or polyadenylated at 30 end, respectively.
However, recent data indicate that a subset of miRNAs may instead be transcribed
by RNA Polymerase III, such as C19MC, one of the largest human miRNA
clusters [111]. Expression of individual miRNAs is controlled by transcription
factors, such as c-Myc or p53. However, the regulatory mechanism of miRNAs at
the transcriptional level remains unclear [22, 46, 96, 135].

Following transcription, the pri-miRNA is cleaved by a complex of Drosha and
DGCR8 proteins (also known as Pasha), which contains two double-stranded
RNA-binding domains [21, 36, 42, 68, 71]. DGCR8 directly interacts with the pri-
miRNA and determines the accurate cleavage site. Then the Drosha finishes the
cleavage step. An imperfect stem-loop structure of *50–70 nt in length is
released, containing a hairpin stem, a terminal loop and two single-stranded
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flanking regions as the precursor miRNA (pre-miRNA). The double-stranded stem
and the flanking regions are indispensable for the processing of pre-miRNA, but
the loop region is less critical for this step [43, 141, 142].

After processing in the nucleus, the pre-miRNAs are transported to the cyto-
plasm by the nucleocytoplasmic shuttling protein, exportin-5, which recognizes a
two-nucleotide overhang left by Drosha at the 30 end of the pre-miRNA hairpin.
Exportin-5-mediated transport to the cytoplasm is an energy-dependent process, in
which GTP is bound to the Ran protein [139]. In the nucleus, in the presence of a
high concentration of RanGTP, exportin-5 induces the Drosha/DGCR8 complex to
release pre-miRNA and transport pre-miRNA out of the nucleus. In the cytoplasm,
the low concentration of RanGTP results in the separation of pre-miRNA from
exportin-5. During the subsequent step, another RNase III enzyme, Dicer, cleaves

Fig. 1 An illustration of three miRNA biogenesis pathways, including (1) canonical pathway;
(2) Drosha/DGCR-independent pathway; or (3) Dicer-independent pathway (adapted from
http://en.wikipedia.org/wiki/MicroRNA. With permission from Creative Commons Attribution-
ShareAlike 3.0 License)
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the loop portion of the hairpin structure and yielding *22 nt small RNA duplexes,
consisting of a mature miRNA strand and a partially complementary strand.
Knocking out Dicer blocks the formation of mature miRNAs, indicating that this
cleavage is essential for miRNA biogenesis [6, 37, 51, 62]. Dicer cleavage activity
is regulated by TRBP, which binds to the amino-terminal DExD/H-box helicase
domain of Dicer and induces a conformational rearrangement of Dicer [84].

In addition to the above described canonical miRNA biogenesis pathway,
alternative pathways have also been proposed (Fig. 1) [12, 21, 109, 137]. For
example, a pre-miRNA-like hairpin structure, which serves as Dicer substrate
without cleaving by Drosha/DGCR8 complex, can be generated by many Drosha/
DGCR8-independent pathways (e.g. miR-62 or mir-1071) [2, 14, 97, 109].
Another type of miRNAs does not require the cleavage of Dicer. Pri-miR-451 is
processed by Drosha/DGCR8 to format a short pre-miRNA with only *18 nt of
duplex stem, which is too short to be recognized by Dicer. Instead, pre-mir-451 is
directly cleaved by Ago protein and other proteins [12, 15, 138].

After the miRNA duplex is generated, one strand (named as the guide strand) is
loaded into a protein complex called RNA-induced silencing complex (RISC),
whereas the other strand gets degraded by cleavage or a bypass mechanism [41].
Argonaute proteins (AGOs) are the catalytic components of the RISC. AGOs have
eight related family members in human, including four AGOs and four PIWI
proteins. Typically, the mature miRNA-RISC binds to the 30 untranslated region
(30UTR) of an mRNA containing a partially complementary sequence with the seed
region of miRNAs (the 2nd to 8th nt of the mature miRNA). If the seed region of a
miRNA can anneal with mRNAs, RISC cleaves these target mRNAs or suppresses
their translation without affecting the transcriptional level of these miRNAs.

3 The Dysregulation of miRNAs in Cancer

In 2004, Croce and colleagues reported that miRNAs are not randomly distributed
in the human genome [10]. For example, chromosome 4 has fewer than average
miRNAs, whereas chromosomes 17 and 19 have significantly more miRNAs.
Indeed, over 50 % miRNAs are located at fragile sites or chromosomal regions that
are associated with cancers. After systematic analysis of over 200 miRNAs from
more than 300 samples, Lu and colleagues revealed distinct expression profiles of
miRNAs between normal and tumor cells or tissues [82]. Another interesting
finding demonstrated in that work is that miRNA expression profiles can be used to
classify poorly differentiated tumors with higher accuracy than mRNA expression
files, thus indicating that miRNAs may be used as diagnostic markers.

With the development of high-throughput sequencing technology or gene chip
technology, the expression patterns of miRNAs have been intensively investigated
in a variety of cells or tissues. A global picture of dysregulation of miRNAs in
cancers is emerging, with many miRNAs found down-regulated or overexpressed
in different types of tumors. For example, miR-21 or miR-17-92 cluster is up-
regulated in a range of tumors [89].
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miRNAs may suppress or promote carcinogenesis, acting as either tumor
suppressors or oncogenes. Those miRNAs as tumor suppressors are often down-
regulated in tumors and can regulate oncogenes. For example, let-7 family has
been found to negatively regulate expression of RAS, an oncogene that con-
tributes to the pathogenesis of human tumors [56]. Those miRNAs are frequently
inactivated either by gene deletion or promoter modification, such as
methylation.

Another group of miRNAs, referred to as oncomirs, are found to be overex-
pressed in cancers. For example, miR-17-92 cluster with six miRNA genes: miR-17,
miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1, can induce cell prolif-
eration, inhibit apoptosis or promote tumorigenesis by cooperating with MYC in
lymphomas [33, 96].

miRNAs are also involved in the epigenetic process: either as players or targets
in the epigenetic regulation. The methylation of CpG islands in promoter regions
leads to silencing of miRNA expression. For example, miR-127, targeting an
oncogene-BCL6, is silenced in bladder tumors, but this silence could be rescued
using demethylating agents [111]. On the other hand, miRNAs could also regulate
enzymes that involves in methylation of CpG islands, such as DNA methyl-
transferases (DNMT). miR-29 could target DNMT3A and DNMT3B, thus
resulting in reactivating p16 tumor suppressor gene [128].

One key question is whether dysregulation of miRNAs is cause or consequence
to cancer? [17] Components of the miRNA-machinery have been implicated in
tumorigenesis. For example, it was reported that expression of Dicer was down-
regulated in lung cancer and this downregulation correlated with shortened post-
operative survival [57]. In addition, three human Argonaute genes—AGO3,
AGO1, and AGO4, which are clustered on chromosome 1 (1p34–35)—are fre-
quently deleted in Wilm’s tumor of the kidney and have also been associated with
other tumors [24]. In the next section, we will discuss the role or miRNAs in
cancer development or metastasis.

4 miRNAs and Cancer Metastasis

Metastases account for 90 % deaths among cancer patients [40]. However, our
understanding of the molecular mechanism underlying metastatic dissemination
remains obscure [127]. The invasion-metastasis cascade is a dynamic and multi-
step process. In brief, primary tumor cells break away from neighbouring cells,
invade adjacent tissue, enter the circulation systems, extravasate out of the vas-
culature, seed at distant sites, enter the foreign tissue parenchyma, and finally
proliferate from microscopic growths into macroscopic secondary tumors [26].
A large number of studies have showed that miRNAs play a critical role in the
initiation and progression of different cancers.

A number of miRNAs act to promote cancer metastasis. For example, miRNA-
10b is highly expressed in metastatic breast cancer cells and regulates cell
migration and invasion [86]. Overexpression of miR-10b in otherwise non-
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metastatic breast tumor cells endows them with invasive and metastatic capability.
Significantly, the level of miR-10b expression in primary breast carcinomas
correlates with clinical progression. The expression of miR-10b is under the
control of Twist, a transcription factor that orchestrates epithelial–mesenchymal
transitions (EMT). miR-10b inhibits translation of HOXD10 protein, resulting in
the increase of RHOC, a well-characterized prometastatic gene. In addition, miR-
373 and miR-520c were identified as another metastasis promoting genes [49].
Overexpression of miR-373 or miR-520c promoted an in vitro migration and
invasion of breast cancer cells. miR-373 and miR-520c inhibit CD44, a metastatic
suppressor in breast, prostate or colon cancers.

On the other hand, miRNAs can act as inhibitors of metastasis at different
stages. Let-7 serves as a tumor suppressor gene by inhibiting the expression of
HMGA2 and RAS [56]. Let-7 expression is lower in lung tumors, whereas RAS
protein is significantly higher in these tissues. miR-31, another anti-metastatic
human miRNA, represses multiple steps of the invasion-metastasis cascade.
Down-regulation of miR-31 enhances the migration and invasion in human breast
cancer cells. This miRNA can repress a cohort of prometastatic target genes,
including Fzd3, ITGA5, MMP16, RDX, and RhoA [88, 110, 113, 127].

Angiogenesis plays a critical role in the tumorigenesis and cancer progres-
sion. Vascular endothelial growth factor (VEGF) is a potent proangiogenic
factor that is up-regulated in human tumors. miR-126 can directly target the
30UTRs of Spred-1, VCAM-1, and PIK3R2 [27], negative regulators of VEGF/
FGF signaling. In mammals, miR-126 is encoded by intron 7 of the EGF-like
domain7 (Egfl7) gene, an endothelial cell-specific secreted peptide that inhibits
migration of smooth muscle cell [120]. Thus, miR-126 shows a parallel
expression pattern with Egfl7 in tissues or cell lines [28, 99]. Indeed, miR-126
regulates multiple aspects of endothelial cell biology, including cell migration,
capillary network stability, and cell survival [27]. Thus, miR-126 promotes
VEGF/FGF signaling and angiogenesis by repressing endogenous inhibitors in
endothelial cells.

MiR-23b is highly conserved in all vertebrates. Several studies have demon-
strated that miR-23b is involved in invasion and metastasis, but the molecular
mechanism remains to be elucidated [107, 112]. We have recently demonstrated
that miR-23b, which is down-regulated in human colon cancer samples, can
potently repress cancer cell migration, invasion, growth, and angiogenesis both in
vitro and in vivo [143]. miR-23b can also inhibit VEGF at both transcriptional and
translational levels. This miRNA significantly inhibited tubule elongation and
branching in vascular formation assay using human umbilical vein endothelial
cells (HUVEC). However, miR-23 may regulate angiogenesis by indirectly sup-
pressing VEGF. This miRNA regulates a cohort of prometastatic genes or onco-
genes, including FZD7, MAP3K1, PAK2, TGFbR2, RRAS2, or uPA. Re-
expression of these individual targets largely reversed effects of miR-23, whereas
siRNA silencing of each target genes suppresses metastasis. These six genes
participate in critical signaling pathways, including the ERK, JNK, NFrB, PI3K,
TGFb, and Wnt pathways.
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As described above, miRNAs are frequently dysregulated in human cancers
[17, 82]. However, our understanding of role of miRNAs in tumor cell migration
remains limited. It is not clear how many miRNAs may affect cancer cell
migration, or whether the same miRNA regulates cell migration in different types
of cancer cells in a similar manner.

To address these questions, we have systematically investigated regulatory
capability of known human miRNAs on cancer cell migration, invasion, or
apoptosis [143]. Strikingly, it was found that over one quarter of the human
miRNAs tested demonstrated regulatory activities on cancer cell migration
(Fig. 2). Interestingly, many of the miRNAs initially identified in a screen in HeLa
cells behave in the same manner in four other epithelial cancer cell lines.

Endothelial cell migration plays an important role in the angiogenesis associ-
ated with other pathological processes such as atherosclerosis. Thus, we have
continued to expand our studies to endothelial cells. It seems that the cell
migration regulatory activity of miRNAs is not specific to epithelial cancer cells. It
is now well established that miRNAs regulate expression and function of target
genes in both physiological and pathological processes. miRNAs modulate many
cellular processes including cell migration.

5 miRNAs, Key Modulators in Cell Signaling Pathways

miRNAs play important regulatory roles in a wide range of cellular processes.
Individual miRNAs often have multiple target genes. Here, we focus on the roles
of miRNAs as modulators in several critical cancer-related signaling pathways,
including PI3K/Akt, Erk, MAPK, NF-jB, TGF-b, and mTOR.

5.1 PTEN/PI3K/AKT Signaling Pathway

The PTEN/PI3K/AKT pathway is important in regulating cell proliferation, cel-
lular metabolism, apoptosis, and cell survival. PI3K phosphorylates PIP2 to

Fig. 2 A pie diagram showing the distribution of miRNAs tested in the migration and
proliferation assay (Reprinted from [143]. With permission from Nature Publishing Group)
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generate PIP3, an important second messenger, which in turn recruits PDK1 and
AKT to the cell membrane. AKT is phosphorylated and activated by PIP3-
dependent PDK1, and then regulates many downstream effectors [11]. On the
other hand, PTEN dephosphorylates PIP3 to PIP2, thus attenuating the effects of
the AKT pathway.

PTEN is a bona fide target of miR-21 [90]. Overexpression of miR-21 con-
tributes to hepatocellular carcinoma (HCC) cells and vestibular schwannoma by
suppressing PTEN [87, 90]. Interestingly, when PTEN is suppressed by miR-21,
AKT induces the down-regulation of miR-199a-5p, leading to increased expres-
sion of hypoxia-inducible factor 1alpha (HIF a) and Sirtuin 1 (Sirt1) [114]. This is

Table 1 miRNAs regulating PTEN/PI3 K/AKT signaling pathway

miRNAs Targets Effect on AKT
pathway

References

miR-126 P85beta Down [38]

MiR-7 EGFR Down [60]

miR-125b Down [74]

miR-184 MicroRNA-205, AKT2 Down [29, 140]

miR-331-3p ERBB-2 Down [23]

miR-8/miR-200 USH/FOG2 Down [52]

miR-330 E2F1 Down [70]

miR-320 p85 subunit Down [78]

miR-196a HoxA7, HoxB8, HoxC8 and HoxD8 Up [116]

miR-146b-5p EGFR Down [58]

miR-149* Akt1,E2F1 Down [76]

miR-451 Akt1, CyclinD1, MMP-2, MMP-9 and
Bcl-2

Down [93]

miR-375 PDK1 Down [124]

miR-222 PPP2R2A Up [133]

miR-217 KRAS Down [146]

miR-190 PHLPP Up [5]

miR-107 Down [19]

miR-216b KRAS Down [20]

miR-1 Up [34]

miR-133, miR-
223

IGF-1R Down [48]

miR-143 ERK5 and/or Akt Down [95]

miR-181d K-ras and Bcl-2 Down [132]
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one example of miRNAs capable of regulating another miRNA. In addition, PTEN
is not only regulated by miR-21, but also by Grhl3, which is a target of miR-21.
The interaction of these molecules constitutes a multilayer regulatory network in
PTEN/PI3K/AKT pathway [18]. A feed-forward regulatory circuit has been pro-
posed in which miR-21 is a downstream effector of AKT [115].

Many other miRNAs are involved in this pathway through either targeting
PTEN or other components. For example, miR-221 and -222 target PTEN as well
as TIMP3, leading to the enhancement of TRAIL resistance and cellular migration
[32]. miR-221 and -222 are down-regulated by miR-130a [1]. Similar to miR-21,
miR-155 may activate AKT pathway via targeting PPP2CA, SOCS1 or SHIP-1 [3,
69]. The miR-17-92 cluster contains six individual miRNAs, among which miR-19
acts as a key component by targeting PTEN [98]. In addition, other miRNAs,
including miR-205, 214, 26a, 29a, 29b, 23b, 301, 216a, or 217, can also target
PTEN [35, 50, 59, 65, 94, 117, 131, 136] (Table 1).

5.2 MAPK/ERK Signaling Pathway

Mitogen-Activated Protein Kinase (MAPK) or Extracellular signal-Regulated
Kinase (ERK) is well-studied protein kinases involved in multiple cellular pro-
cesses including cell cycle regulation. MAPK/ERK Pathway consists of a series
of proteins, which respond to extracellular signals by phosphorylating down-
stream substrates [64]. Disruption of this pathway leads to cancer and other
diseases [63].

MiR-17-5p can target more than 20 genes involved in the G1/S transition in cell
cycle, many of which are negative regulators of MAPK signaling cascade [16].
Overall, miR-17-5p promotes the migration of HCC cells through p38 MAPK
activation. In addition, miR-17-5 can target E2F1. E2F1-dependent down-regu-
lation of Wip1 is necessary in the activation of p38.

Let-7 family of miRNAs regulates many cellular processes, including cell
growth and differentiation [108]. Let-7 reduces the expression of RAS and inhibits
the MAPK/ERK pathway in papillary thyroid cancer [104]. In breast cancers, let-
7 g plays an antitumor role by reducing p44/42 MAPK [102]. As a modulator of
K-RAS, miR-143 decreases the proliferation and migration of prostate cancer cells
[134]. Many other miRNAs, including miR-18*, miR-143, miR-181, and miR-622,
also target K-RAS [31, 44, 118, 123, 132].

Spred1 is a negative regulator in MAPK/ERK pathway. miR-126 can enhance
the proliferation of mast cell by inhibiting spred1 [54]. In mesenchymal stem cells,
overexpression of miR-126 enhances ischemic angiogenesis by increasing the
protein levels of ERK1, pErk1, AKT, or pAKT [13]. miR-133b can promote the
development of cervical carcinoma by targeting MST2, CDC42, or RHOA [103].
In addition to modulating the PTEN/PI3K/AKT pathway, miR-21 regulates Spry1,
Spry2, Btg2, and Pdcd4, known negative regulators in the Ras/MEK/ERK path-
way. Other miRNAs are capable of regulating downstream effectors in MAPK/
ERK pathway, including miR-146 and miR-221/222 [83, 100, 122].
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5.3 NF-jB Signaling Pathway

NF-jB (nuclear factor kappa-light-chain-enhancer of activated B cells) is a protein
complex that controls the transcription of many genes. When bound to an inhib-
itor-IjB, NF-jB is kept inactive in the cytoplasm. When cells are stimulated, an
IjB kinase, IKK, is activated to phosphorylate IjB, resulting in the degradation of
IjB and the activation of NF-jB. NF-jB then translocates into the nucleus and
turns on the expression of its target genes.

The expression of miR-9 can be regulated by the activated NF-jB. On the other
hand, miR-9 can affect the expression of NF-jB, forming a feedback regulation
[4]. It was also found that NFKB1 was suppressed when miR-9 was overexpressed
in ovarian cancer [39]. miR-146 can indirectly suppress NF-jB pathway by tar-
geting IL-1 receptor-associated kinase or TNF receptor-associated factor 6 [7],
thereby regulating IL-1 and Toll-like receptor signaling pathways.

Many other miRNAs also participate in the regulation of NF-jB pathway,
including miR-98, let-7, miR-21, miR-124, miR-155, miR-15, and -16 [47, 53, 75,
77, 81, 105, 130]. On the other hand, NF-jB signaling pathway controls the
expression of many genes, including miR-146, 147, or 143 [79, 121, 144].

5.4 TGF-b and mTOR Pathways

miR-21, miR-133 and 590, miR-17 cluster, miR200a, miR-106b-25 cluster, miR-
210, miR-26a, or miR520/373 regulate the effectors in the TGF-b signaling
pathway [61, 91, 119, 129]. The key modulators in the mTOR signaling pathway
can be regulated by miR-199a-3p, miR-100, miR-221, miR-223, miR-99a, miR-
218, miR-7, miR-376b, miR-520c and -373 [25, 30, 55, 66, 73, 80, 92, 101, 125].

From the limited examples described above, it is clear that miRNAs are
emerging as a group of important modulators of many signaling pathways
important for tumorigenesis and cancer metastasis. In a number of cases, miRNAs
and their target genes can form feedback regulatory loops. It is conceivable that
disruption of certain critical regulatory networks may contribute to tumor devel-
opment and progression.

6 Therapeutic Potential for miRNAs

As discussed above, aberrant expression and regulation of miRNA genes have
been associated with a wide range of human cancers. A number of miRNAs play
critical roles in cancer development and metastasis. Such miRNAs may have great
potential in serving as diagnostic biomarkers or therapeutic targets for human
cancers. Indeed, several miRNAs have been identified to inhibit cancer metastasis
in cellular or animal models. For example, Weinberg and colleagues demonstrated
that systemic administration of miR-10b antagomirs, an inhibitor against miR-10b,
inhibited breast cancer metastasis in tumor-bearing mice [85]. In another study,
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systemic administration of miR-26a in a mouse model of HCC using adeno-
associated virus (AAV) results in inhibition of cancer cell proliferation, induction
of tumor-specific apoptosis, and dramatic protection from disease progression
without obvious toxicity [67]. Their unique features, including multitarget regu-
lation and tissue specificity make miRNAs attractive target genes for developing
cancer therapeutics, although much more work is needed to make this a reality.

7 Concluding Remarks

One miRNA may regulate up to hundreds of genes. Accumulating data support that
miRNAs behave as buffer molecules capable of tuning the expression of target genes
to appropriate levels. Expression of a certain miRNA in tumors is expected to reg-
ulate a cohort of functionally relevant genes. Although the target-specific delivery of
siRNA/miRNA is still a challenging issue, detections of miRNAs in the serum
suggest a new strategy to package or deliver miRNAs into specific cells or tissues
[126, 145]. Another challenge is that we still lack a powerful approach to system-
atically identify the target genes regulated by miRNAs. A deeper understanding of
the relationship between miRNAs and their targets is necessary for developing
applications of these non-coding RNAs in cancer diagnostics and therapeutics.
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The Perinucleolar Compartment: RNA
Metabolism and Cancer

John T. Norton and Sui Huang

Abstract

The perinucleolar compartment (PNC) is a nuclear substructure associated with,
but structurally distinct from, the nucleolus. The PNC contains several RNA
processing proteins and several RNA pol III transcripts, which form novel
complexes. As determined by cell culture experiments and human tumor
samples, the PNC forms exclusively in cancer cells and the percentage of
cancer cells in a population that have one or more PNCs directly correlates with
the malignancy of that population of cells. Therefore, the PNC is being
developed as a prognostic marker for several malignancies. PNC elimination in
cancer cells has proven to be a useful as screening method to discover probe
compounds used to elucidate PNC biology and to discover compounds with the
potential to be developed as minimally toxic anti-cancer drugs.
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1 Introduction

1.1 Structure of the PNC

The perinucleolar compartment (PNC) is a nonmembrane bound nuclear sub-
structure associated with, but structurally distinct from, the nucleolus. The PNC is
irregularly shaped with dimensions ranging from 0.25 to 4 microns. Electron
microscopy studies have revealed the structure of the PNC consists of several
80–180 nm electron dense strands that form a reticulated meshwork on the surface
of the nucleolus [1, 2]]. The PNC persists through interphase with limited
movement, disassembles in pro-metaphase, and reassembles in late telophase
along with the biogenesis of nucleoli [1]. The PNC is generally heritable from
mother to daughter cells, which can be observed in newly divided daughter cells,
which often display PNCs that are mirror images (Fig. 1). PNC is a dynamic
structure through which some of the components shuttle in and out rapidly [[2],
our unpublished data].

1.2 Molecular Components of the PNC

Although the molecular composition of the structure is not fully elucidated, the
PNC is known to be enriched with several RNAs and RNA binding proteins. The
PNC was initially described during the characterization of the polypyrimidine
tract-binding protein (PTB) [3], which is a multi-functional RNA binding protein
involved in pre-mRNA splicing, stability, and translational regulation. Although
PTB shuttles between the nucleus and the cytoplasm, the protein is enriched
primarily in the nucleoplasm and is highly concentrated in the PNC when the
structure is present (Fig. 1). Since the discovery of PTB localization to the PNC,
several other RNA binding proteins have also been found to be concentrated in the
PNC. They include CUG-BP [4], KSRP [5], Raver1 [6], Raver2 [7], Rod1 [our
unpublished data], and nucleolin [our unpublished data]. The PTB-associated
splicing factor (PSF) [8] and the apobec editosome [9] may also localize to the
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PNC. All these proteins are implicated primarily in the processing of pol II RNAs,
with the exception of nucleolin. However, not all pre-mRNA processing factors
are enriched in the PNC nor are pol II transcription factors [our unpublished data].
Since PNC is physically associated with the nucleolus and can be co-purified with
nucleoli [our unpublished data], we examined the localization of several nucleolar
proteins to determine if they are in the PNC. Surprisingly, many nucleolar proteins
are not enriched in the PNC. These proteins include UBF, pol I subunits, SL1
components, RRN3, fibrillarin, and B23 [our unpublished data], all of which are
either involved in pol I transcription or pre-rRNA processing.

In addition to proteins, a set of small non-coding pol III RNAs have also been
found enriched in the PNC. They include MRP RNA [10], RNAse P RNA [10],
hY RNAs (hY1, 2, and 5) [10], Alu RNA [11], and SRP (7SL) RNA [11]. MRP
and RNAse P RNAs are highly conserved components of two different site
specific endoribonucleases that are involved in pre-rRNA processing [12]. hY is
an abundant RNA species that associates with the Ro protein, whose function
remains unclear. SRP RNA is a transcript component of the signal recognition
particle which functions in trafficking nascent proteins containing the endo-
plasmic reticulum (ER) signal and the associated ribosome to the ER [13]. Alu is
a relatively newly evolved RNA that is derived from 7SL RNA and also asso-
ciates with the signal recognition particle [14]. However, in situ hybridization to
other pol III RNAs including U6 [[10], our unpublished data], tRNA [our
unpublished data], 7SK, and hY4 [10] RNAs did not show localization of these
RNAs in the PNC.

Therefore, the PNC is concentrated with RNA binding proteins that have been
primarily implicated in the metabolism of pol II RNAs and is also enriched with
pol III synthesized small RNAs (Table 1). Our recent observations demonstrate
novel interactions among the PNC-associated RNA and the proteins [15]. The
enrichment of the RNA and proteins in the PNC does not appear to be simply due
to overexpression of these components in PNC containing cells, since overex-
pression of the protein components (PTB or CUG-BP) alone or in concert with
PNC-associated RNAs (such as MRP RNA and RNase P RNA) does not induce

Fig. 1 The numbers and the position of the PNC in relation to the nucleolus are heritable to
daughter cells during cell division as shown by immunostaining. Labeling of PTB in two newly
divided daughter cells marks the PNCs (bright spots at the nucleolar periphery) and nucleoplasm.
Fibrillarin marks the nucleoli and DAPI marks the nucleoplasm. Overlay of the PTB and
fibrillarin signals shows the association of the PNC with the nucleolus. Scale bar = 10 lm
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the formation of the PNCs in primary or immortalized cells [our unpublished data].
The complete molecular composition of the PNC has not been fully resolved and
the interactions among the known PNC-associated components are just beginning
to be explored. This chapter will discuss the possible functions of the PNC in RNA
metabolism based on published and our unpublished data, the association of the
PNC with the malignant phenotype, and the potential utilization of the PNC as a
prognostic and drug discovery cancer marker.

2 The PNC and RNA Metabolism

2.1 The PNC is Likely Involved in RNA Processing

Although the precise function of the PNC is unknown, several lines of evidence
have suggested that it might be involved in RNA metabolism. First, RNase
treatment disassembles the PNC in unfixed permeabilized cells while DNase has
no effect [1]. Second, pulse labeling with Br-U shows enrichment of these
nucleotides in the PNC after only 5 min, indicating that the PNC is enriched with
newly transcribed RNAs [2]. The third piece of evidence is the fact that all known
protein components of the PNC are RNA binding proteins involved in RNA
processing. Finally, the RNA-binding capacity of PTB is required for its locali-
zation to the PNC and PTB is essential for maintaining the integrity of the PNC
[1]. All these findings support a role for PNC in RNA metabolism.

Table 1 RNA and protein components of the PNC

RNAs Proteins

MRP PTB

CUG-BP

Alu Raver1

Raver2

Rnase P Rod1

KSRP

hY (1, 2, and 5) nucleolin

PSF

SRP (7SL) apobec

Some of these components have previously been linked to cancer and metastasis. Alu RNAs have
been shown to be over expressed in cancers but no functional link has been established [15]. PTB
is often up regulated in cancer cells [[16], our unpublished data], may support malignant trans-
formation [our unpublished data], and possibly promote metastasis in some cell types [[17], our
unpublished data]. Nucleolin can also be unregulated in cancer cells [18] and is involved in the
production of MMP-9 [19], which promotes metastatic behavior. However, how these compo-
nents interact in the PNC and the function of the PNC in malignancy remains unclear
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2.2 PNC is Enriched with Pol III Transcripts, but not Pol I
or Pol II RNAs

To determine the origin of newly synthesized PNC-associated RNAs, we have
performed experiments that selectively inhibit pol I, II, or III transcriptional
activity. The initial experiments using a low dose of actinomycin D (0.4 lg/mL),
which selectively inhibits pol I transcription [20] caused elimination the PNC [2].
However, further experiments with cycloheximide, which also selectively inhibits
pol I transcription (5 h at 100 ug/ml) [21], did not induce PNC disassembly nor did
it affect the labeled nucleotide enrichment in the PNC. Thus, the affect of acti-
nomycin D on the PNC is likely due to an ‘‘off target’’ affect of the drug, perhaps
such as DNA intercalation, rather than pol I transcription inhibition. This is further
supported by the finding that neither 28S and 18S RNAs nor pre-rRNA processing
factors, such as fibrillarin, are detected in the PNC through in situ hybridization
and immunolabeling [[1, 10], our unpublished data]. Therefore, the source of these
newly synthesized PNC-associated RNAs is unlikely rRNA. It is also unlikely that
the primary source of PNC-localized RNA is from pol II as the PNC is not
sensitive to pol II transcription inhibition by a-amanatin [2], nor is BrU incor-
poration into the PNC [our unpublished data]. In addition, in situ hybridization to
several pre-mRNAs did not show any enrichment in the PNC [5], our unpublished
data]; however, this does not exclude the possibility that some pol II transcripts
might localize to the PNC.

