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3 Institució Catalana de Recerca i Estudis Avançats (ICREA) and Centre de Regulacio Genomica, Barcelona, Spain
4 Istituto di Genetica Molecolare-Consiglio Nazionale delle Ricerche, Pavia, Italy

Correspondence should be addressed to Didier Auboeuf, didier.auboeuf@inserm.fr

Received 11 March 2012; Accepted 11 March 2012

Copyright © 2012 Didier Auboeuf et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Alternative splicing of premessenger RNAs is a key step in
the gene expression process, which allows the synthesis of
different products from the same gene and contributes to
increase the complexity of the proteome coded by a limited
number of genes. Specialized high-throughput technologies
(RNA-Seq, splicing-sensitive microarrays) aiming at analyz-
ing alternative splicing in normal or pathological situations
have allowed to make a promising step forward in basic and
translational molecular oncology by identifying a variety of
cancer-associated splicing variants. However, modification
of alternative splicing is among the myriad of alterations
present in cancer cells and whether splicing alteration is a
cause or a consequence of cancer remains to be elucidated.

The main focus of this special issue is to highlight some of
the mechanisms involved in splicing alteration in cancer and
to present new evidence demonstrating the involvement of
alternative splicing alterations in different steps and aspects
of cancer initiation and progression.

To highlight the applications of large-scale approaches in
the search for relevant cancer-associated splicing events, S.
Germann and colleagues give an overview of the studies that
have been carried out so far using such strategies. This has
allowed to identify sets of functionally related genes whose
expression is altered at the splicing level in cancer cells and
to characterize some of the factors which control specific
splicing programs that are deregulated in tumors.

The other reviews give a series of specific examples
of cancer-associated splicing variants. S. Druillennec and
colleagues address how alternative splicing modifies the
physiological and pathological functions of a variety of

protein kinases. Taking several examples of membrane-
associated or cytosolic kinases, they explain more particu-
larly how the oncogenic properties of this important class of
factors between specific splicing isoforms.

More specifically, K. Holzmann and colleagues summa-
rize the various splicing alterations that affect, in different
tumor types, the transcripts encoding the fibroblast growth
factor receptors (FGFR) 1–3, at the level of their IgIII loop.
Splicing-induced variations in this domain, which occur
naturally during embryonic development and are regulated
in a tissue-specific manner, directly affect the interactions
between the receptors and their ligands and have profound
consequences on their activity. In cancer cells, alterations in
FGFR2 splicing are involved in the epithelial-mesenchymal
transition, an important step in the formation of metastases.

In their paper, Hilmi and colleagues focus on the
alternative splicing of vascular endothelial growth factor
(VEGF), which produces isoforms with opposite functions
in the control of angiogenesis, a process involved in the
progression and metastasis of several cancers. They discuss
the emerging possibility of targeting angiogenesis more
accurately by modulating the splicing of VEGF transcripts
through the factors that control it.

J. Wei and colleagues review our current knowledge of
the functional diversity of protein isoforms that compose the
p53 family, encoded by the TP53, TP63, and TP73 genes.
Evidence shows that the aberrant expression of some of these
isoforms in cancer cells contributes to tumor progression
and may explain in some cases the resistance of tumors to
therapeutic treatments.
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Altogether those review articles illustrate how cancer
cells may divert the natural properties of tissue-specific or
developmentally regulated splicing variants to alter cellular
functions and lead to a malignant phenotype or to a
propagation of the tumor. This also underlines the need for
a better understanding of the molecular mechanisms that
control such splicing alterations.

Didier Auboeuf
Maria Carmo-Fonseca

Juan Valcarcel
Giuseppe Biamonti
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Alternative splicing of the IgIII loop of fibroblast growth factor receptors (FGFRs) 1–3 produces b- and c-variants of the receptors
with distinctly different biological impact based on their distinct ligand-binding spectrum. Tissue-specific expression of these splice
variants regulates interactions in embryonic development, tissue maintenance and repair, and cancer. Alterations in FGFR2 splicing
are involved in epithelial mesenchymal transition that produces invasive, metastatic features during tumor progression. Recent
research has elucidated regulatory factors that determine the splice choice both on the level of exogenous signaling events and on
the RNA-protein interaction level. Moreover, methodology has been developed that will enable the in depth analysis of splicing
events during tumorigenesis and provide further insight on the role of FGFR 1–3 IIIb and IIIc in the pathophysiology of various
malignancies. This paper aims to summarize expression patterns in various tumor types and outlines possibilities for further analy-
sis and application.

1. Introduction

Fibroblast growth factors (FGFs) are a large family of 23 lig-
ands that serve crucial functions in embryonic development
as well as in the adult organisms (for review see [1]). They
mediate their signals via a small subfamily of 4 tyrosine
kinase receptors (FGFR 1–4). This is a small number of
receptors for a large group of ligands, but the system gains
significant complexity from the formation of heterodimers
as well as a high frequency of alternative splicing events [2, 3]
that can be grouped in 3 categories. These categories are (1)
the deletion of autoinhibitory domains close to the N- or the
C-terminus of the proteins which produces more active and
frequently oncogenic receptorvariants [4, 5], (2) the IIIb and
IIIc variants which are produced by alternative exon usage in
the ligand-binding domain [2], and (3) soluble variants that

come from exclusion of the exon that codes for the trans-
membrane region [6, 7]. All of these molecules display dis-
tinct biological activities. The IIIb and IIIc variations have
been described for FGFRs 1–3 and probably have the stron-
gest impact as they alter the ligand-binding portion of the
affected FGFR [8]. This review will therefore focus on the
IIIb/IIIc splice variants, their biological function, and the
regulation of their formation especially in cancer. It will also
describe novel methods for in vitro and in vivo monitoring.

2. Structure and Function of FGFRs

2.1. Expression and Splice Variants. The FGFR-genes consist
of up to 20 exons that together code for a highly conserved
protein domain structure [9, 10]. Each of the single FGFR
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Table 1: Ligand-binding pattern of FGFR IIIb and IIIc isoforms [8].

Receptor
Ligands binding

IIIb IIIc

FGFR1 FGF1, FGF2, FGF3, FGF10, FGF22
FGF1, FGF2, FGF4, FGF5, FGF6, FGF8,
FGF9, FGF16, FGF17, FGF18, FGF20,

FGF21, FGF23

FGFR2 FGF1, FGF3, FGF7, FGF10, FGF22
FGF1, FGF2, FGF4, FGF5, FGF6, FGF8,
FGF9, FGF16, FGF17, FGF18, FGF20,

FGF21, FGF23

FGFR3 FGF1, FGF9, FGF16
FGF1, FGF2, FGF4, FGF5, FGF6, FGF8,
FGF9, FGF16, FGF17, FGF18, FGF20,

FGF21

7 8 9

IgI

IgI

IgII

IgII

IgIIIb

IgIIIc

TM

TM Kinase

Kinase

Ligand-binding
domain

Figure 1: Schema splicing IIIb/IIIc. The extracellular domains of
FGFRs consist of 3 Ig-like loops. The IgIII loops of FGFRs 1–3 are
coded for by exons 7–9. Inclusion of exons 8 and 9 are mutually
exclusive producing the IIIb and IIIc splice forms.

genes can produce different mRNAs during the splicing pro-
cess including variable exons, thus increasing the expressed
protein diversity.

Deletion of the Ig loop I (α-loop) has been described for
FGFR1. This event creates a high-affinity oncogenic FGFR-
variant that activated distinct signaling cascades [4, 11, 12].
Similarly, skipping of the most C-terminal inhibitory domain
of FGFR2 has been described to result in a receptor molecule
exerting transforming activity in human mammary epithelial
cells [5]. The most common variation both in developmental
processes and in cancer is the alternative splicing of Ig-loop
III, however.

For the FGFRs 1–3, the Ig-loop III is encoded by two of
the three consecutive exons 7–9, producing the domains
designated IIIa, IIIb, and IIIc. The N-terminal half of Ig-
loop III consists of the IIIa-sequence while the C-terminal
half is formed by alternative usage of either the IIIb or the
IIIc sequence creating the IIIb and IIIc isoforms of each
receptor (see Figure 1 in [2, 3]). FGFR4 lacks an alternative
exon and therefore does not have IIIb/IIIc splice variants
[13]. Because the Ig-loop III is at the core of the ligand-
binding site of FGFRs, the rearrangement profoundly alters
the ligand spectrum of the receptor (Table 1). Overall the

ligand-binding pattern of the IIIb variants is much more res-
tricted than that of the IIIc variants [8].

2.2. Physiological Function of FGFRs in Development and Tis-
sue Maintenance. FGFRs serve an essential role in embry-
ology from gastrulation [14] to organogenesis as shown by
extensive studies of gene expression patterns and genetic
analysis using knock-out mouse models (reviewed in [1, 2,
15]). Knock out of several FGFs in specific mouse models
causes an embryonic lethal phenotype or death at birth due
to severe deficits in organogenesis. This underlines the essen-
tial role of FGF-signaling in embryonic development that is
also mirrored with FGFR deletion. Specifically, knock-outs
of FGFRs 1 and 2 are embryonic lethal, while FGFR3 and
FGFR4 knock out mice are viable [2]. With regard to the
IIIb/IIIc splice variants it is interesting to observe that specific
deletion of the exons 8 or 9 produced distinct phenotypes—
demonstrating distinct roles for each variant FGFR. For
FGFR1, deletion of exon 9 (IIIc deficiency) is embryonic
lethal while deletion of exon 8 leading to loss of the IIIb
variant has no obvious phenotype [16]. For FGFR2, loss of
the IIIb variant is lethal and deletion of the IIIc causes skeletal
malformations [17–20].

Deeper insight in the specific roles of the IIIb and IIIc
receptor variants of the FGFRs 1–3 is provided by analysis of
their distinct spatial expression patterns. Extensive studies of
mouse embryonic development demonstrate characteristic
localizations of FGFR isoforms during organogenesis. This
is observed throughout the body [17, 21], but is best inves-
tigated for bone and dental development [22, 23]. In general
the IIIb forms of FGFRs 1–3 are expressed in epithelia while
the IIIc variants are preferentially found in the mesenchyme
[21, 24]. In concert with complementary expression patterns
of FGF ligands, tissue-specific FGFRs mediate epithelial-
mesenchymal tissue crosstalk during embryonic develop-
ment. It was shown that FGFRs expressed in the epithelium
or connective tissues are activated by FGFs secreted from the
respective complementary tissue.

The distinction is best observed for FGFR2 whose
IIIb/IIIc choice is strictly tissue specific [24]. During develop-
mental processes throughout the body, expression of FGF7-
family members is observed in the connective tissue. The
secreted FGF7 and/or FGF10 activate the epithelial-specific
FGFR2-IIIb to induce a morphogenetic response in the
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epithelium [25–27]. This response includes induction of
FGFs 8, 4, or 9, secretion of the factors from the epithelial
cells and activation of IIIc-receptor variants in the mesen-
chyme [28] (Figure 2). There is some redundancy in the FGF
family so that FGFs with similar receptor affinities can sub-
stitute for one another. However there are also examples of
one specific FGF being essential at an organ site and severe
phenotypes in case of a deficiency—for example, FGF10
in lung development (reviewed in [1, 2]). In adult tissues
the specific expression of FGFR2 variants are maintained,
enabling tissue interactions in wound healing and tissue
repair. FGFs 7 and 10 are produced by dermal cells to stimu-
late reepithelialization through a paracrine mechanism [29–
31].

For FGFR3 the distinction is less clear as isoform expres-
sion is not strictly tissue specific. While the IIIb form is res-
tricted to epithelia, the IIIc variant can be found in both the
mesenchyme and the epithelium [33]. An example is the
intestinal mucosa, whose main FGFR3 is FGFR3-IIIb [34].
In undifferentiated fetal colon, expression of FGFR3-IIIc has
been observed, however [35]. FGFR3-IIIc expression would
sensitize the mucosa cells to growth and survival signals from
FGF18 [8]. This growth factor is a β-catenin target gene and
expressed in the stem cell compartment at the bottom of
colonic crypts [36, 37]. Similar observations come from the
analysis of gene expression in the LT97 adenoma cell line
we have established from human early colonic adenomas.
When the total cell population was analyzed, the presence
of FGFR3-IIIb, but not FGFR3-IIIc, could be demonstrated
[38]. However, a subsequent study revealed the presence of
a CD44-positive subpopulation with increased growth and
survival capacity within the LT97 cell population [39]. This
specific cell population overexpressed both FGFR3-IIIc and
FGF18 as compared to the CD44-negative cells (unpublished
observation).

3. Exon Switching in Malignant Progression

In the past several years evidence has accumulated that de-
monstrates a central role for deregulated FGF/FGFR sig-
naling in a large number of malignant tumors (for review
see [32, 40, 41]). Hyperactivation of FGFR-dependent sig-
naling can be achieved by several mechanisms, including
altered splicing of FGFRs 1–3 [32, 42]. Splice variation in
FGFRs leads to expression of mesenchyme-specific FGFRs
in epithelium-derived cancers and broadens the range of
FGFs that can stimulate tumor cells. In most instances this
enables autocrine stimulation of tumor cells by FGFs that are
secreted by the epithelium to stimulate connective tissue cells
in a normal physiologic context [8].

A FGFR2-IIIb to IIIc switch is related to increased inva-
siveness in bladder and prostate cancers [43]. In the prostate,
the switch of FGFR2 replaces an IIIb receptor variant that
exerts antitumorigenic activity [44, 45], with a protumorige-
nic IIIc receptor. It is therefore a marker of tumor progres-
sion and tumor invasiveness [42, 44, 45]. The FGFR2 IIIb
to IIIc switch is also listed among the criteria of epithelial-
mesenchymal transition (EMT) that confer a migratory,

metastatic phenotype to several advanced carcinomas (re-
viewed in [46]).

For other receptors the contrast is less clear. However,
FGFR1-IIIc has been upregulated in several carcinomas
where it is regarded as a strong oncogene [47, 48]. In both
nonsmall cell lung tumors and glioblastomas, the upregu-
lated receptor permits autocrine stimulation by FGF5 [8].
The expression of FGFR1-IIIc also results in sensitivity to
growth inhibition by a dominant negative FGFR1-IIIc cons-
truct—underlining the central role of this receptor [47, 49].
In prostate cancer as well as in TGFβ-induced EMT FGFR1-
IIIc is upregulated as an independent mesenchymal marker
and the reciprocally downregulated IIIb receptor is FGFR2
[50, 51].

In colorectal cancers the reciprocally downregulated re-
ceptor is FGFR3-IIIb. Restoration of its expression inhibits
growth under some conditions [52]. The mechanism invol-
ved is defective splicing that produces a nonsense transcript
of FGFR3-IIIb, but not increased expression of FGFR3-IIIc.
Frequently, FGFR3-IIIc expression is retained similar to the
level in normal mucosa, however, which permits transduc-
tion of growth and survival signals mediated by FGF18, ex-
pression of which is upregulated in colorectal cancer [37, 38].
A dominant-negative FGFR3-IIIc construct, but not the res-
pective FGFR3-IIIb mutant, inhibits growth and survival in
colorectal tumor models in vivo and in vitro and also blocks
colorectal tumor cell migration [38].

For several other tumor types investigation of FGFR
IIIb/IIIc expression patterns are still ongoing. An interesting
example was found in ovarian cancer cells most of which
express both the IIIb and the IIIc forms of FGFR 2 and 3.
By contrast immortalized ovarian surface epithelial cells exp-
ress mainly the IIIc forms while FGFR2-IIIb is the main re-
ceptor type in nonimmortalized ovarian epithelial cells (un-
published observation). Even though not completely under-
stood, this does indicate a high degree of plasticity in this
cell type and seems to support the hypothesis that ovarian
cancers may arise from mesenchymal fimbrial cells [53].

In contrast to carcinomas, very little is known of the role
of FGF/FGFR signaling in the disease progression in soft-
tissue sarcomas (STS). To date, there are fewer than 10 pub-
lications covering any aspect of FGFR signaling in STS.
Research is hampered by the low incidence of these tumors in
humans, so we have initiated comparative studies of STS in
humans, dogs, and cats. The dog, with an STS incidence rate
estimated to be 12-fold to 33-fold higher than the incidence
in humans [54–56], is an excellent model of spontaneously
arising sarcomas while feline injection site sarcomas may
offer insight into the role of FGFR in the development of
inflammation-related tumors [57].

Preliminary data have been collected by our research
group from human and animal cell lines and patient tissues.
We could identify all FGFRs and their splice variants in
human and canine STS cell lines as well as in canine spon-
taneous tumor samples. Specifically, in human and canine
STS cells FGFR1-IIIc is the FGFR with the highest transcript
levels (Figure 3).

Feline sarcomas differentially express FGFRs depending
upon the underlying cause of tumor formation—that is,
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Figure 2: Tissue interactions mediated by IIIb/IIIc splice variants. Expression of FGFR2 variants is strictly tissue specific with the IIIb form
found in the epithelium and the IIIc form in the mesenchyme. Together with expression of splice form-specific ligands in the respective
complementary tissue, the splice variants mediate tissue interaction during embryonic development as well as in tissue maintenance and
repair. The example FGFR2 with the IIIb-specific ligands FGF7 and 10 and the IIIc-specific ligands FGF4, 8 and 9, is involved in mouse limb
development as well as in wound healing and reepithelialization in the skin [32].

injection site sarcomas versus spontaneous sarcomas (un-
published data). As these studies progress we will be able
to address the question whether STS require alterations in
FGFR expression patterns to achieve a metastatic phenotype
and whether a “switch” between the FGFR IIIc or IIIb splice
variants has an impact in this process.

4. Exogenous Regulation of the IIIb/IIIc Switch

Expression profiling in both cell lines and tissues indicates
that the splicing choice for FGFR-IIIb and IIIc variants is
strictly regulated. For FGFR2, the choice appears mutually
exclusive and maintained even in the absence of a functional
alternative exon [59]. This strict expression pattern is also
supported by the observation that the splice switch resulting
in more aggressive prostate and bladder tumors is also
mutually exclusive [42]. Based on the strong tissue specificity

and mutual exclusivity, this splice variant switch is regarded
as one of the hallmarks of EMT [46]. As such, it is correlated
with all the complex alterations producing EMT—activation
of transcription factors such as snail, loss of E-cadherin,
and upregulation of the WNT pathway [60, 61]. The splice
decision may therefore be subject to regulation by any of
the factors inducing EMT—transforming growth factor β
(TGFβ), WNT signaling, and activation of tyrosine kinase
receptors, for example, by hepatocellular growth factor
(HGF), or FGF family members [62, 63]. It has not yet been
ascertained that the splice choice is a cause or consequence of
EMT.

Two pieces of information exist that link FGF signaling
itself with alternative splicing. (1) In the prostate there are
indications that loss of FGFR2-IIIb stimulation by its ligand
FGF7 contributes to the switch—indicating that the activated
receptor reinforces its own expression [64]; (2) in NBT-II
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Figure 3: Expression patterns of FGFR1–3 IIIb and IIIc exons in
human and canine STS cells. Preliminary data with quantitative
real-time RT-PCR indicate that FGFR1-IIIc demonstrate lowest
cycle threshold (Ct) values and thus is expressed strongest in canine
STS tumors (n = 13) and STS cell lines (n = 7) originated from
human STS tumors [58]. Bars and error bars represent mean with
SEM.

rat bladder carcinoma cells and SVK14 human keratinocytes,
exogenous FGF1 or FGF2 induced an FGFR2 IIIb/IIIc switch
[65].

Isoform expression patterns indicate that the choice is
made differently, or at least not as stringently, for FGFRs 1
and 3—with FGFR1-IIIc being upregulated in carcinomas
without a concomitant loss of the IIIb variant [47, 48] and
both FGFR3 variants being expressed in epithelia [33, 35].
This leaves open the question whether regulation of splicing
is achieved by similar mechanisms for all 3 receptors.

In this context it is interesting that downregulation of
FGFR3-IIIb expression in colorectal carcinoma cells is medi-
ated by aberrant splicing that produces out-of-frame non-
sense transcripts [66]. There is no concomitant upregula-
tion of FGFR3-IIIc but an inverse relationship has been ob-
served with FGFR1-IIIc and FGFR3-IIIb expression. siRNA-
mediated FGFR1-IIIc knock down induced FGFR3-IIIb exp-
ression while FGFR3-IIIb overexpression suppressed FGFR1-
IIIc [52].