The structural integrity of the PNC is dependent upon continuous pol III
transcription. Injection of tagetin, a specific pol III inhibitor, into HeLa cells
results in a disassembly of the PNC within 2 h [11]. This finding suggests that the
majority of PNC-associated RNAs are of pol III origins and these RNAs are
essential components of the PNC. Furthermore, over expression of one PNC-
associated RNA, MRP RNA, from a pol II promoter followed by injection of
tagetin partially blocks the tagetin-induced PNC disassembly [11], demonstrating
that it is the RNA rather than activity of the polymerase that is important for the
integrity of the PNC. In addition, inhibition of pol III transcription disassembles
the PNC within a short period of time but does not disrupt the localization of MRP
RNA to its functional RNP within the nucleolus [11]. These findings, along with
the observation that none of the genes of known PNC-associated RNAs localize to
the PNC [[10], our unpublished data], demonstrates that the PNC rapidly recruits a
subset of newly synthesized pol III transcripts.

2.3 Novel RNP Associates with the PNC

Reciprocal precipitation experiments were used to analyze the in vivo interac-
tions to determine whether the pol III RNAs in the PNC interact with the RNA
binding proteins enriched in the PNC. MRP RNA pulled-down by a specific
oligo or immunoprecipitation of PTB or CUGBP by specific antibodies show a
reciprocal co-precipitation between the RNA and the RNA binding proteins [15].
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Glycerol gradient analyses show that this complex is large and sediments at a
different fraction from known MRP RNA containing complexes, the MRP RNP
ribozyme, and hTERT. Tethering PNC components to a LacO locus recruits
other PNC components, further confirming the in vivo interactions. High-reso-
lution localization analyses demonstrate that MRP RNA, CUGBP, and PTB
colocalize at the PNC as a reticulated network [15]. These findings indicate that
the pol III RNA containing complexes in the PNC represent non-canonical
interactions that may have novel roles in their metabolism and in the PNC.

2.4 Potential Functions of the PNC

What might be the functional significance of the enrichment of newly synthe-
sized RNA and RNA binding proteins in the PNC? Several possibilities can be
envisioned. Since PNC is not the site of transcription for the known PNC-
associated RNAs, one obvious possibility is that the PNC may serve as an
assembly site for the RNPs themselves. However, localization studies of the
subunits of MRP RNase, RNase P, and Ro RNP, whose RNA components are
associated with the PNC, show that neither the subunits nor functional RNPs
localized to the PNC [[10], our unpublished data], indicating that the PNC is not
likely involved in the canonical RNP assembly. These findings together with the
fact that the PNC is highly enriched with newly synthesized RNA suggest that
the RNAs are concentrated in the PNC prior to being assembled into mature or
functional RNPs that are subsequently distributed to the nucleolus or other
cellular destinations. Since live cell analyses showed that PTB shuttles in and
out of PNCs rapidly [1], the association of these RNAs with the PNC is likely
to be dynamic rather than long-term storage or simple aggregation. All these
findings lead to a working model that the PNC is primarily involved in the
metabolism of a subset of newly synthesized pol III RNA transcripts in trans-
formed cells.

There are several possibilities for the specific role for PNC in the metabolism of
these RNAs: (1) the PNC could be the site of RNA processing; (2) the RNAs could
be sequestered in the PNC prior to being assembled into functional complexes,
which may serve as a regulatory mechanism; (3) the PNC may act as the site of
assembly for RNA export complexes for the cytoplasmic translocation of some of
the PNC-associated RNAs; or (4) the PNC could also be the site for degradation of
excess RNAs.

The PNC might be involved in the processing of the pol III PNC-associated
transcripts; however, the post-transcriptional processing of pol III RNAs is poorly
understood, with the exception of tRNAs. La, an RNA binding protein, is the only
protein shown to mediate processing of newly made pol III transcripts [22]. To
determine whether PNC is involved in La-mediated processes, the localization of
La was evaluated through immunofluorescence and expression of tagged La with
GFP and T7 individually. La was not enriched in the PNC when compared to the
concentration of pol III RNAs in the structure [our unpublished data]. This finding
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suggests that the PNC is unlikely to be part of La-mediated pol III RNA pro-
cessing, but there is increasing evidence to support that the PNC contains novel
RNA–protein complexes [our unpublished data] that may be possibly involved in
pol III RNA processing. Localization, RNA pull-down, and immunoprecipitation
experiments reveal that the pol III RNAs and proteins primarily implicated in pol
II transcription, including PTB and CUG-BP are co-enriched in the PNC and
interact with each other in vivo. In addition, dynamic studies in live cells show that
these RNA binding proteins have much slower dynamics in the PNC as compared
to their counterparts in the nucleoplasm [our unpublished data], which suggests
altered function for these proteins when in the PNC. Further, understanding of the
novel RNP complexes associated with the PNC could help elucidate the function
of PNC and novel mechanisms of post-transcriptional metabolism of a subset of
pol III transcripts.

The PNC may also serve as a regulatory depot that sequesters a subset of pol III
RNAs and regulates their functional availability. During transformation, there is an
up-regulation of pol III transcription [23]. As a large number of pol III transcripts
are functional RNAs (for example, the RNA components of RNase MRP, RNase
P, snRNPs, and tRNA) the level of these RNAs could significantly impact a broad
spectrum of cellular activities. The up-regulation of these RNAs during transfor-
mation may indeed reflect the increase demand for these RNAs throughout the
process. It is possible that the PNC participates in regulating the post-transcrip-
tional availability of these RNAs in transformed cells.

In addition, it is also possible that the PNC acts as the assembly site of RNA
export complexes for the cytoplasmic translocation of some of the PNC-associated
RNAs. The RNase MRP complex is known to be involved in mitochondrial DNA
replication [24] and Ro RNPs are predominantly localized to the cytoplasm [25]
although their function remains to be clarified. Treatment of cells with leptomycin
B or ratjadone, which block the XPO1 mediated nuclear export of rRNA, some
mRNAs, and several RNPs, effectively disassembles the PNC [our unpublished
data]. Since inhibition of pol II transcription dose not eliminate PNCs [2], the
disassembly of PNCs by leptomycin B and ratjadone is unlikely due to the loss of
protein synthesis from the block of mRNA export. Therefore, the requirement of
XPO1 activity for PNC suggests that the PNC could play a role XPO1 mediated
export.

Finally, the PNC could also be the site for degradation of excess RNAs. The
over expression of pol III transcription may trigger the RNA degradation
machinery to eliminate the excess amount the RNA. Evidence supporting a pos-
sible role of PNC in this function are the following: two components of the PNC,
CUG-BP, [26] and KSRP [27], are known to promote the degradation of RNAs in
addition to their roles in RNA processing. Second, preliminary proteomic analyses
suggest the presence of several other classes of RNA degradation proteins in the
PNC [our unpublished data]. To distinguish what role the PNC actually plays in
RNA metabolism, parallel studies using different techniques are underway to
identify the molecular complexes that are associated with the PNC and to char-
acterize their functional interactions.
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3 The PNC and Malignant Transformation

3.1 PNC Selectively Forms in Metastatic Solid Tumor Cells

3.1.1 In Vitro Studies
During the initial characterization of the PNC, it was observed that PNC preva-
lence ( % non-mitotic and non-apoptotic cells with one or more PNC) was
invariably low (\ 5 %) in normal cell lines while heterogeneous, but much higher
(15–95 %) in transformed and cancerous cell lines [1]. Examination of many more
([ 50) primary cells, normal cell lines, and cancer cell lines has demonstrated the
same trend. The PNC can form not only in carcinomas, but also in sarcomas and
blastomas; however, the PNC prevalence is invariably low in hematological
malignancies. The PNC is not prevalent in primary cells or normal cell lines
derived from stromal, endothelial, haematopoetic, or embryonic stem cell origins
[35]. These findings suggest that PNCs selectively form in cells from solid tumors.

3.1.2 In Vivo Studies
The increased PNC prevalence in transformed and cancerous cells prompted
examination of the PNC in vivo. Breast cancer has been used as a model system since
the disease progression and molecular basis of the disease have been extensively
characterized. Histological samples of normal breast tissue, primary tumors, affected
lymph nodes, and distant metastasis were immunolabeled with SH54, an antibody to
PTB, via microwave antigen retrieval protocol. For each sample, [ 500 cells in the
most active area (with the highest histological grading) were scored for PNC prev-
alence. The results showed that PNC prevalence is 0 % in normal breast tissue, but
increases in the primary tumor along with the progression of the disease from benign,
to ductal carcinoma in situ, to affected lymph nodes, and finally reaches near 100 %
in distant metastasis. The PNC prevalence also increases in a step wise fashion from
the primary tumor, to the cancerous lymph node lesions, to the distant metastasis. In
addition, high PNC prevalence in primary tumors positively correlates with disease
relapse and inversely correlates with disease free and overall survival in a retro-
spective 17 year follow-up study. A multivariate examination of the data from this
study showed that PNC prevalence provides additional prognostic information for
stage I, node negative patients [28]. More recently, we found similar correlations
between PNC prevalence and the disease progression in colon and ovarian cancers
[36]. Together with the findings that PNC forms in solid tumor cell lines derived from
a wide range of tissue types, PNC prevalence has the potential to be a useful pan-
cancer prognostic marker, making it the first marker of its kind.

3.2 The PNC and Metastatic Behavior

Results from the breast cancer study [28] showed that PNC prevalence increased
with the progression of the disease, ultimately reaching near 100 % in distant
metastasis, suggesting that PNC containing cells have a metastatic advantage over
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those lacking PNCs. High PNC prevalence correlates with increased risk of relapse
and decreased overall survival in breast cancer patients, further supporting that the
PNC marks the malignant (metastatic) breast cancer cells.

To empirically determine if PNC marks metastatic cells, the PC-3 series of cell
lines, which have varying levels of metastatic capacities as selected for in mouse
models, were examined for PNC prevalence. The PC-3 cell line was created from a
human prostate carcinoma [29]. The PC-3 M cell line is a metastatic variant of PC-
3 created by injecting PC-3 cells into a nude mouse, allowing the cells to
metastasize, and then resecting the metastatic cells for culturing [30]. The PNC
prevalence in PC-3 cells is 4 % and significantly increases to 85 % in the meta-
static variant PC-3M [35]. The PC-3 M cell line was further enriched for meta-
static cells by injecting them into the prostate of a nude mouse, allowing lymph
node metastasis, resecting the metastases and reinjecting the metastatic cells into
the prostate of another nude mouse. This process was iterated four times to obtain
the highly metastatic variant PC-3M LN4 [31], which has a PNC prevalence of
98 % and abnormally large PNCs [our unpublished data]. Conversely, PC-3 M
cells were used to create a cell line enriched with nonmetastatic cells by resecting
the primary prostate tumors, reinjecting into the prostate of another nude mouse,
and iterating this process four times [31]. This cell line, PC-3 M Pro4, has a PNC
prevalence of 71 %, most of which are atypically small and nearly undetectable
[35]. When the PNC prevalence is adjusted to the percentage of cells with PNCs
greater than 2.2 lm, it correlates very closely with the metastatic behavior of these
cells. These observations in cells of the same origin, but of varying metastatic
capacities, further confirm that the presence of typical PNCs reflects the metastatic
capability of cancer cells. To evaluate the association of PNC prevalence with
metastatic behavior in an alternative system, PNC prevalence was examined in cell
lines over expressing the breast cancer related metastatic suppressor protein
(BRMS). BRMS is a chromatin remodeling protein that suppresses the ability of
cells to proliferate at distant sites [32]. Stable over expression in two breast cancer
cell lines, MB-MDA-231 and MB-MDA-435, caused a great decrease in metas-
tasis formation compared to the parental cells when injected into a nude mouse
[32]. The PNC prevalence in the BRMS overexpressing cell lines is significantly
lower than in the parental cells [35] further confirming the association of the PNC
with metastatic cells.

3.3 PNC is not a Marker of Differentiation or Growth Rate

Although metastasis is a trait specific to cancer cells, some characteristics of
cancer cells can be shared by normal cells, including rapid proliferation, high
glycolytic rate, and undifferentiation. To determine whether the PNC prevalence
also correlates with traits that are shared by normal cells, the PNC prevalence was
examined in several in vitro experimental systems. The proliferation of MCF-10A
(normal breast epithelium) cells is over 5 times more rapid than the proliferation of
MCF-7 (breast carcinoma) cells. However, the PNC prevalence of the MCF-10A
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cells is about 7 times lower than the MCF-7 cells [35], which dissociates PNC
prevalence from proliferation. To further examine the relationship of PNC prev-
alence and proliferation, HeLa cells were treated under normal serum or serum
starved conditions. The serum starved cells proliferated much slower than the cells
grown under normal conditions, but PNC prevalence remains the same under both
conditions. Thus, the PNC does not indicate rapid proliferation. In addition,
peripheral blood mononuclear cells (PBMCs) were treated with the antigen phy-
tohemagglutinin (PHA), which stimulates metabolism and proliferation of these
cells. PBMCs have 0 % PNC, as they are primary cells, and their PNC prevalence
remains at 0 % even after 72 h treatment with PHA demonstrating that normal
cells cannot form PNC simply by increasing proliferation rate [our [35]], which
further dissociates the PNC from proliferation. To address whether the PNC is
associated with a high rate of glycolysis, HeLa cells were grown in a medium
lacking glucose and pyruvate for 24 h, which significantly inhibits growth when
compared to cells grown in normal glucose conditions. PNC prevalence remains
the same in cells grown under both conditions, demonstrating that PNC does not
correlate with a high rate of glycolysis [our unpublished data] and further dem-
onstrating that the PNC does not associate with proliferation rate. Cancer cells are
generally less differentiated than normal somatic cells and an undifferentiated state
is also characteristic of normal progenitor cells. To determine whether PNC for-
mation reflects an undifferentiated state, the PNC prevalence was examined in
human embryonic stem cells and the results show a 0 % PNC prevalence. In
addition, a blastoma cell line (NIE-115) and teratoma cell line (F9) that can each
be differentiated by specific chemical treatment [[33, 34] respectively] showed no
change in PNC prevalence after induced differentiation, demonstrating that PNC is
not a marker of an undifferentiated state [our unpublished data]. These observa-
tions together show that PNC formation does not associate with cellular prolif-
eration rate, glycolytic rate, or the differentiation state, all of which are
characteristics shared by normal and cancer cells. Therefore, PNC prevalence
selectively associates with the metastatic capability of cancer cells.

3.4 Why does the PNC Form in Transformed Cells?

The unique association of the PNC with metastatic capable cancer cells from solid
tumors suggests that it forms due to cellular conditions specific to these cells. Two
possible mechanisms for PNC formation, which are not mutually exclusive, can be
speculated. (1) PNC formation could partially be due to increased need for
metabolism or regulation of PNC-associated components in cancer cells. Pol III
transcription is significantly increased during transformation [23], which may lead
to an excess of RNP RNAs, allowing increased interaction with the protein
components of the PNC, leading to the nucleation of the PNC. While the inter-
actions between the protein and RNA components of the PNC have not yet been
fully characterized, initial studies suggest that several of the protein and RNA
components are in the same complex in vivo as determined by
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immunoprecipitation and RNA pull-down experiments [[10], our unpublished
data]. (2) Another possibility is that yet to be identified factors in the PNC are
altered at the level of expression or function specifically in solid tumor cells, which
nucleate the RNAs and RNA binding proteins in the PNC. Formation of the PNC is
likely a late event during malignant transformation (Fig. 2), possibly as a result of
the heterogeneous multi-step process of malignant transformation. These steps can
include: increased pol III transcription, altered molecular complex expression
levels or functions, and possibly alterations in expression or function of uniden-
tified PNC-nucleation factors. While PNC is most likely a result of an advanced
cellular transformation state, the PNC may also functionally promote or maintain
malignant phenotype through regulating the molecular complexes associated with
the PNC. Studies are currently underway to identify these molecular complexes,
their functions in the PNC, and how they impact malignant phenotype.

4 Potential Utilization of the PNC

4.1 Prognostic Marker for Solid Tumors

Our findings in breast, ovary, and colon cancers, as well as cancer cell lines from
multiple tissue origins suggest that PNC is an ideal candidate to be a pan-cancer
marker for solid tumors. The PNC is a multi-component complex structure whose
presence may reflect the malignant behavior of cancer cells more comprehensively
than molecular markers, since malignancy is induced by complex and heterogeneous
mechanisms among, and even with in, tumors. In addition, PNC is selectively
associated with metastasis without obvious links to proliferation, glycolysis, or
differentiation state. Such specific association with malignant behavior makes the
PNC a unique tumor marker that may more selectively represent the malignant
characteristics of cancer cells than other markers. Therefore, PNC prevalence can be
an ideal tumor marker that increases the accuracy of disease prognosis. There is still a
great need for selective and specific tumor markers to help make appropriate treat-
ment decisions for many cancer patients. For example, stage I, node negative breast
cancer patients often undergo adjuvant chemotherapy, which causes severe side
effects and long-term health problems. Yet, the majority of the patients will not have
relapses even without the chemotherapy. The lack of accurate prognostic markers
that distinguish high risk from low risk patients causes a large proportion of the
patients to be over-treated. PNC prevalence provides additional prognostic infor-
mation for this group of patients than the existing markers [28], demonstrating the

Fig. 2 The PNC forms at a late stage in the multi-step process of malignant transformation and
is indicative of metastatic cells
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potential for PNC prevalence to be developed into a useful prognostic marker.
Currently, histological PNC prevalence scoring in tissue samples is being refined to
make it a reproducible and reliable marker.

4.2 Anti-Cancer Drug Discovery Marker

As the PNC marks metastatic cells in vitro and in vivo, PNC elimination could
serve as a surrogate marker that indicates changes in cancer cell behavior toward a
more benign phenotype (Fig. 2). This hypothesis rationalizes the use of PNC
elimination as a drug discovery marker with the goal of discovering broadly
efficacious and selective anti-cancer compounds. Since the PNC is unique to
cancer cells and marks metastatic cells, it is reasonable to expect discoveries of
compounds that inhibit metastatic behavior of cancer cells while minimally
affecting normal cells. The findings from our lab that clinically used cytotoxic
cancer drugs and experimental cancer drugs are enriched with PNC reducing
compounds while random small molecule libraries are not [34], preliminarily
validating that PNC prevalence reduction is a sound screening strategy that should
be pursued further [34]. Compounds that eliminate the PNC not only have
potential to be developed into novel drugs [37], but can also be used as chemical
biology tools to help understand the biology driving PNC formation, maintenance,
and its function in malignant cells. Further elucidation of PNC function will lead to
a better understanding of novel biology underlying all solid tumor cells and
potentially provide novel targeted pan-cancer treatment strategies.

Acknowledgments We would like to thank the partial funding from the Robert H. Lurie
Comprehensive Cancer Center, and grant to SH from NIH, R01 GM078555.

References

1. Huang S, Deerinck TJ, Ellisman MH, Spector DL (1997) The dynamic organization of the
perinucleolar compartment in the cell nucleus. J Cell Biol 137(5):965–974

2. Huang S, Deerinck TJ, Ellisman MH, Spector DL (1998) The perinucleolar compartment and
transcription. J Cell Biol 143(1):35–47

3. Ghetti A, Piñol-Roma S, Michael WM, Morandi C, Dreyfuss G (1992) hnRNP I, the
polypyrimidine tract-binding protein: distinct nuclear localization and association with
hnRNAs. Nucleic Acids Res 20(14):3671–3678

4. Timchenko LT, Miller JW, Timchenko NA, DeVore DR, Datar KV, Lin L et al (1996)
Identification of a (CUG)n triplet repeat RNA-binding protein and its expression in myotonic
dystrophy. Nucleic Acids Res 24:4407–4414

5. Hall MP, Huang S, Black DL (2004) Differentiation-induced colocalization of the KH-type
splicing regulatory protein with polypyrimidine tract binding protein and the c-src pre-
mRNA. Mol Biol Cell 15(2):774–786

6. Hüttelmaier S, Illenberger S, Grosheva I, Rüdiger M, Singer RH, Jockusch BM (2001)
Raver1, a dual compartment protein, is a ligand for PTB/hnRNPI and microfilament
attachment proteins. J Cell Biol 155(5):775–786

150 J. T. Norton and S. Huang



7. Kleinhenz M, Fabienke S, Swiniarski N, Wittenmayer J, Kirsch B, Jockusch H et al (2005)
Raver2, a new member of the hnRNP family. FEBS Lett 579(20):4254–4258

8. Shav-Tal Y, Lee BC, Bar-Haim S, Schori H, Zipori D (2001) Reorganization of nuclear
factors during myeloid differentiation. J Cell Biochem 81:379–392

9. Lau PP, Chan L (2003) Involvement of a chaperone regulator, Bcl2-associated athanogene-4,
in apolipoprotein B mRNA editing. J Biol Chem 278(52):52988–52996

10. Matera AG, Frey MR, Margelot K, Wolin SL (1995) A perinucleolar compartment contains
several RNA polymerase III transcripts as well as the polypyrimidine tract-binding protein,
hnRNP I. J Cell Biol 129(5):1181–1193

11. Wang C, Politz JC, Pederson T, Huang S (2003) RNA polymerase III transcripts and the PTB
protein are essential for the integrity of the perinucleolar compartment. Mol Biol Cell
14:2425–2435

12. Pollock C, Daily K, Nguyen VT, Wang C, Lewandowska M, Bensaude O, Huang S (2011)
Characterization of MRP RNA-protein interactions within the perinucleolar compartment.
Mol Biol Cell 22(6):858–867

13. Koch HG, Moser M, Müller M (2003) Signal recognition particle-dependent protein
targeting, universal to all kingdoms of life. Rev Physiol Biochem Pharmacol 146:55–94

14. Häsler J, Strub K (2006) Alu elements as regulators of gene expression. Nucleic Acids Res
34(19):5491–5497

15. Fähling M, Steege A, Perlewitz A, Nafz B, Mrowka R, Persson PB, Thiele BJ (2005) Role of
nucleolin in posttranscriptional control of MMP-9 expression. Biochim Biophys Acta 1731(1):32–40

16. Perry RP (1963) Selective effects of actinomycin D on the intracellular distribution of RNA
synthesis in tissue culture cells. Exp Cell Res 29:400–406

17. Higashi K, Matsuhisa T, Kitao A, Sakamoto Y (1968) Selective suppression of nucleolar
RNA metabolism in the absence of protein synthesis. Biochim Biophys Acta 166:388–393

18. Wolin SL, Cedervall T (2002) The La protein. Annu Rev Biochem 71:375–403
19. White RJ (2004) RNA polymerase III transcription and cancer. Oncogene 23:3208–3216
20. Lee DY, Clayton DA (1998) Initiation of mitochondrial DNA replication by transcription and

R-loop processing. Biol Chem 273:30614–30621
21. Pruijn GJ, Simons FH, van Venrooij WJ (1997) Intracellular localization and

nucleocytoplasmic transport of Ro RNP components. Eur J Cell Biol 74:123–132
22. Paillard L, Legagneux V, Beverley OH (2003) A functional deadenylation assay identifies

human CUG-BP as a deadenylation factor. Biol Cell 95:107–113
23. Norton JT, Wang C, Gjidoda A, Henry RW, Huang S (2009) Perinucleolar compartment is

directly associated with DNA. J Biol Chem 284:4090–4101
24. Gherzi R, Lee KY, Briata P, Wegmüller D, Moroni C, Karin M, Chen CY (2004) A KH

domain RNA binding protein, KSRP, promotes ARE-directed mRNA turnover by recruiting
the degradation machinery. Mol Cell 14:571–583

25. Norton JT, Pollock CB, Wang C, Schink JC, Kim JJ, Huang S (2008) Perinucleolar compartment
prevalence is a phenotypic pan-cancer marker of malignancy. Cancer 113:861–869

26. Kamath RV, Thor AD, Wang C, Edgerton SM, Slusarczyk A, Leary DJ et al (2005)
Perinucleolar compartment prevalence has an independent prognostic value for breast cancer.
Cancer Res 65(1):246–253

27. Kaighn ME, Lechner JF, Narayan KS, Jones LW (1978) Prostate carcinoma: tissue culture
cell lines. Natl Cancer Inst Monogr 49:17–21

28. Kozlowski JM, Fidler IJ, Campbell D, Xu ZL, Kaighn ME, Hart IR (1984) Metastatic
behavior of human tumor cell lines grown in the nude mouse. Cancer Res 44:3522–3529

29. Pettaway CA, Pathak S, Greene G, Ramirez E, Wilson MR, Killion JJ et al (1996) Selection
of highly metastatic variants of different human prostatic carcinomas using orthotopic
implantation in nude mice. Clin Cancer Res 2:1627–1636

30. Oh JE, Karlmark KR, Shin JH, Pollak A, Freilinger A, Hengstschlager M et al (2005)
Differentiation of neuroblastoma cell line N1E - 115 involves several signaling cascades.
Neurochem Res 30(3):333–348

The Perinucleolar Compartment: RNA Metabolism and Cancer 151



31. Strickland S, Smith KK, Marotti KR (1980) Hormonal induction of differentiation in
teratocarcinoma stem cells: generation of parietal endoderm by retinoic acid and dibutyryl
cAMP. Cell 21(2):347–355

32. Slusarczyk A, Kamath R, Wang C, Anchel D, Pollock C, Lewandowska MA, Fitzpatrick T,
Bazett-Jones DP, Huang S (2010) Structure and Function of the Perinucleolar Compartment
in Cancer Cells. Cold Spring Harb Symp Quant Biol 75:599–605 Epub 2011

33. McCutcheon IE, Hentschel SJ, Fuller GN, Jin W, Cote GJ (2004) Expression of the splicing
regulator polypyrimidine tract-binding protein in normal and neoplastic brain. Neuro Oncol
6(1):9–14

34. He X, Pool M, Darcy KM, Lim SB, Auersperg N, Coon JS, Beck WT (2007) Knockdown of
polypyrimidine tract-binding protein suppresses ovarian tumor cell growth and invasiveness
in vitro. Oncogene 26(34):4961–4968

35. Storck S, Shukla M, Dimitrov S, Bouvet P (2007) Functions of the histone chaperone
nucleolin in diseases. Subcell Biochem 41:125–144

36. Samant RS, Seraj MJ, Saunders MM, Sakamaki TS, Shevde LA, Harms JF et al (2000)
Analysis of mechanisms underlying BRMS1 suppression of metastasis. Clin Exp Metastasis
18(8):683–693

37. Liu Y, Norton JT, Witshi MA, Xu Q, Lou G, hen Wang C, Appella DH, Chen Z, Huang S
(2011) Methoxyethlyamino-numonafide is an efficacious and minimally toxic amonafide
derivative in murine models of human cancer. Neoplasia 13(5):453–460

152 J. T. Norton and S. Huang



Regulation of ARE-mRNA Stability
by Cellular Signaling: Implications
for Human Cancer

Christian Kroun Damgaard and Jens Lykke-Andersen

Abstract

During recent years, it has become clear that regulation of mRNA stability is an
important event in the control of gene expression. The stability of a large class
of mammalian mRNAs is regulated by AU-rich elements (AREs) located in the
mRNA 30 UTRs. mRNAs with AREs are inherently labile but as a response to
different cellular cues they can become either stabilized, allowing expression of
a given gene, or further destabilized to silence their expression. These tightly
regulated mRNAs include many that encode growth factors, proto-oncogenes,
cytokines, and cell cycle regulators. Failure to properly regulate their stability
can therefore lead to uncontrolled expression of factors associated with cell
proliferation and has been implicated in several human cancers. A number of
transfactors that recognize AREs and regulate the translation and degradation of
ARE-mRNAs have been identified. These transfactors are regulated by signal
transduction pathways, which are often misregulated in cancers. This chapter
focuses on the function of ARE-binding proteins with an emphasis on their
regulation by signaling pathways and the implications for human cancer.
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1 Introduction

Gene expression in higher eukaryotes is a tightly regulated process, which
ensures proper and timely expression of proteins, for example during develop-
ment, throughout the cell cycle and as a response to cellular stimuli. Regulation
of gene expression does not only occur during the transcriptional or post-tran-
scriptional events that take place in the nucleus, but also in the cytoplasm at the
level of mRNA translation and turnover. Many mammalian mRNAs that are
highly regulated at the level of translation and turnover contain AU-rich ele-
ments (AREs) in their 30 untranslated regions (30 UTRs). AREs function as
heterogeneous binding platforms for a number of cellular proteins, which in turn
decide the fate of the given mRNA [1]. For example, a subset of AU-binding
proteins (AUBPs) function to stabilize ARE-containing mRNAs, whereas others
induce their rapid degradation [2]. ARE-mRNAs are normally unstable with half-
lives in mammalian cells ranging from &15 min to a few hours, whereas stable
mRNAs, generally show half-lives in the 12–24 h range. Since many ARE-
containing mRNAs encode growth factors, proto-oncogenes, cytokines, and cell
cycle regulators, misregulation of their decay has been associated with a number
of human cancers [3–7]. Over the past few years, a large body of evidence has
demonstrated an intimate link between cellular signaling and the activity of
AUBPs, which ultimately affects ARE-mRNA decay rates. Here we discuss the
function of AUBPs, their regulation by signaling pathways, and their misregu-
lation in cancer.
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2 AU-Rich Elements

Numerous reports have over the last 25 years provided evidence for the
involvement of AREs in rapid turnover (recently reviewed in [2, 5, 7, 8]). AREs
were first noted in cytokine mRNAs [9]. Several studies have since demonstrated
that AREs from a variety of mRNAs confer instability to otherwise stable
transcripts when fused to their 30 UTRs (e.g. [10–19]). AREs usually span
50–150 nucleotides and are situated in the 30 UTRs of many inherently unstable
mRNAs. Although AREs remain poorly defined, a recent bioinformatics survey
estimates that more than 8 % of the transcriptome contains AREs [20]. AREs
have been grouped into three classes based on characteristic sequence and
mRNA decay features [1]: Class I AREs that contain dispersed AUUUA pen-
tamer-sequences coupled with one or more U-rich stretches, class II AREs that
contain consecutive AUUUA sequences, and class III AREs that lack the AU-
UUA pentamer altogether, but require U-rich and possibly additional unknown
sequences to exert their destabilizing function. However, the relevance of this
classification remains unclear. For example, certain AUBPs promote decay of
mRNAs containing any of the three classes of AREs [21]. Moreover, an AU-
UUA-sequence within a 30 UTR is not sufficient to render its cognate transcript
unstable [1]. In line with this, regions outside the core AUUUA sequences may
greatly influence the rate of mRNA decay via diverse mechanisms [18, 22, 23].
Perhaps contributing to this complexity, RNA secondary structure has in a
number of cases been implicated as an important determinant for ARE function
[4, 24–28]. Moreover, although sharing common sequence features, different
AREs found in various transcripts cannot necessarily substitute for each other in
various mRNA and cellular contexts [29, 30]. AREs are most likely defined by
the specific subset of AUBPs with which they associate, and their apparent
complexity may, at least in part, be explained by differences in expression levels,
sub-cellular localizations, and activities of AUBPs under various cellular
conditions.

3 ARE-Binding Proteins

The regulation of mRNA by AREs is mediated through AUBPs, which in turn
interface with the general translation and mRNA decay machineries (reviewed in [2,
7, 8]. While a number of AUBPs have been identified, the mechanisms by which they
regulate ARE-mRNA decay and translation are poorly understood. However, some
AUBPs have been shown to interact with mRNA decapping, deadenylation, and
exonucleolytic activities to stimulate ARE-mRNA decay [31–35]. Other AUBPs
stabilize or modulate translation of ARE-mRNAs [13, 36–47]. Thus, the stability and
translatability of specific ARE-mRNAs appears to be modulated by multiple AUBPs.
In addition, certain general mRNA decay factors have been reported to directly bind
ARE-mRNAs to enhance their turnover [48, 49].
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Although ARE-mRNAs are intrinsically short lived, their translation and decay
rates can be tightly regulated in response to cellular stimuli. The mechanism by
which individual ARE-mRNAs are regulated upon specific cellular cues remains
poorly understood, but evidence for signal-dependent modulation of the levels,
localizations or activities of specific AUBPs has been reported [34, 35, 43, 44,
50–67] and reviewed in [68]. The expression levels and activities of stabilizing or
destabilizing AUBPs are regulated according to cell type, differentiation state, and
a multitude of cellular stimuli, which along with the aforementioned diversity of
AREs provides a combinatorial network that ultimately may determine the fate of
specific ARE-containing mRNAs under given conditions. Adding to the com-
plexity of this regulatory network of AREs/AUBPs is the observation that many
ARE-mRNAs also encompass microRNA (miRNA) binding sites, which also
regulate target mRNA stability, and translation efficiency (reviewed in [69]).
Recent evidence suggests that the regulatory roles of miRNAs and AUBPs may be
interconnected and seem, at least in some cases, to influence the efficiency of one
another [70–74].

Importantly, many ARE-mRNAs encode proteins, which, when deregulated,
can contribute to transformation and tumorigenesis. In order to further the
understanding of the molecular mechanisms underlying these forms of cancers, it
will be important to delineate how AUBPs function in combination with each other
in different cellular settings. The next section provides a brief overview of the
functions of individual AUBPs.

3.1 TTP, BRF-1, and BRF-2

A well-established family of AUBPs includes the paralogs tristetraprolin (TTP;
also called ZFP36 or TIS11A), butyrate responsive factor-1 (BRF-1; also called
ZFP36L1, hsERF1 or TIS11B), and BRF-2 (also called ZFP36L2, hsERF2 or
TIS11D). The rodent TTP-family also includes a member ZFP36L3, which
appears to be exclusively expressed in placental tissue [75]. Historically, the
prototypic member of this protein family, TTP, was identified as the product of an
immediate early response gene to stimuli such as insulin and other growth factors
[76–80] and reviewed in [5, 7, 81]. Several lines of evidence suggest that TTP and
BRF-proteins stimulate ARE-mRNA decay. For example, overexpression of TTP,
BRF-1, or BRF-2 in cell lines enhances the degradation of a number of tested
ARE-containing mRNAs [33, 82–86], whereas expression of dominant negative
forms of TTP, RNA interference (RNAi)-mediated depletion, or knock-out of TTP
and BRF-proteins results in stabilization of subsets of ARE-mRNAs [33, 87–90].
TTP and BRF-proteins bind AREs through two tandem CCCH-type zinc-finger
domains. Flanking the zinc-finger domains are N- and C-terminal activation
domains that both serve to activate mRNA decay [33]. These may, at least in part,
act by serving as scaffolds for recruitment of decay factors including those
involved in decapping, deadenylation, and exonucleolytic decay [33, 91], and
recent evidence suggests that this function can be regulated by phosphorylation
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[34, 35]. Moreover, TTP and BRF-1 are able to nucleate large complexes of decay
factors on ARE-containing mRNAs to form cytoplasmic mRNP granules termed
processing bodies (PBs) [92].

Further functional implications have come from the phenotype of TTP and BRF-
1/BRF-2 knockout mice. Whereas BRF-1 and BRF–2 are essential for development
[93–95], TTP knockout mice are seemingly normal, but suffer from severe
inflammation (e.g., arthritis, dermatitis and cachexia) [96]. This phenotype corre-
lates with abnormally high levels of ARE-mRNAs encoding GM-CSF and TNFa
[97, 98]. In line with this, TTP, as well as BRF-1 and BRF–2 have been reported to
bind TNFa- and GM-CSF-encoding ARE-mRNAs in vitro and to promote their
deadenylation and degradation in tissue culture cells [33, 83, 97–99]. TTP has also
been implicated in regulating the decay of its own mRNA [100], as well as mRNAs
encoding, BRF-1 and BRF-2 [20, 101], interleukin 2 (IL-2) [102], interleukin 10
(IL-10) [101], inducible nitric oxide synthase (iNOS) [103], cyclooxygenase 2
(COX-2) [104], and vascular endothelial growth factor (VEGF) [105]. Moreover, a
global analysis screening for stabilized transcripts in mouse embryonic fibroblasts
lacking TTP (TTP-/- MEFs), identified more than 250 mRNAs of which several
were identified as bona fide TTP-targets [90]. Another microarray-based analysis
identified more than 100 mRNAs specifically associated with TTP in macrophages
[101]. Consistent with prevalent sequence elements within many of these target
mRNAs, in vitro RNA-binding studies have revealed that TTP favors iterative
AUUUA sequences and that UUAUUUAUU can function as a minimum high-
affinity binding sequence [106–110]. Interestingly, knockdown of TTP in macro-
phages does not stabilize all of its associated ARE-mRNAs, perhaps reflecting
functional redundancy between TTP-family members [101].

3.2 KSRP

hnRNP K homology-type splicing regulatory protein (KSRP) was first identified as
a component of a pre-mRNA splicing regulatory complex in neurons [111]. In
agreement with a function in pre-mRNA splicing, KSRP is predominantly nuclear
in both neuronal and epithelial cells [112]. However, more recently KSRP has
been implicated also as an activator of ARE-mRNA decay [31, 32, 113, 114], as
well as a regulator of miRNA biogenesis [115]. Global analyses to identify
mRNAs associated with KSRP and stabilized upon siRNA-mediated knockdown
of KSRP revealed a group of approximately 100 mRNAs, of which a large subset
encode inflammatory regulators [116].

KSRP contains four hnRNP K homology (KH) domains, surrounded by N- and
C-terminal domains. Functionally, the central KH-spanning region (KH domains
1–4) is sufficient to promote ARE-mRNA decay [21, 32], whereas KH domains 3
and 4 can act independently as ARE-binding moieties [117]. Consistent with a role
in stimulating ARE-mRNA decay, KSRP associates with a wide range of mRNA
decay factors, including factors involved in decapping, deadenylation, and exo-
nucleolytic decay, via both the central four KH domains and the C-terminal
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domain [21, 31, 32]. In addition, recent evidence suggests that KSRP promotes
endoribonucleolytic cleavage to initiate parathyroid hormone (PTH) mRNA decay,
and that this is mediated by KSRP-dependent recruitment of the endoribonuclease
PMR1 [118]. Interestingly, KSRP activity is regulated by an interaction with Pin1
(a prolyl isomerase), which leads to dephosphorylation and activation of KSRP
[119]. It remains to be investigated whether KSRP functions to destabilize
ARE-mRNAs in the nucleus, where it is primarily localized, or via relocalization
to the cytoplasmic compartment.

3.3 AUF1/hnRNP D

ARE/poly (U)-binding/degradation factor 1 (AUF1; also known as hnRNP D) was
first identified as a cytoplasmic fraction of K562 cells able to activate ARE-mRNA
decay [120]. Subsequent cloning revealed that four AUF1 isoforms exist, p37, p40,
p42, and p45, which are produced by translation of a single alternatively spliced
pre-mRNA [121]. All four isoforms contain two classical RNA recognition motifs
(RRMs), which are both necessary for high-affinity ARE-binding but apparently
not sufficient, since flanking sequences also seem important [122]. In vitro binding
studies suggest that p37 displays the highest binding affinity for various
ARE-mRNAs, followed by p42, p45, and p40 [12, 121, 122]. Unlike the well-
documented mRNA-destabilizing effects of the TTP/BRF-protein family and
KSRP, AUF1 isoforms seem to exert either destabilizing or stabilizing effects on
ARE-mRNAs, in an isoform- and cell type-specific manner [19, 26, 123–128].
Consistent with a destabilizing function, AUF1 knockout mice show symptoms of
severe endotoxic shock, including vascular hemorrhage and intravascular coagu-
lation, which correlates with overproduction of TNFa and IL-1b, both of which are
encoded by ARE-mRNAs [129]. Early studies suggested that the degree to which
different AUF1 isoforms are able to stabilize or destabilize ARE-mRNAs corre-
lates with their RNA-binding affinity (p37 [ p42 [ p45 [ p40) [53, 123, 125,
130]. However, a recent study, which identified a signature AU-rich RNA-binding
motif for AUF1, suggests that a robust AUF1-mRNA interaction does not neces-
sarily promote mRNA destabilization [131]. This is in agreement with evidence
suggesting that AUF1, in addition to a role in mRNA decay, also regulates the
translation efficiency of target mRNAs [38, 132]. Consistent with an important
function in regulating translation, AUF1 has been shown to co-purify with
eukaryotic translation initiation factor 4G (eIF4G) and the cytoplasmic poly(A)
binding protein PABPC1 [14], but it remains to be determined whether AUF1
modulates mRNA degradation or translation through these interactions [133].

Although all four isoforms are mainly nuclear in most tested cell lines, the sub-
cellular localization of the individual isoforms differs according to the investigated
cell type and the nature of cellular stimuli [14, 53, 123, 130, 134]. Several studies
have provided evidence that AUF1 activity is regulated by signaling, and that
AUF1 activity often correlates with its cellular localization. For example, AUF1
becomes sequestered in the nuclear and perinuclear compartments of the cell upon
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heat shock, which correlates with ARE-mRNA stabilization [14, 135]. Further-
more, the p37 isoform of AUF1 was observed to become sequestered in the
cytoplasm of chinese hamster ovary (CHO) cells upon binding to a specific
phosphoserine-binding 14-3-3 protein, 14-3-3r, which in turn correlates with
activation of ARE-mRNA decay [53]. Moreover, LPS-stimulated induction of
melanoma cell IL-10, which is encoded by an ARE-mRNA, is associated with low
cytoplasmic AUF1 levels [136], and is dependent on the AUF1 p40 isoform [126].
Phosphorylation of the p40 isoform has been reported in macrophages and in vitro
through protein kinase A (PKA) and glycogen synthase kinase 3 (GSK3), which in
turn modulates its ARE-RNA-binding and mRNA decay-activating capacity [137,
138]. The cellular level of AUF1, and the stability and translation efficiency of
select ARE-mRNAs, is also regulated by MAPK/MK2-dependent Hsp27 phos-
phorylation, which in turn promotes proteasomal degradation of AUF1 [139, 140].

3.4 HuR

Another class of AUBPs that regulates ARE-mRNA decay is the Hu-family of RNA-
binding proteins [141–143]. Expression of two of the Hu proteins, HuB and HuC, is
restricted to neurons, whereas HuD is expressed in neurons, testes, and ovaries [144–
148]. Expression of these Hu proteins can be observed in both nuclear and cyto-
plasmic compartments in cells of neuronal origin, and have been implicated in neurite
outgrowth [147, 149]. In contrast, HuR (also referred to as HuA) is ubiquitously
expressed and predominantly localized to the nucleus [143, 150, 151]. Each of the Hu
proteins contains three classical RRMs important for high-affinity binding to ARE-
sequences [143, 152–156]. Several lines of evidence suggest that HuR stabilizes
target ARE-mRNAs [13, 15, 39, 40, 43, 44, 55, 157–172]. For example, various ARE-
mRNAs have been observed to be destabilized upon antisense- or RNAi-mediated
depletion of HuR and/or stabilized upon HuR overexpression. The mechanism by
which HuR stabilizes target mRNAs is unclear. However, there is evidence that HuR,
at least on some mRNAs, may displace destabilizing AUBPs or translational
repressors from target mRNAs [168]. Interestingly, early evidence suggested that
HuR may stabilize some ARE-mRNAs at a step after deadenylation [15].

HuR has been shown not only to stabilize its target ARE-mRNAs, but also to
regulate their translation. For example, HuR has been reported to stimulate the
translation of p53, ProTa, MKP1, and HIF-1a mRNA in UV-irradiated cells [40,
173], to stabilize and increase translation of the mitogen-activated protein (MAP)
kinase phosphatase 1 (MKP-1) mRNA in H2O2 treated cells [168] and to repress
translation of c-Myc mRNA in competition with AUF1 [38]. HuR also regulates
mRNA translation in a more indirect fashion by stabilizing eIF4E mRNA in
competition with AUF1 through mutually exclusive binding to an AU-rich element
in the 3’ UTR [174].

Although HuR localizes mainly to the nucleus, it is thought to exert its mRNA-
stabilizing role in the cytoplasm [175, 176]. Hence, it contains an HuR nucleo-
cytoplasmic shuttling sequence (HNS), situated in the hinge region between the
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second and the third RRM, that enables the protein to shuttle between the nuclear
and cytoplasmic compartments [177]. Importin-a and transportin-1 and -2 import
receptors have all been proposed to mediate nuclear import of HuR [59, 178, 179].
The shuttling function of HuR seems important for nuclear export of at least some
ARE-mRNAs [180, 181]. Accordingly, re-localization of HuR to the cytoplasmic
compartment has been suggested as an important mechanism by which HuR
controls ARE-mRNA decay [15, 59, 141, 175, 176, 182]. Supporting this notion is
the finding that increased cytoplasmic localization of HuR, induced by either
exposure to UV-light, heat shock, nutrient starvation, or expression of a dominant
negative mutant AMP-activated protein kinase (AMPK), correlates with increased
ARE-mRNA stability [15, 43, 44, 59, 182–185]. The factors that control the
cytoplasmic localization of HuR remain obscure, but two HuR interaction partners
pp32 and APRIL, have been proposed to modulate HuR shuttling [141, 180]. HuR
activity, and in some cases also its subcellular localization, is regulated by several
cellular signaling pathways, including the mitogen-activated protein kinase
(MAPK) [55, 60], AMPK [43, 59], protein kinase C (PKC) pathways [52, 56], as
well as by the cell cycle checkpoint kinase 1/2 (Chk1/2) pathway [50]; recently
reviewed in [175, 176]. Moreover, HuR may also be regulated via methylation by
coactivator-associated arginine methyltransferase 1 (CARM1), which correlates
with increased stability of TNFa mRNA [186].

3.5 TIA-1 and TIAR

T cell-restricted intracellular antigen-1 (TIA-1) and TIA-1-related protein (TIAR;
also called TIAL1) were first characterized as regulators of apoptosis, since they
both induce DNA-fragmentation when added to permeabilized thymocytes [187,
188]. A function in regulating pre-mRNA splicing has also been attributed to these
proteins [189–191]. TIA-1 and TIAR both contain three N-terminal RRMs and a C-
terminal prion-like glutamine-rich motif [187, 188], consistent with its ability to
promote the formation of mRNP granules called stress granules (SGs) [192]. Ini-
tially, TIA-proteins were shown to bind uridine-rich sequences and AREs of TNFa,
GM-CSF, and COX-2 mRNAs [42, 193–195]. More recently, an immunoprecipi-
tation/microarray approach identified more than 180 potential TIA-1 target mRNAs
under heat shock conditions, many of which contain AREs [39]. Several lines of
evidence suggest that TIA-1 and TIAR repress translation during various stress
conditions without activating mRNA decay [36–39, 41, 42, 194]. For example, TIA-
1-/- mouse embryonic fibroblasts (MEFs), display an increased concentration of
TNFa and COX-2 proteins, but no change in their mRNA levels [42, 194]. Recent
evidence challenges this notion by suggesting that the translational silencing exerted
by TIA-1 may, at least in some cases, render certain mRNAs prone to increased
turnover by exposing these to the general decay machinery [196]. Arguing for an
important function in regulating translation, numerous reports have provided evi-
dence that TIA-1 and TIAR are key components of SGs, where translationally
repressed mRNAs accumulate during stress (reviewed by [197–199]). Under such
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conditions, bulk translation initiation is inhibited, in many cases by phosphorylation
of eIF2a, which in turn efficiently inhibits formation of the ternary eIF2-GTP-
tRNAiMet complex [200–205]. As a result, mRNAs stalled at a step in translation
initiation are sequestered by TIA-1 and TIAR-proteins into SGs [206]. The gluta-
mine-rich domain of TIA-1 plays an important role in this aggregation, since cells
expressing a mutant lacking this domain are refractory to SG assembly [192]. Global
proteomics analyses have identified five phosphorylation sites within each of TIA-1
and TIAR, but the involved kinase(s) and the functional consequences have not been
identified [207, 208].

3.6 Other ARE-Binding Proteins

Other proteins that have been reported to bind AREs, include CUG-BP, RHAU,
GAPDH, NF90/NFAR1, hnRNP-A1, -A2, -A3, -C1, Nucleolin, TINO, and PAIP2
[209] and references therein. Some of these factors have been proposed to play a
role in mRNA turnover but none of them have been studied in detail and only a
few will be mentioned here.

A recently described DExH-box helicase, named RHAU (for RNA helicase
associated with AU-rich element), was found to bind and destabilize a reporter
mRNA containing the core ARE from an mRNA encoding urokinase plasminogen
activator (uPA) [210]. Even though recombinant RHAU activates ARE-reporter
decay in vitro, it does not display significant binding affinity for its mRNA target,
suggesting that the protein may be recruited to the RNA via interaction partners
[210]. However, recent evidence has shown that RHAU can interact with mRNA
through its N-terminal domain, which is also necessary for recruitment of the
protein to SGs [211]. Consistent with a model in which RHAU recruits the general
mRNA decay machinery, RHAU co-purifies with components of the 30 to 50

exonucleolytic exosome complex [210].
CUG-BP-1 was first identified by its ability to bind CUG-sequences in the 30 UTR

of the DMPK mRNA [212, 213]. However, subsequent studies also revealed high
affinity for both UG-rich and ARE sequences [40, 214, 215]. CUG-BP-1, and its
paralog CUG-BP-2, has been found to regulate alternative pre-mRNA splicing
[216, 217] and translation of various transcripts [218–220]. In one study, upregu-
lation of CUG-BP-2 induced by irradiation of epithelial cells, correlated with ARE-
dependent stabilization and translational inhibition of COX-2 mRNA [218]. Another
study proposed a role for CUG-BP-1 in regulating deadenylation of ARE-mRNAs,
through an interaction with the deadenylase PARN [22]. Since CUG-BP is the human
homolog of the Xenopus protein EDEN-BP, which regulates translation of mater-
nally deposited mRNAs in oocytes during development by controlling poly(A)-tail
length, (reviewed in [221]), an interesting goal for future studies will be to test
whether the ability of CUG-BP to repress translation is a consequence of its ability to
activate mRNA deadenylation. More recent global analyses have identified multiple
mRNAs that contain GU-rich elements and are targeted for mRNA degradation by
CUG-BP1.
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4 Signal Transduction Pathways Regulating
ARE-mRNA Decay

During recent years it has become increasingly clear that the stability of many
ARE-mRNAs is regulated by various signaling cascades, which are controlled by
changes in extra- and intra-cellular environments. Cellular signaling pathways that
impact ARE-mRNA decay include the MAPK [55, 57, 113, 222, 223], phospha-
tidylinositol 3-kinase (PI3-K)/Akt/protein kinase B (PKB)[224, 225], AMPK
[182, 226], PKC [227–229], and Wnt/b-catenin pathways [230]. The next section
deals with some of these signal transduction pathways and what is known about
their impact on ARE-mRNA decay.

4.1 MAPK Pathways

The MAPK pathways and their role in regulating ARE-mRNA decay is by far the
most studied. Activation of MAPK pathways involves receptor-mediated stimula-
tion of a phosphorylation cascade involving MAP kinase kinase kinases (MAP3Ks),
which activate MAP2Ks that in turn activate one or more MAPKs. In mammals,
MAPKs have been divided into six distinct groups: (1) p38 (2) ERK1/2, (3) ERK3/
4, (4) ERK5, (5) ERK7/8, and (6) JNK 1/2/3 (reviewed in [231]). Whereas the JNK
and p38 pathways mainly are activated by pro-inflammatory stress signals, the ERK
pathways are stimulated by growth factors and other mitogens [232].

4.1.1 p38
A number of studies have implicated the p38 MAPK pathway in the regulation of
decay and translation of ARE-mRNAs [34, 35, 60, 65, 100, 113, 116, 233–246];
reviewed in [247]. Four different isoforms of p38 have been identified (a, b, c and
d) of which the a, and b isoforms are ubiquitously expressed. p38 MAPKs are
activated by several agents including cytokines, lipopolysaccharide (LPS), various
hormones, or stress such as UV-irradiation, energy deprivation, osmotic stress, and
heat shock (reviewed in [231, 248]). Early studies showed that inhibition of p38 in
various cell types using pyridinyl imidazole agents leads to destabilization of
several ARE-mRNAs [223, 238–240]. More recently, a study using transcriptional
shut-off followed by microarray assays to calculate ARE-mRNA half-lives in the
presence or absence of p38 inhibitors, identified 45 ARE-mRNAs that become
markedly destabilized upon inhibition of p38 [242]. By contrast, when the p38
pathway is activated by overexpresssion of constitutive active mutants of the p38
MAP2Ks, MEK3, and MEK6, several tested ARE-mRNAs become stabilized e.g.
[113, 243–246, 249, 250]. Moreover, studies using spleen cells and embryonic
fibroblasts from mice knocked out for MAPKAP kinase 2 (MK2), which functions
downstream of p38 [251], implicate MK2 in the regulation of both translation and
decay of TNFa- and IL-6 mRNAs, both of which contain AREs [237, 243, 245].
Thus, it appears that the p38 MAPK pathway plays a generally stabilizing role in
ARE-mRNA decay.
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How does the p38 MAPK pathway cause ARE-mRNA stabilization? The
AUBP, TTP has been identified as a phosphorylation target for both p38 and MK2
[60, 250, 252–254]. Phosphorylation of TTP occurs at multiple serine-residues
with Ser52 and Ser178 reported as major MK2 sites [250, 253, 255]. Phosphor-
ylation of these two residues enables binding of phophoserine-binding 14-3-3
proteins, which appear to impair the ARE-mRNA-destabilizing function of TTP
[250, 253, 256]. The molecular mechanism underlying TTP inactivation by
phosphorylation and association with 14-3-3 remains poorly understood. Evidence
indicates that the sub-cellular localization of TTP may be modulated by phos-
phorylation and that 14-3-3 may act to protect TTP from active dephosphorylation
by protein phosphatase 2A (PP2A) [57, 250, 256, 257]. The effect of phosphor-
ylation of TTP on its ARE-binding activity remains controversial, e.g. [34, 35, 57,
236, 245, 252, 254], but recent evidence suggest that the ability of TTP to recruit
members of the deadenylation machinery to ARE-mRNA becomes impaired upon
phosphorylation by MK2 [34, 35].

p38 has also been shown to regulate the activity of KSRP [113]. Forced
differentiation of myoblast cells, by expression of a constitutively active MKK6
protein (a MAP3 K acting upstream of p38), correlates with specific stabilization
of ARE-containing myogenic mRNAs encoding myogenin and p21CIP1/WAF

[113]. UV-crosslinking and in vitro mRNA decay assays identified KSRP as the
AUBP conferring instability to the myogenic transcripts in uninduced cells. The
mechanism underlying the differentiation-induced stabilization of myogenic
transcripts involves direct phosphorylation of KSRP by the p38 MAPK during
induced differentiation, which in turn inhibits the ARE-binding and decay acti-
vating ability of KSRP, although it is still able to interact with the general decay
machinery [113].

HuR has been shown to function in concert with p38 and MK2 to stabilize a
number of ARE-mRNAs. Early evidence suggests that expression of a constitu-
tively active MK2 protein or treatment of cells with stimuli known to activate the
p38 signaling pathway (e.g. TNFa or oxidative stress) increases the cytoplasmic
accumulation of HuR by an unknown mechanism [51, 58]. More recently, in
gamma irradiated cells, p38 was shown to directly phosphorylate HuR at Thr118
increasing the cytoplasmic localization of HuR and its interaction with the ARE-
mRNA encoding cyclin-dependent kinase inhibitor p21 CIP1/WAF [166]. This
allows for rapid upregulation of p21 CIP1/WAF, which in turn leads to G(1)/S cell
cycle arrest [166]. Thus, translocation of nuclear HuR to the cytoplasm through
p38-mediated phosphorylation is likely a general phenomenon leading to increased
HuR mRNA target stability and enhanced translation. HuR also regulates the
activity of MAPK pathways by increasing stability and translation of the ARE-
mRNA encoding MAP kinase phosphatase 1 (MKP-1) during stress, which plays
an important role in dephosphorylation of ERK, JNK, and p38 [168].

4.1.2 JNK
The JNK pathway is related to the p38-signaling pathway in that both are stim-
ulated by stress signals such as UV-light exposure, heat shock, oxidative, and
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osmotic stress along with pro-inflammatory cytokines IL-1 and TNFa (reviewed in
[231]). Accordingly, in some cells the major MAP2Ks acting upstream of JNK,
MEK4, and MEK7, also activate the p38 pathway. The JNK pathway has been
demonstrated to regulate the decay of several ARE-mRNAs, including those
encoding IL-3 [258], IL-2 [222, 259], VEGF [260], and iNOS [261]. However,
it remains unclear in these cases if AUBPs are directly regulated by JNK pathway
phosphorylation. IL-2 contains an ARE-sequence in its 30 UTR, which is required
for the intrinsic IL-2 mRNA instability [222, 259]. However, JNK-mediated
stabilization of IL-2 mRNA upon T cell activation also requires a CU-rich element
in the IL-2 mRNA 50 UTR, which specifically interacts with two proteins: nu-
cleolin and Y-box binding protein 1 (YB-1) [259]. The specific mechanism by
which JNK regulates the factors that associates with the IL-2 mRNA remains
unknown.

4.1.3 ERK
ERK signaling is mainly governed by mitogens and growth factors and is
deregulated in approximately one-third of all human cancers (reviewed in [232]).
ERK has in a number of studies been implicated in the regulation of ARE-
mRNA decay [61, 96, 105, 262–267]. For example, activation of ERK signaling
results in stabilization of GM-CSF ARE-mRNA in eosinophils [262, 263]. This
stabilization correlates with increased phosphorylation of AUF1 and a con-
comitant reduction in the association of AUF1 with GM-CSF mRNA [265].
Furthermore, conformational changes in AUF1 exerted through isomerization of
specific prolyl residues, which is catalyzed by peptidyl-prolyl isomerase 1 (Pin1),
has been suggested to regulate the ability of AUF1 to interact with the decay
machinery leading to stabilization of GM-CSF mRNA upon activation of ERKs
[265]. Whether ERKs directly phosphorylate AUF1 isoforms remains to be
tested.