5. Regulation of the IIIb/IIIc Switch by
Endogenous Factors

At the transcript level, regulation of splicing is achieved by
auxiliary cis-elements that bind regulatory proteins to either
enhance or silence splicing of adjacent exons [67]. The cis-
elements are thought to consist of short, conserved RNA
sequences of typically 10 nucleotides in length that bind reg-
ulatory proteins with splicing enhancer and silencer proper-
ties. These elements can be located either in exons or introns
and act alone or in clusters [68]. In addition, some silencers
create secondary structures in the pre-mRNA that hinder

recognition of neighboring splicing enhancers by regula-
tory proteins [69].

Most known splicing regulators are RNA-binding pro-
teins (RBP), such as the serine/arginine-rich (SR) and het-
erogeneous nuclear ribonucleoprotein (hnRNP) family of
proteins. These RBPs are fairly ubiquitously expressed, albeit
with some differences in expression between tissues [70].
Detailed molecular characterization and structural modeling
of the spliceosome and the analyses of RNA regulatory ele-
ments may help to clarify the complexity of alternative spli-
cing regulation.

For FGFR2 exon IIIb and exon IIIc splicing, previous
studies identified a number of auxiliary cis-elements and
RPBs that regulate the splice event ([71, 72] and references
therein). In general the hnRNP H family of proteins has been
shown essential for activation of exon inclusion, but in case
of FGFR2 exon IIIc these proteins have been identified as
silencers that repress exon inclusion [72]. This gene and con-
text dependence of hnRNP function suggests that a complex
series of RNA-protein and protein-protein interactions are
involved in exon inclusion or exclusion. The details of these
interactions remain to be discovered.

A genome-wide high-throughput cDNA overexpression
screen identified additional splicing factors that promote
FGFR2 exon IIIb expression [73]. Among the splicing factors
identified were two paralogous epithelial cell-type-specific
RBPs termed epithelial splicing regulatory proteins 1 and 2
(ESRP1 and ESRP2) that are essential tissue-specific regula-
tors of FGFR2 splicing. Furthermore, ESRP1/2 do not only
regulate FGFR2 splicing, but a whole set of genes involved in
EMT that induce the striking cellular changes—specifically
loss of cell-cell adhesion and polarity and gain of migratory
and even invasive properties. Overexpression and knock-
down experiments indicate that their regulation is sufficient
to induce EMT/MET-related splice patterns [74, 75]. As des-
cribed above, EMT can be initiated, amplified, and modu-
lated by overlapping signaling pathways like WNT and TGF-
β via gene expression changes that led to the cells’ phenotypic
transitions [74, 75]. Recently ESRP1/2 have been shown to
act as mastermind splice regulator, sproviding an additional
layer of gene regulation that contributes to shape the EMT
process [74, 75]. The answer as to how they are targeted by
EMT-inducing pathway has not been reported to date.

Sequence and experimental analyses generated a predic-
tive “RNA map” in which binding of ESRP1/2 either within
or 5′ upstream of an alternative exon leads to exon skipping,
whereas binding to the downstream intron leads to exon
inclusion [74]. Applying such an “RNA map” on sequences
of all FGFR IIIb and IIIc variants from human and other
species, like dog and cat, may predict similar splicing regu-
lation by ESRP1/2 as observed for FGFR2 exon IIIb (see
Figure 3 in [74]). Such results must be validated by exper-
iments with tumor cells of epithelial and mesenchymal
origin that clearly demonstrate a connection between exon
IIIb/IIIc usages of all FGFRs and expression of ESRP1/2 to
address whether splicing is regulated by similar mechanisms
for all 3 receptors. Indeed, our own observations indicate
that IIIb/IIIc selection for all FGFR is similar in soft-tissue
sarcoma of human and canine origin (Figure 3).
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Emerging information on the topic of alternative splicing
control intimately links splicing of constitutive and alterna-
tive exons with transcription [76]. Evidence suggests that
transcriptional modulation of promoters via various stimuli
controls not only the production but also changes the exon
content of the gene products [77]. Furthermore, noncoding
RNAs (ncRNAs), chromatin structure, and histone modifi-
cations impact on alternative splicing regulation, suggesting
that they deserve a more thorough investigation with regard
to the mechanisms of splice choices [78, 79]. Epigenetic
changes and ncRNAs determine not only what parts of
the genome are expressed but also how they are spliced,
and therefore add additional complexity on this topic.
Such mechanisms may apply to FGFR splicing regulation,
although reports studying the FGFR 2 and 3 promoters could
not identify a correlation between a change in IIIb and IIIc
splicing with transcription or epigenetic regulation [80, 81].

6. Novel Methods for In Vitro and
In Vivo Research

Research analyzing alternative splicing events has changed
over the past decade to a genome-wide scale for deciphering
the regulatory networks [82–84]. Before completion of the
human genome project, most approaches were based gene
by gene on RT-PCR, sequencing, and comparison with exis-
ting information in sequence databases. We did use such stra-
tegies applying standard and quantitative RT-PCR to assess
exon IIIb and IIIc transcripts for FGFR in human tissue
material and tumor cell lines of several tumor types. For
mechanistic studies using in vitro tumor models we have
developed splice variant specific tools for both ectopic gene
expression and knock down [38, 47, 49, 85].

For analyses of material from other species such as
canine, we performed in silico analyses to locate orthologous
FGFR and developed specific PCR assays that enabled the
expression studies described above. In the cat, whose genome
is not yet completely sequenced, we initially sequenced the
four FGFRs from genomic DNA, and determined the pres-
ence of the IIIb/IIIc splice variants based upon sequence
homology, direct sequencing of expressed transcripts, and
splice-variant specific RT-PCR.

Recent technical innovations have facilitated the inves-
tigation of alternative splicing at a global scale [83]. Splice-
sensitive microarray platforms and deep sequencing allow
quantification of large numbers of alternative splicing events.
Global analyses of the targets of RBP combined with com-
putational analyses are beginning to reveal the regulatory
networks, the so-called “RNA map or RNA code” that under-
lies tissue-specific and developmentally regulated alternative
splicing, with potential dysregulation in cancer.

For the FGFR, a more traditional approach to study alter-
native splicing regulation in vitro and in vivo was based on
FGFR2 minigene models and revealed cis and trans factors
important for splicing regulation (reviewed in [71, 72]). Such
models have been used for successful high-throughput
screening of novel genes that encode splicing regulatory pro-
teins [73]. More recently such minigene constructs have
been developed to function as IIIb/IIIc alternative splicing

reporters that produce different luminescent and fluorescent
proteins depending on inclusion or exclusion of a specific
exon [86–88]. Precise protocols for the use of such reporter
in transgenic mice are already available to clarify IIIb/IIIc
alternative splicing in vivo [89]. Similar bichromatic splic-
ing reporters expressing two different fluorescent proteins
for FGFR2 variants with potential possibilities for future
modifications are briefly described (Figure 4). Such reporter
systems depending on the inclusion or exclusion of the IIIc
exon of FGFR2 contributed to the detection of both variants
within single cancer cells in vitro [90, 91]. This splicing repor-
ter system was developed and used in tumor cell models for
prostate cancer in rat and was a powerful tool which helped
to identify the epithelial plasticity and malignant fitness in
tumor xenografts [90]. Newer splice reporter systems include
the complete genomic mouse FGFR2 sequences (around
3.7 kb) of the two alternative IIIb and IIIc exons flanked
by their upstream and downstream exons with introns in
between and allowed the simultaneous detection of alter-
native exon usage in vitro and in vivo [92]. Applying this
reporter system to transgenic mice and tumor cell lines
revealed the evolutionally conserved switching mechanisms
for the FGFR2 tissue-specific alternative splicing. Further
development of this model will eventually permit assessment
of the dynamics of analogous events in FGFR1 and FGFR3
processing (Figure 4). Eventually, reporter systems can be
combined in tumor cell models using fluorescent proteins
with multiple wavelength properties [93]. We have previ-
ously employed fluorescent reporters in the construction
of chimeric proteins consisting of FGFR1 extracellular and
transmembrane domains tagged to enhanced green fluores-
cent protein (EGFP) replacing the kinase domain. This pro-
duced a dominant negative receptor mutant while permitting
identification of cells expressing the construct through the
EGFP-part of the molecule [47, 49]. Based on this experience,
we plan to use fluorescence reporters for analysis of IIIb/IIIc
splicing in tumor cells. These tumor cell models have the
advantage of monitoring the dynamics of splicing regulation
with single-cell resolution, to identify essential regulation by
exogeneous and endogeneous factors and to follow splicing
dynamics of tumor cells during tumor progression.

7. Therapeutic Options

7.1. Targeting FGFR Splice Variants. During the past few
years most FGFRs have been identified as targets for cancer
therapy, whose blockade by genetic or chemical means in-
hibits tumor growth (see reviews [40, 94]). In addition,
blockade of FGFR-dependent signaling interferes with sur-
vival pathways that cause resistance to standard therapies,
and combining FGFR inhibition with standard therapeutics
can result in synergistic effects [95–98]. Current inhibitor-
based approaches targeting FGFRs frequently are also active
against VEGFR and/or PDGFR [15, 32]. Targeting specific
splice variants is not currently possible with small molecule
inhibitors although it may be a promising approach in
tumors that have upregulated an oncogenic FGFR-isoform.
This degree of specificity can only be achieved by genetic
constructs, isoform-specific antibodies, or ligand traps. Our
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Figure 4: IIIb/IIIc splice reporter systems. Schematic of bichro-
matic fluorescence reporter constructs for IIIc (a) and IIIb/IIIc (b)
analyses with adaptations from [90] and [92]. The reporter genes
are positioned downstream of the splicing cassette (bold) in two
different reading frames, each containing an individual stop codon.
Inclusion of exon IIIc (and for b simultaneous skipping of IIIb)
of FGFR2 results in a fusion protein in frame with EGFP (green)
ending at stop codon 2. Skipping of this exon (and for b simultane-
ous inclusion of IIIb) results in DsRED (red) expression in another
reading frame which contains stop codon 1. Possible adaptations of
this splicing reporter system are indicated to exchange (1) species
specific orthologous sequences, (2) sequences from IIIb splice vari-
ants, (3) sequences from paralogous FGFR 1 and 3, and (4) sequen-
ces for other fluorescence reporter proteins.

own efforts in blocking FGFR3-isoforms in colorectal tumor
cells have demonstrated that FGFR3 blockade mediated by
dominant-negative mutant constructs or siRNA can be spe-
cifically targeted against FGFR3-IIIb or FGFR3-IIIc which
have distinctly different biological impact depending on the
choice of target [38].

Antibody-based therapies are being developed for FGFR3
for use in bladder cancer and multiple myeloma cell models
and have been entered into clinical trials [99]. Currently
available antibodies are not splice-form specific. However,
splice-form specific antibodies for experimental use are com-
mercially available, so the option for a therapeutic interven-
tion of such high specificity exists.

Ligand traps have been developed from the extracellular
domains of FGFRs or from soluble splice variants. They con-
tain the ligand-binding site of the respective receptor and
trap all IIIb- or IIIc-specific FGFs that signal through it (see
Figure 1). IIIc-specific ligand-traps should be suitable for

interrupting those autocrine growth factors loops that are
enabled by a IIIb/IIIc splice switch in carcinomas. Ligand
traps have been described for FGFR4 [6] and FGFR1. The
latter construct is currently in phase I clinical trials (http://
clinicaltrials.gov/ identifier NCT00687505).

7.2. Targeting Inducers of EMT. Accumulating evidence sug-
gests that, beyond triggering cell migration, EMT is capable
of conferring stem-cell-like features such as enhanced tumor
cell survival and therapy resistance. Inducing factors and
pathways other than FGF include among others TGFß, EGF,
IGF, and HGF (reviewed in [63]). All of these are regarded
as therapeutic targets for various cancers for which targeted
drugs are being developed, for example, [100]. PDGFR is
another drugable tyrosine kinase that can be used to interfere
with EMT [101].

Common down-stream mediators that have been impli-
cated in alternative splicing regulation are the kinases in the
raf-Map-kinase and the ras-PI3K-Akt pathways (reviewed in
[102, 103]). The kinases have been reported to phosphorylate
SR proteins in a stimulus-dependent manner affecting their
subcellular location and consequently their function [104,
105]. Similar activity has also been described for protein
kinase C [106] and calmodulin-dependent protein kinase
[107] suggesting that multiple signaling pathways can mod-
ulate alternative splicing in a signal/cell type specific manner.

Targeting EMT-inducing signaling pathways and cellular
kinases will not be specific for splicing events due to their
pleiotropic roles and interactions in cell regulation. A thor-
ough knowledge not only of the kinases’ role in splicing regu-
lation, but also of all their additional downstream substrates
will be an essential prerequisite for employing such strategies
[108].

7.3. Targeting the Splicing Apparatus. Based on the emerging
detailed information on the splicing apparatus described
above, targeting on the splicing process that underlies EMT
may be an innovative strategy in cancer therapy. Most impor-
tantly, it should impact not only FGFR-dependent growth
and survival signals but also all the additional pro-metastatic
alterations in EMT [46].

For this approach three different strategies seem feasible:
(1) splice site modulation, (2) targeting of hnRNPs or SR
proteins, and (3) targeting the spliceosome in general [109].
Splice-site modulation is the most specific approach and can
be achieved directly or indirectly. Antisense oligonucleotides
targeting the FGFR variant specific regulatory sequences may
have direct blocking activity, similar to the intronic splicing
silencer (ISS-N1) which has been shown to fully restore
SMN2 exon 7 inclusion in case of spinal muscular atrophy
[110]. This approach succeeded in correcting the harmful
effects of a splice variant by remodeling the splice reaction
and may also be useful in cancer therapy. Such a strategy
depends on the identification and validation of the exact
splice sites involved as they are currently available for FGFR2.
However, extension of this approach to FGFRs 1 and 3,
whose splice choices are regulated in a slightly different
manner, may be considered as soon as the relevant sequence
information is available.
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Targeting the hnRNPs or SR proteins known as splice
modulators constitutes an indirect approach [109]. Several
kinases are known to phosphorylate SR proteins [111]. Com-
pounds have been identified that target these kinases and
are able to modulate the splicing profile as demonstrated for
Cdc2-like kinase family Clk/Sty [112, 113], for SR protein
kinases SRPK1/2 [114, 115], and for topoisomerase I [116–
118]. It remains to be investigated if FGFR splicing can be
targeted by this strategy.

The third approach, targeting the spliceosome in general,
is based on the fact that malignant cells have higher meta-
bolic rates than normal cells and thus require increased
splicing activity. Therefore, they are more sensitive to splicing
modulation or inhibition [109]. A series of novel micro-
bial compounds displaying antitumor activity [119] have
recently been shown to directly target the spliceosome and
modify interaction of snRNP with RNA [120, 121]. After
clinical trials with the initial model compound E7107 were
suspended due to problems with the structurally highly
complex molecules, semisynthetic derivatives have now been
developed and await further study [122]. As this strategy of
directly targeting the spliceosome is not necessarily specific
for tumor cells, it depends on defining drug levels that inhibit
tumors but do not affect normal cells. For monitoring pur-
poses, FGFR splicing patterns might be suitable biomarkers
to assess the efficacy of these novel treatment strategies for
cancer patients.

8. Conclusions

Alternative splicing of FGFRs producing IIIb/IIIc variants
has long been known to have strong physiological and patho-
physiological impact—specifically in tumor development
and progression. Observations on prostate, bladder, and,
lately, in colon cancer indicate that altered splice choices are
related to altered cell behavior. Specifically the IIIc isoform
was associated with more aggressive tumors, probably be
due the broader ligand specificity of this splice forms. With
FGFR2, the switch to a IIIc variant is a marker of EMT which
produces invasive, metastasizing tumors.

Comparative analysis of FGFR splice patterns in a larger
panel of malignancies should provide more insight in both
general and tumor type specific consequences of FGFR splice
choices. From this, new diagnostic/prognostic markers as
well as therapeutic targets should arise.

Over the past years exciting new tools have been devel-
oped that enable high-throughput analysis of splice variants
as well as a thorough investigation of the cellular mechanisms
underlying FGFR splice choices. The cellular splice machin-
ery has been characterized in sufficient detail to permit
targeting not only of tumor-specific splice variants but also
of the splicing process itself for cancer therapy.

Splice-reporter constructs expressing fluorescent/lumi-
nescent gene products even permit real-time observation of
splice choices in single cells in vivo and in vitro. Application
and further development of these new tools and technologies
should help to enlighten the role of FGFR splice variants in
cancer with emphasis on malignant progression.
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Numerous studies report splicing alterations in a multitude of cancers by using gene-by-gene analysis. However, understanding of
the role of alternative splicing in cancer is now reaching a new level, thanks to the use of novel technologies allowing the analysis of
splicing at a large-scale level. Genome-wide analyses of alternative splicing indicate that splicing alterations can affect the products
of gene networks involved in key cellular programs. In addition, many splicing variants identified as being misregulated in cancer
are expressed in normal tissues. These observations suggest that splicing programs contribute to specific cellular programs that are
altered during cancer initiation and progression. Supporting this model, recent studies have identified splicing factors controlling
cancer-associated splicing programs. The characterization of splicing programs and their regulation by splicing factors will allow
a better understanding of the genetic mechanisms involved in cancer initiation and progression and the development of new
therapeutic targets.

1. Introduction

Each cellular program results from the expression of gene
networks or transcriptional programs that are under the
control of transcription factors. However, human genes can
no longer be considered as simple functional units producing
a single transcript. Rather, human genes are an assemblage
of exons that can be differentially selected through the
use of alternative promoters, alternative polyadenylation
sites, and alternatively spliced exons (Figure 1). Genome-
wide analyses of splicing based on ESTs (expressed sequence
tags), splicing sensitive microarrays, or deep sequencing data
sets have revealed that most, if not all human genes can
generate different transcripts with different exon content
and there are at least 10 times more mRNAs than genes
[1–4]. It is now widely accepted that different cell types
not only differ because they express different sets of genes
but also because genes produce different splicing variants
depending on cell type [3, 5–10]. Furthermore, coordinated
regulation of alternative splicing of gene products within
gene networks plays a key role during differentiation [11–13].

Therefore, an emerging model is that each cell type at
a specific developmental stage is characterized by splicing
programs that together, with other layers of gene expression
programs (e.g., transcriptional programs), determine the
precise nature of their transcriptome and therefore their
proteome.

Tumor cells are able to adapt and evolve. Indeed,
tumor cells that proliferate develop mechanisms to escape
control by their environment. Some tumor cells stimulate
angiogenesis or degrade the extracellular matrix, migrate
and colonize other tissues to form metastasis (Figure 2)
[14]. Gene expression regulation is obviously playing a
critical role in this phenotypic plasticity. It is now widely
accepted that many transcription factors are altered during
tumor initiation and progression. Alterations can occur at
the gene level (mutations, misexpression, etc.) or because
signaling pathways controlling the activity of transcription
factors are altered [14]. Collectively, these alterations result
in the changes in transcriptional programs and therefore
cellular programs. For example, it has been shown that
misregulation of transcription factors, like TWIST that
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Figure 1: Genes are an assemblage of exons that can be differentially selected through the use of alternative promoters (P), alternative
polyadenylation sites (pA), and alternatively spliced exons.
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Figure 2: Tumor cells are able to adapt and to evolve. Tumor
cells that proliferate develop mechanisms to escape apoptosis
and control of their environment. Some tumor cells stimulate
angiogenesis or degrade the extracellular matrix, migrate and
colonize other tissues to form metastasis.

are involved in embryonic development, can induce the
epithelial-mesenchymal transition (EMT) that is implicated
in the conversion of early-stage tumors into invasive malig-
nancies [15].

Because alternative splicing permits the generation of
protein isoforms having different biological activities, it is
likely that alterations of splicing regulation participate in
the phenotypic plasticity of tumor cells. In this context,
many splicing variants have been found to be misregulated
in cancers [16–24]. However, one major challenge now is
to better characterize the splicing programs contributing to
specific cancer-associated phenotypes and to identify the
splicing factors that control such splicing programs. Indeed,
the recognition of exons and introns relies on degenerated
sequences at the boundaries between them (splicing sites)
that are recognized by the spliceosome, as well as on splicing
regulatory sequences located within exons and introns that
are recognized by accessory factors or splicing factors (e.g.,
SR and hnRNP proteins) [16, 17, 19, 20, 25–27]. Depending
on their nature and the position of their binding sites,
splicing factors can either strengthen or inhibit the splice sites
recognition by the spliceosome and can therefore enhance or
repress the inclusion of alternative exons. Like transcription
factors control transcriptional programs by controlling the
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Figure 3: Cellular programs depend on gene expression programs
that result from both transcriptional and splicing programs.
Transcriptional and splicing programs are under the control of
transcription and splicing factors, respectively. Mutations or gene
expression alteration of transcription and/or splicing factors can
contribute to tumor initiation and progression. The activity of
transcription and splicing factors is also under the control of
signaling pathways that can be altered in tumor initiation and
progression.

expression of gene networks, splicing factors control splicing
programs by controlling alternative splicing of gene networks
(Figure 3). While several excellent reviews on splicing and
cancer have been recently published [16–24, 28–32], our aim
in this paper was to discuss recent genome-wide analyses
of alternative splicing in cancer indicating that splicing
programs controlled by splicing factors play a major role in
cellular programs and tumor progression.

2. Large-Scale Analyses of
Alternative Splicing in Cancer

There are now numerous studies reporting on splicing alter-
ations in many cancers (see above). However, understanding
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Table 1: Summary of studies using different approaches (1: high throughput RT-PCR, 2: Affymetrix junctions arrays; 3: Affymetrix exon
arrays; 4: exonhit arrays; 5: custom arrays) to identify misregulated gene at the splicing level in cancer. ∗Bioinformatic gene pathway analyses.

Samples # Genes functions References

Pooled human normal and tumor
samples

1
∗Cellular architecture, plasticity and
movement

[33]

26 human breast cancer cell lines and 5
nonmalignant immortalized cell lines

2

∗Signaling (axon guidance, ephrin
receptor, integrin, and tight junctions),
cytoskeleton organization, biogenesis,
and cell signaling

[34]

Breast
Nonmetastatic (67NR, 168FARN) and
metastatic (4T07, 4T1) mouse primary
tumors

3
∗Cellular morphology, and cellular
movement

[35]

168FARN, 4T07 and 4T1 mouse primary
tumors

3

∗Cell growth, cell interactions, cell
proliferation, cell migration, cell-to-cell
signaling, cell death

[36]

120 human breast tumors and 45 benign
lesions

4 [37]

18 paired samples of human lung tumors
and normal adjacent tissues

3
Remodeling of the cytoskeleton and cell
movement

[38]

Lung
20 paired of human primary lung tumors
and adjacent normal tissues

3

∗Tissue development, cellular growth
and proliferation, tissue morphology, and
immune response

[39]

20 paired of human primary lung tumors
and adjacent normal tissues

5
Cell adhesion, differentiation,
proliferation, adhesion, migration,
cytoskeleton, trafficking

[40]

29 paired of human primary lung tumors
and adjacent normal tissues

5
Cell signaling, cell proliferation,
angiogenesis, cytoskeleton

[41]

10 paired of human colon primary
tumors and adjacent normal tissues

3

∗Cell motility and organization of the
actin cytoskeleton, cell adhesion, and
matrix organization

[42]

Digestive
tract

20 human colon adenocarcinoma and 10
normal samples

3
Cancer-related, cytoskeleton, matrix
organization, Wnt signaling

[43]

12 samples of isolated cells from 10
patients

3 [44]

83 human colorectal tissue samples 3 [45]

14 pediatric medulloblastomas and 5
samples of normal cerebellum

3

Neuronal differentiation, cancer
progression: cytoskeleton remodeling,
cell morphology regulation, and
cell-to-cell interaction

[46]

Brain
47 human neuroblastoma samples in
stage 1 and stage 4 with normal or
amplified MYCN copy number

3

∗Nervous system development, cell
adhesion, synaptic transmission, and
cytoskeleton organization and biogenesis

[47]

24 human glioblastoma and 12
nontumor samples

3

Splicing, intracellular transport and cell
migration, central nervous system, notch
signaling, cell adhesion, apoptosis, cell
growth

[48]

26 human glioblastoma, 22
oligodendrogliomas and 6 nontumor
samples

3 [49]

of the role of alternative splicing in cancer is now reaching a
novel level, thanks to the use of new tools including splicing-
sensitive microarrays, allowing the analysis of splicing variant
expression at a large-scale level. As summarized in Table 1,
tumors from breast, lung, digestive tract, and brain have
been extensively analyzed thanks to these tools. Although the
number of splicing alterations depends on the study design
and cancer type, and even though extensive validations using

different approaches have generally not been done, it appears
that splicing alterations affect gene networks participating in
key cellular programs.

For example, we recently used the exon arrays from
Affymetrix to search for potential splicing variants associated
with different metastatic properties in the clinically relevant
4T1 mouse model of spontaneous breast cancer metastasis
[35]. The 4T1 mouse model comprises four syngenic tumor
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lines (67NR, 168FARN, 4T07, and 4T1) that have differential
metastatic behavior: the 67NR cell line forms primary
carcinomas when implanted into the mouse mammary fat
pad, and no tumor cells are detected at distant tissue;
the 168FARN cell line forms primary carcinomas with
extensions to local lymph nodes; the 4T07 and 4T1 cell
lines generate micrometastases and macroscopic metastases,
respectively, in the lungs. By comparing the transcriptome at
the exon level in primary tumors generated from each cell
line, we identified 679 splicing variants that were differen-
tially expressed in primary tumors with different metastatic
abilities. Many of the splicing variations identified in the
4T1 model affected genes involved in cellular morphology
and movement, which suggests that splicing may play a role
in these cellular activities that are highly relevant to tumor
progression. In addition, many splicing events identified
in the primary tumors were conserved during evolution
and were found in normal tissues, demonstrating that at
least a large subset of splicing variations during tumor
progression are not due to aberrant splicing. Importantly,
some of the splicing variants identified in mouse tumors
giving rise to metastases were linked with poor prognosis
(shorter metastasis-free survival) in a large cohort of breast
cancer patients. Using the primary tumors generated from
the 168FARN, 4TO7, and 4T1 cell lines, Bemmo and col-
laborators also identified genes that are differentially spliced
in association with the metastatic ability of tumors [36].
The misregulated genes were involved in cell growth and
proliferation, cell death, cellular development, and cellular
movement.

Lapuk and collaborators also identified 156 genes being
differentially spliced when comparing 26 breast cancer
cell lines representing the luminal, basal, and claudin-low
subtypes of primary breast tumors, and five nonmalignant
breast cell lines [34]. Functional annotation analyses of the
regulated genes showed preferential enrichment of biological
processes related to cytoskeleton and actin. In addition,
this study revealed that many of these splicing events are
regulated by the FOX2 (RBM9) splicing factor. This is
of particular interest as Venables and collaborators also
identified a large number of differentially spliced genes when
comparing human breast and ovarian tumors to normal
tissues that are under the control the FOX2 splicing factor
that the authors showed to be downregulated in ovarian
cancer and to be altered at the splicing level in breast
cancer samples [33]. Interestingly, several studies suggest
that FOX2 is a critical regulator of a splicing network.
Indeed, by integrating binding specificity with phylogenetic
conservation and splicing microarray data from 47 tissues
and cell lines, Zhang and collaborators found thousands
of FOX tissue-specific targets [50]. Yeo and collaborators
also constructed an RNA map of FOX2-regulated alternative
splicing via CLIP-seq in human embryonic stem cells and
found a large cohort of targets [51]. Supporting further
FOX2 function as a critical regulator of splicing networks,
many cancer- and FOX-regulated splicing events reported
by Venables and collaborators affected genes associated with
actin filaments, myosin dynamics, kinesins, and microtubule
binding and trafficking complexes [33]. Therefore, it appears

that splicing alteration in breast cancer may have a marked
effect on genes involved in cellular architecture, plasticity,
and movement.

This observation is likely relevant to other types of
cancers as a large number of differentially spliced genes when
comparing lung, digestive tract, and brain tumors to normal
tissues were associated with cell motility and organization of
the actin cytoskeleton (Table 1). These observations suggest
that genes involved in cellular architecture, plasticity, and
movement are particularly prone to alternative splicing
and/or that tumor progression results in or requires changes
in the splicing patterns of genes involved in these cellular
programs. It must be underlined that genes involved in
other cellular programs, such as cell proliferation, are also
often found to be differentially spliced in tumors (Table 1).
Although further genome-wide analyses of alternative splic-
ing are still required, an emerging concept is that cellular
programs altered during tumor initiation and progression
depend on splicing programs (Figure 3).

3. Cellular Programs Involve Splicing Programs
Controlled by Splicing Factors

The first demonstration that splicing programs participate
in cellular programs came from the study of the neu-
ronal splicing factor, Nova-1, that was shown to regulate
splicing events of a network of genes involved in synapse
function [52, 53]. In the context of cancer-related cellular
programs, the best example illustrating this concept was
provided by a recent study of Warzecha and collaborators,
who uncovered a network of alternative splicing changes
that are under the control of the ESRP1 (RBM35A) and
ESRP2 (RBM35B) splicing factors and that contribute to the
epithelial-mesenchymal transition (EMT) [54]. Epithelial
splicing regulatory proteins 1 and 2 (ESRP1 and ESRP2)
have been identified to be regulators of the epithelial to
mesenchymal splicing pattern of FGFR2, CD44, CTNND1
(p120-Catenin), and ENAH transcripts [55]. Warzecha and
collaborators demonstrated that ESRPs are components of
an epithelial gene signature and demonstrated a downregula-
tion of these proteins in cells that undergo EMT. Knockdown
of ESRPs results in loss of characteristic morphological
features of epithelial cells with an increased motility and
expression of invasive markers, concomitant with changes
in expression of several prototypical EMT markers [54].
To know if ESRPs are master regulators of epithelial cell-
specific splicing program, they analyzed splicing profiles
derived from ectopic expression of ESRP1 in mesenchymal
cells, as well as from knockdown of ESRPs in epithelial cells
using splicing sensitive microarrays [54, 56]. They identified
hundreds of alternative splicing events within numerous
genes with functions in cell-cell adhesion, polarity, and
migration, and many events showed reciprocal changes in
the two experimental conditions. Components of this global
ESRP-regulated epithelial splicing program could be valuable
molecular markers to characterize the EMT and could have
potential clinical applications, as cancer cells undergoing
EMT present more aggressive tumor phenotypes.
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Other cellular programs that may involve splicing pro-
grams are cell proliferation and apoptosis, two key cellular
programs that are altered in cancer [14, 57]. Strikingly,
most (if not all) genes involved in apoptosis, can produce
splicing variants coding for protein isoforms with either
pro- or antiapoptotic activities [16, 58]. Interestingly, an
alternative splicing network that links cell cycle and apoptosis
has recently been identified [59]. It must be emphasized
that several cell cycle regulators, including CDC40 and
CDC5L, have been identified as spliceosome components,
and that several splicing factors, including SRSF1 (ASF/SF2,
see below) affect cell cycle progression [60–62]. In addition,
both splicing factors SRSF1 and SRSF2 (SC35) regulate the
alternative splicing of several genes involved in apoptosis [59,
63–65]. The SRSF1 factor, a member of the arginine/serine-
rich (SR) family of splicing factors, is particularly interesting
as it is overexpressed in various human tumors [66, 67], and
its overexpression is sufficient to transform immortalized
cell lines [66]. Karni and collaborators showed that SRSF1
affects the alternative splicing of the tumor suppressor BIN1,
producing an isoform lacking tumor suppressor activity,
and of the protein kinases MNK2 and S6K1, leading to
an MNK2 isoform promoting MAPK-independent eIF4E
phosphorylation and an S6K1 isoform with oncogenic
properties [66]. The oncogenic activity of SRSF1 may also
be due to its implication in multiple cellular programs,
as it regulates the alternative splicing of genes implicated
in proliferation (e.g., CyclinD1), apoptosis (e.g., Bcl-x and
Mcl1) and cell motility (e.g., Rac1 and Ron) [59, 68].
These studies provide evidence that an abnormally expressed
splicing factor can have oncogenic properties by impacting
on alternative splicing of cancer-associated genes and genes
involved in cancer-related cellular programs.

Also interesting in this context is the Sam68 (Src
associated in mitosis, of 68 kDa) factor that is a KH domain
RNA-binding protein, whose expression and function have
been linked to the onset and progression of tumors, such as
prostate and breast carcinomas [69–73]. It was first thought
that Sam68 had a tumor suppressor role [74, 75], but direct
investigations rather suggest a pro-oncogenic role of the
protein (for review [76]). Sam68 regulates splicing events
in several genes involved in apoptosis and cell proliferation
(e.g., Bcl-x, Cyclin D1, and CD44) [77–80]. Interestingly,
Valacca and collaborators suggested that Sam68 could also
contribute to the malignant transformation of epithelial
cancers by regulating the alternative splicing of SRSF1 and
inducing EMT [79].

In addition to the splicing factors mentioned above
including FOX2, the polypyrimidine tract-binding protein
(PTB/PTBP1), also known as hnRNP I is a splicing regulator
that often acts as a repressor, although it can also promote
the inclusion of exons [81, 82]. PTB has been shown to be
overexpressed in ovarian cancer and in gliomas and may
play a role in tumor initiation and progression [83–86].
PTB is expressed throughout development, and then down-
regulated in many adult tissues [87]. In ovarian and glioma
cell lines, loss of PTB inhibited cell proliferation and cell
migration and increased cell adhesion [83, 85]. Cheung and
collaborators showed that after removal of PTB in glioma cell

lines where the PTB paralog nPTB/PTBP2 is also expressed,
a single gene RTN4 had enhanced inclusion of exon 3 and
this isoform decreased cell proliferation, migration, and
adherence to a similar degree as the removal of PTB [83].
Importantly, it has also been shown recently that PTB,
together with two others hnRNP family members, hnRNPA1
and hnRNPA2, controls the alternative splicing of transcripts
of the PKM gene coding for the enzyme pyruvate kinase. The
expression of these proteins favors switching from PKM1 to
PKM2 isoform, which promotes aerobic glycolysis and thus
will provide a selective advantage for tumor formation [84,
88]. Further studies will be required to assess the potential
relevance of other PTB-regulated exons in the context of
cancer.

4. Conclusions

Genome-wide analyses of alternative splicing allow us to
propose a model whereby splicing programs, together with
transcription programs participate in the corruption of
cellular programs during tumor initiation and progression
(Figure 3). It is important to underline that recent proteomic
analyses confirm the presence of alternative protein isoforms
in tumor samples [89]. Because of the diversity generated
by alternative splicing and because of its highly dynamic
regulation, it is likely that this process plays a central role in
the phenotypic plasticity of tumor cells. Therefore, the iden-
tification of splicing programs that impact on key cellular
programs will allow a better understanding of the genetic
programs involved in cancer initiation and progression.
This concept likely applies to other cancer-related cellular
programs in addition to EMT, migration, proliferation, and
death. For example, angiogenesis (blood vessel formation)
favors tumor progression by improving tumor cell feed
[14]. Several alternative splicing events induce a switch
from pro- to antiangiogenic functions [90, 91]. Likewise,
there is increasing evidence that primary metabolism is
altered in tumor cells, and the pyruvate kinase M1 and
M2 splicing isoforms control the balance between aerobic
and anaerobic glycolysis during tumor progression [92, 93].
Supporting a model where cellular metabolism could depend
on splicing programs, it has been recently shown that several
key regulators of cholesterol biosynthesis and uptake are
regulated by alternative splicing in a coordinated manner by
the splicing factor PTB/hnRNP I [94].

A current challenge raised by large-scale analyses of
alternative splicing is the functional analysis of large sets of
splice variants that are identified as misregulated in cancer.
Most studies so far have relied on the functional annotation
of genes and on the analysis of functional features encoded
by alternative exons (e.g., protein domains or premature stop
codons). However, there is a need for midscale functional
analyses of splice variants using experimental screens. Such
an approach was used in a recent study, where 41 splice
variants previously associated with breast and/or ovarian
cancer were functionally analyzed by transfecting cells
with either isoform-specific siRNAs or bifunctional-targeted
oligonucleotides allowing to reprogram alternative splicing,
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followed by analysis of cell growth, viability, and apoptosis
assays [95]. In this pioneering study, about 10% of the
analyzed splice variants were found to play a role in cell
viability in the growth conditions that were used. While
it is possible that only a subset of cancer-associated splice
variants play a role in cancer cell phenotypes, it is likely
that unraveling the functions of cancer-associated splice
variants will require using more varied growth conditions
and phenotypic screens involving various cellular programs.

Understanding the mechanisms leading to splicing pro-
gram alteration in cancer will require identification of the
splicing factors that govern these splicing programs, knowing
that many of them are misregulated in cancer. While several
splicing factors have recently emerged as good candidates,
further studies are needed to identify the whole sets of
splicing events they regulate, their precise cellular functions
or their potential alterations in cancer. Moreover, it is
likely that many other splicing factors will be involved in
oncogenesis and tumor progression.

Finally, the identification of the splicing factors control-
ling cancer-associated splicing programs will allow develop-
ments of new therapeutic targets [96, 97]. In this context,
several strategies targeting splicing regulators are currently
being developed. The recent identification of small molecules
that can inhibit the activity of splicing factors will allow
improved targeted cancer therapies [98, 99]. However, as
splicing factors are RNA-binding proteins that are often
involved in other aspects of RNA metabolism (e.g., mRNA
stability and translation, or processsing of noncoding RNAs),
it will be important to determine whether these different
activities cooperate in the induction of a given cellular
program or can be selectively targeted to induce distinct
phenotypes.
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[70] R. Busà, M. P. Paronetto, D. Farini et al., “The RNA-binding
protein Sam68 contributes to proliferation and survival of
human prostate cancer cells,” Oncogene, vol. 26, no. 30, pp.
4372–4382, 2007.

[71] K. E. Lukong, D. Larocque, A. L. Tyner, and S. Richard,
“Tyrosine phosphorylation of Sam68 by breast tumor kinase
regulates intranuclear localization and cell cycle progression,”
Journal of Biological Chemistry, vol. 280, no. 46, pp. 38639–
38647, 2005.

[72] M. P. Paronetto, D. Farini, I. Sammarco et al., “Expression
of a truncated form of the c-kit tyrosine kinase receptor and
activation of Src kinase in human prostatic cancer,” American
Journal of Pathology, vol. 164, no. 4, pp. 1243–1251, 2004.

[73] P. Rajan, L. Gaughan, C. Dalgliesh et al., “Regulation of gene
expression by the RNA-binding protein Sam68 in cancer,”
Biochemical Society Transactions, vol. 36, no. 3, pp. 505–507,
2008.

[74] K. Liu, L. Li, P. E. Nisson, C. Gruber, J. Jessee, and S. N. Cohen,
“Neoplastic transformation and tumorigenesis associated with
Sam68 protein deficiency in cultured murine fibroblasts,”
Journal of Biological Chemistry, vol. 275, no. 51, pp. 40195–
40201, 2000.

[75] S. J. Taylor, R. J. Resnick, and D. Shalloway, “Sam68 exerts
separable effects on cell cycle progression and apoptosis,” BMC
Cell Biology, vol. 5, no. 5, 2004.

[76] P. Bielli, R. Busa, M. P. Paronetto, and C. Sette, “The RNA-
binding protein Sam68 is a multifunctional player in human
cancer,” Endocrine-Related Cancer, vol. 18, no. 4, pp. R91–
R102, 2011.

[77] N. Matter, P. Herrlich, and H. König, “Signal-dependent
regulation of splicing via phosphorylation of Sam68,” Nature,
vol. 420, no. 6916, pp. 691–695, 2002.

[78] M. P. Paronetto, T. Achsel, A. Massiello, C. E. Chalfant, and
C. Sette, “The RNA-binding protein Sam68 modulates the
alternative splicing of Bcl-x,” Journal of Cell Biology, vol. 176,
no. 7, pp. 929–939, 2007.

[79] C. Valacca, S. Bonomi, E. Buratti et al., “Sam68 regu-
lates EMT through alternative splicing-activated nonsense-
mediated mRNA decay of the SF2/ASF proto-oncogene,”
Journal of Cell Biology, vol. 191, no. 1, pp. 87–99, 2010.

[80] M. P. Paronetto, M. Cappellari, R. Busà et al., “Alternative
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Angiogenesis has been targeted in retinopathies, psoriasis, and a variety of cancers (colon, breast, lung, and kidney). Among
these tumour types, clear cell renal cell carcinomas (RCCs) are the most vascularized tumours due to mutations of the von
Hippel Lindau gene resulting in HIF-1 alpha stabilisation and overexpression of Vascular Endothelial Growth Factor (VEGF).
Surgical nephrectomy remains the most efficient curative treatment for patients with noninvasive disease, while VEGF targeting has
resulted in varying degrees of success for treating metastatic disease. VEGF pre-mRNA undergoes alternative splicing generating
pro-angiogenic isoforms. However, the recent identification of novel splice variants of VEGF with anti-angiogenic properties has
provided some insight for the lack of current treatment efficacy. Here we discuss an explanation for the relapse to anti-angiogenesis
treatment as being due to either an initial or acquired resistance to the therapy. We also discuss targeting angiogenesis via SR
(serine/arginine-rich) proteins implicated in VEGF splicing.