TTP becomes phophorylated upon activation of ERK signaling in mouse
fibroblasts via stimulation by various growth factors [268]. Although the effect of
this event on TTP-mediated ARE-mRNA decay remains to be established, the
phosphorylation may be mediated by ERK2 since it can phosphorylate recombi-
nant TTP at serine 220 in vitro [268]. These findings are consistent with a recent
study suggesting that ERK signaling in a macrophage cell line acts synergistically
with p38 MAPK to promote TTP phosphorylation, which in turn regulates the sub-
cellular localization and stability of TTP [257]. In line with this, a recent study
demonstrated that an ERK-dependent stabilization of VEGF mRNA requires
deactivation of TTP, possibly due to its phosphorylation [105].

Another study suggested that ERK signaling in a lung carcinoma cell line
promotes stabilization of p21CIP1/WAF ARE-mRNA, which correlates with
increased cytoplasmic localization of HuR [61]. While ERK activation stimulated
the association of HuR with the p21CIP1/WAF mRNA, the cytoplasmic re-locali-
zation of HuR seems independent of ERK function [61]. Aside from the phos-
phorylation of TTP in vitro, potential AUBP targets of ERKs remain to be
identified.
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4.2 PI3K/Akt-PKB

Akt, also known as protein kinase B (PKB), has been implicated in tumorigenesis
in numerous cases (reviewed in [269]). The three Akt family members, Akt1/
PKBa, Akt2/PKBb, and Akt3/PKBc are activated by stimuli such as insulin and
other growth factors (reviewed in [270–272]). Specifically, Akt is activated by
binding of specific phosphoinositides (PtdIns) produced by phophatidylinositol 3-
kinase (PI3K), which induces a conformational change in Akt allowing for
phosphorylation of residues in its activation loop [273]. The involvement of Akt in
regulating ARE-mRNA decay has been demonstrated in recent studies [225, 274–
276]. One study found that serine 92 in BRF-1 is a target for phosphorylation by
Akt in vitro and that stimulation of Akt signaling in rat fibroblasts leads to BRF-1
phosphorylation at the same residue, which in turn inhibits the ARE-mRNA-
destabilizing activity of BRF-1 [225]. Similar to TTP and AUF1, phosphorylation
of BRF-1 leads to binding by 14-3-3 proteins, which reportedly does not affect the
ability of BRF-1 to interact with target ARE-mRNAs [225].

The activity of KSRP is also regulated by Akt signaling [274, 275]. Specifi-
cally, upon treatment of cells with insulin or overexpression of an activated form
of Akt1, b-catenin ARE-mRNA becomes stabilized through phosphorylation of
KSRP [274]. Phosphorylation of Ser193 in KSRP results in 14-3-3 binding and
impairs the ability of KSRP to recruit the exosome, whereas an interaction with the
deadenylase PARN remains intact [274]. In an attempt to identify mRNA targets
that are upregulated upon activation of Akt through a KSRP-specific mechanism, a
recent report combined KSRP affinity purification of mRNAs with a microarray
assay to screen for binding of ARE-mRNAs [275]. Comparing the KSRP-inter-
acting mRNAs with the mRNAs found upregulated upon activation of Akt1,
allowed the identification of seven highly stabilized mRNAs including those
encoding hnRNP A1, -A/B, -F, and PP2A [275]. Interestingly, PP2A has been
implicated in the dephosphorylation of TTP to promote its mRNA decay activating
ability [57]. It is therefore tempting to speculate that KSRP-mediated stabilization
of PP2A mRNA upon stimulation of Akt signaling, represents an auto-regulatory
loop in which upregulation of PP2A activates dephosphorylation of AUBPs in
general, to reactivate ARE-mRNA decay.

5 Perspective: Implications for Cancer

Failure to regulate ARE-mRNA turnover has been linked to malignant transfor-
mation in a number of cases (reviewed in [3, 5, 7, 277]. Many proto-oncogenes and
tumor suppressor genes encode ARE-mRNAs and mis-regulation of their decay can
lead to tumorigenesis by creating an imbalance between growth promoting and
growth inhibiting factors. Deregulation of MAPK and Akt signaling has been
observed in association with a number of malignancies (reviewed in [232, 278]).
For example, the ERK pathway is reportedly deregulated in more than 30 % of all
human cancers [232]. Since these signaling pathways alter the activity of AUBPs,
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that either promote or inhibit decay of ARE-mRNAs directly implicated in
tumorigenesis, AUBP levels and/or activities may be nodal points at which the
potential for transformation and tumorigenesis is decided. For example, the
observation that transgenic mice that overexpress the p37 isoform of AUF1 develop
sarcomas provides a correlation between deregulation of AUBPs and cancer [279].

Examples of ARE-mRNAs that are deregulated in cancers include those
encoding regulators of cell proliferation (e.g. the proto-oncogenes c-fos, c-jun or
c-myc, and the growth factor GM-CSF), regulators of the cell cycle (e.g. cyclins A,
-B, -D, -E, p53, or p21CIP1/WAF), regulators of angiogenesis and extracellular matrix
degradation (e.g. VEGF, uPA, uPAR, and MMP13), and regulators of apoptosis
(e.g. Bcl-2, Mcl-1, COX-2, SIRT-1, p53, or p21CIP1/WAF) [3, 5, 277, 280]. Many of
these ARE-mRNAs are regulated by HuR, TTP, and BRF-proteins, each of which
have been found to be deregulated in a number of cancers [277, 281–284].

An emerging notion is that mRNA-destabilizing AUBPs (e.g., the TTP family)
are important for maintaining low levels of growth promoting factors, in order to
prevent oncogenesis. For example, TTP protein expression was recently reported to
be virtually lost in a number of human cancer cell lines and tumor tissues (e.g., colon,
breast, cervix, lung, and prostate), when compared to normal tissue [282–284] and
low TTP expression is associated with bad prognosis in breast cancer [282]. In line
with this, global gene expression profiling has revealed a significant increase in the
steady-state levels of ARE-mRNAs encoding cancer-promoting factors when
comparing normal and tumor tissue [285]. Could TTP-family proteins function as
bona fide tumor suppressors? A recent study tested this question by intratumoral
injections of recombinant BRF-1 protein fused to a cell-penetrating peptide [286].
This treatment significantly reduced tumor growth, which correlated with dimin-
ished levels of several angiogenic cytokines, including VEGF, IL-1a, and IL-6
[286]. Taken together, these results suggest that there is a correlation between the
general level of ARE-mRNAs and their potential in promoting oncogenesis.
However, this view is likely too simplistic, due to the fact that not all ARE-mRNAs
encode oncogenic proteins. For example, the prototypic tumor suppressor, p53, is
encoded by an ARE-mRNA and is downregulated or otherwise impaired in an
estimated 50 % of all cancers [287]. The posttranscriptional regulation of p53 is
highly complex and involves numerous mechanisms aside from ARE-mRNA decay
and translational regulation (reviewed in [288]). Another example of an ARE-
mRNA that is reportedly downregulated in cancer, includes the p21CIP1/WAFmRNA,
which function as a tumor suppressor by promoting G(1)/S cell cycle arrest [289].
Interestingly, both p53 and p21CIP1/WAF are regulated by HuR-mediated stabiliza-
tion and enhancement of translation [40, 166, 172].

Taken together, it is conceivable that many of the oncogenic mutations reported
in components of MAPK and Akt pathways represent a major mechanism by
which the level or activity of AUBPs are modulated, which eventually may lead to
tumorigenesis. Although deregulation of a number of factors encoded by ARE-
mRNAs are implicated in transformation and cancer, many aspects of these pro-
cesses remain unresolved. Future studies will undoubtedly add numerous factors
encoded by ARE-mRNAs to the already long list of proteins implicated in cancer
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and further our understanding of how these are regulated. This process will be of
importance in the development of novel regimens to treat various cancers.
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Abstract

Alternative splicing is one of the most powerful mechanisms for generating
functionally distinct products from a single genetic loci and for fine-tuning gene
activities at the post-transcriptional level. Alternative splicing plays important
roles in regulating genes critical for cell death. These cell death genes encode
death ligands, cell surface death receptors, intracellular death regulators, signal
transduction molecules, and death executor enzymes such as caspases and
nucleases. Alternative splicing of these genes often leads to the formation of
functionally different products, some of which have antagonistic effects that are
either cell death-promoting or cell death-preventing. Differential alternative
splicing can affect expression, subcellular distribution, and functional activities
of the gene products. Molecular defects in splicing regulation of cell death
genes have been associated with cancer development and resistance to
treatment. Studies using molecular, biochemical, and systems-based approaches
have begun to reveal mechanisms underlying the regulation of alternative
splicing of cell death genes. Systematic studies have begun to uncover the
multi-level interconnected networks that regulate alternative splicing. A global
picture of the complex mechanisms that regulate cell death genes at the pre-
mRNA splicing level has thus begun to emerge.
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1 Introduction

Although the major mechanism of programmed cell death (PCD) has been char-
acterized by activation of caspases and packaging of cells into apoptotic bodies,
several types of cell death have been described with distinct features: apoptosis,
necrosis, pyroptosis, and autophagic cell death [15, 47]. Prominent morphological
features of apoptosis include cell shrinkage, nuclear condensation, nuclear

182 K. Ruirui et al.



fragmentation, chromatin condensation, membrane blebbing, retention of intact
organelles, vacuole formation, and DNA fragmentation [83, 189]. Necrosis, now
recognized as an alternate form of programmed cell death, often involves prom-
inent immune responses. Recent studies suggest that by initiating inflammatory
and reparative responses, necrosis may also serve to maintain tissue homeostasis
and organismal integrity (reviewed in [178, 203]). In addition, autophagy plays
important roles in cell death signaling in both promotional and inhibitory manners
(for reviews: [55, 176]). Cell death can also be induced by microbial and viral
infection. Infection induced cell death, termed ‘‘pyroptosis’’, involves an inflam-
matory response with neighboring cells [15].

A common feature of cell death is the activation of proteases followed by DNA
degradation. Similar to the activation of caspases during apoptosis, other types of
PCD are triggered by specific proteases. Cells undergoing necrotic death activate
cathepsins and calpains, whereas pyroptotic cells activate caspase-1 and caspase-7.
Furthermore, many downstream DNases have been discovered, such as Caspase-
activated DNase (CAD), EndoG, LEI/L-DNase II, and Granzyme A-activated
DNase (GAAD). PCD is a complex phenomenon that engages more than 400 pro-
teins with diverse functions ranging from PCD receptors to the execution proteins.

Regulated cell death processes are critical for the development and homeostasis
of multi-cellular organisms. Disruption of cell death regulation plays an important
role in the pathogenesis of a wide spectrum of human diseases. Cell death regu-
lation occurs at multiple levels and involves many different PCD associated pro-
teins (for recent reviews, [15, 33, 60, 176]). One important step of this regulation
occurs during pre-mRNA splicing because many cell death genes are expressed as
functionally distinct or even antagonistic isoforms as a result of alternative
splicing. Genes implicated in autophagy have been reported to undergo alternative
splicing, including autophagosome markers (reviewed in [188]), although the
functional significance remains to be investigated.

In this chapter, we review recent molecular and biochemical studies on alter-
native splicing of genes involved in regulating PCD and illustrate the current PCD
paradigms. These genes range from extracellular signals and death receptors to the
intracellular components of the PCD machinery. It is possible that alternative
splicing profoundly contributes to the life-or-death decision of cells. Because of the
large number of different PCD genes that undergo alternative splicing, it is difficult
to cover all relevant aspects of these genes within this short chapter. We will
describe selected examples to illustrate the extreme complexity of alternative
splicing in cell death regulation and its impact on cancer pathogenesis and treatment.

2 Pre-mRNA Splicing and Alternative Splicing Regulation

In mammals, nascent transcripts (messenger RNA precursor, or pre-mRNAs)
produced from the vast majority of protein-encoding genes contain intervening
sequences or introns, that must be accurately removed to form functional
messenger RNAs. In addition, it is now estimated that more than 90 % of human
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protein-coding genes undergo alternative splicing to generate distinct transcripts
[114, 142], providing a robust post-transcriptional mechanism for increasing
genetic diversity. Mammalian gene regulation is a highly complex process,
involving multiple interconnected networks of regulation [184]. Disruption of such
a regulated process leads to a wide range of diseases including cancer [36, 165].

Alternative splicing is regulated by intricate interactions between cis-regulatory
elements and splicing machinery. There are four types of cis-acting regulatory
sequence elements: splicing enhancers (SE) in introns (ISE) or exons (ESE) and
splicing silencers (SS) in introns (ISS) or exons (ESS) [177]. Splicing enhancers
recruit splicing activators to the spliceosome to stimulate splicing, whereas
splicing silencers block the interaction between the spliceosome and the corre-
sponding splice site. Multiple families of splicing factors have been identified with
characteristic sequences such as the RNA-recognition motifs (RRM) and serine/
arginine-rich (SR) proteins among others [124].

3 Alternative Splicing Regulation of Cell Death Genes

Cell death is a tightly regulated process. The components of the cell death
machinery that control and execute this process are under strict regulation as well.
At the post-transcriptional level, alternative splicing is one of the most powerful
and diverse mechanisms that regulate the expression and function of many PCD
genes. A large number of players function together in a carefully orchestrated
manner to control cell death.

3.1 Alternative Splicing Isoforms of Genes Encoding Caspases
and Other PCD-Related Proteases

Caspases are a family of cysteine proteases that play important roles in cell death
regulation and cytokine secretion. Activation of pro-apoptotic caspase (caspase 2,
3, 6, 7, 8, 9, and 10) is a central pathway for different death signals (for reviews;
[104, 156]). Each caspase has different sets of isoforms as a result of alternative
splicing ([74, 75, 76, 95, 128], for reviews see [185, 190]). Many caspase genes
produce pro- and anti-PCD isoforms as a result of alternative splicing, further
support that alternative splicing is a common mechanism for regulating caspase
gene expression [74, 85].

Caspase-1 is also known as IL-1b converting enzyme (ICE) that processes pro-
inflammatory cytokine precursors pro-IL-1b and pro-IL-18. Recent studies show
that caspase-1 also activates pro-apoptotic caspase-7 by processing pro-caspase-7
([3, 105], for review [55]). Caspase-1 is activated by various cell death stimuli,
such as bacterial toxin, LPS, microbial/viral nucleic acids, viral infection, reactive
oxygen species (ROS), and asbestos. Five splicing isoforms of caspase-1 (caspase
1a - 1e) have been reported. Among these, caspase-1d and -1e display an anti-
apoptotic effect [6, 52].
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Alternative splicing of caspase-2 generates five splicing isoforms: caspase-2L,
caspase-2S, caspase-2b, caspase-2L-Pro, and caspase-2S-Pro. Caspase-2b, a pos-
sible negative regulator of caspase-2 activity, contains a deletion downstream of
the first potential aspartic proteolytic cleavage site between the large and small
subunits [5]. In addition, caspase-2S has anti-apoptotic activity [14, 46]. Inter-
estingly, caspase-2S is abundant in the developing brain, suggesting that caspase-2
alternative splicing is developmentally regulated [14].

In caspase-8, retention of intron 8 results in the formation of caspase-8L mRNA
and the caspase-8L protein that lacks the C-terminal half of the proteolytic domain.
Patients with systemic lupus erythematosus (SLE) also display alternative splicing
of caspase-8 [76]. Overexpression of caspase-8L inhibits Fas-mediated apoptosis,
suggesting dominant negative effects of caspase-8L [75].

In addition to caspase genes, other protease genes involved in cell death also
undergo alternative splicing. Calpains are Ca2+-regulated proteases important for
apoptotic, necrotic, and pyroptotic cell death. M- and l-calpain are expressed
ubiquitously and share the regulatory small subunit called calpain 4. Cells lacking
calpain 4 exhibit resistance against certain PCD stimuli. In addition, an intrinsic
calpain inhibitor, calpastatin, has at least eight splicing isoforms, some of which
exhibit tissue-specific expression [66]. The role of alternative splicing in regu-
lating calpains and calpastatin remains to be further characterized.

Cathepsins are a family of lysosomal proteases participating in the hydrolysis of
macro-molecules in lysosomes. Cathepsins are released into the cytosol by various
cell death signals and activate downstream PCD signaling. For example, Bid, a
pro-apoptotic Bcl-2 family member, is cleaved by cathepsins released from
lysosomes and translocates from the cytosol to the mitochondria, inducing mito-
chondrial death. Cathepsins activate other PCD associated DNases. Cathepsin
leakage from lysosomes is observed during necrosis and pyroptosis as well [192].

The cathepsin B gene generates at least 3 splicing isoforms. Exon 2, which is an
alternative cassette exon located at the 50 untranslated region (UTR) of cathepsin B
full-length mRNA, down-regulates cathepsin B expression [203]. On the other
hand, alternative splicing also modulates the subcellular localization of cathepsin
B. Exclusion of exons 2 and 3 results in a protein with a different N-terminus that
serves as a mitochondrial targeting sequence [135]. This isoform contains a cat-
alytic domain but does not have protease activity possibly because of misfolding.
Overexpression of this isoform changes the mitochondrial morphology and indu-
ces cell death. Therefore, alternative splicing may trigger cell death by changing
the cellular localization of cathepsin B.

3.2 Bcl-2 Superfamily

The Bcl-2 gene family of proteins mediates a complex network of interactions
among different pro- and anti-apoptotic proteins as well as downstream molecules
[99, 112]. They play important roles in controlling mitochondrial permeability,
cytochrome C release, and caspase activation. The human Bcl-2 family has
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multiple members including pro- and anti-apoptotic genes. Prototypical anti-
apoptotic members including Bcl-2, Bcl-w, Bfl-1/A1, Mcl-1, and Boo/DIVA
usually contain four Bcl2-homology (BH) (BH1-4) domains. Pro-apoptotic
members, on the other hand, contain two or more BH domains (BH1-3) (Bax, Bak,
Bok/Mtd, Bcl-G, Boo/Diva, and Bfk) or only the BH3 domain (BH3-only protein
family). The list of BH3-only protein family members has continuously grown
(Bad, Bid, Bik, Bim, Blk, Hrk, Noxa, BNIP1, BNIP3, BNIP3L, Bmf, and Beclin-
1). Furthermore, many proteins containing BH3-like domains have been reported
(APO L1, APO L6, BRCC2, HER2, HER4, MAP-1, MULE, SPHK2, Rad9, and
TGM2). These proteins have death inducing activity as well as the ability to
interact with the anti-apoptotic Bcl-2 family as well as BH3-only proteins. Beclin-
1, for example, is a critical effecter of autophagy. Bad and Bik can induce auto-
phagic cell death.

The role of alternative splicing in the Bcl-2 family gene regulation has not yet
been fully elucidated. Several genes of this superfamily including Bcl-x, Bak, Mcl-
1, and Bid encode for anti-apoptotic (Bcl-xL, N-Bak, Mcl-1L, BidS) and pro-
apoptotic (Bcl-xS, Bak, Mcl-1S, Bid) isoforms as a result of alternative splicing
[10, 18, 154]. Bid is a prominent member of the BH3-only family that bridges the
death receptor signaling pathway to the mitochondrial signaling pathway, which is
mediated by other Bcl-2 family member proteins. Alternative splicing of Bid pre-
mRNA generates isoforms lacking proteolytic cleavage sites (BidES, lacking all
cleavage sites; BidS, lacking the granzyme B cleavage site) [110, 117]. In addi-
tion, some of Bcl-2 family proteins have a transmembrane domain that can be
removed by alternative splicing, leading to differential subcellular distribution.
Therefore, alternative splicing regulation of Bcl-2-related proteins has a consid-
erable impact on cell death signaling pathway.

3.3 Death Ligands and Death Receptors

Death ligands and their receptors have been studied since the discovery of FAS, a
member of the TNF (Tumor Necrosis Factor) superfamily. TNF-a, TNFSF1/
Lynphotoxin-a, TNFSF3/Lynphotoxin-a, TRAIL, VEGI, TWEAK, and LIGHT
proteins mediate apoptosis. TRAIL (TNF-related apoptosis-inducing ligand) has
three splicing isoforms: TRAIL-a, b, and c. TRAIL-a, the full-length form, con-
tains five exons and promotes apoptosis. In contrast, apoptotic activity is not
observed when exon 3 (TRAIL-b) or exons 2 and 3 (TRAIL-c) are skipped [100].
In addition to TRAIL, splicing isoforms of TNFSF1 and VEGI are reported [26,
170]. In naïve T cell lymphocytes, TNF-a transcripts do not undergo splicing and
are instead stored as pre-mRNA. TNF-a pre-mRNA splicing is initiated to produce
TNF-a protein following the engagement of T cell receptors [195].

In addition to the TNF superfamily, other ligands, such as growth factors,
neurotrophic factors, and cytokines participate in cell death regulation. Several
neurotrophic factor genes of the TGF-b superfamily contain introns in their
prodomains, including persephin, neurturin (NTN), and glial cell line–derived

186 K. Ruirui et al.



neurotrophic factor (GDNF). The GDNF gene produces a short isoform by
removing 78 bases at the end of exon 1. The short isoform GDNFD78 accumulates
in the Golgi apparatus and secretion of GDNFD78 is repressed [182]. It is con-
ceivable that activation of this splicing event occurs in response to certain stimuli,
providing an efficient post-transcriptional mechanism controlling the production of
functional mRNAs for trophic factors such as NTN and GDNF.

Alternative splicing of transmembrane receptors may lead to the formation and
secretion of the soluble receptors of cell death related ligands. In fact, many
transmembrane receptors have splicing isoforms that encode soluble proteins
capable of modifying the downstream ligand effects in antagonistic or agonistic
manners [108]. For example, FAS has multiple alternative splicing isoforms
lacking the transmembrane domain [25, 145]. Alternative splicing of Fas exon 6
produces a soluble (lacking exon 6) or a membrane-bound (containing exon 6)
protein product. Soluble FAS proteins suppress PCD induced by FAS ligand and
participate in T cell regulation, immune diseases, and cancer development. A
membrane-bound form of the FAS receptor found in thymocytes lacks exon 7 and
is missing the death domain (DD) due to the frame shift caused by exon 6
retention. This FAS alternative splicing isoform acts as a FAS decoy receptor
(FDR) because it blocks PCD induced by FAS ligands as well as soluble FAS.

Other death receptors have multiple splicing variants: tumor necrosis factor
receptor 1 (TNF-R1), lymphocyte-associated receptor of death (LARD, also named
as DR3, Apo-3 or TRAMP), death receptor-4 (DR4), and TRAIL receptor inducer of
cell killing-2 (TRICK-2) [101]. Additionally, many cytokine receptor genes are
alternatively spliced to generate functionally diverse receptor isoforms. For exam-
ple, alternative splicing generates truncated interleukin 7 (IL-7) receptor isoforms
associated with leukemia [180]. Therefore, alternative splicing modulates the
expression and function of genes encoding both death ligands and death receptors.

PCD signals from extracellular ligands are often transduced by proteins con-
taining death domains (DDs) and death effector domains (DEDs). DD and DED are
homophilic protein interaction motifs that allow association between different
proteins containing DDs or DEDs. For example, FAS recruits FADD through an
interaction between their respective DDs. The DED of FADD in turn recruits
caspase 8 via interaction between DEDs of the FADD and caspase 8. In addition,
some DD and/or DED containing proteins modulate cell death signaling. Two
DEDs are located at N terminus of caspase 8 and 10. Viral proteins named v-FLIPs
have been found in equine herpesvirus-2, bovine herpesvirus-4, herpesvirus saimili
human herpesvirus-8, and human poxvirus. These v-FLIP proteins show homology
to the N-terminus of caspase 8/10 but lack the cysteine protease domain. Viral-FLIP
proteins bind to FADD and/or caspase 8/10 and interfere with their recruitment to
Fas-FADD receptor complex. Cellular FLIP (c-FLIP, also known as Casper/I-
FLICE/FLAM/CASH/CLARP/MRIT/usurpin) was discovered based on viral pro-
tein sequence information. The c-FLIP gene generates three splicing isoforms—
FLIPL, FLIPS, and FLIPR by alternative splicing [44, 65]. The sequence of FLIPL

protein is similar to caspase 8, including the two aspartic acid residues at the auto-
cleavage site, although it lacks caspase enzymatic activity. FLIPS and FLIPR lack a
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cysteine protease-like region, similar to v-FLIP. FLIPL is expressed in many
tissues, whereas FLIPS is detectable mainly in T lymphocytes. FLIPS expression in
T cells activated by CD3 and CD28 has been shown to correlate with the cellular
resistance against FAS-mediated apoptosis [94]. On the other hand, IL-2 upregu-
lates FAS expression and represses the transcription and expression of FLIPS in T
cells, sensitizing T cells to apoptosis [152]. These results suggest important roles of
FLIPS in activation-induced cell death (AICD) and self-tolerance. A similar
expression pattern of FLIPR and FLIPS in CD3 and CD28-activated T cells has been
reported [65]. Although the anti-apoptotic effects of FLIPL and FLIPS are reported,
FLIPL also stimulates apoptosis under certain conditions. FLIPL can activate cas-
pase 8 after the formation of a heterodimer on FADD and death receptor complexes.
It has been proposed that activation of caspase 8 by FLIPL results in partial au-
tocleavage of caspase 8 into the p43/41 and p12 subunits. This mechanism tethers
caspase 8 on the death-induced signaling complex (DISC) by FADD and processes
receptor-interacting kinase (RIP) within the FAS-signaling complex [125]. FLIPL

may generate proliferation signals from DISC by processing DISC-proximal sub-
strates, as a result of activation of ERK and NFkB by FLIPL in T cells [91].

The caspase activation and recruitment domain/caspase recruitment domain
(CARD) is engaged in homophilic interactions with CARD containing caspases.
TUCAN/CARD8/CARDINAL, cloned as an anti-apoptotic CARD containing
protein, is overexpressed in colon cancer [147]. TUCAN can interact with caspase-
9 via the CARD domains and interfere with the binding between Apaf-a and
caspase-9. Interestingly, TUCAN also induces cell death when overexpressed in
MCF7 and VERO cells. A TUCAN splicing isoform, TUCAN-54, has been
recently reported as a cancer-specific protein expressed in gastric, colon, and
breast cancer tissues. TUCAN-54 exhibits anti-apoptotic activity by inhibiting
caspase-9 and caspase-8 activation. TUCAN along with caspase-9 and DRAL (a
LIM domain protein) are recruited by the Shh receptor, Patched, to enhance cell
death [127]. Therefore, TUCAN alternative splicing regulation may be important
both in normal development and in cancer pathogenesis.

MAPK-activating death domain-containing protein (MADD) is a Rab3 GTP/
GDP exchange protein containing a DD motif. There are six reported isoforms:
IG20pa, MADD, IG20-SV2, DENN-SV, KIAA0358, and IG20-SV4 [111]. IG20pa
render cells more susceptible to PCD by TNF-a, TRAIL, c-irradiation, and cancer
drugs; however, DENN-SV has an opposite effect, promoting cancer cell suvival
[7, 48, 49, 102, 136, 137].

3.4 Intrinsic Cell Death Signals

The death domain mediates not only receptor-mediated cell death signals, but also
intrinsic cell death signals. PIDD (P53-Induced Protein with Death Domain), which
is induced by p53, interacts with caspase 2 by RAIDD bridging, and activates
caspase-2, forming a protein complex known as PIDDosome. Binding between
PIDD and RAIDD is mediated by a homophilic interaction of their DDs. Caspase 2 is

188 K. Ruirui et al.



recruited via an interaction between the CARDs of caspase 2 and RAIDD. Among
the five reported splicing isoforms of PIDD, isoform 2 (also known as LRDD)
counteracts the pro-apoptotic activity of full-length PIDD isoform 1 [35]. Similarly,
Apaf-1 recruits caspase 9 with cytochrome C and dATP and forms apoptosome.
Apaf-1 gene also generates pro- and anti- apoptotic splicing isoforms [140].

Similar to PIDDosome, NALP1 (NACHT leucine-rich-repeat protein 1) interacts
with caspase 1 via ASC (Apoptosis-associated speck-like protein containing a
CARD). The PYD motifs of NALP1 and ASC and the CARD motifs of ASC and
caspase 1 interact together to comprise inflammasomes. The NALP family is com-
posed of at least 14 genes (NALP1-14). NALP proteins consist of PYD, NACHT
domain, and leucine-rich repeats (LRRs). The NACHT domain has a predicted P-
loop NTPase sequence and is extracted across different proteins: NAIP (Neural
Apoptosis Inhibitory Peptide), CIITA (class II transactivator), HET-E (incompati-
bility locus protein from Podospora anserine), and TP1 (telomerase-associated pro-
tein). Interestingly, NACHT domain shares homology with the dATP binding domain
of Apaf-1. The LRRs of NALPs are thought to be able to sense various microbial
molecules in intracellular space to form inflammasomes. Many members of NALP
family have multiple alternative splicing isoforms (JYW, unpublished data).