1. Introduction

Therapies targeting angiogenesis seek to either decrease
VEGF levels or to block its receptors resulting in the
inhibition of downstream signalling pathways such as
RAS/RAF/MEK/ERK and PI3 Kinase. Thus, molecules used
in the clinic block VEGF or inhibit the tyrosine kinase activ-
ity of the VEGF receptors. These classical strategies evidently
target endothelial cells and thus prevent angiogenesis but
may also inhibit autocrine proliferative/survival pathways
due to abnormal expression of VEGF receptors by tumour
cells of different origins [1–9].

The main treatment commonly used is Bevacizumab
(BVZ), a humanized IgG1 monoclonal antibody against
VEGF [10]. A phase II clinical trial has shown that BVZ
can significantly prolong the time to progression of disease
in patients with metastatic renal-cell cancer [11]. However,
only the BVZ plus interferon alpha (IFN) treatment has
obtained approval by the Food and Drugs administration
(FDA) in the United States of America and the European
Medicines Agency (EMA) in Europe following phase III

clinical assays [12, 13]. These clinical assays have demon-
strated an increase in progression-free survival associated
with the treatment combining IFN and BVZ compared to
IFN alone. Unfortunately, BVZ plus IFN did not improve
overall survival when compared to IFN monotherapy [14,
15]. Other treatments targeting the different VEGF receptors
are Receptor Tyrosine Kinase Inhibitors (RTKI) such as
sunitinib targeting VEGFR2, PDGFR, FLT3, and c-Kit or
sorafenib targeting B-Raf, c-Raf, VEGFR2/3, PDGFR, FLT3,
and c-Kit. These compounds are used in cases of advanced
RCC with good or intermediate prognosis. Two clinical trials
showed the benefit of using sunitinib for treating advanced
RCC with a greater decrease in tumour size, an increase
of progression-free survival of about nine months, and a
better quality of life [16, 17]. Another phase III clinical trial
has also demonstrated efficacy of sorafenib on RCC [17].
However, as for the BVZ plus IFN combined treatment,
sunitinib or sorafenib did not increase overall survival of
RCC patients. Axitinib [18] and pazopanib [19] are new
VEGFR-TKI compounds generated for the treatment of RCC
but it is too early to evaluate their efficacy compared to
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sorafenib or sunitinib. The other class of compounds targets
the mTOR pathway. Patients who progressed on sorafenib or
sunitinib as well as patients who have a poor prognosis are
treated with mTOR blockers such as temsirolimus [20, 21]
or everolimus [22]. Deforolimus is also a new generation of
anti-mTOR compounds for the treatment of RCC [23].

2. Lack of Predictive Factors for the
Success/Failure of Anti-Angiogenic Therapies

One of the main problems for patients treated with anti-
angiogenic therapies is the lack of an effective predictive
biomarker for their use. Many trials have tried to identify
predictive biomarkers to assist in the selection of appropriate
therapies. However, contradictory results from a number
of these studies necessitate further investigations. Indeed,
the circulating VEGF, thought to be associated with BVZ
efficiency, is not predictive on benefit as has been shown
in a phase II trial on RCC [11, 24]. Plasma levels of VEGF
were not predictive of response to treatment by BVZ in
other cancers either [24–26]. In the same way, no correlation
had been observed with circulating endothelial cells (CECs)
or circulating endothelial progenitors (CEPs) at only early
stage, where RCC is rare to be diagnosed [27]. In summary,
identification of predictive biomarkers for this treatment
failed even though hypertension is thought to be a good
candidate as a predictive marker of outcome with BVZ plus
INF as the first-line treatment in advanced RCC [15, 28] as
well as sunitinib in metastatic RCC treated patients [29].

3. Different Biological Effects Depending on
Ligands and/or Receptors Involved

VEGF binds to its receptors, which then form either
homodimers or heterodimers. Following the dimerization,
the receptors are transphosphorylated and the downstream
signalling pathways are activated. Furthermore, the kinase
domain of each type of receptor is not the same and
consequently, signalling will differ depending on the receptor
involved. Thus, in the case of heterodimerization, the kinase
domain of VEGFR1 will phosphorylate different tyrosine
sites than VEGFR2 for example [30]. The same observations
are also found with VEGFR2, and VEGFR3 [31]. Further-
more, depending on the ligand bound to the receptor, the
signalling pathway can be rather different as has been well-
described previously by Autiero et al. [32]. The situation is
also complicated by the fact that neuropilin-1 a co-VEGFR is
overexpressed on RCC cells and induces a specific activation
of the PI3 Kinase pathway [33]. Whereas VEGFR are not
expressed on RCC cells, neuropilin overexpression mediates
potent proliferative and invasive capacities.

4. Implication of VEGFxxxb Isoforms

VEGF-A is the first form of VEGF that was described twenty
years ago for which the codiscoverer Napoleone Ferrara was
awarded the Lasker Prize [34]. The pre-mRNA of VEGF-A
undergoes alternative splicing leading to different isoforms

noted as VEGFxxx (xxx stands for the number of amino
acids present in proteins minus the signal peptide). The
major ones are VEGF165, VEGF189, and VEGF121. There
are also a few minor isoforms spliced from the pre-mRNA,
which are VEGF206, VEGF183, VEGF145 and VEGF148,
and VEGF111 although their functions remain less clear
(Figure 1) [35–40].

In 2002 Bates et al. identified a splice variant of
VEGF165, VEGF165b that is expressed in most normal
tissues and downregulated in cancers especially in RCC
[41]. Furthermore, this finding could put a full stop to
the paradox of a high level of VEGF in podocytes where
angiogenesis is not upregulated. As suggested by Bates and
Harper, the codiscoverers of VEGFxxxb, the existence of
anti-angiogenic forms of VEGF “needs reinterpretation or
at worst, require repeating the experiment with reagent that
differentiate between isoforms families” [42]. In light of
the discovery of Bates et al., these forms of VEGF may be
anti-angiogenic forms [41, 43]. After the identification of
VEGF165b, a new sub-family of VEGFxxxb isoforms were
identified (VEGF189b, VEGF121b) (Figure 1) [42].

Since then, a few publications assessed the anti-
angiogenic or at least a less angiogenic outcome of VEG-
Fxxxb isoforms by, in particular, the downregulation of
VEGFR signalling pathway and a decrease of tumour growth
[44–46]. These results have been achieved in vitro on
proliferation and migration of endothelial cells along with in
vivo studies on tumour volume of RCC, prostate, melanoma,
and colorectal cancers and on experimental choroidal neo-
vascularization [44, 47–50]. Moreover, the downregulation
of VEGF165b expression leads to metastatic melanoma while
VEGF165b expression prevents metastasis of malignant
melanoma [51]. We can hypothesize that the ratio between
the pro- and the anti-angiogenic or the less angiogenic
isoforms may be crucial for the angiogenic balance. Recent
results strongly suggest that VEGFxxxb may act as an
anticancer therapy [45, 47, 48] and as an efficient therapy
of eye pathologies associated with exacerbated angiogenesis
[52].

5. VEGFxxxb Isoforms as an Explanation for the
Failure of Anti-Angiogenic Treatments

The identification of VEGFxxxb isoforms has complicated
the initial notion that targeting the pro-angiogenic forms
of VEGF would be beneficial for the treatment of diseases
associated with abnormal angiogenesis. Therefore, BVZ can
recognize and bind VEGFxxxb as well as VEGFxxx isoforms
since BVZ recognition motif is located in VEGFR-binding
domain of VEGF [53]. Hence, the concomitant presence
of VEGFxxx and VEGFxxxb isoforms may contribute to
the inhibition of the anti-angiogenic effect of BVZ on
tumour growth [45]. This hypothesis is particularly striking
since we have detected VEGFxxx and VEGFxxxb isoforms
in 70% of the RCC we have tested (Grépin, R and
Pagès, G personal communication). Thus, BVZ can trap
the VEGFxxxb isoforms that are, by themselves, capable
of decreasing the activation of the angiogenic pathway.
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Figure 1: Alternative splicing of VEGF-A pre-mRNA. The pre-mRNA of VEGF-A undergoes alternative splicing leading to pro-angiogenic
isoforms notated with the number of amino acids and containing as last exon, the exon 8a stemming from the Proximal Splicing Site (PSS)
located at the beginning of exon 8. The more recent subfamily of VEGF isoforms containing five members so far, are anti-angiogenic and
contain as last exon, the exon 8b resulting of the splicing at the Distal Splicing Site (DSS) located after the exon 8a.

Effectively, VEGFxxxb homodimers bind to the VEGF
receptors and block the downstream signalling pathway
[44]. On the other hand, VEGFxxxb can heterodimerize
with VEGF preventing VEGF-mediated activation of VEGF
receptors [42]. Consequently, the presence of VEGFxxxb
may have a double anti-angiogenic action through (i) direct
downregulation of VEGF receptors signalling pathways and
(ii) by inhibiting VEGF activation of the pathway. This
finding could explain why patients treated with BVZ do not
have as good results as expected if VEGFxxxb isoforms are
still present.

Furthermore, treatment of breast, lung, colon, and kid-
ney cancers has combined BVZ to conventional chemother-
apies. A phase III trial of metastatic breast cancers, at
primary diagnosis treated with BVZ plus Paclitaxel, showed
a better benefit on progression-free survival than Paclitaxel
alone [54]. Similarly, combination of BVZ plus Paclitaxel-
Carboplatin in a randomized study of non-small-cell lung
cancer showed a better benefit than Paclitaxel-Carboplatin
alone [55]. Also, the addition of BVZ to Irinotecan, Flu-
orouracil and Leucovorin for treatment of metastatic col-
orectal cancer improved survival [56]. Finally, a randomized
phase III trial of metastatic RCC showed the improvement
on progression-free survival of the addition of BVZ to
IFN as first-line treatment [12]. However, the relapse to
therapy or an acquired resistance may be explained by either
the redundancy of angiogenic factors or the selection of
aggressive cells, showing the limit of these treatments and the

necessity to switch to RTKI to bypass resistance to anti-VEGF
therapy. We can hypothesize that the chemotherapeutic
agents used in combination with BVZ may normalize the
VEGF/VEGFxxxb ratio in favour of VEGFxxxb. Hence,
targeting the “good and bad” VEGF isoforms may lead to
selection of more aggressive cells rendering the therapeutic
combination totally inefficient and even deleterious. Thus,
in order to get the expected benefit, two different strategies
could be investigated: either targeting specifically the pro-
angiogenic VEGF isoform or treating patients with BVZ only
in cases where the VEGFxxxb isoforms are absent, although
it represents a third of patients as described above.

6. Regulation of VEGF Splicing Leading to
Targeting Splicing for Therapy

The study of VEGFxxxb isoforms regulation may be key
for targeting the angiogenic balance in cancers and other
pathologies. Most genes, like VEGF, can produce different
transcripts, which result in the production of different
protein isoforms. This phenomenon, known as alternative
splicing, is mainly regulated by SR proteins. One of these
proteins, ASF/SF2, has been described as a protooncogene
with it being sufficient to induce cell transformation [57].
These observations provide a link between angiogenesis,
cancer, and splicing. The study of VEGF splicing has
illustrated in particular the need of SR proteins such
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Figure 2: Existing and putative therapies targeting angiogenesis in RCC. VEGFxxx forms homodimers and interacts with their receptors
inducing the activation of signalling pathways leading to increased angiogenesis. Homodimers of VEGFxxxb can bind the receptors blocking
angiogenesis. However, the existence and function of potential VEGFxxx/VEGFxxxb heterodimers remain unclear. The monoclonal antibody
Bevacizumab targets VEGFxxx blocking the VEGFR signalling pathways but also interacts with VEGFxxxb. Sorafenib and Sunitinib are
Receptor Tyrosine Kinase inhibitors that interact with the kinase domain of VEGFR and thus inactivate the downstream signalling pathways.
The VEGF gene is transcribed into a pre-mRNA that undergoes different splicing events leading to different isoforms. Splicing at Exon 8
will determinate the pro- or anti-angiogenic property of the produced protein. Hence, the use of the proximal splicing site (PSS) by in
particular the splicing factor ASF/SF2 leads to pro-angiogenic -VEGFxxx- forms while the use of the distal splicing site (DSS) by another
SR protein, SRp55 provides the anti-angiogenic -VEGFxxxb- forms. Combining all of this knowledge leads to propose that by acting on the
VEGFxxx/VEGFxxxb ratio through the modulation of splicing, we could modify the angiogenic potential.

as ASF/SF2 and SRp55. ASF/SF2, which is upregulated
in most tumour types [58–60], favours the production
of the pro-angiogenic isoforms, while SRp55 favours the
production of the anti-angiogenic isoforms in normal cells
[58]. Furthermore, TGFβ treatment leads to an increase in
the VEGFxxxb expression through an increase of SRp55 by
the activation of the p38MAPK pathway. In contrast, IGF-
1 stimulation leads to an increase in activated ASF/SF2 by
phosphorylation and thus an increase of VEGFxxx isoforms
[58]. All of the SR proteins are mainly regulated by SRPK
and Clk kinases. Depending on the type of SR proteins,
their phosphorylation can be mediated by specific kinases.
Thus, the IGF-1-dependent increase of VEGFxxx could be
blocked by the use of specific inhibitors of SRPK and/or
Clk kinases. Thereby, TG0003 mainly inhibits Clk kinases
and SRPIN340 inhibiting SRPK kinase, mainly involved in
ASF/SF2 activation [60]. Furthermore, chromatin structure
and associated modifications may influence the splicing [61].

The balance of splicing and transcription regulation depends
on several other contributing factors, such as recruitment
of RNA recognition, motif-containing proteins, or potential
associated cofactors [62]. In addition, the sequence and
the length of introns and exons play a major role for the
splicing and the following translation of the mRNA. The use
of Histone Deacetylase (HDAC) inhibitors such as sodium
butyrate has been shown to promote the production of
specific splice variants from a single pre-mRNA [63]. In
the same manner, treatment of human lung microvascular
endothelial cells (HLMECs) with sodium butyrate showed
an increase of anti-angiogenic isoforms of VEGF suggesting
that the treatment may act via a change of splicing factors
acting on the balance of pro- and anti-angiogenic isoforms
[64]. Thus, treatments already used in the clinic such as
sunitinib or sorafenib may act through the same mechanisms
leading to an increase of VEGFxxxb isoforms. Furthermore,
when expressed, VEGFxxxb may be sequestered within the
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cytoplasm rather than secreted suggesting an intracellular
role for these isoforms [65] as was already demonstrated for
VEGF [3]. We can then predict that the combination of anti-
angiogenic therapies and targeting of SRPK activity to alter
the VEGF/VEGFxxxb balance may improve actual therapies
and be a key to increased treatment efficiency (Figure 2).
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TP53, TP63, and TP73 genes comprise the p53 family. Each gene produces protein isoforms through multiple mechanisms
including extensive alternative mRNA splicing. Accumulating evidence shows that these isoforms play a critical role in the
regulation of many biological processes in normal cells. Their abnormal expression contributes to tumorigenesis and has a
profound effect on tumor response to curative therapy. This paper is an overview of isoform diversity in the p53 family and
its role in cancer.

1. Introduction

Alternative splicing allows a single gene to express multiple
protein variants. It is estimated that 92–95% of human mul-
tiexon genes undergo alternative splicing [1, 2]. Abnormal
alterations of splicing may interfere with normal cellular
homeostasis and lead to cancer development [3–5].

The p53 protein family is comprised of three tran-
scription factors: p53, p63, and p73. Phylogenetic analysis
revealed that this family originated from a p63/73-like ances-
tral gene early in metazoan evolution [6, 7]. Maintenance
of genetic stability of germ cells seems to be its ancestral
function [8]. The p53 family regulates many vital biological
processes, including cell differentiation, proliferation, and
cell death/apoptosis [9, 10]. Dysregulation of the p53 family
plays a critical role in tumorigenesis and significantly affects
tumor response to therapy. This review summarizes current
data on the regulation of p53, p63, and p73 isoforms and
their roles in cancer.

2. Structure and Function

p53, p63, and p73 genes are located on chromosomes
17p13.1, 3q27-29, and 1p36.2-3, respectively. These genes
encode proteins with similar domain structures and signif-
icant amino acid sequence homology in the transactivation,
DNA-binding and oligomerization domains (Figure 1). The
highest amino acid identity is in the DNA-binding domain

(∼60%). Evolutionally, this domain is the most conserved,
suggesting that regulation of transcription plays a pivotal role
in an array of functions attributed to the p53 family. Less
similarity is found in the oligomerization and transactivation
domains (∼30%).

The founding member of the p53 family, the p53 protein,
had been discovered more than three decades ago [12, 13].
For a long time, it had been assumed that p53 is expressed
as a single polypeptide. However, when it had been found
that the p63 and p73 genes encoded a large variety of diverse
transcripts, the p53 gene transcription was revisited. Now we
know that p53 forms multiple variants.

Transcriptions of p53, p63, and p73 genes are regulated
by similar mechanisms. It is controlled by two promoters:
P1 and P2, where P2 is an alternative intragenic promoter
(Figure 1). One study in silico provided evidence for the
existence of a third putative promoter in the first intron
of human TP73 gene [14]. Therefore, it would not be
surprising if additional gene promoters will be found in the
future. An extensive alternative splicing adds further diversity
to the promoters’ products. The produced transcripts and
proteins can be generally categorized into two main groups,
termed TA and ΔN [15, 16]. TA variants contain the N-
terminal transactivation domain while ΔN isoforms lack
the entire (or part of) domain. It was initially thought
that ΔN isoforms are only generated by the P2 promoter
whereas the P1 promoter regulates TA isoforms. Further
analysis of alternative mRNA splicing revealed that some
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Figure 1: Architectures of human TP53, TP73, and TP63 genes. (A) TP53, TP73, and TP63 genes encode the transactivation (TAD), DNA-
binding (DBD), and oligomerization (OD) domains. TP73 and TP63 encode additional SAM (Sterile Alpha Motif) domain. Percentage
homology of residues between p53, p63, and p73 is shown [11]. (B) TP53, TP63, and TP73 genes have two promoters (P1 and P2). The P1
promoters produce transactivation-competent full-length proteins (TA) while the P2 promoters produce TAD-deficient proteins (ΔN) with
dominant-negative functions. p53 gene transcription is initiated from two distinct sites (P1 and P1′).

transcriptionally deficient isoforms are products of the P1
promoter. For example, the P1 promoter of the TP73 gene
regulates TAp73 isoforms and isoforms, which lack the
TA domain: ΔEx2p73, ΔEx2/3p73, and ΔN′p73. The latter
isoforms are missing either exon 2 (ΔEx2p73) or both exon
2 and 3 (ΔEx2/3p73) or contain an additional exon 3′

(ΔN′p73) [17, 18]. Other ΔNp73 transcripts are products
of the P2 promoter. Similar to p73, the P1 promoter of
the p53 gene produces transcriptionally active isoforms [5].

The alternative splicing is responsible for transcriptionally
deficient isoforms of Δ40p53, which missing the first 40
amino acids at the N-terminus [5, 19, 20]. Additional p53
transcriptionally deficient isoforms (Δ133p53 and Δ160p53)
are regulated by the P2 promoter located in intron 4 of the
p53 gene [5, 21].

Additional diversity of p53, p63, and p73 transcripts
is generated by alternative splicing at the 3′ end of the
transcripts (Figure 1). These splice variants are traditionally
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Figure 2: Interactions of p53 family isoforms. N-terminally truncated isoforms of p53, p73, and p63 play a dominant-negative role inhibiting
transcriptional and other biological activities of TA isoforms.

named with letters of the Greek alphabet. Initially, three such
splice variants have been described for p63 and p53 (α, β,
γ), and nine for p73 (α, β, γ, δ, ε, θ, ζ , η, and η1) [22–25].
Later, additional p63 splice variants (δ, ε) and p53 (δ, ε, ζ ,
ΔE6) were reported [26–28]. However, it should be noted
that a majority of p53, p63, and p73 studies focus on a few
isoforms, primarily α, β, and γ. Little is known about the
functions of other isoforms. The combination of alternative
splicing at the 5′ and 3′ ends, alternative initiation of
translation and alternative promoter usage can significantly
increase protein diversity. For example, N-terminal variants
(p53, Δ40p53, Δ133p53, and Δ160p53) can be produced in
α, β, and γ “flavors” [20, 21]. Theoretically, the p53 gene can
produce at least 20 isoforms, p63 at least 10, and p73 more
than 40, though not all have been experimentally confirmed.

p53, TAp63, and TAp73 share significant functional
resemblance. They can induce cell cycle arrest, apoptosis, or
cellular senescence. This similarity can be explained, at least
in part, by transactivation of the same transcriptional targets.
Genome-wide analyses found an overlap of the transcription
profiles of p53, TAp73, and TAp63, though unique targets
were identified as well. Analyses using chromatin immuno-
precipitation, reporter, and gel-shift assays found that TAp73
and TAp63 interact with p53-responsive elements.