PYD (pyrin domain) containing proteins and caspase 1 are involved in pro-
cessing pro-IL-1/18 and pro-apoptotic caspase 7. PYD is a homophilic adapter
domain as well as for DD and DED. Familial Mediterranean fever (MEFV)
encodes PYD containing proteins interacting with ASC. The human MEFV gene
produces multiple isoforms including full-length (MEFV-fl) and MEFV-d2 [42].
MEFV-fl encodes a cytoplasmic protein, whereas MEFV-d2 protein is concen-
trated in the nucleus [144]. Multiple components of inflammasome, including
TUCAN, have distinct alternative splicing isoforms [2]. Alternative splicing may
regulate the pyroptotic cell death signaling.

3.5 Inhibitor of Apoptosis Proteins (IAPs)

IAPs, first identified in baculovirus, contain 1–3 BIR motifs and one RING
domain. BIR domains bind caspases and inhibit protease activity and RING
domains recruit E2 ubiquitin conjugating enzyme and transfer ubiquitins onto
itself or binding partners. Survivin, a member of the IAP family, contains a BIR
domain but lacks a RING domain. Interestingly, Survivin still retains anti-apop-
totic activity (for reviews, [141]). The Survivin gene generates several splicing
isoforms. Among them, Survivin 2a and 2b uniquely display pro-apoptotic
activity. Survivin 2b splicing is upregulated by Wilms Tumor 1 associated protein
(WTAP) [169]. The alternative splicing pattern of Survivin pre-mRNA changes
dynamically in cancer. Survivin alternative splicing has been considered as a
diagnostic marker and therapeutic target (reviewed in [158]).

Two different splicing isoforms of livin, another member of the IAP family,
livin a and b, have different tissue expression patterns and show distinct properties
in inhibiting apoptosis induced by different signals [9].
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3.6 Cell Death-Related DNases and Their Regulators

Caspase-activated DNases (CAD) are critical nucleases in PCD. Other notable
DNAses are Endo G, LEI/L-DNase II, and GAAD. ICAD/DFF45 is a chaperonin
for Caspase-activated DNase (CAD/DFF40) and inhibits the CAD/DFF40 activity.
ICAD/DFF45 is one of substrates for capsases. Cleavage of ICAD/DFF45 by
caspases releases CAD/DFF40 from the ICAD/DFF45-CAD/DFF40 complex and
activates CAD/DFF40 DNase activity. There are at least two splicing isoforms
encoded by the ICAD/DFF45 gene. The short isoform is generated by the retention
of intron 5 which contains an in-frame stop codon. Although ICAD/DFF45
(ICAD-L) is necessary for CAD/DFF40 peptide to be folded properly, the short
isoform ICAD-S/DFF35 does not have the ability to function as a chaperonin.
However, ICAD-S binds to CAD/DFF40 more strongly than ICAD/DFF45 and can
inhibit the DNase activity of CAD/DFF40. ICAD/DFF45 contains a nuclear
localization signal and is expressed in nuclei whereas ICAD-S/DFF35 is also
distributed to the cytosol. Aberrant splicing products of CAD/DFF40 have been
detected in human hepatoma cells, but biological functions of those isoforms have
not yet been characterized [78].

Endonuclease G (Endo G) is another DNase that is released from the mito-
chondria during PCD. Because the yeast orthologue of Endo G participates in
caspase independent PCD, Endo G is thought to contribute to caspase independent
PCD in mammalian cells [23, 34]. LEI/L-DNase II and GAAD also contribute to
caspase independent PCD. There are many predicted alternative splicing isoforms
for Endo G, LEI/L-DNase II, and GAAD isoforms; however, their biological roles
and splicing regulation are still unclear.

3.7 Mitochondrial Cell Death Proteins

Since the discovery of the role of cytochrome C in apoptosis, many other mitochon-
drial factors have been reported to regulate cell death, such as Smac, Omi, and AIF.

Initially identified as an inhibitor of IAPs, Smac/DIABLO has a number of
splicing isoforms including Smac-b (Smac S), c, d, and Smac 3 [56, 172]. As a
result of alternative splicing, Smac-b lacks the mitochondrial targeting sequence at
its N terminus and displays a distinct distribution in cells, rather than the mito-
chondrial localization. Although Smac-b does not interact with IAPs, Smac-b is
pro-apoptotic. Smac 3 is missing exon 4, but still contains the mitochondria tar-
geting sequence and IAPs binding domain. Smac 3 disrupts caspase 9 binding to
XIAP, promotes caspase 3 activation, and accelerates the auto-ubiquitination of
XIAP, whereas the full-length Smac does not accelerate XIAP auto-ubiquitination.
Smac 3 localizes to the mitochondria and is released into the cytosol following
apoptosis signaling [56].

AIF induces cell death after being released from mitochondria. However, AIF
induced cell death does not show oligonucleosome fragmentation, a hallmark of
caspase-dependent cell death induced by CAD activation. In fact, cathepsins and
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calpains can release AIF from the mitochondria to trigger necrotic cell death [37].
Human AIF gene generates multiple alternative splicing isoforms: AIF, AIF-exB,
AIFsh, AIFsh2, and AIFsh3 [38, 39]. AIFsh retains pro-apoptotic activity and is
expressed in the cytosol due to a missing mitochondria targeting sequence caused
by alternative splicing. Therefore, alternative splicing may induce cell death by
producing cytosolic AIFsh.

3.8 Autophagy, Cell Death, and Alternative Splicing
of Autophagy Regulatory Genes

Autophagy is an essential cellular process mediating the degradation of damaged
or degenerated cellular materials. During this process, an isolated membrane
sequesters unwanted macromolecules and organelles, such as aggregation-prone
proteins and malfunctioning mitochondria. The formed double-membraned vac-
uoles are called autophagosomes, which in turn fuse with lysosomes forming
autolysosomes to degrade their contents [96, 107]. The autophagy pathway is
highly conserved from yeast to humans, playing important roles in cellular
homeostasis [11, 153]. Under physiological conditions, autophagy degrades
altered proteins and organelles, eliminating from the cell malfunctioning compo-
nents and simultaneously recycling molecular components for the regeneration of
new organelles. During nutrient deprivation, autophagy plays critical roles in the
adaptation of organisms to new environmental conditions, providing nutrients
from degraded cellular contents to maintain cellular metabolism [129].

In addition to cell survival, autophagy mediates cell death, although the under-
lying molecular mechanisms remain to be elucidated. The phenomenon of auto-
phagic cell death (also known as type II programmed cell death) was observed in the
1960s. At the ultrastructural level, autophagic cell death is characterized primarily by
the formation of numerous autophagic vacuoles in dying cells [27, 160, 161].
Autophagy genes Atg7 and Beclin1 are required for cell death in certain types of cells
[197, 198]. However, the role of autophagy in regulating cell death remains unclear.

The mammalian target of rapamycin (mTOR) is a kinase that plays important
roles in cellular metabolism, cell growth, cell proliferation, and autophagy [41, 43,
71, 188]. mTOR is initially inhibited during starvation, which triggers autophagy.
A recent study shows that the mTOR signaling can be reactivated by prolonged
starvation, which in turn forms an evolutionarily conserved cycle that maintains
energetic homeostasis during cellular starvation [199]. Two splicing isoforms of
mTOR have been identified: mTORa (the full-length protein) and mTORb.
mTORb is capable of regulating cell cycle and cell proliferation. Notably, mTORb
may act as a proto-oncogene, because overexpression of mTORb leads to
immortalization of cells and is tumorigenic in nude mice [143]. However, the role
of mTORb in autophagy remains to be investigated.

Microtubule-associated protein light chain 3 (LC3), a mammalian homologue of
yeast Atg8, is another essential component of autophagy [88]. LC3-I can be con-
verted to LC3-II and then processed to bind tightly to the autophagosomal
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membrane. In rats, two alternative splicing isoforms of LC3 are produced, LC3A and
LC3B, which generate proteolytic II forms from precursor I forms and colocalize
with LC3. In different rat tissues LC3A, LC3B, and LC3 show different expression
patterns, suggesting possible regulation of LC3 by alternative splicing [186].

Tumor protein 53-induced nuclear protein 1, TP53INP1, shows sequence
similarity to TP53INP2, a protein essential for autophagy in mammalian cells by
interacting with VMP1 and recruiting LC3 and/or LC3-related proteins to initiate
the autophagosome [139]. Alternative splicing of TP53INP2 appears to be
important for cell invasion, although its role in autophagy remains unclear [134].

Many other autophagy regulatory genes have splicing isoforms. For instance,
ULK (uncoordinated-51 like kinase) protein is the mammalian counterpart of yeast
Atg1, a Ser/Thr protein kinase involved in the initial step of autophagosome
formation in collaboration with its regulators, Atg13, Atg17, Atg29, and Atg31
[61, 86]. Human ULK2 has two alternatively spliced transcript variants that differ
in the 30 UTR that may have different mRNA stability. However, the functional
difference among the splicing variants is still unknown. Further studies are nec-
essary to understand the role of alternative splicing in regulating autophagy.

4 Alternative Splicing: A Versatile Mechanism
for Regulating Expression and Function of Cell Death
Genes

Emerging evidence, some of which is summarized above, supports that a wide
range of cell death genes undergo alternative splicing that impact their activities in
regulating programmed cell death. Many of these PCD genes express alternative
splicing isoforms in a tissue- or development stage-specific manner. In naïve T
lymphocytes, TNF-a transcripts do not undergo splicing and are stored as pre-
mRNA. TNF-a pre-mRNA splicing is only initiated to produce TNF-a protein
following the engagement of T cell receptors [194]. In na B and T cells, LARD-1
(lymphocyte-associated receptor of death 1) is expressed as alternative isoforms
with very little full-length mRNA [163]. The full-length LARD-1 becomes the
predominant product after T cell activation.

Bcl-x pre-mRNA is alternatively spliced to produce two isoforms with
opposing functions. The two isoforms are produced by using different 50 splice
sites (ss) in exon 2. The use of the upstream 50 ss produces a shorter product,
Bcl-xS and the downstream site gives rise to Bcl-xL. Bcl-xS is pro-apoptotic while
the longer form is anti-apoptotic. Adult neurons predominantly express the Bcl-xL
mRNA; whereas immature thymocytes express a relatively high level of Bcl-xS
transcript [18]. Adding further to the complexity, several critical PCD regulators
have been found to use alternative splicing to generate gene products that have
antagonistic activities in cell death. The mechanism by which alternative splicing
may regulate function of these PCD genes can be summarized in at least three
aspects:
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• regulating subcellular localization of PCD gene products
• modulating functional activity of PCD gene products
• influencing stability of mRNA and/or translational control

4.1 Regulation of Subcellular Localization

Many cell death genes, including the death receptor family, Bcl-2 superfamily, and
cell death associated proteases, have both membrane associated as well as soluble
isoforms (see review [185]). Alternative splicing of these cell death genes produce
proteins that contain or lack their transmembrane domains, thus generating gene
products with different subcellular localization. These different isoforms may have
distinct functions in PCD. For example, several Fas splicing variant mRNAs
encode soluble proteins that block Fas-mediated apoptosis induced by the ago-
nistic antibody [25] and by the Fas ligand [145]. Another Fas isoform, Fas-
EX08Del, is generated by exon 8 skipping. This isoform contains a premature
termination codon and thus lacks the entire intracytoplasmic death domain. Fas-
EX08Del is only expressed in resistant tumor clones [25]. It is likely that different
alternative splicing products of the death receptor may have distinct roles in the
propagation of the cell death or survival signals.

Genes from the Bcl-2 superfamily undergo alternative splicing to generate
different isoforms with distinct intracellular localization (reviewed in [4]). For
example, both membrane-bound and soluble isoforms of Bcl-2 gene members are
produced as a result of alternative splicing. As described previously, different
splicing isoforms of mitochondrial cell death proteins lacking or containing their
mitochondrial targeting sequences may have distinct function in cell death.
Finally, alternative splicing may regulate the terminal events in cell death such as
chromosome fragmentation and DNA degradation. For example, the nuclear
localized ICAD-L and cytoplasmic ICAD-S are generated by alternative splicing
which removes the nuclear localization signal in ICAD-L to form ICAD-S [157].
ICAD-L and ICAD-S may have different regulatory activities in cell death.

4.2 Modulating Functional Activities

Interestingly, many PCD associated genes generate splicing isoforms that have
antagonistic activities, such as caspase-2L versus caspase-2S [31, 59]. Recent
analyses indicate that a majority of the known caspase family members have
alternative splicing at or near the regions encoding peptide sequences contributing
to their active sites for enzyme activity [74]. Alternative splicing events that
generate truncated peptides provide an additional mechanism to quantitatively
regulate gene expression. The delicate balance of different pro-apoptotic and anti-
apoptotic products of these PCD genes likely plays a critical role in determining
cellular susceptibility to death signals. Alternative splicing can regulate each step
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of cell death induction or execution by generating distinct gene products with
different or even antagonistic activities in cell death.

4.3 Altering mRNA Stability or Translational Efficiency

Alternative splicing can generate mRNAs with differential turnover rates or with
differential properties in translational control (reviewed in [79]). A large number
of alternative splicing events occur at 50 or 30 untranslated regions of cell death
genes. For example, exon 2 of cathepsin B is an alternative exon and encodes the
50 UTR regulating the protein expression level [135]. Caspase-2 mRNA undergoes
nonsense-mediated decay (NMD) under certain conditions, and its protein
expression may be tightly regulated by combination of alternative splicing and
NMD [29]. A conserved AU-rich element has been identified in the 30 UTR of
Bcl-2 mRNA. This element interacts with AU-rich binding proteins and is asso-
ciated with bcl-2-down-regulation during apoptosis [45, 159]. IL-1RI-associated
kinase-1 (IRAK1) is a serine-threonine kinase important for IL-1 signaling and has
different splicing isoforms. The IRAK1b isoform is kinase inactive and more
stable than IRAK1 isoform. It is conceivable that different splicing isoforms of
critical cell death genes that contain distinct elements for controlling their mRNA
or protein stability could have a significant impact on the expression and function
of these cell death genes.

5 Molecular Mechanisms Regulating Alternative Splicing
of Cell Death Genes

5.1 Splicing Signals, Splicing Machinery, and Alternative
Splicing Regulators

With combined approaches, significant progress has been made in identifying the
molecular components of splicing machinery and in understanding the mechanisms
that control alternative splicing [17, 24, 73, 123, 132, 133, 166]. Through highly
dynamic RNA–RNA, protein-RNA, and protein–protein interactions, components
of the splicing machinery assemble onto the pre-mRNA and form the catalytically
active spliceosome in which biochemical reactions of splicing take place.

The basic splicing signals include the 50 splice site, branch site, and polypy-
rimidine track-AG at the 30 splice site. These signals are initially recognized by the
U1 snRNP, U2 snRNP, and U2 snRNP Auxiliary Factor (U2AF), respectively. In
mammals, these basic splicing signals tend to be degenerate and are not sufficient
by themselves to confer the specificity required to achieve accurate splice site
selection. A number of other factors also contribute to splice site recognition and
influence splicing efficiency. These include the distance between two splice sites,
exon size, as well as local secondary structures in the pre-mRNAs. In addition,
various types of exonic and intronic elements have been identified that modulate
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the usage of nearby splice sites. For example, exonic or intronic splicing enhancers
(ESEs or ISEs) and exonic or intronic splicing silencers (ESEs or ISEs and ESSs or
ISSs respectively) in different genes have been described (for reviews see Hertel
et al. 2008; [70, 183]). These splicing enhancers or silencers can promote or inhibit
the use of either upstream 30 splice sites or downstream 50 splice sites. Many
splicing enhancer elements function by interacting with different members or
combinations of SR proteins and hnRNP proteins. A general theme has begun to
emerge that the alternative splicing events of a given gene are regulated by a
number of different splicing activators and repressors. In most cases, precise
molecular mechanisms underlying the splicing inhibition remain to be elucidated.

The specific recognition of splice sites and proper association between
authentic 50 and 30 splice sites is the central issue for pre-mRNA splicing and
alternative splicing regulation. Spliceosomal snRNPs including U1 (or U11), U2
(or U12), U4/U6 (or U4atac/U6atac), and U5 play important roles in splice site
recognition and association. In addition to the snRNPs, several families of
accessory proteins are also important in regulating alternative splicing. These
factors include heteronuclear ribonucleoproteins family (hnRNP proteins), pro-
teins containing serine-arginine-rich sequences (SR proteins) and other RNA-
binding proteins ([16, 187]; see Chap. 3). In many cases, SR proteins function as
splicing activators by binding enhancer sequences, whereas hnRNP proteins often
function as splicing respressors by binding splicing silencer sequences [113].
Other splicing regulators include KH-domain-containing proteins, CUGBP pro-
teins, and proteins containing other sequence motifs (for example, helicase, RGG,
zinc finger) [87]. There are also a number of proteins that can act as either splicing
activators or splicing repressors depending on the splicing substrates and their
binding sites [186, 187].

Aberrant pre-mRNA splicing has been implicated in human diseases associated
with either excessive or insufficient cell death, although underlying molecular
mechanisms remain to be elucidated (for reviews, [17, 89, 123, 149, 168, 183].

5.2 Mechanisms Underlying Alternative Splicing Regulation
of PCD Genes

In recent years, a number of cell death genes have been characterized in detail for
mechanisms underlying their alternative splicing regulation. Only a few examples
are shown here, including FAS, Bcl-x, and caspase-2. As discussed before,
alternative splicing of FAS exon 6 leads to the formation of the membrane-bound
full-length FAS-L isoform and exon 6-skipped soluble FAS-s isoform. Two related
splicing regulators TIA1 and TIAR stimulate exon 6 inclusion by binding to a U-
rich sequence downstream of the 50 splice site of exon 6 and promoting U1 snRNP
interaction with this 50 splice site [53, 54]. A protein kinase, Fas-activated serine/
threonine kinase (FAST K) synergizes with TIA1 and TIAR to enhance FAS exon
6 inclusion [83]. On the other hand, Polypyrimidine Tract Binding protein (PTB),
promotes exon 6 skipping by binding to an exonic splicing silencer [82]. RNA
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binding protein SPF45, which has a U2AF homology motif (UHM), interacts with
the SF3b155 ULM (UHM-ligand motif) domain to enhance inclusion of Fas exon
6. This binding plays a critical role in FAS exon 6 inclusion [30]. During the early
stages of apoptosis, U2AF65 is cleaved and the N-terminal fragment of U2AF65
has a dominant negative effect on FAS exon 6 splicing [81] thus leading to for-
mation of the Fas-s isoform. Hu antigen R (HuR) binds to the ESS on FAS pre-
mRNA and inhibits the association of U2AF65 with the 30ss [84]. RBM5 excludes
exon 6 of FAS pre-mRNA. Interestingly, RBM5 does not affect U1 and U2 snRNP
assembly on FAS pre-mRNA but inhibits the transition from pre-spliceosome to
mature spliceosome via interaction between U4/5/6 trisnRNP and the OCRE
domain of RBM5 [20].

The production of anti- and pro-apoptotic isoforms of Bcl-x involves alternative
selection of two competing 50 splice sites. Both exonic and intronic elements have
been identified in Bcl-x that regulate its alternative splicing [109, 120]. Trans-
acting factors involved include SAP155, Sam68, hnRNA A1, hnRNP F/H,
SRp30c, and RBM25 [28, 62, 146, 201]. An apoptotic agent Ro-31-8220 inhibits
PKC and activates JNK, and concomitantly, Bcl-xL splicing is inhibited. This
effect is repressed by okadaic acid, an inhibitor against PP1 and PP2A. Okadaic
acid splicing regulation is mediated via a 16-nt G-tract element (Gt16) on pre-
mRNAs [69]. Emetine, a protein synthesis inhibitor, also upregulates Bcl-xS
splicing. However, emetine upregulation is blocked by calyculin A by inhibiting
PP1 and PP2A [21]. Various stimuli are reported to change Bcl-xL/Bcl-xS ratio.
For example, IL-6, GM-CSF, and TPA all upregulate Bcl-xL splicing in eryth-
roleukemia and glioma. The Bcl-xS isoform is induced by S-adenosylmethionine
(SAMe), whose synthesis is impaired by liver injury. b-adrenergic receptor acti-
vation upregulates Bcl-xS and induces cell death of cardiomyocytes. Consistently,
b-blockers inhibit Bcl-xS induction. Ceramide responsive elements CRCE1 and 2
have been identified in Bcl-x pre-mRNA. Ceramide appears to regulate Bcl-x
splicing via SAP155 which binds to CRCE1 [121, 122]. Although Bcl-x splicing
responds to a number of stimuli, it still remains unclear how these signals trans-
duce to the splicing machinery. A recent study using genomic siRNA screening for
Bcl-x splicing regulators has uncovered a complex network of splicing regulators
that link cell cycle and cell death controls [133].

In the case of caspase-2, several splicing factors have been identified to regulate
the formation of anti-apoptotic (caspase-2S) and pro-apoptotic (caspase-2L)
splicing isoforms. Interestingly, SR proteins including SC35 and ASF/SF2 pro-
mote exon skipping to produce caspase-2L, whereas, hnRNPA1 facilitates exon
inclusion to produce caspase-2S [85]. The effects of these SR proteins and of
hnRNP A1 on caspase-2 splicing are opposite to their effects on other model
splicing substrates. A caspase-2 mini-gene model system has been used to dissect
the cis-elements and trans-acting factors involved in caspase-2 alternative splicing
([85, 32]). An evolutionarily conserved 100 nt intronic element, In100, has been
identified as an intronic splicing silencer element responsible for exon 9 exclusion
between exon 9 and 10. The In100 element contains two domains: an upstream
decoy 30 splice site and a downstream PTB binding domain 32. The decoy 30 splice
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site engages the 50 splice site of the alternative exon 9 in a non-productive manner,
effectively suppressing the use of this 50 splice site without reducing U1 snRNP
binding. PTB plays a role in regulating alternative splicing of a number of other
genes (reviewed in [16, 171, 181]). The regulatory mechanism of PTB in caspase-2
alternative splicing appears to be distinct from that involved in other genes.
Furthermore, our recent survey of human genome suggests that In100-like (Intron
100-like) intronic elements (i.e., decoy 30 splice site juxtaposed to PTB binding
domains) may represent a general intronic splicing regulatory motif and that such
elements may play a role in the regulation alternative splicing of other cell death
genes [74]. Recently, we reported that caspase 2 splicing is regulated by RBM5,
which is frequently deleted in lung cancer [59]. RBM5 binds to the U/C-rich
region immediately upstream of In100. These results suggest that splicing regu-
lation plays an important role in cancer development via PCD-related gene
products. However, crucial questions still remain unanswered. How does splicing
machinery differentially recognize the decoy 30 splice site inside In100 as a reg-
ulatory element as opposed to a true 30 splice site? How are splicing regulators and
cis-elements coordinated to regulate alternative splicing? Molecular dissection of
cis-acting elements and trans-acting splicing regulators involved in caspase-2
alternative splicing has provided a good beginning point to understand the
mechanisms underlying the complex regulation of alternative splicing of important
PCD genes. The involvement of such a pseudo- or decoy splice site in alternative
splicing regulation may provide an explanation for the phylogenic conservation of
sequences containing pseudo-splicing signals in mammalian introns. Further
studies are necessary to test whether pseudo-splice sites proximal to splicing
repressor binding sites represent general splicing regulatory motifs.

5.3 Complex Networks Linking Alternative Splicing, Cell Death,
and Other Processes

Recent efforts using systems biology approaches have begun to reveal the complex
networks that link splicing regulation, cell death, and other important cellular
processes [133]. Genome-wide analyses of splicing patterns can help identify
specific gene products that are tumorigenic as well as involved in other cellular
pathways. Gene regulation by alternative splicing plays critical roles in cellular
differentiation, cell proliferation, and cell death. Therefore, imbalance in the
splicing pathway can lead to tumorigenic events [63]. High-throughput microarray
analyses and next-generation sequencing assays have been used to identify alter-
native splicing events or factors involved in specific pathways [191]. Such studies
will help to decipher the splicing codes that dictate normal cell development and
subsequently, how mutations affect these events to give rise to cancer. Given the
importance of alternative splicing in generating antagonistic isoforms of pro- or
anti-apoptotic proteins, it is hopeful to target alternative splicing machinery for
future cancer therapeutics.
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6 Cell Death Regulation, Pre-mRNA Splicing, and Cancer

Mounting evidence supports that alternative splicing of genes involved in cell
cycle control, cell proliferation, apoptosis, angiogenesis, motility, and invasion are
associated with tumor progression and metastasis [116, 200]. In cancer, aberrant
alternative splicing has been associated with mutations affecting cis-elements that
regulate splicing. Such mutations may alter the abundance, localization, or post-
translationally modify trans-acting factors that determine splice site selection
[123]. The precise mechanisms by which alternative splicing controls expression
of genes related to cancer remain poorly understood.

6.1 Splicing Factors, Splicing Variants, and Cancer

A number of factors regulating alternative splicing of cell death genes show
oncogenic properties [68]. Splicing factors, such as hnRNP A1 [22], hnRNP A2,
hnRNP B1, polypyrimidine tract binding protein (PTB), [148] and HuR, are fre-
quently overexpressed in tumors. Splicing factor overexpression can trigger
malignant transformation.

In addition, cancer-related splicing factor isoforms could alter function of these
splicing factors, resulting in aberrant alternative splicing. Depletion of splicing
factors prevents the generation of cancer-associated isoforms, suggesting splicing
factors as potential therapeutic targets for cancer therapies. Tumor-specific varia-
tions in splicing may also generate new epitopes that can serve as anticancer agents.

6.2 Death Receptors and Cancer

Fas (Apo-1/CD95), a transmembrane death receptor, has a soluble isoform (sFas)
generated by alternative splicing of Fas mRNA. sFas lacks the transmembrane
domain and antagonizes cell-surface Fas function. sFas is detected in patients with
different types of leukemia and solid tumors [90, 126], such as adult T cell leu-
kemia (ATL), large granular lymphocyte (LGL), leukemia and renal cell
carcinoma.

TNF-related apoptosis-inducing ligand (TRAIL) and its receptors, namely DR4,
DR5, DcR1, and DcR2 have become attractive targets for anti-cancer therapies,
because they seem to trigger apoptosis selectively in cancer cells but not in normal
cells. Thus far, several compounds and biologics (such as agonistic TRAIL anti-
bodies) have gained attention due to their anti-tumor efficacy [131, 151, 196].

In addition, c-FLIP modulates the activation of procaspase-8 and thereby pre-
vents induction of apoptosis mediated by death receptors. There is evidence for
increased c-FLIP expression in various types of tumor cells, including colorectal
cancer [97], gastric cancer [138], Hodgkin’s lymphoma [138], and ovarian cancer
[1]. Thus, downregulating c-FLIP induced by pharmacological agents, such as
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proteasome inhibitors, protein or RNA synthesis inhibitors [57], or chemothera-
peutic agents [103], may have therapeutic value for these types of cancer.

6.3 BCL-2 Family and Cancer

The Bcl-2 family of proteins are crucial players in regulation of apoptosis.
Aberrant expression of members of this family has been associated with different
cancers. Over-expression of Bcl-2 was originally observed in B cell lymphomas
([130]; reviewed in [98]). Bcl-2 overexpression has since been detected in other
solid tumors in the lung, kidney, stomach, and brain [67, 119]. Interestingly, the
relationship between Bcl-2 expression levels and cancer prognosis is cell type-
dependent. For example, high levels of Bcl-2 were correlated with poor prognosis
in certain lymphomas; however, low Bcl-2 expression as correlated with a poor
prognosis in breast cancer. Experiments using knockout mice have advanced our
understanding of the role of Bcl-2 family members in tumorigenesis. Bad-
knockout mice develop B cell lymphoblastic leukemia/lymphoma when exposed
to sub-lethal doses of c-irradiation, whereas Bid-knockout mice show chromo-
somal aberrations and develop leukemia [202].

Furthermore, the imbalances between apoptosis-promoting and apoptosis-
inhibiting members of the Bcl-2 family are also common in various human cancers.
Myeloid cell leukemia-1 (MCL-1) has three splicing variants: anti-apoptotic MCL-
1L and pro-apoptotic MCL-1S and MCL-1ES. There is an imbalance between the
expression levels of MCL-1L, MCL-1S, and MCL-1ES in the skin basal cell car-
cinoma (BCC) cell line [167] and renal cancer [92]. Bcl-x mRNAs encoding a long
isoform, Bcl-xL, predominates in various types of malignant lymphomas and may
be involved in lymphomagenesis [190]. Bcl-xL was also expressed in human
hepatoma cell lines at high levels and its down-regulation activated apoptosis [173].
Another Bcl-x alternative splicing product is Bcl-xAK, which contains the Bcl-2
homology domains, BH2 and BH4, as well as the transmembrane domain but lacks
BH1 and BH3. Bcl-xAK is expressed in melanoma and other tumor cells and its
overexpression results in significant induction of apoptosis in melanoma cells [77].
Another Bcl-2 family member, Bfk undergoes alternative splicing to produce four
isoforms, out of which two are pro-apoptotic. In the transition from normal tissue to
tumor, pro-apoptotic Bfk isoform expression is substantially reduced in tumors
isolated from the human gastrointestinal tract [40].

6.4 Caspase Alternative Splicing and Cell Death Regulation
in Cancer

Caspases play important roles in the regulation of physiological cell death,
therefore, the disturbance of the caspases expression or function may contribute to
the cancer formation. Caspase-9 initiates apoptosis and has two distinct protein
isoforms generated as a result of alternative pre-mRNA splicing: pro-apoptotic
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caspase-9a and anti-apoptotic caspase-9b. A recent study demonstrated that
hnRNP family member L (hnRNP L) is specifically phosphorylated in non–small
cell lung cancer cells (NSCLC cells) and also associated with caspase-9 pre-
mRNA. The interaction of hnRNP L with caspase-9 pre-mRNA in NSCLC cells
promotes preferential expression of the 9b isoform of caspase-9, which is anti-
apoptotic, and promotes tumor growth [64].

Another example is the caspase-2 tumor suppressor, which is alternatively
spliced to generate multiple isoforms (discussed in Sect. 3.1). RBM5, by virtue of
binding to the U/C-rich region in In100 splicing repressor element (see Sect. 5.2),
promotes production of the proapoptotic caspase-2L isoform and regulates the
ratio of caspase-2 isoforms in HeLa cells [59, 155]. Fas can lead to cell death and
also be alternatively spliced to produce shorter isoforms. Exclusion of exon 6 in
Fas pre-mRNA generates FasDelE6 which can inhibit Fas-mediated cell death.
Recently, RBM5 [20] and HuR [81] have been identified to play an important role
in Fas exon 6 inclusion.

Caspase-8L, generated by alternative splicing of caspase-8, can suppresses
caspase 8-dependent apoptosis. The imbalanced expression of the caspase-8L
splicing isoform has been associated with cancer. Suppressing the formation of
caspase-8L splice variant renders cells more sensitive to apoptosis-induced neu-
roblastoma cell death [128]. In addition, a splice variant of IG20 gene regulating
the activation of caspase-8 was implicated during tumorigenesis [111, 137].

6.5 IAPS and Cancer

Survivin, a member of the IAPS (inhibitor of apoptosis proteins) family, functions
as a key regulator of mitosis and programmed cell death. It regulates cell death by
interrupting multiple cell cycle-related proteins, such as INCENP and Aurora B
kinase. Studies have shown survivin overexpression results from several poly-
morphisms in the survivin gene promoter [19, 150], which also correlate with
tumorigenesis and prognosis [115, 172]. Therefore, survivin has become a target
for cancer therapeutics [174].

Livin, an IAPS-related protein, has two different functional splicing variants
that are characterized as anti-apoptotic [9]. Livin interacts with downstream
caspases, such as caspase-3, caspase-7, and caspase-9, leading to their inactivation
and degradation. Aberrant expression of Livin has been reported to be associated
with tumorigenesis in many different cancer types including melanoma [179],
breast cancer [193], and lung cancer [72]. Therefore, Livin is believed to be a new
target for immunotherapy and gene therapy for treatment of cancer.

6.6 Cell Death-Related DNases and Their Regulators

Previous studies have demonstrated that the activity of alkaline (DNase I; EC
3.1.21.1) and acidic DNases (DNase II; EC 3.1.22.1) was inhibited in non-necrotic
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cells in malignant tumors. In subsequent studies, vitamin C and K3 administration
reactivated these DNases to induce cancer cell death [175].

Endonuclease G (EndoG) cleaves chromatin DNA into nucleosomal fragments
in the nucleus and participates in the caspase independent apoptotic pathway [80].
As a pro-apoptotic protein, decreased expression of EndoG has been found in
several cancers, such as hepatocellular carcinomas and breast cancer [12].

6.7 Mitochondrial Cell Death Proteins and Cancer

Apoptosis can be activated through two pathways: the extrinsic pathway (mediated
by death receptors) or the intrinsic pathway (mediated by mitochondria). As
mentioned previously, mitochondrial factors such as Smac and AIF can adhere to
IAPs and inhibit their caspase-binding activity, thereby regulating cell death and
tumorigenesis. For example, in a malignant glioma xenograft mice model, co-
administration of Smac/DIABLO peptides and TRAIL sensitized glioma cells lead
to apoptotic death and induced malignant glioma regression [58]. Furthermore,
several Smad analogs can induce cancer cell death and have shown potential as
cancer therapies [106, 164].

6.8 Defective Autophagy and Cancer

Autophagy is an evolutionarily conserved mechanism for protein degradation and
maintains homeostasis. Studies have implicated autophagy in tumorigenesis and
tumor progression. Autophagy deficiency predisposes cells to tumor development.
To this end, haploinsufficiency of autophagy genes increased tumor formation in
mouse [118]. Conversely, once tumors were established, autophagy may enable
cancer cell survival. For example, autophagy increases cancer drug resistance to
Imatinib in chronic myeloid leukemia [13] and facilitates resistance trastuzumab
for HER2 positive breast cancer cells [178]. Conversely, autophagy abrogation by
autophagy inhibitors re-sensitizes the resistant cancer cells to the chemotherapy or
radiation [8, 13].

7 Concluding Remarks

Many genes involved in PCD undergo alternative splicing to produce multiple
isoforms with distinct functional activities. Alternative splicing not only generates
products with different subcellular localization (membrane associated versus sol-
uble proteins; nuclear versus cytoplasmic) but also produces proteins with dif-
ferent, and often antagonistic functional activities. Molecular analyses of these cell
death genes suggest fundamental importance of alternative splicing in regulating
PCD. However, molecular mechanisms controlling the alternative splicing of these
PCD genes remain unclear. Recent studies using model systems have initiated
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molecular dissection of the link between alternative splicing and PCD regulation.
These studies are only the beginning, given the wide variety of functionally
distinct proteins generated by alternative splicing. A global landscape of alterna-
tive splicing patterns as well as molecular mechanisms involved in cell death
regulation await further investigation using multidimensional and combinatorial
approaches. Due to the complex regulatory networks that work in harmony to
control cell fate and cell differentiation, mutations affecting one pathway can have
far reaching consequences at the cellular, multicellular, and tissue levels. There-
fore, elucidating regulatory mechanisms underlying functionally important alter-
native splicing events will not only help us understand pathogenetic mechanisms
of human diseases caused by splicing defects but also provide molecular insights
into designing new cancer therapies by targeting aberrant or defective splicing.
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Abstract

Alterations in pre-mRNA splicing can have profound effects on gene expression
and lead to cellular transformation. Oligonucleotide therapeutics are drugs that
manipulate gene expression and improve the disease state. Antisense oligonu-
cleotides hybridize with a target mRNA to downregulate gene expression via an
RNase H-dependent mechanism. Additionally, RNase H-independent splice
switching oligonucleotides (SSO) modulate alternative or aberrant splicing, to
favor the therapeutically relevant splicing product. This chapter summarizes the
progress made in the application of these oligonucleotide drugs in the treatment
of cancer.
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1 Introduction

Recent estimates state that over 90 % of the approximately 26,000 human genes
undergo alternative splicing [1–3], yielding a vast protein diversity from a limited
number of genes. However, dysregulation of this process can affect cellular events
such as induction of apoptosis and proliferation, which may contribute to the
development of cancer. In addition, several cancer-associated genes are naturally
alternatively spliced and, in cancer, splicing is shifted in favor of the anti-apoptotic
form [4, 5]. Antisense oligonucleotides can be used to target the transcripts gen-
erated from oncogenes for destruction via RNase H, constituting a gene-specific
treatment for cancer. In a more powerful approach, alternative or aberrant splicing
can be manipulated by RNase H-independent, steric blocking antisense molecules,
termed splice switching oligonucleotides (SSO), resulting in the upregulation of
favorable splice variants, and the simultaneous downregulation of the detrimental
forms, thus providing potentially greater clinical benefits [6–10]. In this chapter,
we review oligonucleotide drugs, used for the manipulation of alternative/aberrant
splicing and gene downregulation, as cancer therapeutics.

2 Splice Switching Oligonucleotides

SSO are a class of antisense compounds that are used to manipulate alternative
splicing to yield a therapeutic benefit. In general, SSOs can: (1) restore correct
splicing of an aberrantly spliced transcript, (2) manipulate alternative splicing,
yielding upregulation of one splicing isoform, with simultaneous downregulation
of another, and (3) generate a novel splice variant protein that is not naturally
present, but has therapeutic value in a disorder, including malignancy.

Alternative splicing and its regulation have been extensively reviewed else-
where [11–14]. In general, splice site selection is guided by loosely conserved
sequences, namely 50 and 30 splice sites, branch points and polypyrimidine tracts as
well as sequence elements within exons and introns such as exonic splicing
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enhancers (ESE), exonic splicing silencers (ESS), intronic splicing enhancers
(ISE), and intronic splicing silencers (ISS) [15–17]. Selection of alternative splice
sites is determined by competition between the above splice elements for splicing
factors during assembly of spliceosome, a splicing complex composed of up to 100
proteins, and five small nuclear RNAs [18–20].

SSOs bind with high affinity to specific splice elements within the pre-mRNA
(e.g., splice site or ESE) and therefore compete with splicing factors for access to
elements, that help define exons and introns. Thus, the spliceosome is redirected to
the other accessible splice elements and in consequence, the manner in which the
pre-mRNA is spliced is altered. Upon blocking of a splice element by SSOs,
several alternative splicing events may take place, including exon skipping, exon
inclusion, intron retention, or selection of alternative 50 or 30 splice sites (see
Chap. 3).

Early work by Dominski and Kole on aberrant splicing of human thalassemic
pre-mRNA led to initial discovery that blocking an active splice site with an SSO
does not lead to the complete shutdown of splicing in that transcript, but simply
forces the spliceosome to select an alternative splicing pathway [6].

The SSO technology has been applied to a number of pre-mRNAs in cell culture,
in animal models, and most recently in patients. Non-cancer genes that have been
targeted, included b-globin, for the treatment of b-thalassemia [7, 8], SMN2 for the
treatment of spinal muscular atrophy [21], tau for the treatment of dementia [22, 23],
and dystrophin for the treatment of muscular dystrophy [24, 25]. In addition, mor-
pholino (PMO) SSO targeted to the dystrophin pre-mRNA was tested in a clinical
trial for the treatment of patients with Duchenne Muscular Dystrophy [26].

As described in the following section, to be useful as an SSO, an oligonu-
cleotide must be composed of highly modified nucleotides, with biochemical
characteristics distinct from classical antisense compounds.

3 Oligonucleotide Chemistry

3.1 RNAse H-Competent Chemistries (First Generation)

Classical antisense oligonucleotides (ASO) form double-stranded hybrids in which
RNA is digested by RNase H (Fig. 1b1, an enzyme that catalyses endonucleolytic
breakdown of the RNA strand in an RNA/DNA heteroduplex [27–30]. A typical
antisense oligonucleotide molecule is 17–25 nucleotides (nt) in length [31–35],
and since a specific 17nt sequence occurs only once within the human genome,
exhibits exquisite target specificity [36]. Natural phosphodiester oligonucleotides
have poor biodistribution, are quickly degraded by endogenous nucleases, and are
of limited clinical use. Therefore, the ‘‘1st generation’’ phosphorothioate backbone
modification (Fig. 1a1, in which one of non-bridging oxygen atoms of the phos-
phodiester linkage is replaced with a sulfur atom, was introduced to improve the
therapeutic efficacy of antisense compounds [30, 32].
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3.2 RNAse H Non-Competent Chemistries (Second Generation)

Other modifications that improve oligonucleotide performance in vivo, but that do
not support RNase H activation, may also be used as so-called ‘‘2nd generation’’
gapmers, in which a core of RNase H competent DNA-phosphorothioates are
flanked by more highly modified nucleotides (Figs. 1b2 and 1a2–4). Importantly,
fully modified second generation oligonucleotides are ideal for use as SSO
(Fig. 1b3). Thus, these second generation chemistries, developed over the past
20–30 years benefit both the antisense and SSO fields.

Fig. 1 a Oligonucleotide structures: 1 DNA phosphorothioate, 2 2’-O-methyl-oligoribonucleo-
tide (2’OMe), 3 20-O-methoxyethyl oligoribonucleotide (20MOE), 4 locked nucleic acid (LNA), 5
phosphorodiamidate morpholino oligomer (PMO), 6 peptide nucleic acid (PNA), 7 phospho-
roamidate oligoribonucleotide. R = O or S. b Antisense oligonucleotide strategies. 1 Traditional
antisense oligonucleotides utilize RNase H-competent chemistries to mediate degradation of the
RNA in oligonucleotide-mRNA duplex, 2 antisense gapmer oligonucleotides utilize an RNase H-
competent core flanked by more potent and stable RNase H non-competent ends, 3 potent RNase
H-resistant oligonucleotide chemistries are used to sterically block access to RNA without
leading to its degradation. Compounds that block access to pre-mRNA by splicing factors
modulate splicing as splice switching oligomers (SSO). Compounds that block access of
ribosomes to mRNA inhibit translation as translation suppressing oligomers (TSO)
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In contrast to ASOs that downregulate expression of the genes by leading to target
RNA degradation, the SSOs must be sufficiently modified, such that RNase H does
not recognize the RNA:SSO duplex and destroy the pre-mRNA before it can be
spliced. To ensure RNase H non-competence, modified nucleotides must be inclu-
ded such that not more than three contiguous deoxynucleotides are present in the
SSO; this is in contrast to gapmers, which use modified nucleotides to provide
stability and high target affinity by flanking up to 10 nucleotide long RNase H
competent core.

The SSO must also form very stable duplexes with its pre-mRNA targets, a
feature that allows successful competition with natural splicing factors for specific
binding sequences. It must also have a significant therapeutic window, be resistant
to enzymatic degradation in the cellular environment and demonstrate preferable
tissue distribution and pharmacodynamics in the organism [37]. The following
second generation chemistries have thus far shown the above characteristics.

3.2.1 Locked Nucleic Acids
Locked nucleic acids (LNA) contain a methylene group that links the 20-O and 40

position of the ribose ring (Fig. 1a4). The furanose ring is locked into the N-type
conformation, which favors RNA binding, and importantly LNA:RNA duplexes
do not activate RNase H [38, 39]. SSOs containing a uniform phosphorothioate
backbone and alternating LNA/DNA sugars have been shown to be both potent
and persistent modulators of splicing in vivo, especially in the liver, small intes-
tine, and colon [40]. LNA are sometimes referred to as third generation
modifications.

3.2.2 Substitutions at 20 Carbohydrate
Substitutions at the 20-positition of deoxyribose with an O-alkyl groups or Fluorine
renders RNA-oligonucleotide duplexes RNase H non-competent [41]. 20-O-alkyl-
ated oligonucleotides, such as the common 20-O-methyl (20OMe) (Fig. 1a2), have
higher affinity toward their targets and are resistant to nuclease degradation [41].
The 20-O-methoxyethyl (MOE) oligonucleotides (Fig. 1a3) have demonstrated
significant target affinity and high efficiency as ASO and SSO in cell culture [21,
42], in mice [43, 44], and in patients with familial cholesterolemia [45].

3.2.3 Morpholino Oligomers
Morpholino oligomers (PMO) are RNA-based molecules, in which the ribose is
replaced with a 6-membered morpholine ring, and which contain phosphorodiam-
idate linkages that eliminate backbone charge [46] (Fig. 1a5). PMOs are highly
nuclease resistant and have good affinity, which results in effective blocking of AUG
start codons in eukaryotic cells [47], in zebrafish [48], in bacteria-infected mice [49,
50], and in cynomolgus monkeys where PMO-based drugs eliminated infection by
deadly hemorrhagic Ebola and Marburg viruses [51]. PMOs also act as potent SSOs,
yielding significant increases in b-globin production in erythropoietic progenitor
cells in thalassemic mice in vivo [8], and restoring dystrophin in humans [26] and
muscle function and strength in a mouse model of muscular dystrophy [25].
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3.2.4 Peptide Nucleic Acids
The bases of peptide nucleic acids (PNAs) are connected by a non-cyclic peptide-
like backbone (Fig. 1a6). They have high affinity toward their mRNA targets, are
neutral, do not activate RNase H and are both peptidase and nuclease resistant.
PNAs can be used both as gene expression inhibitors, as transcription and trans-
lation blocking agents, and as SSOs; their splice correction efficiency was sig-
nificantly improved by placing positively charged amino acid modifications at the
30 end [44, 52].

3.2.5 Phosphoramidates
In a N30-P50 phosphoramidate oligonucleotide the 30 oxygen linking the ribose to the
phosphorus is replaced by a nitrogen [53] (Fig. 1a7). This modification renders the
compound RNase H and nuclease resistant [54] and allows formation of stable
duplexes with target RNA [53]. Oligonucleotides were shown to have a good bio-
availability and biodistribution, while being non-toxic in mice [55]. However, there
is no evidence that they are effective in modulating splicing in vivo.

4 Positive Readout Assay for Antisense
Oligonucleotide Activity

The assay, developed in Kole laboratory, is based on a transgenic mouse that
ubiquitously expresses the coding sequence for enhanced green fluorescence
protein (EGFP) interrupted by an aberrantly spliced intron 2 of human b-globin,
such that basal expression of EGFP protein is essentially zero [44]. The aberrant
splicing is induced by a thalassemic IVS2-654 mutation. Delivery to the nuclei of
the cells of SSO targeting the 654 mutation (SSO-654) results in correctly spliced
mRNA with restored EGFP reading frame, which renders the cells fluorescent and
provides a positive readout of nuclear oligonucleotide activity.

Development of EGFP-654 transgenic mouse allowed efficacy comparison in
vivo of SSO-654 with different oligonucleotide chemistries: 20OMe, MOE, mor-
pholino, PNA, and LNA [40, 44]. We found that MOE and PNA were active in
vivo in several tissues, with highest activity in the liver and small intestine. LNA
were potent in the liver, small intestine, and colon. Interestingly, in contrast to
MOE and PNA, LNA functional distribution was limited to these organs.

5 Splice Switching Oligonucleotide Targets in Cancer

5.1 Bcl-x (BCL2L1)

Bcl-x is a member of the Bcl-2 family of genes involved in regulating apoptosis,
which has been a major focus of cancer research [56]. The bcl-x pre-mRNA
undergoes alternative splicing giving rise to two protein isoforms with opposing
functions (Fig. 2a). The longer, anti-apoptotic bcl-xL, and the shorter,
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pro-apoptotic bcl-xS are produced by splicing at the proximal 50 splice site of exon
two, while bcl-xS is produced by splicing at the distal (upstream) 50 splice site of
exon 2 [57]. Bcl-xL promotes cell survival by sequestering the pro-apoptotic
molecules Bak and Bax. Bcl-xS is thought to promote apoptosis by interacting
with Bcl-xL, as well as the anti-apoptotic Bcl-2 protein, thereby freeing Bax and
Bak to carry out their apoptotic function [58–60]. Overexpression of bcl-xL
enables tumor cells to escape apoptosis and leads to resistance to chemothera-
peutic agents [61]. Not surprisingly, bcl-xL overexpression is common in
numerous cancers including multiple myeloma [62], small cell lung carcinoma

Fig. 2 Applications of SSOs
in cancer. a Manipulation of
Bcl-x alternative splicing
switches production from
anti-apoptotic Bcl-xL to pro-
apoptotic Bcl-xS.
b Modification of Her2
splicing leads to the
production of a novel splice
variant, D15HER2, that acts
as a dominant-negative
soluble decoy receptor.
c Blocking intronic splicing
silencer elements switches
mRNA splicing from aberrant
FGFR1b, a variant expressed
predominantly in malignant
tissues, to the normal FGFR
variant that encodes the a
exon. See text for details.
d Correction of aberrant
splicing in the ATM gene
leads to production of
functional protein ATM
protein. e Modification of
PSMA splicing switches
production from membrane-
bound PSMA protein, which
is expressed predominantly in
malignant prostate tissue, to
PSM0, a variant that lacks the
transmembrane domain but
retains enzymatic activity and
is expressed predominantly in
normal prostate epithelium.
See text for details
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[63], breast cancer [64], prostate cancer [65], and hepatocellular carcinoma [66].
Recent data show that bcl-xL is essential for survival of a large fraction of all
cancers [67]. Furthermore, bcl-xL expression has correlated with reduced sensi-
tivity to chemotherapeutic agents [61] and in some cases is actually induced by
chemotherapy, protecting residual cancer cells and setting the stage for re-emer-
gence of metastatic cancer [68].

Bcl-x is an attractive target for SSOs because for each molecule of pre-mRNA
that is affected, an anti-apoptotic Bcl-xL is replaced with a pro-apoptotic Bcl-xS.
The resulting pool of bcl-xS protein is then capable of counteracting bcl-xL and
bcl-2 [65, 69, 70]. Previous studies have validated bcl-x as an appropriate cancer
target for ASOs that activate RNase H-mediated degradation [71–73]. However,
by simultaneously upregulating one pro-apoptotic bcl-xS protein and downregu-
lating one bcl-xL protein for each pre-mRNA affected, an SSO approach was
predicted to be more potent than traditional downregulating ASOs. SSOs were
designed to the proximal 50 splice site of bcl-x pre-mRNA to block splicing at this
site and induce splicing at the distal 50 site. Treatment of various cancer cell lines
with these SSOs caused a decrease in bcl-xL mRNA and protein, and a con-
comitant increase in bcl-xS mRNA and protein [65]. These effects were both dose-
dependent and sequence specific.

Bcl-x SSO was also more effective than classical ASOs at inducing apoptosis,
particularly in PC3 cells [65]. Similarly, bcl-x SSO sensitized MCF7 and A159
cells to apoptosis induced by chemotherapeutic agents or UV radiation [65, 69,
74]. Of note, the potency of bcl-x SSOs correlated with the level of bcl-xL
expression, indicating that the therapeutic effects of the SSO are more profound in
those cells overexpressing bcl-xL [69].

SSO-induced shift from Bcl-xL to Bcl-xS was recently shown to reduce tumor
burden in vivo in a mouse model of melanoma lung metastases. Bcl-x SSO was
systemically delivered using a lipid nanoparticles and was evidently taken up by
B16F10 tumor xenografts that were lodged in the lungs after i.v. injection.
Nanoparticle alone or formulated with a control SSO had no effect. This was the
first demonstration of SSO efficacy in tumors in vivo [70].

5.2 HER2

HER2 is a member of the epidermal growth factor receptor (EGFR) family of
receptor tyrosine kinases. EGFR family members are comprised of three functional
domains: an extracellular ligand-binding domain, a transmembrane domain, and an
intracellular tyrosine kinase domain. Ligand-binding to a monomeric receptor
promotes homo- or hetero-dimerization, which leads to auto- or trans-phosphor-
ylation in the cytoplasmic domain and downstream signaling, primarily through
mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (Akt) pathways [75]. Therefore, EGFR receptors play
critical roles in cell proliferation, differentiation and survival, and deregulation of
EGFR receptors has been implicated in numerous types of tumors. HER2 is
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amplified and/or overexpressed in many human malignancies, including 25–30 %
breast cancers [76].

The transmembrane domain of HER2 is encoded by a single exon, exon 15
(TM, Fig. 2b). Screening a series of MOE SSOs identified SSO111 that induced
exon 15 skipping in a sequence-specific, dose-dependent manner, thereby down-
regulating full-length HER2 while producing a novel splice variant lacking the
transmembrane domain, D15HER2 [77]. In SK-BR-3 human breast cancer cells,
which highly express HER2, SSO111-induced splice switching potently inhibited
cell growth and induced apoptosis. This effect was less pronounced in MCF7 cells,
in which HER2 expression is 100-fold lower, despite the fact that splice switching
was still observed, confirming that SSO111-induced growth inhibition was HER2-
dependent. This was consistent with the previously reported correlation of SSO
potency with increased target gene expression [69]. It also indicates that tumors
highly expressing HER2 would be more sensitive to SSO treatment than sur-
rounding healthy tissue. It was further demonstrated that His-tagged D15HER2
protein potently downregulated HER2 protein expression and inhibited HER3
activation in dose-dependent manner in SK-BR-3 cells [77].

5.3 FGFR1

Fibroblast growth factor receptor 1 (FGFR1) belongs to a family of tyrosine kinases
that bind FGFs play a role in cellular proliferation and differentiation. FGFR1 is one
of the most frequently amplified genes in large number of cancers [67]. Alternative
splicing of FGFR1 leads to numerous splicing isoforms with different ligand affin-
ities. FGFR1b, produced by skipping of the a-exon, exhibits increased ligand affinity
and altered subcellular localization. Upregulation of FGFR1b is associated with
pancreatic cancer [78], breast cancer [79], and glioblastoma [80]. In FGFR1 pre-
mRNA, the a-exon is flanked on either side by ISS sequences, ISS1 and ISS2 [81].
A recent report sought to block recruitment of trans-splicing factors. Morpholino
SSOs targeted to either ISS resulted in a-exon inclusion in a dose-dependent,
sequence-specific manner in various cell lines (Fig. 2c). Interestingly, simultaneous
targeting of SSOs to ISS1 and ISS2 had no additive effect, suggesting these splicing
elements contribute to a common mechanism. SSO treatment had no effect on cell
viability of U251 glioblastoma cells although it did result in upregulation of acti-
vated caspase-3 and caspase-7 [82].

5.4 ATM

Ataxia telangiectasia (AT) is a progressive autosomal recessive disease resulting
from mutations in the ATM gene. ATM encodes a serine-threonine kinase
involved in cell cycle checkpoint control, DNA damage repair and apoptosis, and
is a potent tumor suppressor [83]. In addition to neurological symptoms, AT
patients are predisposed to leukemia and lymphomas [84]. Heterozygote carriers,
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although generally asymptomatic, also have increased risk of breast cancer [85].
Most AT patients do not express detectable levels of active ATM protein, due to
point mutations, half of which disrupt proper pre-mRNA splicing. A subset of
patients with low levels (5–20 %) of wild type ATM exhibit milder phenotypes,
suggesting that even a modest increase in ATM protein expression could have a
therapeutic effect [86].

Approximately 50 % of ATM mutations affect splicing, usually altering less
conserved sequences surrounding splice sites or creating novel splice sites [87]. A
recent report utilized SSOs to correct splicing in cell lines carrying three types of
splicing mutations: an exonic 50 cryptic splice site in TAT[C] cells, an exonic 30

splice site in IRAT9 cells, and a pseudoexon inclusion in AT203LA cells [88].
Treatment of each cell line with 25-mer morpholino SSOs targeted to mutation-
activated cryptic splice sites restored correct splicing of ATM 20–55 % in a dose-
dependent and sequence-specific manner (Fig. 2d). Furthermore, SSO treatment
resulted in the expression of kinase-active ATM protein [88].

5.5 PSMA

Prostate-specific membrane antigen (PSMA) is a type II glycoprotein encoded by
the folate hydrolase (FOLH1) gene. PSMA has been extensively studied because it
is highly expressed in cancerous prostate tissue and non-prostate tumor neovas-
culature. SSOs targeted to FOLH1 pre-mRNA were used to shift splicing from the
full-length PSMA to three different splice variants: the cytoplasmic PSM0 alter-
natively spliced at exon 1 (Fig. 2e), and two other isoforms, PSMAD6 and
PSMAD18, which lack exons six and eight respectively [89]. While the PSM0

isoform was demonstrated to retain enzymatic activity, PSMAD6 and PSMAD18
were inactive. Although the role of PSMA in prostate cancer is unclear, the
presence of the cytoplasmic MXXXL internalization motif and demonstrated
ability to internalize in response to ligand binding suggest PSMA may act as a
receptor or transport protein [90, 91].

6 Other Applications of SSO Technology

6.1 ESSENCE

Point mutations that affect splicing frequently result in exon exclusion, which is
not always amenable to correction by antisense SSOs alone [92]. Exon-specific
splicing enhancement by small chimeric effectors (ESSENCE) is a PNA oligo-
nucleotide-based approach designed to enhance the inclusion of a targeted,
alternatively or aberrantly spliced exon into the spliced mRNA. This technology is
based on manipulating the function of ESEs [93]. An ESSENCE PNA oligonu-
cleotide contains a covalently bound peptide RS domain at the 30 end designed to
mimic SR proteins known to bind ESEs. This oligonucleotide bound internally to
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the exon targeted for inclusion is expected to promote SR-protein-mediated exon
definition and enhance exon inclusion into mature mRNA.

ESSENCE was used to correct splicing BRCA1 exon 18, which requires rec-
ognition of an intact ESE by the SR protein SF2/ASF. A point mutation, present in
some breast and ovarian cancers, disrupts the ESE in exon 18 of BRCA1, causing
its exclusion from the mature mRNA transcript [94, 95]. Using ESSENCE, Car-
tegni and Kramer corrected splicing of BRCA1 exon 18 in a specific, dose-
dependent manner, restoring splicing to wild type levels [96]. Interestingly, oli-
gonucleotide alone also induced an intermediate level of exon inclusion, albeit at
lower levels than when the tethered splicing enhancer was included.

ESSENCE has also been applied to modify the splicing of bcl-x [97]. A PNA
oligonucleotide was conjugated to an eight-amino acid SR domain and targeted to
a region of bcl-x pre-mRNA that does not encode splicing regulatory sequences.
Bcl-x ESSENCE caused a dose-dependent increase in the bcl-xS:bcl-xL ratio in
HeLa cells. In addition, treatment of HeLa cells with bcl-x ESSENCE triggered
apoptosis as indicated by Annexin V staining.