The transactivation and apoptotic potential of p53,
TAp73, and TAp63 vary greatly depending on the isoform.
TAp63γ and TAp73β are similar to that of p53α [29]. Other
isoforms are considered less active on the p53 target gene
promoters [9, 23, 30]. Some isoforms are characterized by a
variation in domain structure. TAp73α and TAp63α have an
additional domain at the COOH-terminus that is not found
in p53. This domain, termed SAM or Sterile Alpha Motif, is
responsible for protein-protein interactions and is found in a
diverse range of proteins that are involved in developmental
regulation. It is also implicated in transcriptional repression
[31]. Beta and gamma isoforms of p53 are missing most
of the oligomerization domain that results in decreased
transcriptional activity [5, 32, 33].

ΔN isoforms function as dominant-negative inhibitors
of TA counterparts (Figure 2). Promoter competition and

heterocomplex formation have been suggested to explain
this phenomenon [17, 34, 35]. In the promoter competition
mechanism, the suggestion is that ΔN competes off TA
isoforms from their target gene promoters, thus preventing
efficient transcription. In the heterocomplex formation
mechanism, ΔN isoforms would inhibit TA by forming
hetero-oligomeric complexes.

ΔN isoforms of p53 and p73 are regulated by a negative
feedback loop mechanism. Analogous mechanism was not
described for p63 despite its significant similarity to p73. In
a nutshell, TA isoforms are able to induce transcription of
ΔN isoforms by activating P2 promoters. The induced ΔN
isoforms, in turn, inhibit TA isoforms. A good example of
these interactions is an induction of Δ133p53 by p53 [5, 36–
38]. Similarly, TAp73 and p53 are important regulators of
transcriptions of ΔNp73 [39]. It appears that the balance
between ΔN and TA isoforms is finely tuned to regulate the
activities of TA isoforms. The net effect of these interactions
in a given context appears to be dependent on the TA/ΔN
expression ratio. Deregulation of this mechanism may lead
to tumor development [40–42]. However, it has become
clear that the role of ΔN isoforms is multifaceted. The
dominant negative concept cannot explain the complexity of
all the interactions attributed to ΔN isoforms. Several studies
reported that ΔN isoforms can retain transcription activity
through additional transactivation domains.

3. Role of p53 Isoforms in Cancer

Although many aspects of p53 biology have been thoroughly
investigated, the role and regulation of p53 isoforms remain
not well understood.

Recent studies suggested that Δ133p53 isoform may
play an oncogenic role. Mice overexpressing the Δ122p53
isoform (murine homolog of human Δ133p53) show
reduced apoptosis, increased cell proliferation and develop
a wide-spectrum of aggressive tumors including lymphoma,
osteosarcoma, and other malignant and benign tumors [43].
Another phenotypic characteristic of these mice is elevated
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cytokine levels in the blood and widespread inflammation in
many organs. Interestingly, transgenic expression of another
p53 isoform, Δ40p53, does not lead to tumor formation
in mice, but is associated with a short life span, cognitive
decline, and overt diabetes, suggesting a significant difference
between these isoforms [44–46].

Several studies reported an elevated expression of
Δ133p53 in tumors (Table 1). In breast tumors, 24 of 30
cases showed an increased expression of Δ133p53, but low or
undetectable levels in normal breast tissue [5]. An increase
of Δ133p53α mRNA was also found in renal cell carcinoma
[47]. In colon tumors, progression from colon adenoma
to carcinoma is accompanied by an increase of Δ133p53
mRNA. This study suggested that Δ133p53 helps to escape
from the senescence barrier during colon tumor progression
[48]. Interestingly, the Δ133p53 expression level is associated
with the mutation status of p53; colon tumors expressing
wildtype p53 had higher levels of Δ133p53 than p53 mutant
tumors [48]. In addition toΔ133p53, an increased expression
of Δ40p53 was also reported in human melanoma cell
lines and primary melanoma isolates [33]. However, not
all tumors overexpress Δ133p53. Analysis of squamous
carcinoma of the head and neck did not reveal any significant
changes in the Δ133p53 levels, suggesting that this isoform
may only play a tumor-promoting role in a subset of tissues
[49].

Alterations of p53β and p53γ isoforms were also reported
in different types of cancers (Table 1). An increased expres-
sion of p53β was found in renal cell carcinoma and in
most melanoma cell lines. In renal cell carcinoma, p53β
expression was associated with tumor progression [47].
p53β was also found to correlate with worse recurrence-
free survival in ovarian cancer patients with functionally
active p53 [28]. Decreased p53β and p53γ mRNA levels
were reported in breast cancer [5]. In breast tumors, p53β
is associated with the expression of estrogen receptor but not
with disease outcome [50]. Breast cancer patients expressing
both mutant p53 and p53γ have lower cancer recurrence
and favorable prognosis [51]. Currently, specific functions
of p53β and p53γ remain unclear. A significant hurdle to
the studies of p53 isoforms in tumors is the lack of isoform-
specific antibodies. The generation of new antibodies, animal
models, and additional tumor studies may help to better
understand the role of p53 isoforms in tumorigenesis.

4. Role of p73 Isoforms in Cancer

The role of p73 in tumorigenesis is still a matter of debate.
In contrast to p53, p73 is rarely mutated and frequently
overexpressed in human tumors [23, 52–56]. An initial study
of p73-deficient mice found a number of developmental
defects and no spontaneous tumors [57]. Follow-up studies
have revealed spontaneous tumorigenesis, although the late
onset of tumors and smaller tumor sizes compared to
p53-deficient animals were reported. The basis for these
conflicting results in cancer susceptibility remains obscure
but might be related to the animal genetic background and
housing conditions. Mice with isoform-specific knockouts of

p73 have also been generated; phenotypes of these animals
generally reflect previously reported differences between p73
isoforms. TAp73 null mice are tumor prone while ΔNp73
knockouts have increased sensitivity to DNA-damaging
agents and elevated p53-dependent apoptosis [58, 59].

Several studies have found that N-terminally truncated
isoforms of p73 play an oncogenic role and are linked to
cancer development (Table 1). Targeted transgenic overex-
pression of human ΔEx2/3p73 in the mouse liver resulted
in the development of hepatocellular carcinoma [60]. The
N-terminally truncated isoforms are upregulated in many
human cancers including liver, ovarian, breast, vulvar can-
cers, and melanoma [23, 61–68]. Overexpression of ΔEx2p73
andΔEx2/3p73 was found to be associated with metastases in
melanoma [68].

ΔNp73, which is produced by the P2 promoter, has also
been found to behave as an oncogene. ΔNp73 facilitates
immortalization of primary mouse embryonic fibroblasts
and cooperates with oncogenic Ras in their transforma-
tion. These transformed cells produce tumors following a
subcutaneous injection into nude mice [121, 122]. ΔNp73
also inhibits differentiation of myoblasts and protects them
against apoptosis [123]. Studies by others and us found
that ΔNp73 is upregulated in a number of tumors and is
associated with metastases, chemotherapeutic failure, and
poorer patient prognosis [62, 74, 96, 124–130].

An important question is what causes deregulation of
p73 isoforms in tumors? One of the mechanisms is tumor-
specific alternative mRNA splicing. It has been demonstrated
that the alternative splicing causes incorporation of a new
exon 3’ into TAp73 transcripts resulting in a translational
switch from TAp73 to �Np73 isoform [18, 61]. An interest-
ing observation was also made in hepatocellular carcinoma
where an aberrant switch from TAp73 to ΔEx2p73 was found
to be mediated by the activation EGFR by amphiregulin. This
leads to activation of JNK1 kinase, suppression of splicing
factor Slu7, and alternative splicing of p73 transcripts [65].
Activated Ras has also been shown to decrease TAp73 levels
and increase ΔNp73 expression during cellular transforma-
tion [131]. Abnormal regulation of the P2 promoter has also
been reported. We found that transcriptional repressor HIC1
(Hypermethylated In Cancer 1) can suppress expression of
ΔNp73 by inhibiting the P2 promoter in normal cells. Loss
of HIC1 in esophagus and gastric cancer cells leads to up-
regulation of ΔNp73 [96]. In a subset of tumors, abnormal
epigenetic changes cause deregulation of p73 isoforms [132–
134]. Hypomethylation of the P2 promoter was found in
more than half of non-small lung cancers [76].

An increased expression of TAp73 isoforms was also
found in tumors, although its role remains unclear (Table 1).
Several studies suggested that in specific circumstances
TAp73 might play a tumor-promoting role [30, 135]. Inter-
estingly, some tumors tend to increase a variety of p73 splice
isoforms (Figure 3). In the normal colon and breast, p73α
and p73β isoforms are predominant whereas other spliced
variants (γ, δ, φ, and ε) are primarily detected in colon and
breast cancers [15, 23]. This phenomenon was also observed
in acute myeloid leukemia. Moreover, the p73ε isoform was
only expressed in leukemic cells and completely absent in
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Table 1: Summary of alterations of the p53 family members in human cancers.

Protein Cancer type Number of cases Ref.

Breast cancer

p53
(i) p53β was detected in 36% breast tumors and associated with the
expression of estrogen receptor (ER).

127 breast tumors [50](ii) p53γ was detected in 37% breast tumors and associated with
mutations in the p53 gene.

(iii) Patients with mutant p53 and p53γ isoform had a low cancer
recurrence and an overall survival as good as that of patients with wild
type p53.

(i) p53, p53β, and p53γ mRNA, but not transcripts for Δ133p53α,
Δ133p53β mRNA, and Δ133p53γ, were detected in normal breast
tissues. 30 breast tumors and 8 normal

breast samples [5]
(ii) p53β mRNA was detected in 10/30 tumors; Δ133p53α mRNA was
detected in 24/30 tumors; p53γ, Δ133p53β, and Δ133p53γ were
undetected in tumors.

(iii) Some tumors can express mutant p53 but wild type Δ133p53.

p73 (i) ΔTAp73 and TAp73 mRNA were upregulated in tumors.

60 breast cancers [62]
(ii) Expression of ΔEx2p73 (P = .05) is associated with vascular
invasion; a trend was found between ΔNp73 and vascular invasion
(P = .06).

(iii) Increased expression of ΔEx2p73 and ΔEx2/3p73 were associated
with ER status (P = .06 and P = .07); overexpression of TAp73 was
associated with progesterone receptor expression (P = .06).

(i) Mutational analysis revealed five silent mutations in 29 hereditary
tumors; no p73 mutations were detected in 48 sporadic cancers.

29 hereditary and 48 sporadic
breast cancers

[52]

(i) Thirteen percent of informative cases showed LOH of the p73 gene;
no correlation was found between the p73 LOH and clinical features.

87 primary breast cancer specimens [69](ii) No changes of p73 transcript levels in breast cancers compared to
normal breast tissues.

(iii) PCR-SSCP analysis did not detect any missense or frameshift
mutations in the p73 gene.

(i) Elevated expression of p73 mRNA was found in 29/77 breast tumors;
no correlation of p73 expression with the p53 status.

77 invasive breast cancers [23]
(ii) New p73 isoforms were identified.

(iii) No coding mutations were found in all coding exons.

p63 (i) p63 protein was strongly expressed in 13/15 metaplastic carcinomas.

189 invasive breast carcinomas [70]
(ii) All metaplastic carcinomas with spindle cells and/or squamous
differentiation were positive for p63. One tumor out of 174
nonmetaplastic invasive carcinomas expressed p63.

(i) p63 protein expression was correlated with EBNA-1
immunostaining, suggesting a potential involvement of p63 in
mammary tumorigenesis associated with Epstein-Barr virus infection. 85 breast carcinomas [71]

(i) Survival analysis revealed a better prognosis for ER-positive patients
with p63 mRNA expression; no other correlations were found.

2,158 ER positive breast cancers and
140 normal breast biopsies.

[72]



6 Journal of Nucleic Acids

Table 1: Continued.

Protein Cancer type Number of cases Ref.

Lung cancer

p73
(i) p73 mRNA expression was increased in 87% (52/60) tumors
compared to normal lung tissues; no correlation with the p53 status was
found. 60 lung cancers [73]
(ii) No p73 gene amplification was detected.

(iii) p73 expression correlated with cancer histology and patient age.

(i) ΔNp73 expression was detected in the cytoplasm of tumor cells in
77/132 patients with lung cancer. No expression was found in the
surrounding normal stromal cells. The expression of ΔNp73 was 52.2%,
50.0%, and 70.2% in stage I, II, and III tumor patients, respectively.

132 lung cancers [74]

(ii) ΔNp73 expression was a significant independent factor for
predicting poor prognosis.

(i) ΔNp73 protein had primarily nuclear expression in 35/40 cases.

41 NSCLCs [75]

(ii) TAp73 protein was found in the cytoplasm in 28/40 cases.

(iii) ΔNp73 expression significantly correlated with p53 expression.

(iv) No methylation of the P1 promoter was found; P2 promoter was
methylated in 17/41 tumors and partially or totally unmethylated in
24/41 cases.

(i) Hypermethylation of the P1 promoter of the p73 gene was relatively
uncommon.

102 NSCLCs [76](ii) Hypomethylation of the P2 promoter was frequently found in
squamous cell carcinomas.

(i) Expression of ΔEx2p73 and ΔEx2/3p73 was increased; expression of
ΔNp73 and ΔN’p73 was decreased.

46 NSCLCs [42](ii) Expression of p73 isoforms correlated with clinicopathological
variables.

p63 (i) p63 protein expression was detected in 109/118 squamous cell
carcinomas, 15/95 adenocarcinomas, 2/2 adenosquamous carcinomas,
4/6 large cell carcinomas, 9/20 poorly differentiated neuroendocrine
tumors, and 1/37 typical and atypical carcinoids. 221 NSCLCs, 57 stage I–IV

neuroendocrine tumors
[77](ii) p63 expression was progressively increased from preneoplastic and

preinvasive lesions to invasive squamous cell carcinomas.

(iii) p63 immunoreactivity was correlated with the KI-67 labeling index
and inversely correlated with the tumor grade in squamous cell
carcinomas.

(i) p63 genomic sequence was amplified in 88% of squamous
carcinomas, in 42% of large cell carcinomas, and in 11% of
adenocarcinomas of the lung. Genomic amplification of p63 is an early
event in the development of squamous carcinoma.

217 NSCLCs [78]

(ii) ΔNp63α was found to be the predominant p63 isoform in normal
bronchus and squamous carcinomas but not in normal lung or in
adenocarcinomas.

(iii) p63 genomic amplification and protein staining intensity were
associated with better survival.

(i) p63 protein immunopositivity was found in 80% (48/60) NLCLCs.

60 NSCLCs [79]
(ii) Expression of p63 protein was associated with lymph node
metastasis and histological classification.

(iii) Expressions of p63 and p73 proteins were positively correlated.
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(i) Nuclear ΔNp63 staining was found in 77/161 specimens.

161 squamous cell carcinomas [80](ii) No significant correlation was observed between ΔNp63 expression
and clinicopathological variables.

(i) Most of the p63 expression detected in nonneoplastic lung tissue was
localized to the nuclei of the bronchiolar basal cells. Nucleic and
cytoplasmic expression of p63 protein was found in 46/92 (50%) and
47/92 (51%) cases. Nuclear localization of p63 was correlated with
nuclear accumulation of p53, but was not associated with patient
survival.

92 lung adenocarcinomas [81]

(ii) Cytoplasmic expression of p63 was found to be an adverse
prognostic factor in patients with lung adenocarcinoma.

(i) ΔNp63 isoform was upregulated (P = .02), and TAp63 was slightly
downregulated (P = .01). 46 NSCLCs [42]
(ii) TAp63 expression correlated with patient survival in non-squamous
tumors.

Prostate cancer

p73 (i) No tumor-specific mutations were found in the p73 gene.

27 prostate cancers and 4 prostate
cell lines

[82]
(ii) p73 was biallelically expressed in both normal prostate and tumor
tissues.

(iii) p73 mRNA expression was not altered in tumors compared to
normal prostate.

(i) Significant increase of ΔNp73 mRNA was found in 20/33 (60%)
prostate carcinomas and 17/24 (70%) benign prostate hyperplasias.
ΔNp73 mRNA was not detected in the normal prostate. None of the
specimen expressed ΔN′p73.

33 prostate carcinomas, 24 benign
prostatic hyperplasia samples, and
5 normal samples

[83]

(ii) ΔNp73 expression was significantly associated with the Gleason
score. No correlation was found between TAp73 expression and clinical
variables.

p63
(i) p63 expression was reduced in prostate carcinomas compared to
matched normal tissues.

20 tumors, 20 metastases, 28
xenografts, and 7 prostate cancer
cell lines

[84]
(ii) One tumor patient had a somatic mutation in exon 11, one prostate
cell line, CWR22Rv1, expressed mutant p63 (G to T substitution in exon
8).

(i) Increased expression of cytoplasmic p63 proteins was associated with
increased cancer mortality. Cytoplasmic expression was also associated
with reduced levels of apoptosis and increased cellular proliferation.

298 prostate cancers [85]

Colon cancer

p53 (i) Colon adenomas with senescence phenotype expressed elevated
levels of p53β and reduced levels of Δ133p53. Colon carcinoma tissues
were characterized by increased Δ133p53 expression. Colon carcinomas
(stage I and II) had increased levels of p53β mRNA.

29 colon carcinomas, 8 adenomas,
and 9 normal colon specimens

[48]

p73
(i) p73 protein levels were significantly higher in primary colorectal
carcinomas.

56 colon carcinomas with matched
normal specimens

[86]
(ii) p73 and VEGF expression levels were correlated (P = .016); p73
positive colorectal adenocarcinoma showed significantly greater
vascularity.

(iii) There were no associations between p73 immunostaining and
tumor stage or differentiation.
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(i) TAp73 and ΔTAp73 were significantly co-upregulated in colon
cancers.

113 colon cancers [62]

(ii) Expression of ΔEx2/3p73 and ΔNp73 isoforms was associated with
tumor stage (P = .03; P = .011).

(iii) ΔNp73 overexpression was significantly associated with vascular
invasion (P = .02).

(iv) High levels of ΔEx2/3p73 were associated with lymph node
metastases (P = .04).

(v) Up-regulation of TAp73 was associated with tumor localization
(P = .004).

(vi) Negative p53 staining correlated with overexpression of ΔEx2p73
and TAp73 (P = .05; P = .05).

p63 (i) p63 protein was primarily expressed in villous adenomas and poorly
differentiated adenocarcinomas.

30 colon adenomas,
30 adenocarcinomas

[87]

(ii) p63 expression was not associated with p53.

Bladder cancer

p73 (i) p73 mRNA was increased in 18/45 bladder carcinomas and showed
a strong correlation with tumor stage or grade; no allelic loss was found.
High p73 expression was observed in 4/18 (22.2%), 5/14 (35.7%), and
9/13 (69.2%) of grade I, II, and III tumors, respectively. 45 primary bladder carcinomas [88]
(ii) No p73 gene mutations were found by SSCP analysis.

(iii) No relationship between p73 and p53 mutations, expression of p21
and MDM2 was found.

(i) p73 mRNA was increased in 22/23 bladder cancers.

23 primary invasive bladder cancers
with matched normal tissues,
7 bladder cancer cell lines

[55]
(ii) No tumor-specific mutations were found in coding exons of
the p73 gene.

(iii) p73 was biallelically expressed in the normal bladder and cancer
tissues.

(i) p73 protein was undetectable or low in 104/154 (68%) transitional
cell carcinomas of the bladder, primarily in invasive tumors.

154 bladder transitional cell
carcinomas

[89]

(ii) Expression of p73 was associated with bladder cancer progression.

p63
(i) TAp63 was reduced in 25/47 (53.2%) bladder carcinomas. The
downregulation of TAp63 was associated with tumor stage and grade.

47 bladder carcinomas and
12 normal specimens [90]

(ii) ΔNp63 was increased in 30/47 (63.8%) tumors.

(iii) No mutations of p63 gene were found.

(iv) No association between p63 expression and the mutational status of
p53 or expression of p21Waf1, MDM2, and 14-3-3σ in carcinomas was
found.

(i) p63 immunostaining was decreased along tumor progression. Basal
and intermediate cell layers of normal urothelium showed intense
nuclear p63 staining. Lower p63 expression was significantly associated
with TNM stage, lymph-node metastasis, and poor prognosis.

75 tumors [91]

(i) ΔNp63 protein expression was increased in tumors and undetectable
in normal bladder urothelium. ΔNp63 expression was associated with
an aggressive clinical course and poor prognosis. Patients with
ΔNp63-negative tumors had a higher recurrence rate than those with
ΔNp63-positive tumors.

202 bladder carcinomas and 10
normal specimens [92]

(ii) p63α expression was decreased in bladder carcinomas.
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Melanoma

p53 (i) p53β and Δ40p53 mRNAs were expressed in the majority of
melanoma cell lines. These isoforms were absent or expressed at low
levels in fibroblasts and melanocytes. Δ40p53 was found to inhibit
p53-dependent transcription whereas p53β enhances it.

19 melanoma cell lines [33]

p73
(i) p73 mRNA expressed in the majority of human melanoma cell lines,
melanocytic nevi, primary malignant melanomas, and metastases.

9 cell lines, 17 melanocytic nevi,
17 primary melanomas, and 20
metastases

[93]
(ii) No mutation was found in the DNA-binding domain of p73 in 9
melanoma cell lines and 5 metastatic tumors.

(i) ΔEx2p73 and ΔEx2/3p73 mRNAs were significantly upregulated in
melanoma metastases. 8 benign melanocytic nevi,

8 primary melanomas, and
19 melanoma metastases

[68](ii) ΔNp73 was the predominant isoform in benign nevi.

(iii) An increased expression of ΔEx2p73 and ΔEx2/3p73 isoforms
correlated with high levels of TAp73 and E2F1.

Gastric cancer

p73
(i) p73 expression was increased in 37/39 gastric carcinomas and 14/16
matched sets.

39 gastric carcinomas [94](ii) No allelic deletions or mutations in the p73 gene were detected.

(iii) There was no association between p73 expression and mutational
status of p53 or expression of p21/Waf1.

(i) p73 expression was found in 33/68 tumors from 24 patients with
multiple simultaneous gastric cancers. 68 gastric carcinomas from 32

patients
[95]

(ii) No mutation in the DNA-binding domain of p73 was found.

(iii) No correlations were found between p73 expression and clinical
variables.

(i) ΔNp73 mRNA and protein were increased in gastric tumors.

185 tumors [96]
(ii) Up-regulation of ΔNp73 protein was significantly associated with
poor patient survival. The median survival time for patients with
increased ΔNp73 was 20 months whereas that of patients with a
negative/weak expression was 47 months.

p63 (i) p63 expression was found in 25/68 tumors from 24 patients with
multiple simultaneous gastric cancer. p63 expression was significantly
higher in high-grade diffuse tumors. An increased expression of p63 was
observed in intestinal metaplasia and atrophic gastritis. Nonneoplastic
tissues had low levels of p63.

68 gastric carcinomas from
32 patients

[95]

(ii) Expression of TAp63 and ΔNp63 was not associated with the
mutational status of p53, tumor stage, or prognosis.

Esophageal Cancer

p73 (i) Low expression of p73 mRNA in 8 analyzed tumors.
48 esophageal tumors (47 ESCCs
and 1 EA)

[56](ii) No tumor-specific mutation was found.

(iii) LOH for p73 was found in 2/25 (8%) tumors.

(i) LOH was found in 9/14 cases.

15 ESCCs [97]
(ii) No mutations in the p73 gene were detected in tumor samples. A
polymorphism at codon 173 of p73 was identified.

(iii) p73 mRNA was overexpressed in 9/15 tumor samples. Four cases
showed loss of imprinting. Expression of p73 correlated with p53
mutations.
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(i) p73 immunoreactivity was reduced with cancer invasion.

106 esophageal cancers [98]
(ii) No associations were found between p73 expression and
clinicopathological variables.

(iii) Inverse correlation between p73 expression and p53 status was
found. Expression of p21 correlated with the p73 expression.

(i) Expression of ΔNp73 mRNA and protein was increased in esophageal
adenocarcinoma.

68 EA and GEJ tumors [96]
(ii) HIC (hypermethylated in tumors 1) protein, but not p53, was found
to regulate ΔNp73.

(iii) Expression of ΔNp73 significantly correlated with the expression of
TAp73.

p63
(i) p63 protein was diffusely expressed in all cases of esophageal
squamous cell dysplasia and carcinoma.

20 normal esophageal squamous
tissues, 4 squamous dysplasias,
7 squamous cell carcinomas, 10 BE,
13 BE-associated multilayered
epithelial specimens, 10 esophageal
mucosal gland duct specimens,
12 BE-associated dysplasias, and
7 BE-associated adenocarcinomas

[99]
(ii) No expression was found in all cases of esophageal adenocarcinoma
and Barrett’s esophagus.

(iii) ΔNp63 mRNA was a predominant isoform in all benign and
neoplastic squamous tissues.

(i) p63 expression was restricted to the basal cell layer in normal
esophageal epithelium. Strong expression of p63 was frequent finding in
squamous precancerous and cancerous lesions. BE-derived lesions
expressed p63 at low levels.

50 esophageal adenocarcinomas, 41
adjacent specialized metaplastic
epithelium, 27 low-grade
intraepithelial neoplasias, and 21
high-grade intraepithelial
neoplasias, 50 ESCCs, 4 squamous
low-grade intraepithelial neoplasias,
and 18 squamous high-grade
intraepithelial neoplasias

[100]
(ii) p63 gene amplification was found to be infrequent in esophageal
malignancies. p63 gene amplification was found in 2/10 squamous cell
carcinomas and in 1/10 adenocarcinomas.

(i) ΔNp63 protein was expressed in 32% and 64% carcinomas with and
without adventitial invasion, and in 37% and 65% with and without
lymph node metastasis, respectively. A better prognosis was observed in
patients with ΔNp63 expression.

61 ESCCs [101]

(ii) ΔNp63 expression was associated with patient survival. Decreased
expression of p63 was more frequent in advanced carcinomas.

(i) p63 expressed in 171/180 (95%) patients.

180 ESCCs [102]
(ii) Patients with p63-positive tumors had better overall survival
compared to patients with p63-negative tumors.

(iii) Correlation between p63 and clinicopathological parameters was
not significant. Negative p63 expression tended to correlate with distant
metastases and clinical stage.

(i) Expression of p63 protein was increased in tumors. It was detected in
21/40 (52.5%) ESCCs. 40 ESCCs and 40 normal

esophageal specimens [103](ii) No associations were observed between expression of p63 protein
and clinicopathological variables.

Head and neck cancer

p53
(i) p53β mRNA was detected in 18/20 tumor specimens (T), 13/14
normal tissues adjacent to the tumor (N), and 6/6 normal control
specimens (NS); p53γ was detected in 5/20 (T), 3/14 (N), and 6/6 (NS);
�133p53α expressed in 7/20 (T), 9/14 (N), and 3/14 (NS); Δ133p53β
was detected in 3/20 (T), 2/14 (N); Δ133p53γ expressed in 4/20 (T),
1/14 (N), 2/6 (NS).

21 squamous cell carcinomas,
16 normal specimens adjacent to
tumors, 8 normal specimens

[49]
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p73
(i) Two missense mutations at codons 469 and 477 and one silent
mutation at codon 349 in the p73 gene were found. 67 primary oral and laryngeal

squamous cell carcinomas [104](ii) Increased p73 expression was found in 5/21 (23.8%) patients;
decreased expression was observed in 6/21(28.5%) patients.

(i) p73 mRNA was decreased in 5/17 (30%) tumors. No mutation and
LOH was found in the p73 gene. 50 squamous cell carcinomas [105]

(ii) No correlation was found between p73 and p53 protein expression.

(i) p73 protein expression was detected in 12/68 (18%) normal mucosas
and 32/68 (47%) HNSCC.

68 squamous cell carcinomas [106](ii) No p73 mutations were found in primary and recurrent carcinomas.

(iii) No correlation was found between protein expression of p73 and
p53.

(i) p73 was significantly elevated in buccal epithelial dysplasia (protein)
and squamous cell carcinomas (protein and mRNA) compared to
normal control tissues.

25 buccal squamous cell
carcinomas, 75 epithelial dysplasias [107]

(ii) p73 expression was associated with cervical lymph node metastasis
for cases of buccal SCC.

p63
(i) Positive immunostaining for p63 was detected in 55/68 (81%)
carcinomas, 40/68 (59%) normal tissues.

68 squamous cell carcinomas [106](ii) No p63 mutations were detected in primary and recurrent
carcinomas.

(iii) No correlation was found between p63 and p53 protein expression.

(i) Expression of p63 was associated with tumor differentiation.
p63 expression was increased in poorly differentiated tumors.

96 oral squamous cell carcinomas
and 10 normal specimens

[108](ii) Increased p63 expression was associated with poor patient survival.
No significant correlations were found between p63 expression and sex,
age, tumor size, staging, recurrence, and metastasis. Tumors with diffuse
p63 expression were more aggressive and poorly differentiated.

Cervical cancer

p73 (i) ΔNp73 and TAp73α proteins were overexpressed in tumors. 117 cervical squamous cell
carcinomas and 113 normal
specimens

[109](ii) The overexpression of ΔNp73 was correlated with the resistance to
radiation therapy. An increased expression of TAp73α was detected in
the majority of cervical squamous cell carcinomas sensitive to
irradiation.

(iii) ΔNp73 expression was associated with recurrence of the disease and
an adverse outcome. TAp73α predicted a better survival.

(i) Higher TAp73 expression was found in high-grade lesions and
carcinomas (P < .0001).

91 high-grade and 107 low-grade
squamous intraepithelial lesions, 212
ASC-US, 56 squamous cell
carcinomas, and 63 normal specimens

[110]

(ii) No correlation was found between p73 and p63 immunostainings.

p63 (i) Expression of p63 protein was high in 97% squamous cell
carcinomas. p63 is a strong marker for squamous differentiation.

250 cervical carcinomas [111](ii) Transitions from squamous to columnar or undifferentiated tumors
coincided with the loss of p63 expression.

(iii) HPV16 positivity and p63 expression were strong associated.

(i) ΔNp63 staining was increased with tumor progression. All SCCs,
transitional cell carcinomas, and adenoid basal carcinomas were positive
for p63.

127 uterine cervical tissues with
various lesions [112]

(ii) ΔNp63 protein was undetected in all adenocarcinomas.
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(i) Increased p63 immunostaining was found in high-grade lesions and
cervical carcinomas.

91 high-grade and 107 low-grade
squamous intraepithelial lesions,
212 ASC-US, 56 squamous cell
carcinomas, and 63 normal
specimens

[110](ii) Significant correlation was found between the presence of high-risk
HPV and p63 expression.

(iii) No correlation was found between p63 and p73 immunostainings.

Renal cancer

p53
(i) All six p53 isoforms were detected in tumor and normal tissues with
the exception of Δ133p53β, which was not detected in normal tissues. 41 renal cell carcinomas and normal

tissues adjacent to tumor [47](ii) p53β mRNA was significantly upregulated in tumor samples
(P < .001) and associated with tumor stage.

p73 (i) Monoallelic expression of p73 was found in 11/12 normal tissues;
biallelic expression in 8/12 cancers.

28 renal cell carcinomas [113]

p63 (i) p63 expression was detected in 25/27 (92.6%) urothelial carcinomas.
None of the studied renal cell carcinomas was positive for p63. p63
expression correlated with tumor stage, grade and survival time, but not
with the tumor progression.

42 renal cell carcinomas and 27
renal pelvis urothelial carcinomas

[114]

Thyroid cancer

p73
(i) p73 transcripts were downregulated in adenomas and differentiated
carcinomas.

102 thyroid tissues from 60 patients [115](ii) Expression of TAp73 and ΔNp73 transcripts correlated with
expression of p53, p14ARF, and p16INK4a mRNA in normal tissue.
These correlations were lost in carcinomas.

(i) ΔNp73 was expressed in 27.3% follicular adenomas, 85.4% follicular
carcinomas, 99.2% papillary carcinomas, and 95.7% anaplastic
carcinomas. Normal follicular cells were negative for ΔNp73 protein. In
papillary carcinoma, ΔNp73 levels were inversely correlated with tumor
size, extrathyroid extensions, and metastases. In anaplastic carcinoma,
ΔNp73 expression was significantly lower than in papillary carcinoma.

223 thyroid neoplasms [116]

p63 (i) TAp63α protein was expressed in 25/27 thyroid cancers 1/7 benign
adenomas, but not in normal thyroid (0/8). TAp63α transcripts, but not
TAp63β, TAp63γ, and ΔNp63, were expressed in tumors. Thyroid cancer
cell lines also expressed p63.

27 thyroid cancers, 11 cell lines [117]

Pancreatic cancer

p73
(i) Expression of p73 protein was detected in 45.6% cancers and was
primarily found in cystic adenocarcinomas.

[118](ii) p73 expression was inversely correlated with lymph node metastasis,
tumor size, and Ki-67 labeling index.

(iii) No correlation was found between p73 and p53 protein expression.

(i) p73 methylation was found in more than 50% noninvasive and
invasive tumors.

28 intraductal papillary mucinous
neoplasms

[119]

p63 (i) Overexpression of p63 protein was observed in 68.2% cancers.

(ii) p63 expression was not associated with clinicopathological variables. [118]

(iii) No correlation was found between p63 and p53 protein expression.

(i) No ΔNp63 protein expression was found in normal pancreatic ducts
and all pancreatic intraepithelial neoplasias. Among invasive
carcinomas, ΔNp63 expression was detected only in areas of squamous
differentiation and was completely absent in ordinary ductal areas.
ΔNp63 is a reliable marker of squamous differentiation in the pancreas.
It was valuable in distinguishing squamous/transitional metaplasia from
PanINs.

25 nonneoplastic pancreata, 25
pancreatic intraepithelial neoplasia,
and 50 pancreatic ductal
adenocarcinomas

[120]
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Figure 3: An increased diversity of alternatively spliced species of p73 in colon adenocarcinoma. p73 gene transcription was analyzed in 10
colon tumors and normal colonic mucosa by RT-PCR. Normal specimen 2 represents 14 pooled normal samples. For details, see Vilgelm et
al. [15].

mature myeloid cells [136]. It is currently unclear what role
these changes play in tumorigenesis.

5. Role of p63 Isoforms in Cancer

Similar to p73, mutations in the p63 gene are rare in human
cancers [90, 137, 138]. Several studies reported that ΔNp63
has oncogenic properties. Ectopic overexpression of ΔNp63
in Rat-1A cells promotes colony formation in soft agar. When
xenografted into immunocompromised mice, these cells
formed tumors [139]. ΔNp63α inhibits oncogene-induced
cellular senescence and cooperates with Ras to promote
tumor-initiating stem-like proliferation [140]. Analysis of
p63-deficient mice led to conflicting results with regard to the
p63 role in tumorigenesis. p63−/− null mice showed striking
developmental defects demonstrating a critical role of p63 in
epithelial development [141, 142]. p63+/− heterozygous mice
were shown to be susceptible to tumor development [143].
However, other mouse models were not consistent with this
observation. Conflicting phenotypes of TAp63 and ΔNp63
transgenic mice have also been reported [144, 145].

ΔNp63 is a predominant isoform expressed in most
epithelial cells. Overexpression of ΔNp63 is found in cancers
of nasopharyngeal, head and neck, urinary tract, lung, and
ovarian tumors and correlated with poor outcome [78, 146–
149]. In metastases, ΔNp63 expression was found to be
reduced or lost [91, 101]. Microarray analyses revealed the
up-regulation of genes associated with tumor invasion and
metastasis in p63-deficient cells [150]. It was also reported
that p63 suppresses the TGFβ-dependent cell migration,
invasion, and metastasis [151]. This suggests that ΔNp63
plays a dual role by promoting tumor development but
suppressing metastases [151, 152]. Expression of ΔNp63 was
found to be associated with an increased chemoresistance in
a subset of breast and head and neck tumors [153, 154].

TAp63 isoforms induce cellular senescence and inhibit
cell proliferation [155–157]. TAp63 deficiency increases
proliferation and enhances Ras-mediated oncogenesis [155].
Decreased TAp63 expression is associated with metastasis
in bladder and breast cancers as well as poor outcome
[42, 90, 158]. TAp63 impedes the metastatic potential of
epithelial tumors by controlling the expression of a crucial
set of metastasis suppressor genes [151, 159].

Clearly, additional studies are needed to understand the
complex regulation of p63 isoforms.

6. Interplay of p53/p63/p73 Isoforms in
Human Cancers

Interactions between members of the p53 family and their
isoforms have a profound effect on tumorigenesis and
anticancer drug response. Perhaps, the most studied are
interactions between ΔN and TA isoforms. Inhibition of
TAp73 by ΔNp63 has been shown to negatively affect the
response to platinum-based chemotherapy in head and
neck squamous cell carcinomas and a subset of breast
tumors [153, 154]. In carcinomas of ovary and child-
hood acute lymphoblastic leukemia, increased expression
of dominant-negative p73 isoforms correlates with resis-
tance to conventional chemotherapy [129, 130]. Moreover,
ΔNp73 is primarily expressed in ovarian tumors, which
express wildtype p53 [64]. However, crosstalk between the
p53 family members is not limited to dominant-negative
interactions. Accumulating evidence suggests that the p53
family interacts on multiple levels comprising protein-
protein interactions between multiple p53, p63, and p73
isoforms, shared regulation of target genes as well as TP53
and TP73 gene promoters [160–163]. In addition, mutant
p53 can affect activities of TAp73 and TAp63. It has been
shown that certain tumor-derived p53 mutants (R175H,
R248W, Y220C, R249S, R283H, and D281G) can physically
associate and inhibit activation of TAp73 and/or TAp63
[164–166].

Current analyses suggest that the function of a particular
isoform needs to be investigated in the context of expression
of other isoforms. For example, ΔNp73β inhibits p53-
dependent apoptosis in primary sympathetic neurons [167],
but when overexpressed in cancer cells, ΔNp73β induces cell
cycle arrest and apoptosis [168].

An interesting observation has been made in mouse
embryonic fibroblasts, where the combined loss of p73 and
p63 results in the failure of p53 to induce apoptosis in
response to DNA damage [169]. More recent studies have
reported that the p53 family members can simultaneously
co-occupy the promoters of p53 target genes and regulate
their transcription [15, 170, 171]. Notably, the integral
activity of the entire p53 family, as measured by reporter
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analysis, is a better predictor of chemotherapeutic drug
response than p53 status alone [15].

7. Conclusion

The p53 family plays a pivotal role in the control of many
critical cellular functions. In recent years, it has been revealed
that all members of the p53 family are expressed as a
diverse variety of isoforms. We only just started to uncover
the mechanisms that regulate this diversity. A number of
studies also provided the first glimpses of their functional
significance. Clearly, isoforms add a new level of functional
regulation to many critical biological processes including cell
death, proliferation, cell cycle control, and tumorigenesis.
Depending on the isoform expressed, the role of a gene
can dramatically change from a tumor suppressor to an
oncogene. It is also clear that p53, p73, and p63 isoforms
tightly interact. A better understanding of this interacting
network and its regulation holds the key to future therapeutic
benefits.
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Among the 518 protein kinases encoded by the human kinome, several of them act as oncoproteins in human cancers. Like other
eukaryotic genes, oncogenes encoding protein kinases are frequently subjected to alternative splicing in coding as well as noncoding
sequences. In the present paper, we will illustrate how alternative splicing can significantly impact on the physiological functions of
oncogenic protein kinases, as demonstrated by mouse genetic model studies. This includes examples of membrane-bound tyrosine
kinases receptors (FGFR2, Ret, TrkB, ErbB4, and VEGFR) as well as cytosolic protein kinases (B-Raf). We will further discuss
how regular alternative splicing events of these kinases are in some instances implicated in oncogenic processes during tumor
progression (FGFR, TrkB, ErbB2, Abl, and AuroraA). Finally, we will present typical examples of aberrant splicing responsible for
the deregulation of oncogenic kinases activity in cancers (AuroraB, Jak2, Kit, Met, and Ron).

1. Introduction

The process of alternative splicing increases the complexity
of the proteome encoded by higher eukaryotic genomes
through the synthesis of different products from a single
gene. Genes encoding for protein kinases do not escape this
rule. While the whole human genome sequencing revealed
518 protein kinases encoding genes [1], a recent bioinformat-
ics survey identified a larger repertoire of about 918 putative
protein kinases represented mainly by splice variants from
these 518 human genes [2]. This retrospectively gives credit
to Tony Hunter’s previous witty estimate of “A thousand
and one protein kinases” [3]. Protein kinases are among
the largest families of genes in eukaryotes, representing
approximately 1.7% of all human genes [1]. They are
implicated in most of the essential cellular functions, and
their deregulation often leads to pathological disorders,
including cancer. Alteration of the expression and/or the
activity of a number of protein kinases by point mutations,
chromosomal translocations, or epigenetic mechanisms can
directly initiate or contribute to the development of tumors.