6.2 TOSS

Targeted oligonucleotide silencers of splicing (TOSS) take advantage of the
specificity of oligonucleotides-based approaches combined with the interfering
capacity of protein or complexes bound near splice sites. This strategy employs an
oligonucleotide with a 50 or 30 extension that is recognized by hnRNP A1/A2
proteins, which strongly inhibits splicing at the targeted splice site [98].

TOSS was first used to alter splicing of bcl-x in favor of the pro-apoptotic bcl-
xS [98]. In cell culture, an oligonucleotide targeted just upstream of the proximal, -
xL 50 splice site, alone did not alter splicing. Delivery of TOSS, containing the
consensus-binding sequence for hnRNP A1, resulted in a dose-dependent increase
in the ratio of bcl-xS to bcl-xL. Of note, hnRNP A1/A2 proteins are typically
highly expressed in tumor cells as opposed to normal cells, a feature that could be
exploited by TOSS in cancer therapy [99].

7 RNA Interference

RNA interference (RNAi) is the oligonucleotide-based strategy of targeting
mRNA for degradation with short double-stranded RNA molecules [100–102]. In
this process exogenous double-stranded RNA molecules are processes by Dicer, a
protein complex containing endonuclease, into 21–22 nucleotide double-stranded
small interfering RNA (siRNA) [103–105]. The siRNAs themselves may also be
directly delivered to the cytoplasm of cells, or expressed as short hairpin RNA, or
shRNA that is processed to an siRNA and integrated into the RNA-induced
silencing complex (RISC). Subsequently, RISC cleaves the target mRNA [102,
105, 106], which as a result, is silenced.
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Numerous studies in cultured mammalian cell lines focused on the use of siRNA
in treating cancer and other diseases [107–110]. Additionally, several pre-clinical
studies using siRNA against cancer targets have been reported. ALN-VSP01 was
developed for the treatment of liver cancers and potentially other solid tumors
(www.alnylam.com). With a liposomal formulation, ALN-VSP01 is comprised of
two siRNAs, targeting vascular endothelial growth factor (VEGF), and kinesin
spindle protein (KSP), respectively. These two genes are involved in distinct path-
ways of tumor pathology, cell proliferation, and angiogenesis in a broad range of
cancers. ALN-VSP01 delivered to the liver caused silencing of both VEGF and KSP
expression in the liver, and stopped cancer cell growth in vitro. Importantly, RNAi is
being used as a tool for the discovery and validation of cancer gene targets [111].

Because naked siRNA is quickly degraded by serum nucleases in vivo, many
groups have focused on improving siRNA delivery [112]. CALAA-01 is an
experimental therapeutic comprised of siRNA targeted to ribonucleotide reductase
subunit 2 (RRM2) formulated in a targeted nanoparticle [113]. A Phase I clinical
trial with CALAA-01 was initiated in 2008. An interim analysis of the trial
indicated that CALAA-01 demonstrated a true RNAi mechanism in humans for the
first time [114].

RNAi technology has also entered clinical trials for the treatment of Respiratory
Syncytial Virus, and promising studies in non-human primates show that siRNAs
may be effective cholesterol lowering agents, by targeting APOB100 [115].

8 Inhibition of Translation Initiation and Other
Antisense Approaches

Several types of oligonucleotide analogs have been used to inhibit translation
initiation, and thus downregulate expression of the target gene. PMO oligomers
that span the AUG start codon have been effectively used to downregulate ther-
apeutic gene targets, including c-myc [47] and TNF-a [116], by preventing ribo-
somal assembly on the mRNA. Phosphoramidates have also proven to be effective
translation inhibitors, yielding downregulation of the cancer targets c-myc and bcl-
2 in cell culture and in mice [55, 117–119].

Downregulation of gene expression via RNA degradation can be also achieved
by direct application of protein ribonucleases, such as onconase and bovine
seminal-RNase, or ribozymes and DNazymes. These strategies have been exten-
sively reviewed by Tafech and colleagues [120].

9 Antisense-Based Therapeutics in Cancer
Clinical Trials

To date, only RNase H competent first and second generation ASO have entered
clinical trials for the treatment of cancer. Below is a summary of these compounds.
Note that although the first generation oligonucleotides have reached Phase III
clinical trials in some instances, it appears that the second generation molecules,
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with their superior chemistry, are poised to outperform the first generation
phosphorothioates as therapeutics.

9.1 First Generation: Phosphorothioate DNA Oligonucleotides

9.1.1 Oblimersen Sodium (G3139, Genasense, from Genta)
Oblimersen Sodium is a clinically advanced first generation 18-mer phosphoro-
thioate oligonucleotide [121], that is complementary to the first six codons of bcl-
2, a well-characterized oncogene [122, 123]. Between July 2000 and February
2003, the largest randomized phase III trial in advanced melanoma was conducted,
in which 771 patients with irresectable stage III or stage IV melanoma were
randomly assigned to receive dacarbazine alone or preceded by Oblimersen
treatment [124]. The combination of Oblimersen/dacarbazine slightly improved
survival compared to the dacarbazine alone (median, 9.0 vs. 7.8 months;
P = .077), and improved secondary end points. Importantly, patients with normal
LDH level exhibited significantly improved multiple clinical outcomes to the
addition of Oblimersen compared to patients with elevated LDH.

Recently, results of a randomized phase III trial of chemotherapy (fludarabine
plus cyclophosphamide) with or without Oblimersen in 241 patients with relapsed
or refractory chronic lymphocytic leukemia (CLL) were reported [125]. Addition
of Oblimersen to chemotherapy increased CR/nPR from 7 to 17 % (P = .025).
Overall, this trial met its intent-to-treat primary endpoint, and demonstrated that
Oblimersen can improve the outcomes of standard CLL chemotherapy.

9.1.2 Trabedersen (AP 12009, From Antisense Pharma)
Trabedersen is a PS ASO targeted to the cytokine transforming growth factor-b,
the overexpression of which is a hallmark of various cancers, including pancreatic
carcinoma, malignant glioma, metastatic melanoma, and metastatic colorectal
carcinoma. In randomized, open-label, dose-finding phase IIb study, Trabedersen
was administered intratumorally by convection-enhanced delivery in patients with
recurrent/refractory high-grade glioma. Median survival of patients treated with
10 lM Trabedersen following recurrence was 39.1 months compared 21.7 months
for those treated with chemotherapy standard of care; however, this difference was
no statistically significant [126]. A randomized, controlled international Phase III
study was initiated in March 2009 and will compare trabedersen 10 microM versus
conventional alkylating chemotherapy in patients with recurrent or refractory
anaplastic astrocytoma after standard radio- and chemotherapy [127]. (Table 1)

9.2 Second Generation: Phosphorothioate Gapmers

Antisense drugs that incorporate second generation chemistries have more promise
of success than first generation compounds clinically. Below is a summary of these
second generation drugs.
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9.2.1 OGX-011 (from OncoGeneX/ISIS)
OGX-011 is a second generation (i.e. phosphorothioate backbone with 20-MOE
modifications on the four nucleotides at the 30 and 50 end) 21-mer gapmer ASO
targeting the translation-initiation site of clusterin, a cell survival gene associated
with the development of hormone and drug resistance [128]. In phase II study of
OGX-011in combination with docetaxel/prednisone in patients with metastatic
prostate cancer OGX-011 treatment resulted in 26 % decline in target clusterin
versus 0.9 % increase without the drug. Although the treatment translated into
significant reduction in PSA, the declines were similar in treatment and control
groups (50 and 54 % respectively). More encouraging results were observed,
however, in patient survival. Progression-free survival was extended by 20 %
(6.1–7.3 months) and overall survival by 41 % (16.9–23.8 months). Overall, the
treatment with OGX-011 and docetaxel was well-tolerated and sufficiently
promising to warrant further studies [129].

9.2.2 SPC2996 (from Santaris Pharma)
SPC2996 is a second generation ASO gapmer with LNA modifications at the 30

and 50 end. By targeting Bcl-2, SPC2996 showed strong induction of apoptosis and
inhibition of proliferation in vitro and exhibited tumor growth inhibition both as a
single agent and in combination with chemotherapy in mouse models. SPC2996 is
currently in phase I/II clinical study for CLL. Preliminary results have shown
evidence of efficacy, including decreased lymphocyte count, decreased bcl-2
expression in lymphocytes, and a beneficial effect on lymph nodes and tumors
(www.santaris.com).

9.2.3 LY2181308 (from Eli Lilly/ISIS)
LY2181308 is a second generation 20-MOE ASO gapmer that potently downreg-
ulates Survivin, an inhibitor of apoptosis protein (IAP), in a broad range of human
tumor cells [130]. Survivin is generally not expressed in normal tissues, but has
been detected at a high level in a broad range of human cancers [131], and elevated
Survivin expression level in cancer patients is associated with lower apoptotic
index in tumor cells and poor prognosis [132]. Phase I trials for LY2181308 have
been initiated against a broad range of human cancers. One phase IB/II study of

Table 1 Clinical evaluation of other first generation antisense oligonucleotides

Drug name Drug target Clinical phase Company

Oblimersen Bcl-2 III Genta

Trabedersen TGF-b III Antisense pharma

LOR-2040 Ribonucleotide reductase II Lorus therapeutics

Archexin AKT-1 II Rexahn pharmaceuticals
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LY2181308 in patients with advanced hepatocellular carcinoma began in 2007.
(Table 2)

References

1. Graveley BR (2001) Alternative splicing: increasing diversity in the proteomic world.
Trends Genet 17:100–107

2. Johnson JM, Castle J, Garrett-Engele P, Kan Z, Loerch PM, Armour CD, Santos R, Schadt
EE, Stoughton R, Shoemaker DD (2003) Genome-wide survey of human alternative pre-
mRNA splicing with exon junction microarrays. Science 302:2141–2144

3. Modrek B, Lee C (2002) A genomic view of alternative splicing. Nat Genet 30:13–19
4. Kalnina Z, Zayakin P, Silina K, Line A (2005) Alterations of pre-mRNA splicing in cancer.

Genes Chromosomes Cancer 42:342–357
5. Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, Mayr C, Kingsmore SF, Schroth

GP, Burge CB (2008) Alternative isoform regulation in human tissue transcriptomes. Nature
456:470–476

6. Dominski Z, Kole R (1993) Restoration of correct splicing in thalassemic pre-mRNA by
antisense oligonucleotides. Proc Natl Acad Sci U S A 90:8673–8677

7. Suwanmanee T, Sierakowska H, Lacerra G, Svasti S, Kirby S, Walsh C, Fucharoen S, Kole
R (2002) Restoration of human beta-globin gene expression in murine and human Ivs2-654
thalassemic erythroid cells by free uptake of antisense oligonucleotides. Mol Pharmacol
62:545–553

Table 2 Clinical evaluation of other second generation antisense oligonucleotides

Drug name Drug target Chemistry Clinical
phase

Company

Custirsen Clusterin 20-O-MOE
gapmer

II ISIS pharmaceuticals

LY2181308 Survivin 20-O-MOE
gapmer

II Eli Lily/ISIS

AEG35156 X-IAP 20-OMe gapmer II Aegera therapeutics

OGX-427 Heat shock protein 27 20-O-MOE
gapmer

I OncoGeneX

LY2275796 eIF-4E 20-O-MOE
gapmer

I Eli Lily/ISIS

SPC2996 Bcl-2 LNA gapmer I Santaris
pharmaceuticals

EZN2968 Hypoxia inducing factor
1-a

LNA gapmer I Enzon
pharmaceuticals

EZN3042 Survivin LNA gapmer I Enzon
pharmaceuticals

CALAA-01 Ribonucleotide reductase siRNA/
nanoparticle

I Colando
pharmaceuticals

Oligonucleotide Therapeutics in Cancer 227



8. Svasti S, Suwanmanee T, Fucharoen S, Moulton HM, Nelson MH, Maeda N, Smithies O,
Kole R (2009) RNA repair restores hemoglobin expression in IVS2-654 thalassemic mice.
Proc Natl Acad Sci U S A 106:1205–1210

9. Garcia-Blanco MA, Baraniak AP, Lasda EL (2004) Alternative splicing in disease and
therapy. Nat Biotechnol 22:535–546

10. Faustino NA, Cooper TA (2003) Pre-mRNA splicing and human disease. Genes Dev
17:419–437

11. Pajares MJ, Ezponda T, Catena R, Calvo A, Pio R, Montuenga LM (2007) Alternative
splicing: an emerging topic in molecular and clinical oncology. Lancet Oncol 8:349–357

12. Matlin AJ, Clark F, Smith CW (2005) Understanding alternative splicing: towards a cellular
code. Nat Rev Mol Cell Biol 6:386–398

13. Cartegni L, Chew SL, Krainer AR (2002) Listening to silence and understanding nonsense:
exonic mutations that affect splicing. Nat Rev Genet 3:285–298

14. Spellman R, Rideau A, Matlin A, Gooding C, Robinson F, McGlincy N, Grellscheid SN,
Southby J, Wollerton M, Smith CW (2005) Regulation of alternative splicing by PTB and
associated factors. Biochem Soc Trans 33:457–460

15. Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR (2003) ESE finder: a web resource to
identify exonic splicing enhancers. Nucleic Acids Res 31:3568–3571

16. Zhang XH, Heller KA, Hefter I, Leslie CS, Chasin LA (2003) Sequence information for the
splicing of human pre-mRNA identified by support vector machine classification. Genome
Res 13:2637–2650

17. Fairbrother WG, Yeh RF, Sharp PA, Burge CB (2002) Predictive identification of exonic
splicing enhancers in human genes. Science 297:1007–1013

18. Wang Y, Selvakumar M, Helfman D (1997) In: Krainer A (ed) Eukaryotic mRNA
processing. Oxford University Press, New York, pp 242–278

19. Wang YC, Selvakumar M, Helfman D (1997) Alternative pre-mRNA splicing. In:
Eukaryotic mRNA processing. Oxford University Press, New York, pp 242–279

20. Herbert A, Rich A (1999) RNA processing and the evolution of eukaryotes. Nat Genet
21:265–269

21. Hua Y, Sahashi K, Hung G, Rigo F, Passini MA, Bennett CF, Krainer AR (2010) Antisense
correction of SMN2 splicing in the CNS rescues necrosis in a type III SMA mouse model.
Genes Dev 24:1634–1644

22. Donahue CP, Muratore C, Wu JY, Kosik KS, Wolfe MS (2006) Stabilization of the tau exon
10 stem loop alters pre-mRNA splicing. J Biol Chem 281:23302–23306

23. Kalbfuss B, Mabon SA, Misteli T (2001) Correction of alternative splicing of tau in front
temporal dementia and parkinsonism linked to chromosome 17. J Biol Chem 276:42986–42993

24. Lu QL, Rabinowitz A, Chen YC, Yokota T, Yin H, Alter J, Jadoon A, Bou-Gharios G,
Partridge T (2005) Systemic delivery of antisense oligoribonucleotide restores dystrophin
expression in body-wide skeletal muscles. Proc Natl Acad Sci U S A 102:198–203

25. Goyenvalle A, Babbs A, Powell D, Kole R, Fletcher S, Wilton SD, Davies KE (2010)
Prevention of dystrophic pathology in severely affected dystrophin/utrophin-deficient mice
by morpholino-oligomer-mediated exon-skipping. Mol Ther 18:198–205

26. Kinali M, Arechavala-Gomeza V, Feng L, Cirak S, Hunt D, Adkin C, Guglieri M, Ashton E,
Abbs S, Nihoyannopoulos P et al (2009) Local restoration of dystrophin expression with the
morpholino oligomer AVI-4658 in Duchenne muscular dystrophy: a single-blind, placebo-
controlled, dose-escalation, proof-of-concept study. Lancet Neurol 8:918–928

27. Crooke S (2001) Antisense drug technology. Marcel Dekker, New York
28. Sazani P, Kole R (2003) Therapeutic potential of antisense oligonucleotides as modulators

of alternative splicing. J Clin Invest 112:481–486
29. Koch T, Orum H (2008) In: Crooke ST (ed) Antisense drug technology, 2nd edn. CRC

Press, Boca Raton
30. Lee LK, Roth CM (2003) Antisense technology in molecular and cellular bioengineering.

Curr Opin Biotechnol 14:505–511
31. Friedrich I, Shir A, Klein S, Levitzki A (2004) RNA molecules as anti-cancer agents. Semin

Cancer Biol 14:223–230

228 J. Wan et al.



32. Jason TL, Koropatnick J, Berg RW (2004) Toxicology of antisense therapeutics. Toxicol
Appl Pharmacol 201:66–83

33. Kurreck J (2003) Antisense technologies. Improvement through novel chemical
modifications. Eur J Biochem 270:1628–1644

34. Pirollo KF, Rait A, Sleer LS, Chang EH (2003) Antisense therapeutics: from theory to
clinical practice. Pharmacol Ther 99:55–77

35. Stahel RA, Zangemeister-Wittke U (2003) Antisense oligonucleotides for cancer therapy-an
overview. Lung Cancer 41(Suppl 1):S81–S88

36. Gleave ME, Monia BP (2005) Antisense therapy for cancer. Nat Rev Cancer 5:468–479
37. Sazani P, GM, Kole R (2007) Antisense drug technology. CRC Press Taylor & Francis

Group, Boca Raton, FL USA, pp 89–114
38. Orum H, Wengel J (2001) Locked nucleic acids: a promising molecular family for gene-

function analysis and antisense drug development. Curr Opin Mol Ther 3:239–243
39. Torigoe H, Hari Y, Sekiguchi M, Obika S, Imanishi T (2001) 2’-O,40-C-methylene bridged

nucleic acid modification promotes pyrimidine motif triplex DNA formation at
physiological pH. Thermodynamic and kinetic studies. J Biol Chem 276:2354–2360

40. Roberts J, Palma E, Sazani P, Orum H, Cho M, Kole R (2006) Efficient and persistent splice
switching by systemically delivered Lna oligonucleotides in mice. Mol Ther 14:471–475

41. Manoharan M (1999) 20-carbohydrate modifications in antisense oligonucleotide therapy:
importance of conformation, configuration and conjugation. Biochim Biophys Acta 1489:117–130

42. Sazani P, Astriab-Fischer A, Kole R (2003) Effects of base modifications on antisense
properties of 20-O-methoxyethyl and PNA oligonucleotides. Antisense Nucleic Acid Drug
Dev 13:119–128

43. Zhang H, Cook J, Nickel J, Yu R, Stecker K, Myers K, Dean NM (2000) Reduction of liver
Fas expression by an antisense oligonucleotide protects mice from fulminant hepatitis. Nat
Biotechnol 18:862–867

44. Sazani P, Gemignani F, Kang SH, Maier MA, Manoharan M, Persmark M, Bortner D, Kole
R (2002) Systemically delivered antisense oligomers upregulate gene expression in mouse
tissues. Nat Biotechnol 20:1228–1233

45. Raal FJ, Santos RD, Blom DJ, Marais AD, Charng MJ, Cromwell WC, Lachmann RH,
Gaudet D, Tan JL, Chasan-Taber S et al (2010) Mipomersen, an apolipoprotein B synthesis
inhibitor, for lowering of LDL cholesterol concentrations in patients with homozygous
familial hypercholesterolemia: a randomized, double-blind, placebo-controlled trial. Lancet
375:998–1006

46. Summerton J (1999) Morpholino antisense oligomers: the case for an RNase H-independent
structural type. Biochim Biophys Acta 1489:141–158

47. Hudziak RM, Summerton J, Weller DD, Iversen PL (2000) Antiproliferative effects of steric
blocking phosphorodiamidate morpholino antisense agents directed against c-myc.
Antisense Nucleic Acid Drug Dev 10:163–176

48. Nasevicius A, Ekker SC (2000) Effective targeted gene ‘knockdown’ in zebrafish. Nat
Genet 26:216–220

49. Greenberg DE, Marshall-Batty KR, Brinster LR, Zarember KA, Shaw PA, Mellbye BL,
Iversen PL, Holland SM, Geller BL (2010) Antisense phosphorodiamidate morpholino
oligomers targeted to an essential gene inhibit Burkholderia cepacia complex. J Infect Dis
201:1822–1830

50. Mellbye BL, Weller DD, Hassinger JN, Reeves MD, Lovejoy CE, Iversen PL, Geller BL
(2010) Cationic phosphorodiamidate morpholino oligomers efficiently prevent growth of
Escherichia coli in vitro and in vivo. J Antimicrob Chemother 65:98–106

51. Warren TK, Warfield KL, Wells J, Swenson DL, Donner KS, Van Tongeren SA, Garza NL,
Dong L, Mourich DV, Crumley S et al (2010) Advanced antisense therapies for post
exposure protection against lethal filovirus infections. Nat Med 16:991–994

52. Sazani P, Kang SH, Maier MA, Wei C, Dillman J, Summerton J, Manoharan M, Kole R
(2001) Nuclear antisense effects of neutral, anionic and cationic oligonucleotide analogs.
Nucleic Acids Res 29:3965–3974

Oligonucleotide Therapeutics in Cancer 229



53. Chen JK, Weith HL, Grewal RS, Wang G, Cushman M (1995) Synthesis of novel
phosphoramidite reagents for the attachment of antisense oligonucleotides to various
regions of the benzophenanthridine ring system. Bioconjug Chem 6:473–482

54. Gee JE, Robbins I, van der Laan AC, van Boom JH, Colombier C, Leng M, Raible AM,
Nelson JS, Lebleu B (1998) Assessment of high-affinity hybridization, RNase H cleavage,
and covalent linkage in translation arrest by antisense oligonucleotides. Antisense Nucleic
Acid Drug Dev 8:103–111

55. Gryaznov SM (1999) Oligonucleotide N30–[P50 phosphoramidates as potential therapeutic
agents. Biochim Biophys Acta 1489:131–140

56. Adams JM, Cory S (2007) The Bcl-2 apoptotic switch in cancer development and therapy.
Oncogene 26:1324–1337

57. Boise LH, Gonzalez-Garcia M, Postema CE, Ding L, Lindsten T, Turka LA, Mao X, Nunez
G, Thompson CB (1993) bcl-x, a bcl-2-related gene that functions as a dominant regulator
of apoptotic cell death. Cell 74:597–608

58. Minn AJ, Boise LH, Thompson CB (1996) Bcl-x(S) antagonizes the protective effects of
Bcl-x(L). J Biol Chem 271:6306–6312

59. Lindenboim L, Borner C, Stein R (2001) Bcl-x(S) can form homodimers and heterodimers
and its apoptotic activity requires localization of Bcl-x(S) to the mitochondria and its BH3
and loop domains. Cell Death Differ 8:933–942

60. Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L, Czabotar PE, Ierino H, Lee EF,
Fairlie WD, Bouillet P et al (2007) Apoptosis initiated when BH3 ligands engage multiple
Bcl-2 homologs, not Bax or Bak. Science 315:856–859

61. Amundson SA, Myers TG, Scudiero D, Kitada S, Reed JC, Fornace AJ Jr (2000) An
informatics approach identifying markers of chemosensitivity in human cancer cell lines.
Cancer Res 60:6101–6110

62. Tu Y, Renner S, Xu F, Fleishman A, Taylor J, Weisz J, Vescio R, Rettig M, Berenson J,
Krajewski S et al (1998) BCL-X expression in multiple myeloma: possible indicator of
chemoresistance. Cancer Res 58:256–262

63. Reeve JG, Xiong J, Morgan J, Bleehen NM (1996) Expression of apoptosis-regulatory genes
in lung tumour cell lines: relationship to p53 expression and relevance to acquired drug
resistance. Br J Cancer 73:1193–1200

64. Olopade OI, Adeyanju MO, Safa AR, Hagos F, Mick R, Thompson CB, Recant WM (1997)
Overexpression of BCL-x protein in primary breast cancer is associated with high tumor
grade and nodal metastases. Cancer J Sci Am 3:230–237

65. Mercatante DR, Bortner CD, Cidlowski JA, Kole R (2001) Modification of alternative
splicing of Bcl-x pre-mRNA in prostate and breast cancer cells. Analysis of apoptosis and
cell death. J Biol Chem 276:16411–16417

66. Watanabe J, Kushihata F, Honda K, Mominoki K, Matsuda S, Kobayashi N (2002) Bcl-xL
overexpression in human hepatocellular carcinoma. Int J Oncol 21:515–519

67. Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, Donovan J, Barretina J,
Boehm JS, Dobson J, Urashima M et al (2010) The landscape of somatic copy-number
alteration across human cancers. Nature 463:899–905

68. Gilbert LA, Hemann MT (2010) DNA damage-mediated induction of a chemoresistant
niche. Cell 143:355–366

69. Mercatante DR, Mohler JL, Kole R (2002) Cellular response to an antisense-mediated shift
of Bcl-x pre-mRNA splicing and antineoplastic agents. J Biol Chem 277:49374–49382

70. Bauman JA, Li SD, Yang A, Huang L, Kole R (2010) Anti-tumor activity of splice-
switching oligonucleotides. Nucleic Acids Res 38:8348–8356

71. Olie RA, Hafner C, Kuttel R, Sigrist B, Willers J, Dummer R, Hall J, Stahel RA,
Zangemeister-Wittke U (2002) Bcl-2 and bcl-xL antisense oligonucleotides induce
apoptosis in melanoma cells of different clinical stages. J Invest Dermatol 118:505–512

72. Guensberg P, Wacheck V, Lucas T, Monia B, Pehamberger H, Eichler HG, Jansen B (2002)
Bcl-xL antisense oligonucleotides chemosensitize human glioblastoma cells. Chemotherapy
48:189–195

230 J. Wan et al.



73. Wacheck V, Selzer E, Gunsberg P, Lucas T, Meyer H, Thallinger C, Monia BP, Jansen B
(2003) Bcl-x(L) antisense oligonucleotides radiosensitive colon cancer cells. Br J Cancer
89:1352–1357

74. Taylor JK, Zhang QQ, Wyatt JR, Dean NM (1999) Induction of endogenous Bcl-xS through
the control of Bcl-x pre-mRNA splicing by antisense oligonucleotides. Nat Biotechnol
17:1097–1100

75. Yarden Y, Sliwkowski MX (2001) Untangling the ErbB signalling network. Nat Rev Mol
Cell Biol 2:127–137

76. Hsieh AC, Moasser MM (2007) Targeting HER proteins in cancer therapy and the role of
the non-target HER3. Br J Cancer 97:453–457

77. Wan J, Sazani P and Kole R (2009) Modification of HER2 pre-mRNA alternative splicing
and its effects on breast cancer cells. Int J Cancer 124:772–777

78. Vickers SM, Huang ZQ, MacMillan-Crow L, Greendorfer JS, Thompson JA (2002) Ligand
activation of alternatively spliced fibroblast growth factor receptor-1 modulates pancreatic
adenocarcinoma cell malignancy. J Gastrointest Surg 6:546–553

79. Luqmani YA, Mortimer C, Yiangou C, Johnston CL, Bansal GS, Sinnett D, Law M,
Coombes RC (1995) Expression of 2 variant forms of fibroblast growth factor receptor 1 in
human breast. Int J Cancer 64:274–279

80. Yamaguchi F, Saya H, Bruner JM, Morrison RS (1994) Differential expression of two
fibroblast growth factor-receptor genes is associated with malignant progression in human
astrocytomas. Proc Natl Acad Sci U S A 91:484–488

81. Jin W, Huang ES, Bi W, Cote GJ (1999) Redundant intronic repressors function to inhibit
fibroblast growth factor receptor-1 alpha-exon recognition in glioblastoma cells. J Biol
Chem 274:28035–28041

82. Bruno IG, Jin W, Cote GJ (2004) Correction of aberrant FGFR1 alternative RNA splicing
through targeting of intronic regulatory elements. Hum Mol Genet 13:2409–2420

83. Kastan MB, Lim DS (2000) The many substrates and functions of ATM. Nat Rev Mol Cell
Biol 1:179–186

84. Gatti RA (1991) Localizing the genes for ataxia-telangiectasia: a human model for inherited
cancer susceptibility. Adv Cancer Res 56:77–104

85. Ahmed M, Rahman N (2006) ATM and breast cancer susceptibility. Oncogene 25:5906–5911
86. Gilad S, Chessa L, Khosravi R, Russell P, Galanty Y, Piane M, Gatti RA, Jorgensen TJ,

Shiloh Y, Bar-Shira A (1998) Genotype-phenotype relationships in ataxia-telangiectasia and
variants. Am J Hum Genet 62:551–561

87. Teraoka SN, Telatar M, Becker-Catania S, Liang T, Onengut S, Tolun A, Chessa L, Sanal
O, Bernatowska E, Gatti RA et al (1999) Splicing defects in the ataxia-telangiectasia gene,
ATM: underlying mutations and consequences. Am J Hum Genet 64:1617–1631

88. Du L, Pollard JM, Gatti RA (2007) Correction of prototypic ATM splicing mutations and
aberrant ATM function with antisense morpholino oligonucleotides. Proc Natl Acad Sci U S
A 104:6007–6012

89. Williams T, Kole R (2006) Analysis of prostate-specific membrane antigen splice variants
in LNCap cells. Oligonucleotides 16:186–195

90. Rajasekaran SA, Anilkumar G, Oshima E, Bowie JU, Liu H, Heston W, Bander NH,
Rajasekaran AK (2003) A novel cytoplasmic tail MXXXL motif mediates the
internalization of prostate-specific membrane antigen. Mol Biol Cell 14:4835–4845

91. Lupold SE, Hicke BJ, Lin Y, Coffey DS (2002) Identification and characterization of
nuclease-stabilized RNA molecules that bind human prostate cancer cells via the prostate-
specific membrane antigen. Cancer Res 62:4029–4033

92. Nakai K, Sakamoto H (1994) Construction of a novel database containing aberrant splicing
mutations of mammalian genes. Gene 141:171–177

93. Sanford JR, Ellis J, Caceres JF (2005) Multiple roles of arginine/serine-rich splicing factors
in RNA processing. Biochem Soc Trans 33:443–446

94. Mazoyer S, Puget N, Perrin-Vidoz L, Lynch HT, Serova-Sinilnikova OM, Lenoir GM
(1998) A BRCA1 nonsense mutation causes exon skipping. Am J Hum Genet 62:713–715

Oligonucleotide Therapeutics in Cancer 231



95. Liu HX, Cartegni L, Zhang MQ, Krainer AR (2001) A mechanism for exon skipping caused
by nonsense or missense mutations in BRCA1 and other genes. Nat Genet 27:55–58

96. Cartegni L, Krainer AR (2003) Correction of disease-associated exon skipping by synthetic
exon-specific activators. Nat Struct Biol 10:120–125

97. Wilusz JE, Devanney SC, Caputi M (2005) Chimeric peptide nucleic acid compounds
modulate splicing of the bcl-x gene in vitro and in vivo. Nucleic Acids Res 33:6547–6554

98. Villemaire J, Dion I, Elela SA, Chabot B (2003) Reprogramming alternative pre-messenger
RNA splicing through the use of protein-binding antisense oligonucleotides. J Biol Chem
278:50031–50039

99. Patry C, Bouchard L, Labrecque P, Gendron D, Lemieux B, Toutant J, Lapointe E,
Wellinger R, Chabot B (2003) Small interfering RNA-mediated reduction in heterogeneous
nuclear ribonucleoparticule A1/A2 proteins induces apoptosis in human cancer cells but not
in normal mortal cell lines. Cancer Res 63:7679–7688

100. Swanton C, Nicke B, Downward J (2004) RNA interference, DNA methylation, and gene
silencing: a bright future for cancer therapy? Lancet Oncol 5:653–654

101. Downward J (2004) RNA interference. Bmj 328:1245–1248
102. Lingel A, Izaurralde E (2004) RNAi: finding the elusive endonuclease. RNA 10:1675–1679
103. Bagasra O, Prilliman KR (2004) RNA interference: the molecular immune system. J Mol

Histol 35:545–553
104. Scherer LJ, Rossi JJ (2003) Approaches for the sequence-specific knockdown of mRNA.