The first example came from the seminal discovery of the
existence of cellular oncogenes, when the tyrosine kinase c-
Src was identified thanks to its retroviral counterpart in the
Rous Sarcoma Virus [4]. Since then, numerous oncogenic
protein kinases have been discovered, among which EGFR,
Abl, Kit, and B-Raf represent typical examples of success
in the development of targeted drug therapy [5–7]. While
in most cases constitutive activation of the protein catalytic
activity is achieved by mutation or overexpression, aberrant
splicing has been sometimes incriminated in the deregula-
tion of oncogenic kinases in cancer. In addition, although
numerous publications have reported the modulation of
kinase activity of oncogenic kinases through alternative
splicing, most of these studies have been conducted only in
vitro. The physiological consequences of alternative splicing
in genes encoding oncogenic kinases were not frequently
investigated in nonpathological conditions. In the present
review we will provide examples of in vivo studies exploiting
mouse models that clearly disclosed specific physiological
functions for naturally occurring splice variants of oncogenic
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Table 1: Regulatory mechanisms of oncogenic kinases activity by alternative splicing.

Kinase name Kinase type Splicing Regulation type

Fyn
Cytosolic
tyrosine kinase

Alternative use of
exon 7a or 7b
upstream of the
kinase domain

Kinase activity
modulation by
interfering with
autoinhibition

Fak
Focal adhesion
tyrosine kinase

Multiple alternative
splicing upstream of
the kinase domain

Kinase activity
modulation by
interfering with
autophosphorylation

B-Raf
Cytosolic
serine/threonine
kinase

Alternatively spliced
exon 8b and 9b
upstream of the
kinase domain

Kinase activity
modulation by
interfering with
phosphorylation and
autoinhibition

Intact
kinase
domain

Ret
Membrane-
bound tyrosine
kinase receptor

C-terminal alternative
splicing generating
three isoforms

Modulation of
signaling partners
binding

ErbB4
Membrane-
bound tyrosine
kinase receptor

N- and C-terminal
alternative splicing
generating four
isoforms

Modulation of
partners binding,
cleavage, and
subcellular
localization

FGFR1
FGFR2
FGFR3

Membrane-
bound tyrosine
kinase receptors

Alternative use of
exon 8 or 9 generating
distinct extracellular
immunoglobulin-like
domain III

Modified FGF
binding specificity

A-Raf
Cytosolic
serine/threonine
kinase

Intronic sequences
retention introducing
stop codons

Dominant negative

Kinase
domain
truncation

TrkB
TrkC

Membrane-
bound tyrosine
kinase receptors

C-terminal alternative
splicing replacing
kinase domain by
short amino acid
sequences

Ligand sequestering,
dominant negative
and/or specific
signaling functions

VEGFR1
VEGFR2

Membrane-
bound tyrosine
kinase receptors

C-terminal alternative
splicing eliminating
the kinase and
transmembrane
domains

Synthesis of
secreted/soluble
extracellular
ligand-binding
domains

protein kinases. We will also discuss some examples of
oncogenic kinases whose normal or aberrant splice variants
are associated with a potential role in tumor progression.

2. Mechanisms of Oncogenic Kinase Functional
Regulation through Alternative Splicing

Alternative splicing allows a single primary transcript to
be spliced in several distinct mature mRNAs leading to
expression of protein isoforms with different structural
and functional properties [8]. One can distinguish two
main categories of mechanisms by which alternative splicing
can functionally regulate oncogenic protein kinases. The
first class includes alternative splicing which maintains the
catalytic activity whereas the second class consists of protein
products that have lost a functional kinase domain (Table 1).

In the first category, the incorporation of alternatively
spliced sequences within the open reading frame keeps intact
the kinase domain. In most cases for which functional studies
have been conducted, such a mechanism allows a fine-tuned
regulation of the kinase activity depending on the presence
or absence of these additional amino acid sequences. At
the molecular level, the incorporated sequences can impact
on the catalytic activity by several distinct mechanisms.
Posttranslational modifications such as phosphorylation
are frequently used to regulate protein kinases activity.
For example, autophosphorylation on Tyr-397 of FAK, a
nonreceptor tyrosine kinase that acts as a primary regulator
of focal adhesion signaling to regulate cell proliferation,
survival, and migration, is a critical event, allowing binding
of Src family kinases and activation of downstream signaling
pathways. Molecular studies have shown that tissue-specific
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alternative splicing can dramatically alter the mechanism
of autophosphorylation of FAK, thereby modifying its
oncogenic activity [9]. Likewise, B-Raf isoforms generated by
alternative splicing are differentially regulated by phospho-
rylation mechanisms in a complex manner [10, 11]. B-Raf
is a member of the Raf family of cytosolic serine/threonine
kinases, which act as Ras effectors and MEK kinases in
the canonical RAS/RAF/MEK/ERK signaling pathway [12].
Phosphorylation on both Ser-365 and Ser-429 participates in
the differential regulation of B-Raf isoforms through distinct
mechanisms (Figure 1). Alternatively spliced exon 8b favors
Ser-365 phosphorylation, leading to inhibition of the kinase
activity whereas B-Raf isoforms containing alternatively
spliced exon 9b are less efficiently phosphorylated on this
residue, in agreement with their elevated activity. In contrast,
Ser-429 is equally phosphorylated in all B-Raf isoforms, but
its phosphorylation differentially regulates the activity of B-
Raf, resulting in activation or inhibition of 9b- and 8b-
containing isoforms, respectively [11].

In several instances, incorporation of additional sequen-
ces within the protein imposes novel structural constraints,
which can modify intramolecular interactions. Thus, alter-
native splicing in the linker region of both B-Raf and
Fyn, a member of Src family tyrosine kinases, modulates
the autoinhibition imposed by the N-terminus regulatory
domain on the C-terminus catalytic domain [11, 13].

Another mechanism by which alternative splicing can
interfere with the biochemical and biological activity of
oncogenic kinases is the change in the repertoire of their
partners. This can either be dependent or independent on
phosphorylation and the structural constraints mentioned
above. A typical example is provided by the gene encoding
the tyrosine kinase receptor Ret. Differential splicing of
Ret transcripts results in the generation of three isoforms,
Ret9, Ret43, and Ret51, whose C-terminal amino acid
tails differ after Tyr-1062, and which display differential
oncogenic activities (Figure 1) [14]. Amino acid changes in
the sequences surrounding Tyr-1062 residue are responsible
for the differential binding on phosphorylated Tyr-1062 of
several key signaling molecules such as Shc, Grb2, and the
ubiquitin ligase Cbl [15–17].

The gene encoding ErbB4, another tyrosine kinase recep-
tor, also undergoes complex alternative splicing producing
both juxtamembrane (JM-a and JM-b) and cytoplasmic
(CYT-1 and CYT-2) isoforms (Figure 1). The 16-amino acid
CYT-1 specific sequence, which is absent from CYT-2 iso-
forms, contains a binding site for the p85 regulatory subunit
of PI3K [18]. In addition, it mediates ErbB4 ubiquitination
and endocytosis by providing a binding site for the WW
domain-containing HECT-type E3 ubiquitin ligase Itch.
Consequently, CYT-1 isoforms are efficiently endocytosed
whereas CYT-2 isoforms are impaired in endocytosis [19].
The JM-a isoforms contain a metalloprotease cleavable
extracellular domain whereas JM-b isoforms are resistant to
cleavage [20]. The ligand-dependent proteolysis of ErbB4
JM-a isoforms releases soluble intracellular domains of
80 kDa, s80Cyt2, and s80Cyt1, which exhibit nuclear cyto-
plasmic shuttling and differ by the above mentioned 16

amino acid CYT-1 specific sequence absent from CYT-2
isoforms [18, 19].

The fibroblast growth factor (FGF) receptor (FGFR)
family of tyrosine kinases provides another remarkable
example of how alternative splicing can be used to vary the
repertoire of functional interactions with profound physio-
logical consequences. The FGF family of ligands comprises
22 members, and FGFR signaling activity is regulated by
the binding specificity of ligands and receptors [21]. This
specificity largely relies on the immunoglobulin-like loop III
of the extracellular ligand-binding domain of FGFRs [21].
Three of the four FGFRs, FGFR1, 2, and 3, express splice
variants, which alternatively use exon 8 or 9 to encode the
C-terminal half of this immunoglobulin-like domain III,
generating IIIb and IIIc receptor isoforms with different
affinities for FGFs (Figure 1) [22]. For instance, FGFR2-
IIIb binds FGF7 and FGF10, but not FGF2 whereas the
FGFR2-IIIc isoform binds FGF2 and FGF18, but not FGF7
and FGF10 [21]. This provides each isoform a specific
physiological function during development, which is further
described in the next section.

The second main class of oncogenic kinase splice variants
is composed of truncated proteins devoid of the catalytic
kinase domain (Table 1). Such alternative splicing often
results in the synthesis of a polypeptide endowed with
dominant negative properties. However, this does not appear
to be always the case and putative specific and kinase-
independent functions have been proposed for such splice
variants. A well-characterized dominant negative function
was reported in the case of A-Raf, a cytosolic kinase closely
related to B-Raf [12]. The A-Raf gene undergoes alternative
splicing, which generates truncated isoforms containing the
Ras-binding domain but lacking the kinase domain. These
splicing isoforms, whose expression is tightly regulated by
extra and intracellular cues, prevent ERK signaling activation
by titrating the upstream activators Ras GTPases [23, 24].
However the physiological relevance of these observations
await in vivo evidence.

The generation of truncated isoforms lacking a kinase
domain is frequently observed within the family of mem-
brane-bound tyrosine kinase receptors. Trk receptors are
a family of three tyrosine kinases (TrkA, TrkB, and TrkC)
activated by neuropeptides of the neurotrophin family,
thereby regulating cell survival, proliferation, and the fate of
neural precursors [25]. In addition to their roles in the adult
nervous system, where they regulate synaptic strength and
plasticity, Trk receptor deregulation has been also implicated
in human cancers. Complex alternative splicing results in the
expression of different truncated TrkB and TrkC receptors
lacking the kinase domain, whose functions are not com-
pletely understood [25, 26]. Despite some evidence suggest-
ing that truncated receptors can trigger intracellular signal-
ing alone, tyrosine kinase activity appears to be necessary for
most Trk receptor-mediated responses to neurotrophins. It
has been proposed that the truncated receptors can raise the
local effective neurotrophin concentration by sequestering
and/or presenting neurotrophins to neurons expressing full-
length Trk receptors. However, when expressed on the same
neuron as a full-length Trk receptor, truncated receptors
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inhibit ligand-induced activation of Trk kinase activity
by forming nonproductive heterodimers, thereby acting as
dominant negative proteins [25]. For example, the human
TrkB gene encodes C-terminal truncated receptors; TrkB-T1
and TrkB-T2, which are generated by the alternative usage of
exon 16 or exon 19, respectively, containing translational stop
codons (Figure 1) [25, 26]. TrkB is the functional receptor for
brain-derived neurotrophic factor (BDNF) and both TrkB-
T1 and TrkB-T2 have the ability to bind it. Although they
can act as dominant negative inhibitors of the full-length
receptor by preventing ligand-induced phosphorylation, it
has been suggested that the truncated isoforms may have
signaling properties distinct from those of the full-length
TrkB, such as evoking calcium signaling and mediating Rho
GDP dissociation inhibitor 1 function [27–29].

Another example of kinase domain truncation by alter-
native splicing is provided by the VEGFR (vascular endothe-
lial growth factor (VEGF) Receptor) family, which encodes
membrane-bound tyrosine kinase receptors for VEGFs act-
ing as key regulators of vasculogenesis, angiogenesis, and
lymphangiogenesis, both in physiological conditions and in
cancer [30, 31]. VEGF-A binds to both VEGF receptor 1
(VEGFR-1, also named Flt-1) and VEGFR-2 (also named
KDR), thereby regulating vasculogenesis and angiogenesis
respectively whereas VEGF-B binds only to VEGFR-1 regu-
lating vasculogenesis. On the other hand, VEGFR-2 is also
involved in lymphangiogenesis through activation by VEGF-
C and VEGF-D. VEGFR-1 and VEGFR-2 undergo alternative
splicing of their cytoplasmic C-terminal domain resulting in
truncated receptors (Figure 1) [32–34]. However, unlike the
Trk family members, both the kinase and transmembrane
hydrophobic domains are eliminated, thereby generating
secreted soluble extracellular domains that have retained
their ligand-binding capacity and act as ligand traps.

The following section will review in depth examples of
the physiological consequences of the various mechanisms
described above. In addition, other mechanisms of regula-
tion by alternative splicing were reported in very specific
cases of tumor-associated splice variants of protein kinases.
These will be discussed in the last section.

3. Physiological Functions of Oncogenic
Kinase Splice Variants Revealed by
Genetically Engineered Mouse Models

As described above, alternative splicing can be used either
to allow subtle regulation of protein kinase activity or to
provide additional or dominant negative functions to these
proteins, suggesting that the impact of alternative splicing on
physiological processes can strongly vary depending on the
mechanism. Although alternative splicing has been reported
in a vast number of oncogenic kinases encoding genes,
experimental evidence for a physiological role is lacking for
most of the cases. In this section we will describe typical
examples of specific functions attributed to splicing variants
of oncogenic kinases revealed by genetically engineered
mouse models. These in vivo studies have highlighted the
physiological importance of alternative splicing in both

fundamental processes during development and more spe-
cialized functions such as behavior.

3.1. FGFR2. As mentioned above, alternative splicing in the
extracellular domain of FGFRs results in differential binding
of various FGFs. In general, the IIIb and IIIc isoforms of
FGFRs are often expressed on epithelial and mesenchymal
cells, respectively, while their specific ligands show an
opposite pattern of expression, allowing signaling to occur in
a paracrine fashion between adjacent tissues [21, 22]. Among
FGFRs, alternative splicing of FGFR2 receptor has been the
best studied in animal models (Figure 1). FGFR2-IIIb is
expressed in the surface ectoderm and in the endothelium of
internal organs throughout development, while FGFR2-IIIc
is expressed in the paraxial and lateral mesoderm, in the limb
bud and branchial arch mesenchyme and later in muscle and
other mesenchymal tissues, including the periphery of bone
forming cartilage models [35, 36]. The specific functions of
both FGFR2-IIIb and FGFR2-IIIc isoforms were investigated
in mouse models using different strategies. With regard to
FGFR2-IIIb, two different mouse lines deficient for FGFR2-
IIIb were generated, either by classical exon 8 ablation or
by introducing a stop codon and an IRES-LacZ transgene
in exon 8 [35, 37]. Noteworthily, the expression of FGFR2-
IIIc, the other alternatively spliced isoform, was not affected,
and both models resulted in similar phenotypes. The loss of
FGFR2-IIIb abrogates limb outgrowth with multiple defects
in branching morphogenesis, a phenotype similar to that of
the loss of function mutation of FGF10, which binds FGFR2-
IIIb but not FGFR2-IIIc. Although viable until birth, FGFR2-
IIIb null mice display severe defects of the limbs, lung, and
anterior pituitary gland [35, 37]. The development of these
structures appears to initiate, but then fails with the tissues
undergoing extensive apoptosis. FGFR2-IIIb null mice also
show developmental abnormalities of the salivary glands,
inner ear, teeth, and skin, as well as minor defects in skull
formation [35].

The specific functions of the other receptor isoform,
FGFR2-IIIc, were also investigated using either a knock-
out approach eliminating exon 9 or a knockin strategy
introducing a stop codon in exon 9 [36, 38]. In contrast
with FGFR2-IIIb studies, the results from both strategies
used for FGFR2-IIIc were not fully concordant. Knockin-
mediated loss of FGFR2-IIIc expression resulted in a reces-
sive viable phenotype with craniosynostosis and retarded
development of the axial and appendicular skeleton, causing
dwarfism and misshapen skull [36]. In exon 9 knockout
mice, however, heterozygotic ablation of FGFR2-IIIc isoform
resulted in a gain-of-function mutation, characterized by
neonatal growth retardation and death, coronal synostosis,
ocular proptosis, precocious sternal fusion, and abnormali-
ties in secondary branching in several organs that undergo
branching morphogenesis [38]. The discrepancies observed
between the two models could be explained by the fact
that the knockin mutation causes a splice switch, inducing
ectopic expression of the FGFR2-IIIb isoform. These results
highlight the differences that can arise from different in
vivo approaches and underline the significance of careful
experimental design.
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3.2. Ret. Mouse models have been generated to investigate
the respective physiological functions of Ret9 and Ret51
(Figure 1), the two major isoforms of Ret, a receptor previ-
ously reported to play a critical role in kidney organogenesis
and the development of the enteric nervous system [39].
Partial cDNAs encoding the C-terminal intracellular part of
human Ret9 or Ret51 were inserted in frame into exon 11
of the mouse locus, immediately after the segment encoding
the transmembrane domain, thereby generating mice that
express either Ret9 or Ret51 isoforms. Ret9 mice, which
lack Ret51, were viable and appeared normal, demonstrating
that the expression of Ret9 alone is sufficient to support
normal embryogenesis and postnatal life. In contrast, Ret51
mice, which lack Ret9, displayed severe innervation defects
resulting in kidney hypodysplasia and a lack of enteric
ganglia from the colon [39]. As mentioned above, both Ret
isoforms differ by the sequence context of the multidocking
phosphorylated Tyr-1062 site. The generation of knockin
mice in which Tyr-1062 of either Ret9 or Ret51 was mutated
to phenylalanine demonstrated that this residue plays a
critical role in specific Ret9 requirement in the develop-
ment of the kidneys and the enteric nervous system [40].
Interestingly, these findings provide direct in vivo evidence
that the distinct activities of Ret9 and Ret51 isoforms
result from the differential regulation of Tyr-1062-mediated
signaling through alternative splicing of C-terminal flanking
sequences.

3.3. ErbB4. The case of ErbB4 appears more complex be-
cause of alternative splicing both in the extracellular jux-
tamembrane region and in the cytoplasmic C-terminal tail,
giving rise to four distinct isoforms with differential tissue-
specific expression (Figure 1). ErbB4, also known as HER4,
belongs to the ErbB/HER/EGFR family of tyrosine kinase
receptors. It binds to and is activated by neuregulins-2 and
-3, heparin-binding EGF-like growth factor and betacellulin
[41]. As mentioned above, the ligand-induced proteolysis of
ErbB4 JM-a isoforms releases soluble intracellular domains
of 80kDa called s80Cyt2 and s80Cyt1, which exhibit nuclear
cytoplasmic shuttling and differ by the 16-amino acid CYT-
1 specific sequence absent from CYT-2 isoforms [18, 19].
Owing to the lack of specific knockout mouse models, the
respective contribution of the different ErbB4 isoforms to
neuregulin-induced signaling remains poorly understood.
However, Muraoka-Cook et al. generated transgenic mice
to compare the effect of induced expression of s80Cyt1
or s80Cyt2 on mammary epithelium in vivo [42]. These
mice express the GFP-tagged intracellular domain of either
ErbB4-Cyt1 or ErbB4-Cyt2 isoforms under the control of
a doxycycline-inducible reverse tetracycline transcriptional
activator- (rtTA-) dependent promoter. Induced expression
of either isoform in the mammary gland was obtained
by crossing with transgenic mice expressing rtTA under
the control of the mouse mammary tumor virus LTR.
Interestingly, the resulting phenotypes revealed that the
s80Cyt1 and s80Cyt2 isoforms exert markedly opposing
effects on mammary epithelium growth and differentiation.
Expression of s80Cyt1 during puberty decreased prolif-
eration and caused precocious lactogenesis in the ductal

epithelium of virgin mice. In contrast, expression of s80Cyt2
caused epithelial hyperplasia, characterized by increased Wnt
and nuclear β-catenin expression, and elevated expression of
c-myc and cyclin D1 in the mammary epithelium. Although
these models do not allow assigning specific physiological
functions to the four ErbB4 isoforms, they clearly indicate
that the single insertion of 16 amino acids in the C-terminal
part of the receptor via alternative splicing is sufficient to
confer ErbB4 isoforms opposite biological effects.

3.4. VEGFR-1 and VEGFR-2. VEGFR-1 and VEGFR-2 arose
through gene duplication during evolution resulting in a
highly similar exon-intron structure. Consequently, both
genes are subjected to the same alternative splicing mech-
anism giving rise to the production of secreted soluble
extracellular domains, named sVEGFR-1 and sVEGFR-2
(Figure 1), that have retained their ligand-binding capacity
[32, 33]. Since their discovery, a putative ligand trap role
has been proposed for such splice variants, which was
further exploited for the development of VEGF-targeted
antitumor therapies [30]. However, the direct demonstration
of physiological functions for both sVEGFR-1 and sVEGFR-2
soluble isoforms has come from studies in mice.