Nat Biotechnol 21:1457–1465
105. Matzke MA, Birchler JA (2005) RNAi-mediated pathways in the nucleus. Nat Rev Genet

6:24–35
106. Rand TA, Ginalski K, Grishin NV, Wang X (2004) Biochemical identification of Argonaute

2 as the sole protein required for RNA-induced silencing complex activity. Proc Natl Acad
Sci U S A 101:14385–14389

107. Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE (2004) siRNA directed against c-
Src enhances pancreatic adenocarcinoma cell gemcitabine chemosensitivity. J Am Coll
Surg 198:953–959

108. Duxbury MS, Matros E, Ito H, Zinner MJ, Ashley SW, Whang EE (2004) Systemic siRNA-
mediated gene silencing: a new approach to targeted therapy of cancer. Ann Surg 240:667–674
(discussion 666–675)

109. Liang Z, Yoon Y, Votaw J, Goodman MM, Williams L, Shim H (2005) Silencing of
CXCR4 blocks breast cancer metastasis. Cancer Res 65:967–971

110. McCarthy BA, Mansour A, Lin YC, Kotenko S, Raveche E (2004) RNA interference of IL-
10 in leukemic B-1 cells. Cancer Immun 4:6

111. Iorns E, Lord CJ, Turner N, Ashworth A (2007) Utilizing RNA interference to enhance
cancer drug discovery. Nat Rev Drug Discov 6:556–568

112. Castanotto D, Rossi JJ (2009) The promises and pitfalls of RNA-interference-based
therapeutics. Nature 457:426–433

113. Davis M (2009) The first targeted delivery of sirna in humans via a self-assembling,
cyclodextrin polymer-based nanoparticle: from concept to clinic. Mol Pharm 6:659–668

114. Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi CA, Yen Y, Heidel JD,
Ribas A (2010) Evidence of RNAi in humans from systemically administered siRNA via
targeted nanoparticles. Nature 464:1067–1070

115. Zimmermann TS, Lee AC, Akinc A, Bramlage B, Bumcrot D, Fedoruk MN, Harborth J,
Heyes JA, Jeffs LB, John M et al (2006) RNAi-mediated gene silencing in non-human
primates. Nature 441:111–114

116. Taylor MF, Weller DD, Kobzik L (1998) Effect of TNF-alpha antisense oligomers on
cytokine production by primary murine alveolar macrophages. Antisense Nucleic Acid
Drug Dev 8:199–205

117. Wang L, Gryaznov S, Nerenberg M (1999) Inhibition of IL-6 in mice by anti-NF-kappaB
oligodeoxyribonucleotide N30– [ oligodeoxyribonnucleotide N30 – [ P50 phosphoramidates.
Inflammation 23:583–590

232 J. Wan et al.



118. Faria M, Spiller DG, Dubertret C, Nelson JS, White MR, Scherman D, Helene C,
Giovannangeli C (2001) Phosphoramidate oligonucleotides as potent antisense molecules in
cells and in vivo. Nat Biotechnol 19:40–44

119. Skorski T, Perrotti D, Nieborowska-Skorska M, Gryaznov S, Calabretta B (1997)
Antileukemia effect of c-myc N30– [ P50 phosphoramidate antisense oligonucleotides in
vivo. Proc Natl Acad Sci U S A 94:3966–3971

120. Tafech A, Bassett T, Sparanese D, Lee CH (2006) Destroying RNA as a therapeutic
approach. Curr Med Chem 13:863–881

121. Kim R, Emi M, Matsuura K, Tanabe K (2007) Antisense and nonantisense effects of
antisense Bcl-2 on multiple roles of Bcl-2 as a chemosensitizer in cancer therapy. Cancer
Gene Ther 14:1–11

122. Reed J (1995) Prevention of apoptosis as a mechanism of drug resistance. Hematol Oncol
Clin North Am 9:451–473

123. Coultas L, Strasser A (2003) The role of the Bcl-2 protein family in cancer. Semin Cancer
Biol 13:115–123

124. Bedikian A, Millward M, Pehamberger H, Al E (2006) Bcl-2 antisense (oblimersen sodium)
plus dacarbazine in patients with advanced melanoma: the oblimersen melanoma study
group. J Clin Oncol 24:4738–4745

125. O’Brien S, Moore J, Boyd T, Al E (2007) Randomized phase III trial of fludarabine plus
cyclophosphamide with or without oblimersen sodium (Bcl-2 antisense) in patients with
relapsed or refractory chronic lymphocytic leukemia. J Clin Oncol 25:1114–1120

126. Bogdahn U, Hau P, Stockhammer G, Venkataramana NK, Mahapatra AK, Suri A,
Balasubramaniam A, Nair S, Oliushine V, Parfenov V et al (2009) Targeted therapy for
high-grade glioma with the TGF-beta2 inhibitor trabedersen: results of a randomized and
controlled phase IIb study. Neuro Oncol 13:132–142

127. Hau P, Jachimczak P, Bogdahn U (2009) Treatment of malignant gliomas with TGF-beta2
antisense oligonucleotides. Expert Rev Anticancer Ther 9:1663–1674

128. Zellweger T, Miyake H, Cooper S, Al E (2001) Antitumor activity of antisense clusterin
oligonucleotides is improved in vitro and in vivo by incorporation of 2’-O-(2-methoxy)ethyl
chemistry. J Pharmacol Exp Ther 298:934–940

129. Chi KN, Hotte SJ, Yu EY, Tu D, Eigl BJ, Tannock I, Saad F, North S, Powers J, Gleave ME et al
(2010) Randomized phase II study of docetaxel and prednisone with or without OGX-011 in
patients with metastatic castration-resistant prostate cancer. J Clin Oncol 28:4247–4254

130. Chen J, Wu W, Tahir S, Al E (2000) Down-regulation of survivin by antisense oligonucleotides
increases apoptosis, inhibits cytokinesis and anchorage-independent growth. Neoplasia
2:235–241

131. Ambrosini G, Adida C, Altieri D (1997) A novel anti-apoptosis gene, survivin, expressed in
cancer and lymphoma. Nat Med 3:917–921

132. Kawasaki H, Altieri D, Lu C, Al E (1998) Inhibition of apoptosis by survivin predicts
shorter survival rates in colorectal cancer. Cancer Res 58:5071–5074

Oligonucleotide Therapeutics in Cancer 233



Clinical Perspective
on Chemo-Resistance and the Role
of RNA Processing

Nancy L. Krett, Shuo Ma and Steven T. Rosen

Abstract

Pre-messenger RNA splicing is significantly changed in cancer cells leading to
the expression of cancer-specific transcripts. These transcripts have the
potential to be used as cancer biomarkers and also as targets for new
therapeutic approaches. In addition, the cancer-specific transcripts have the
potential to alter the drug response of the cancer cells creating a chemo-resistant
state. This later property of alternative splicing presents a challenge to
clinicians in the design of effective therapeutic regimens. When a patient’s
cancer relapses it is frequently refractory to standard chemotherapies resulting
in a poor clinical outcome. Therefore, understanding the mechanisms of how
alternative splicing can lead to chemo-resistance is critical to the effective
delivery of treatment. Here, we will discuss the impact of alternative splicing
variants on drug metabolism and activation; on drug interactions with cell
signaling pathways; and on cell death pathways in cancer therapeutics. In
addition to the initial characterization of splicing variants, the mechanisms
leading to alterations in splicing are being studied in the setting of chemo-
resistance and will be discussed here. The promise of therapeutic intervention to
obviate the impact of these splicing variants will significantly enhance
treatment options for cancer patients.
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1 Introduction

Cancer is a disease of clonal evolution which selects for cells with enhanced pro-
liferation and survival [1]. In the face of selective pressure of chemotherapeutics, the
genetic heterogeneity of the cancer clone allows for the selection and expansion of
chemo-resistant cells. This may ultimately result in relapsed disease that is refractory
to standard therapeutics. This is a central problem in cancer therapy [1]. Studies in
bacteria indicate that selective pressure does not cause mutations, but rather selects
for mutations that are advantageous to clonal survival [2]. One mechanism the cells
utilize to generate diversity is alternative splicing to produce transcripts that may
have a changed function or a reduced functional capacity.

Alternative splicing is a post-transcriptional mechanism for regulating the pro-
cessing of pre-mRNAs such that different combinations of splice sites can be joined
to form mature mRNAs. This process contributes to the functional complexity of
the human proteome that is not represented by the number of genes in the genome
[3]. In a tissue-specific and developmentally regulated fashion, alternative splicing
regulates gene activities involved in every aspect of cell function and survival [4].
Alternative splicing can lead to functionally antagonistic products generated from
the same genetic locus with both splicing isoforms being expressed in the cell. A
shift in the isoform balance can lead to changes in cellular function [5].

Alternative splicing variants have been described in a number of cancers [5, 6].
Using a bioinformatics approach, Kirschbaum-Slager et al. observed a significant
shift in the expression of splicing factors in tumors indicating that these factors
may be involved in oncogenic pathways [7]. There is growing evidence to suggest
that some cancer-specific protein expression patterns are caused by cancer-specific
alternative splicing [8] indicating that splicing variants can be used as tumor
markers and that alternative splicing can accompany the process of tumorigenesis
[7]. Here, we will discuss the impact of alternative splicing variants on drug
metabolism and activation; on drug interactions with cell signaling pathways; and
on cell death pathways in cancer therapeutics. In addition to the initial charac-
terization of splicing variants, the mechanisms leading to alterations in splicing are
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being studied in the setting of chemo-resistance and will be discussed here. In
summary, the control of splicing is an important component of gene regulation and
alternative splicing may contribute to chemoresistance to cancer therapies.

2 Alternative Splicing and Drug Delivery

Successful drug therapy relies on the ability of the drug to enter the cell either by
passive or by active mechanism and also to be retained by the cell. In passive drug
uptake, molecules such as steroids can diffuse across the cell membrane without
energy expenditure. Active uptake requires energy and can involve cell surface
molecules such as the ATP-binding cassette transporters or ABC [9]. This process
can be affected by alternative splicing. Ligand-receptor binding results in the
successful delivery of drug to the cell with subsequent activation of signal
transduction pathways to translate the signal of drug into cellular activity. Endo-
crine-based therapies are used for the treatment of a number of cancers including
breast cancer, prostate cancer, and hematologic malignancies. Alternative splicing
of steroid receptors has been reported in these cancers and may contribute to the
resistance of the steroid-based therapies. In addition to the successful uptake of
drug, the retention of drug in the cell is required for successful therapy. Mecha-
nisms to actively remove drug from the cells result in resistance to a number of
drugs and have been termed multiple drug resistance or MDR and involve the
ABC transporters. The development of MDR hampers the delivery of cancer
therapeutics and therefore understanding the mechanisms of MDR is important for
the successful delivery of therapies. Alternative splicing has been reported to play
a role in some forms of MDR [10].

2.1 Alternatively Spliced Steroid Receptors

Steroid receptors belong to a large super family of hormonally activated tran-
scription factors. The classical activation for the steroid receptor involves binding
of the steroid hormone to the hormone-binding domain allowing for translocation
of the receptor monomer to the nucleus. The DNA-binding domain of the receptor
binds as a dimer to its response elements allowing for the transcriptional control of
gene expression. Hormonally regulated cancers have long been treated with
endocrine-based therapies; however, resistance to those therapies ultimately
occurs. Alterations in the steroid receptors have been described for a number of
hormone-resistant cancers including alterations caused by changes in splicing.
Here, we will discuss some of the reported alternatively spliced hormone receptor
variants and whether they contribute to the hormone resistance observed.

Tamoxifen, a selective estrogen receptor modulator (SERM), is among the first-
line endocrine therapies for estrogen receptor/progesterone receptor positive breast
cancers. Analysis of tamoxifen-resistant breast cancers revealed several variants of
the estrogen receptor-a (ER-a) including alternatively spliced forms [11].
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Alternative splicing of ER-a with deletions for exon 2, 3, 4, 5, and 7 have been
described, with the most abundant variant being the exon 7 deletion. The exon 7
deletion (D7) was further analyzed and found to act as a dominant negative and
inhibit the actions of the wild-type receptor in transient transfection assays [12].
The D7 variant of ER-a has also been detected in human endometrial adenocar-
cinoma [13]. When the D7 ER-a variant adenocarcinoma is grown in a nude
mouse, the tumor is not responsive to either estrogen or progesterone; however, the
tumor is responsive to tamoxifen which causes an increase in the doubling time of
the tumor volume. This indicates tamoxifen acts as an agonist for the D7 receptor
in an in vivo model.

Similarly, mutations in the glucocorticoid receptor (GR) have been described in
glucocorticoid-resistant hematologic malignancies. We have described an alter-
native splice variant of GR, GR-P, in glucocorticoid-resistant myeloma cell lines
[14]. GR-P is the result of a failure to splice at the exon 7 junction and retention of
intron G and is the predominant GR variant observed [15, 16]. GR-P could encode
a truncated receptor with a deletion in the hormone-binding domain, a critical
functional domain; however, it is not clear that GR-P is translated into protein. In
transient transfection assays, GR-P is not a functional receptor, nor does it act as a
dominant negative receptor to reduce the function of the wild-type GR. Further
studies will be required to elucidate the potential role for GR-P in glucocorticoid
resistance.

Loss of the retinoic acid receptor b (RARb) in lung cancer cells is associated
with resistance to retinoic acid-induced cell killing. An alternatively spliced form
of RARb (RARb10) is generated by skipping exon 2 and is expressed in lung
cancer cell lines that are sensitive to retinoic acid therapy [17]. Furthermore, in
paired tissue samples of normal lung and tumor tissue collected from the same
patient, RARb10 is expressed in the normal tissue, but not in the tumor tissue.
Exogenous overexpression of RARb10 in retinoic acid-resistant lung cancer cell
lines restores retinoic acid-induced cell death. These studies indicate that identi-
fication of pharmacologic approaches to restore RARb10 expression could provide
a basis for retinoid-based lung cancer therapy or chemoprevention [17]. Alterna-
tive splicing in association with drug resistance has also been described for other
members of the steroid receptor super family including the androgen receptor [18]
and the peroxisome proliferator-activated receptor [19].

2.2 Multidrug Resistance

Delivery of chemotherapeutics can also be hampered by increased activity of drug
efflux. This activity allows cancer cells to sustain resistance to a number of drugs
and has been termed multidrug resistance. Multidrug resistance can occur when
transporters are overexpressed allowing for the efficient efflux of drug resulting in
drug resistance. One such transporter is the multidrug resistance protein 1 (MRP1)
which is a member of the ATP-binding cassette transporter subfamily. In a study
examining tissue from ovarian cancer patients, alternatively spliced variants of
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MRP1 were expressed with exon skipping detected between exons 10 and 19 [10].
Exogenous expression of three of these MRP1 variants in HEK293T cells results
in expression of the variant protein in the plasma membrane conferring resistance
to doxorubicin due to increased influx. The MRP1 protein undergoes alternative
splicing at a higher frequency in ovarian tumors than in pair matched normal tissue
from the same patient.

3 Alternative Splicing and Drug Metabolism and Activation

Several drug therapies for cancer treatment are administered as a pro-drug and
require activation by the cellular metabolism to be active. For example, deoxy-
cytidine kinase (dCK) is the rate-limiting enzyme in the activation of nucleoside
analogs such as cytarabine (ara-C), gemcitabine and clofarabine [20]. Ara-C is
phosphorylated by dCK to ara-C-50monophosphate and then further converted to
the triphosphate form of ara-CTP. In this form it incorporates into DNA causing
chain termination, blocking DNA synthesis, and ultimately causing leukemic cell
death [21]. This is the basis of the successful use of ara-C for the treatment of
several leukemias including acute myeloid leukemia (AML).

A number of variants of dCK have been reported [20] including variants due to
alternative splicing [22–24]. In leukemic blasts from AML patients resistant to ara-
C, variants of dCK were isolated with deletions in exon 5, exons 3–4, 3–6, or 2–5
[25]. To test the functional capacity of these variants, they were introduced into
dCK negative cells and their dCK activity was compared to the introduction of
wild-type dCK. In each case, the alternatively spliced variants had no dCK activity
and no sensitivity to ara-C. However, when the variant dCK was co-expressed with
the wild-type dCK, it did not appear to reduce either dCK activity or sensitivity to
ara-C. The authors conclude that resistance to ara-C may lie in a defect in the
splicing machinery [22].

Another nucleoside analog which requires activation by dCK is gemcitabine
(20-20-difluorodeoxycytidine (dFdC)). Gemcitabine is an analog that is effective
against a number of solid tumors including ovarian cancer. The human ovarian
cancer cell line AG6000 was found to be resistant to gemcitabine due to defi-
cient dCK activity [24]. A dCK transcript was detected which carries an exon 3
deletion bringing into frame a premature stop codon. No gross genomic altera-
tions were detected indicating the involvement of post-transcriptional formation
of the truncated dCK transcript. Transient transfection assays indicate that the
Dexon 3 transcript of dCK is not translated into protein, perhaps leading to the
observed resistance to gemcitabine. When wild-type dCK transcripts were
transfected into the AG6000 cells, expression of the full length dCK failed to
completely reverse the resistance to gemcitabine. Parallel studies introduced the
Dexon3 dCK transcript into ovarian cancer cell expressing a wild-type dCK.
When tested for sensitivity to gemcitabine, there was no discernable decrease in
sensitivity.
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4 Alterations in the Mechanisms of Drug Action

Cancer therapeutics have been designed to target cells with abnormal growth,
either through inhibition of DNA synthesis and subsequent cell division; inhibition
of abnormal cell growth signals; or stimulation of programmed cell death by a
number of approaches. Alternative splicing of key molecules in the drug action
pathways contributes to drug resistance of chemotherapeutics.

Gastric cancers are treated with a variety of DNA damaging agents including
drugs such as anthracyclines and pyrimidine analogs. Differential display to profile
gene expression of the drug-resistant lines identified mitotic arrest-deficient pro-
tein 2 (Mad2) as being altered and termed Mad2-Beta [26]. Wild-type Mad2 is a
key component of the mitotic checkpoint also known as spindle assembly
checkpoint and functions to detect DNA damage and subsequently stop or delay
chromosome segregation until repair can be effected or until the cells undergo
apoptosis. Mutation of this protein in cancer cells can allow cell division to occur
in the face of DNA damage, resulting in resistance to DNA damaging drugs.
Mad2-Beta is generated by a deletion of the third exon which would translate into
a truncated protein. Exogenous expression of the Mad2-Beta transcript in adria-
mycin-sensitive gastric cancer cell lines induced a decrease in adriamycin sensi-
tivity and also reduced mitotic arrest and mitosis indicating that generation of this
variant contributes to the observed drug resistance [27].

Alternative splicing variants can also contribute to resistance to targeted ther-
apies. Chronic myelogenous leukemia (CML) expresses a specific fusion protein
from the Bcr-Abl gene which causes enhanced activation of the Abl kinase
activity. Imatinib, a small molecule tyrosine kinase inhibitor, has been successfully
used in the treatment of CML, producing a high rate of complete remission.
Unfortunately, resistance does occur usually in the form of point mutation causing
substitution of critical amino acid residues in the Abl kinase domain. Among these
point mutations is a C to G transversion at position 1,106 which activates a cryptic
splice donor sequence [28]. Analysis of CML cells from two imatinib-resistant
patients indicates the presence of the transversion at position 1,106 as well as
truncated transcripts due to the alternative splicing. Detection of the splice variant
may pose a diagnostic challenge when PCR product sequencing is used for
detection of the resistance mutations of Bcr-Abl as it may be interpreted as mixed
sequence due to reduced-quality readings and therefore withdrawn from the
diagnostic procedure.

Resistance to cancer therapies can also take the form of decreased cell killing
due to changes in proteins associated with programmed cell death. Acute lym-
phocytic leukemia (ALL) is a disease of childhood or young adults. It is frequently
treated with a variety of chemotherapeutics which rely on programmed cell death
for success. The extrinsic pathway of programmed cell death involves the
engagement of the Fas receptor (CD95) which ultimately results in activation of
the caspase cascade and cell death. Leukemic blasts isolated from infants
expressed variants of CD95 that are generated by changes in splicing [29]. A
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variety of variants have been characterized including deletion of exon 6, an exon
which encodes the transmembrane domain of Fas. Expression of the exon 6
deletion variant results in a truncated soluble Fas protein which inhibits the
membrane bound Fas receptor thus decreasing Fas ligand-induced apoptosis.
Alternative splicing is also responsible for the generation of the caspase-3 short
form which antagonizes the activity of full length caspase 3 resulting in chemo-
resistance in breast tumors [30]. Expression of alternatively spliced inhibitors of
apoptosis protein (IAPs) result in more IAPs with higher activity to inhibit
apoptosis in HL60 cells leading to multiple drug resistance [31, 32]. Similarly, in
hepatocellular carcinoma tissues, which are drug resistant, alternatively spliced
IAPs result in enhanced inhibition of apoptosis [33].

5 Mechanisms of Alternative Splicing Associated
with Resistance to Cancer Therapies

Understanding the mechanisms that result in alternative splicing may identify new
drug targets for the treatment of drug-resistant cancers. This is complicated by the
intricacies of the splicing reaction and the number of proteins and nucleic acids
that participate in the formation and regulation of the spliceosome. Direct com-
parison of drug-sensitive cancer cell lines with drug-resistant cell lines of the same
lineage has led to the identification of some splicing factors that appear to be
differentially regulated and perhaps participate in the generation of the drug-
resistant state.

As discussed earlier, the alternative splicing of the MRP1 is associated with
ovarian tumors resistant to doxorubicin [10]. Two splicing factors, polypyrimidine
track-binding protein (PTB) and SRp20, are overexpressed in ovarian tumors in
comparison to matched normal ovarian tissues and overexpression of both of these
splicing factors was associated with the increased number of MRP1 splicing forms
[10]. It remains to be determined whether these two splicing factors directly
participate in the splicing of MRP1 [34]. However, the overexpression of PTB may
function in tumor progression. To that end, PTB expression in the A2780 ovarian
tumor cell line was knocked down by siRNA resulting in impaired tumor cell
proliferation, anchorage-dependent growth, and in vitro invasiveness [34].
Therefore, those tumors which overexpress PTB may benefit from reducing PTB
as a novel therapeutic target in the treatment of ovarian cancer.

Pre-mRNA processing factor-4 (PRP-4) is overexpressed in several paclitaxel-
resistant cancer cell lines including the multi drug-resistant ovarian cancer cell
lines SKOV-3TR and OVCAR8TR. PRP-4 is a serine/threonine protein kinase that
plays a role in splicing of pre-mRNAs. Repression of PRP-4 with shRNA con-
structs leads to a reversal of paclitaxel resistance in SKOV-3TR cells and con-
versely overexpression of PRP-4 in drug-sensitive ovarian cancer cell lines leads
to a modest drug resistance to paclitaxel, doxorubicin, and vincristine. These data
taken together indicate an important role for PRP-4 in the development of resis-
tance to chemotherapeutic drugs [35].

Clinical Perspective on Chemo-Resistance and the Role of RNA Processing 241



Splicing factor 45kDa (SPF45) is associated with cyclophosphamide-resistant
mouse mammary tumors. A more extensive examination of tissue microarrays from
several epithelial tumors indicated overexpression of SPF45 in comparison to
adjacent normal tissues [36]. Overexpression of SFP45 in Hela tissue culture cells
results in drug resistance to doxorubicin and vincristine, two chemotherapeutic
drugs frequently used in cancer therapies [36]. In addition to generating alternatively
spliced transcripts, splicing factors can also regulate transcriptional activation of the
androgen receptor resulting in resistance to androgen-based therapies [18]. PTB-
associated splicing factor (PSF) and p54nrb can both play key roles in regulating the
transcriptional activity of the androgen receptor in prostate cancer models.

These studies open the possibility that splicing factors may form the basis of
therapeutic targeting in the treatment of cancer [37]. Wilms’ tumor gene (WT1) has
been implicated in the maintenance of malignant phenotype in leukemias and a
number of solid tumors [38]. Several isoforms for the WT1 transcript are produced
including an alternatively spliced form skipping exon 5. In cisplatin resistant
ovarian carcinoma and testicular germ cell tumor cell lines there is an increase in
WT1 transcripts. Using nuclease-resistant antisense oligonucleotides which target
exon 5 of WT1 reduces that transcript specifically and also induces cell death.
These studies indicate that changing the ratio of exon 5+ and exon 5- WT1
transcripts affects cell viability and may be a useful approach for treating tumors
that over-express WT1 [38].

Several investigators have explored modulating phosphorylation of the SR
splicing factors in preclinical investigation of novel targets for cancer therapeutics.
SR proteins are a family of essential factors required for constitutive splicing of
pre-mRNA and play an important role in modulating alternative splicing [39]. The
SR protein function is modulated by phosphorylation. While phosphorylation of
the SR protein promotes spliceosome assembly dephosphorylation of the SR
protein allows the transesterification reaction to occur. SR proteins are phos-
phorylated by Ser/Thr kinases [40]. DNA topoisomerase I (Topo I) transiently
nicks DNA strands to allow relaxation of DNA supercoil which is required for
transcription, DNA replication and DNA repair. In addition to these functions,
Topo I also has kinase activity phosphorylating SR proteins. A Topo I-deficient
murine lymphoma cell line exhibits hypophosphorylated SR proteins and an
impairment of the exonic splicing enhancer (ESE)-dependent splicing. Restoration
of Topo I activity in these cells restores ESE-dependent splicing leading to the
hypothesis that selective targeting of the kinase activity of Topo I may provide a
means to interfere with the expression of specific genes involved in cell prolif-
eration and/or apoptosis [41]. Serine-arginine protein kinase 1 (SRPK1) also
phosphorylates SR proteins. SRPK1 is expressed in ductal epithelial cells of the
human pancreas and has increased expression in pancreatic tumors [42].
Decreasing the expression of SRPK1 in pancreatic tumor cell lines decreases the
phosphorylation of SR proteins and enhances the sensitivity to chemotherapeutics
drugs such as gemcitabine indicating that SRPK1 may be a drug target in the
treatment of cancers [42]. The Cdc2-like kinase (Clk) family has also been shown
to participate in phosphorylation of the SR protein family. Inhibition of Clk
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activity in cell lines with a beno-thiazole compound suppressed SR protein
phosphorylation and decreased Clk-dependent alternative splicing [39]. This novel
inhibitor of Clk may be useful as a therapeutic to manipulate abnormal splicing
associated with cancer.

6 Summary and Conclusions

In summary, alternative splicing can influence various aspects of cancer therapy.
Understanding the mechanisms of alternative splicing would enable us to identify
novel therapeutic targets and design new treatment modalities to enhance tumor
killing and to overcome drug resistance. Here, we have provided examples where
drug resistance can be traced to alterations in drug uptake, metabolism, and
mechanisms of action. It is likely that increased interest in the relationship of
alternative splicing will uncover additional examples of drug resistance related to
cancer therapeutics.
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