The first mouse model demonstrated that sVEGFR-1 can
act as a positive modulator of vascular sprout formation
and branching morphogenesis [43]. In the course of their
investigation on the effects of a VEGFR-1−/− null mutation
on blood vessel formation, the authors noticed aberrant
morphogenesis of embryonic vessels. This phenotype was
rescued with a sVEGFR-1 transgene suggesting a model
whereby sVEGFR-1 isoform locally traps VEGF-A to estab-
lish or modify a gradient that regulates vascular sprouting
and endothelial cell migration. The role of sVEGFR-1 was
also investigated in cornea avascularity using three comple-
mentary strategies in the mouse [44]. Corneal avascularity is
required for optical clarity and optimal vision. The molecular
mechanisms responsible for this absence of blood vessels in
the cornea have remained enigmatic for a long time, owing
to the presence of VEGF-A in the cornea and its proximity
to vascularized tissues. Using neutralizing antibodies, RNA
interference and Cre-lox-mediated gene disruption, Ambati
and colleagues have demonstrated that the presence of
sVEGFR-1 is necessary and sufficient to trap VEGF-A in the
cornea, thereby inhibiting angiogenesis [44]. Interestingly,
the mouse cornea also expresses sVEGFR-2, but not the full-
length VEGFR-2 receptor [33]. Loss of sVEGFR-2 expression
in the cornea obtained by tissue-specific targeted disruption
of the VEGFR-2 gene resulted in lymphatic invasion of
the normally alymphatic cornea at birth. These results
show that sVEGFR-2 act as an endogenous inhibitor of
lymphangiogenesis by trapping VEGF-C.

3.5. TrkB. The putative physiological role of the alterna-
tively spliced TrkB-T1 truncated receptor has been ini-
tially investigated in transgenic mice over expressing it
in postnatal cortical and hippocampal neurons [45, 46].
These animals have impaired long-term spatial memory, a
phenotype similar to that of BDNF knockout mice [47],
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and show increased susceptibility to cortical injury after
focal cerebral ischemia. Therefore, these studies suggested
that TrkB-T1 could indeed act as a dominant negative
receptor inhibiting BDNF signaling, at least in some types
of brain functions. More recently, however, the functions
of TrkB-T1 were reassessed in a knockout mouse model
with a selective ablation of this isoform that did not affect
the spatiotemporal expression of the full-length receptor
[48, 49]. Surprisingly, TrkB-T1-deficient mice do not show
any overt phenotype, although they are more anxious than
their control littermates and display morphological changes
in the length and complexity of neurites of the basolateral
amygdala neurons. Moreover, although loss of TrkB-T1
does not affect normal brain development or function, its
reduction can improve deficiencies associated with BDNF
haploinsufficiency, thereby clearly demonstrating that TrkB-
T1 can limit BDNF/TrkB signaling in a physiological
manner.

3.6. B-Raf. The studies described above have provided
various examples of the physiological relevance for alterna-
tive splicing of genes encoding membrane-bound tyrosine
kinase receptors otherwise implicated in human cancers.
In contrast, only one study has been conducted in vivo
to investigate such physiological functions of splice vari-
ants of a cytosolic oncogenic protein kinase, thus far. As
already mentioned, the B-raf gene encodes multiple isoforms
displaying tissue-specific expression [50, 51]. The kinase
activity of the different B-Raf isoforms is modulated by
the presence or absence of sequences encoded by exon 8b
and 9b, located in the hinge region upstream of the kinase
domain (Figure 1). While exon 9b is conserved in vertebrates,
including fish, amphibians, avians, and mammals, exon 8b
appeared later during evolution since it is found only in
eutherians, but not in other mammals such as marsupialia
and monotremata [52]. To investigate the physiological
relevance of B-raf alternative splicing during development,
conditional knockout mice for either exon 8b or exon 9b were
generated. In contrast with the complete B-raf knockout,
none of these exons were required for normal development,
since adult animals carrying a homozygous constitutive
mutation (B-rafΔ8b/Δ8b or B-rafΔ9b/Δ9b) survived up to
at least 18 months in the absence of detectable anomalies
[52]. However, behavioral analyses revealed that expression
of exon 9b-containing isoforms was required for B-Raf
function in hippocampal-dependent learning and memory.
In contrast, mice carrying a mutation of exon 8b were not
impaired in this function. It has been proposed that the
requirement for exon 9b-containing isoforms was due to
their resistance to PKA-mediated inhibitory phosphorylation
on Ser-365 and Ser-429 (Figure 1), allowing convergence
of PKA and ERK signaling on nuclear targets involved in
the process. Interestingly, this study also revealed that the
putative function of exon 8b-containing B-Raf isoforms,
which remains to be characterized, has probably evolved
during evolution since alternative splicing of exon 8b appears
differentially regulated in primates, as compared with other
mammals [52].

4. Alternative Splicing of Oncogenic
Kinases and Cancer

As for most oncogenes and tumor suppressor genes, per-
turbations in alternative splicing can modify the expression
and activity of oncogenic kinases during tumor development
and maintenance. Such phenomenons sometime proceed
from the deregulation of an otherwise normal physiological
alternative splicing, as illustrated below by examples from the
FGFR, ErbB, and Trk families of tyrosine kinase receptors. In
other cases such as Abl or Aurora kinases, it is not clearly
established whether the alternative splicing mechanism
implicated in tumor progression also plays physiological
roles in the nonpathological functions of the kinase. Finally,
Jak2, Kit, Ron, and Met kinases provide typical examples of
aberrant splicing generating oncogenic splice variants that
are not usually observed in nonpathological conditions. We
will review here some of these, by focusing specifically on
oncogenic kinases whose splicing profiles are associated with
an established functional consequence in cancer.

4.1. FGFRs. The involvement of FGFR2 spliced isoforms in
developmental processes was described above. Interestingly,
alternative splicing of FGFR2 also appears to be implicated
in cancer. FGFR2 exon switching from the IIIb to the IIIc
isoform has been observed during epithelial cell tumor
progression, notably in breast cancer [53–55]. FGFR2 IIIc
expression is associated with a loss of epithelial markers and a
gain of mesenchymal markers. Furthermore, the C-terminus
of FGFR2-IIIb also undergoes additional alternative splicing,
thereby modulating its oncogenic activity [54–56]. Thus,
breast cancer progression may involve two distinct alternative
splicing events, first involving the expression of FGFR2 IIIb
C2/C3 isoforms associated with progression from normal
breast epithelium to noninvasive breast cancer, and secondly
involving the conversion to the mesenchymal FGFR2 IIIc
isoform in invasive breast cancer cells [55].

Studies in cancer cells further revealed an even more
complicated regulation of the FGFR receptors family activity
by alternative splicing [57]. For example, FGFR1 exhibits
another RNA splicing event that results in skipping of the
exon encoding the Ig-like domain I [58]. The receptor
containing only two Ig-like domains (FGFR1-β) displays a
higher binding affinity for FGF1 [59, 60] and, unlike the full-
length FRFR1-α isoform, caused cancer in a model of nude
mice xenograft [61]. An increase in the FGFR1-β levels has
been associated with tumor progression, reduced relapse-free
survival, and malignancy in astrocytomas, breast, pancreatic,
and bladder cancers [62–64]. However, little is known about
the biological and functional consequences of increased
expression of FGFR1-β in cancer cells.

4.2. ErbB2. The transmembrane HER2/ErbB2/Neu tyrosine
kinase receptor belongs to the epidermal growth factor recep-
tor (EGFR) family. Overexpression and gene amplification
of ErbB2 are frequently observed in human malignancies,
in particular in 25–30% of primary human breast cancers
[65]. This correlates with enhanced tumor aggressiveness
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and poor patient outcome. Several studies have reported
the expression of an ErbB2 alternatively spliced isoform in
normal mammary cells and in human breast carcinomas
[66]. The in-frame deletion of 16 amino acids in the
juxtamembrane domain due to exon 16 splicing induces the
formation of ΔErbB2 that displays a stronger transforming
activity than wildtype ErbB2. Structural analyses of the
ErbB2 extracellular domain have shown that electrostatic
repulsions may probably prevent homodimerization of this
receptor [67]. Splicing in ΔErbB2 is supposed to trigger
the kinase activity by promoting intermolecular disulfide
bonding and, in turn, homodimers capable of transforming
cells. Levels of the ErbB2 splice variant are only 5% of those
observed with the wildtype receptor, both in primary normal
breast tissue and breast cancers. ErbB2 gene amplification in
primary human breast cancer might increase the levels of
this oncogenic variant above a critical threshold, therefore
allowing it to contribute to breast cancer progression [68].

4.3. TrkB. As previously mentioned, studies using knockout
mice demonstrated that at physiological levels, TrkB-T1 acts
as a dominant negative receptor inhibiting BDNF signaling
in brain neurons. However, in vitro studies suggest that TrkB-
T1 may also have signaling properties on its own [27–29].
In support of this, overexpression of TrkB-T1 but not a
TrkB-T1 COOH-terminal deletion mutant in nonmetastatic
pancreatic cancer cells was shown to induce liver metastasis
in an orthotopic xenograft mouse model of pancreatic
cancer by sequestering Rho GDP dissociation inhibitor and
promoting RhoA activation [69]. Accordingly, TrkB-T1 but
not full-length TrkB is overexpressed in pancreatic cancer cell
lines and pancreatic tumor samples [69].

4.4. Aurora. Aurora kinases are a family of serine and threo-
nine protein kinases that function as key regulators of mitosis
by controlling the accurate and equal segregation of chro-
mosomes. Two members, Aurora-A and -B, are frequently
overexpressed in a wide variety of human cancers. Aberrant
expression of these kinases correlates with poor prognosis
and is implicated in oncogenic transformation mainly by
inducing chromosomal instability. The expression of dif-
ferent 5′UTR alternative splicing variants of Aurora-A was
first reported in breast cancer cell lines and primary tumors
[70]. Lai et al. also described that the exon 2-containing
variant, which contributes to Aurora-A overexpression under
EGF treatment, is dominantly expressed in colorectal cancer
tissues compared to normal human colon tissues [71]. The
recruitment of specific splicing variants of Aurora-A mRNA
in regulating Aurora-A protein expression indicates that
there could be a potential correlation between exon 2-
containing variant and colorectal cancer development. Two
Aurora-B alternative splicing variants were also identified
in liver cancer cells and tumor biopsies [72]. AURKB-Sv1
retained 46 bp of intron 5 and lost 96 bp of exon 5, while exon
6 is missing in AURKB-Sv2. The variant form was absent
in normal liver and was overexpressed in metastatic liver
cancer compared to hepatocellular carcinoma (HCC). This
aberrant expression was associated with the advanced stages

of HCC, and correlated with a poor outcome and a shorter
disease-free period. This suggested that AURKB-Sv2 could be
a marker of poor prognosis in hepatocarcinogenesis. Further
experiments are necessary to elucidate the structural and
functional properties of this alternative splicing in HCC. Of
note, the putative physiological functions of splice variants of
Aurora kinases have not been assessed in mouse models, thus
far.

4.5. ABL. Myeloproliferative neoplasias (MPNs) are
hematopoietic stem cell disorders linked to uncontrolled
overproduction of mature and functional blood cells.
Chronic myeloid leukemia (CML), the most common
MPN, is characterized by a chromosomal translocation,
which leads to the production of the breakpoint cluster
region-abelson (BCR-ABL) fusion oncoprotein. BCR-ABL
contains a constitutively activated tyrosine kinase domain
that plays a role in malignant transformation and triggers
CML. Numerous BCR-ABL alternative spliced variants have
been reported [73–76]. For instance, the 35-bp insertion
of ABL intron 8 between exon 8 and exon 9 results in
a reading-frame shift and leads to the expression of a
truncated protein missing the last 14 residues of the kinase
domain and the following C-terminus residues. However,
ABL alternative splicing appears to be quite frequent in
the normal population and an increase in expression levels
and the frequency of these alternatively spliced BCR-ABL
associated with imatinib resistance in the chronic phase of
CML is still a matter of debate [77–79].

4.6. JAK2. Non-CML MPNs such as polycythemia vera
(PV), essential thrombocythemia (ET), or idiopathic mye-
lofibrosis (IMF) display recurrent anomalies in the JAK2
tyrosine kinase that plays a critical role in mediating
hematopoietic cytokine receptor signaling through the
JAK/STAT pathway [80]. The JAK2 V617F mutation in
exon 14 is the most common single-point mutation found
mainly implicated in chronic myeloproliferative disorders
(found in 35% to 95% of PV, ET, and IMF patients) [81,
82]. In vitro, the V617F substitution increases JAK2 kinase
activity, thus causing cytokine-independent growth of cell
lines and cultured bone marrow cells. From predicted JAK2
structure analysis, this mutation is believed to disrupt the
autoinhibitory interaction between the pseudokinase (JH2)
and kinase (JH1) domains thus allowing the activation
loop of JH1 to adopt a conformation in which it can
be phosphorylated by an adjacent JAK2V617F molecule.
Further investigations revealed that around 15% of patients
suffering from MPN also express a JAK2 exon 14 mRNA
splice transcript accounting for around 12% of total JAK2
transcripts [83, 84]. The deletion of exon 14 (88 bp) leads
to the frame shift of seven amino acids followed by a
stop codon. The truncation of the JAK2 protein within the
pseudokinase domain thus results in deletion within the
JH2 domain and complete deletion of the kinase domain
(JH1). How this alternative short form of JAK2 is able to
activate the JAK2-STAT pathway remains unclear. Additional
functional studies are needed to demonstrate the role of
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the Δexon14 deletion in deregulating JAK2 activity and in
leukemogenesis.

4.7. Kit. The tyrosine kinase receptor c-Kit and its ligand
SCF (stem cell factor) play essential functions in a number
of cell types, including hematopoietic stem cells, mast cells,
melanocytes, and germ cells. Activating mutations of c-Kit
have been described in various human cancers, including
melanomas, testicular germinomas, acute myeloid leukemia,
and gastrointestinal stromal tumors (GIST). Many different
alternative splicing sites in c-Kit were first reported in
leukemia cells [85, 86] and then in GIST [87, 88]. In GIST,
the loss of 27 nucleotides in exon 11 of c-Kit results in
polypeptides that remain in-frame but lack a nine amino
acids internal stretch that is crucial for autoinhibition of the
kinase. Structural studies of the mutated kinase revealed a
conformation consistent with constitutive activation [88].

4.8. Met. Signaling mediated by HGF/c-Met promotes a
wide range of biological activities including cell growth, mor-
phogenic differentiation, motility, invasion, and angiogene-
sis. Dysregulation of this pathway has also been implicated
in the development and progression of various malignant
tumors. Identification of activating germline mutations of c-
Met in hereditary papillary renal carcinomas provided the
first evidence linking c-Met to human oncogenesis [89].
Afterward, many c-Met missense mutations were observed
in a wide variety of cancers. A majority of them are located
in the activation loop of the kinase domain. However,
somatic intronic mutations leading to an exon 14 in-frame
deletion originally observed in fetal mouse tissues, [90]
were also reported in approximately 3% of nonsmall cell
lung cancers [91–93] and in gastric cancer cell lines [94].
This missense mutation leads to an alternatively spliced
transcript that encodes a 47-amino acid deletion in the cyto-
plasmic juxtamembrane domain thus removing the Y1003
phosphorylation site necessary for Cbl E3-ligase binding.
Cellular analyses have shown that the Met deletion mutant
receptor displays decreased Cbl binding and ubiquitination,
prolonged protein stability, and sustained signaling on
ligand stimulation in agreement with enhanced transforming
properties [92, 95]. These results are consistent with an
important role of the c-Met alternatively spliced form in the
development and progression of human cancer.

4.9. Ron. Ron, the tyrosine kinase receptor for the
Macrophage-stimulating protein belongs to the MET proto-
oncogene family. Ron is a heterodimer (p185RON) derived
from the proteolytic cleavage of a single-chain common
precursor and is composed of a disulfide-linked 40 kDa α-
chain and a 145 kDa β-chain with intrinsic tyrosine kinase
activity. With the involvement in cell dissociation, motility,
and matrix invasion, Ron has been found to be essential in
embryonic development and in tumor invasive/malignant
phenotypes. Thus, elevated Ron expression has been found
in breast, colon, lung, bladder, and ovarian cancers. Impor-
tantly, Ron is expressed as a single sized mRNA resulting
from constitutive splicing in normal tissues whereas in cancer

cells, the altered expression of Ron is often accompanied
by the generation of Ron variants mainly through mRNA
splicing [96]. This suggests that a switch from the constitutive
to alternative splicing occurs in cancer cells.

A Ron isoform, named RonΔ165, was identified in
human gastric carcinoma cells and induces an invasive
phenotype in transfected cells [97]. RonΔ165 (165 kDa) is
generated by the alternative splicing of exon 11 (147 bp),
which leads to the in-frame deletion of a 49-amino acid
region in the β chain extracellular domain. By inducing a
drastic change in the three-dimensional structure through
aberrant intermolecular disulfide bridge formation, this
deletion enables the proteolytic cleavage thus enabling
cellular membrane anchorage of the receptor and rendering
the kinase constitutively active in the absence of its ligand
in the cytoplasm. Interestingly, abnormal accumulation of
RonΔ165 transcripts occurs in primary human colorectal
and breast carcinomas and correlates with the metastatic
phenotype [98, 99]. Ghigna et al. identified a silencer and
an enhancer of splicing within exon 12 that regulates the
level of inclusion of exon 11. An increase in RonΔ165 levels
is stimulated by binding of the SR protein SF2/ASF to one
of these regulatory elements. The authors speculate that
SF2/ASF could regulate malignant transformation of certain
epithelial tumors by inducing RonΔ165-dependent EMT and
that pharmacological treatment of aberrant splicing could
lead to new anticancer therapeutic approaches [100].

Two others spliced variants RonΔ155 and RonΔ160 were
also identified in human colon carcinoma cell lines and
primary tumors [98, 101]. RonΔ160 is derived from a
splicing mRNA transcript with an in-frame deletion of 109
amino acids coded by exons 5 and 6 and located in the Ron
β-chain extracellular sequences. The deletion does not affect
the proteolytic processing, but induces structural changes
that could stabilize an active form of the membrane receptor
by disulfide bridges triggered oligomerization. Therefore, the
constitutive activation of RonΔ160 by autophosphorylation
increases its cell migration and invasion properties [102].
RonΔ155 presents a combined deletion of exons 5, 6,
and 11 in the extracellular domain of the β-chain thus
preventing its maturation into the α/β two-chain form. The
receptor is constitutively active and capable of inducing
tumor formation in vivo [98].

5. Conclusions and Perspectives

Splice variants have been described in many cancer-
associated proteins, and in particular in oncogenic kinases.
The biological activity of the majority of alternatively spliced
isoforms and their contribution to cancer biology is yet to be
elucidated. Nevertheless, the various examples described in
this review highlight the importance of alternative splicing
events in both physiological and pathological functions of
oncogenic kinases. In some cases, the alternative isoforms
are present in normal tissue but are aberrantly expressed in
the corresponding tumor. It is sometimes unclear whether
changing the proportion of a given set of splice variants may
contribute to cancer biology, independent of gene expression
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levels. In other cases, pathogenic alternative splicing is
specific to the tumor and can be a consequence or a cancer-
causing event [103, 104]. However, one cannot rule out
the possibility that most of the so-called aberrant splicing
events described in tumors actually reflect the exploitation
of yet unidentified regulatory mechanisms normally used
at specific moments of the development or in response
to external stimuli. Thus, beside gene mutations, hijacking
alternative splicing mechanisms in kinase-encoding genes
represents another way for cancer cells to progress toward
malignancy.

It becomes evident that recently available large-scale
analyses will prove useful in identifying new mechanisms
of carcinogenesis involving alternative splicing of oncogenic
kinases. Although not focused on protein kinases, such
approaches have been already applied for the identification of
alternative splicing markers in various types of cancers [105–
110]. A recent screening that used small interfering RNA
for isoform-specific silencing, identified alternative splicing
in genes associated with cell survival as important targets
for breast and ovarian cancer [111]. For example, changing
the splicing pattern of the tyrosine kinase SYK altered cell
survival and mitotic progression whereas global knockdown
of the same gene had no effect, suggesting a specific role for
SYK splice variants. With regard to physiological functions
of splice variants of oncogenic kinases in nonpathological
conditions, the examples reviewed here clearly highlight the
power of mouse genetics. Further development of knockout
models restricted to alternatively spliced exons will certainly
be beneficial in identifying such functions.
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