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Alternative splicing of precursor messenger RNAs (pre-
mRNAs) is a fundamental step in the regulation of gene
expression. This processing step of the nascent messenger
amplifies the coding potential of eukaryotic genomes by
allowing the production of multiple protein isoforms with
distinct structural and functional properties. The advent
of high-throughput sequencing techniques has recently
revealed that alternative splicing of exons and introns repre-
sents amajor source of proteomic diversity in complex organ-
isms characterized by a limited number of protein-coding
genes. Nevertheless, the evolutionary advantage provided by
alternative splicing can also turn into a source of deleterious
problems for the organism. Indeed, the extreme flexibility
of its regulation, which relies on the combinatorial action
of multiple non stringent factors, is subject to errors and
the aberrant splicing of key genes can result in the onset of
many human genetic and sporadic diseases. In this regard,
mounting evidence illustrates how changes in alternative
splicing patterns of specific genes is an important tool used
by cancer cells to produce protein isoforms involved in all
areas of cancer cell biology, including numerous aspects of
tumor establishment, progression, and resistance to thera-
peutic treatments. Importantly, cancer-specific splice variants
have the potential to become suitable therapeutic targets for
human cancer, as novel tools to correct splicing defects are
being developed and, in some cases, have entered clinical
trials for other human diseases, such as spinal muscular
atrophy. Nevertheless, these findings are likely to represent
just the tip of the iceberg and important questions regarding

the role of alternative splicing in cancer still remain to be
addressed.

The main focus of this special issue is to emphasize key
mechanisms involved in oncogenic splicing changes, their
connection with other steps of gene expression, and the
therapeutic potential of cancer-associated alternative splicing
isoforms.

More specifically, M. Ladomery discusses alternative
splicing in the context of the so-called hallmarks of cancer,
originally proposed by Hanahan and Weinberg in 2000.
The list of hallmarks was originally six; recently it was
augmented to ten. M. Ladomery proposes that a compre-
hensive dysregulation of alternative splicing could, in itself,
be considered yet another hallmark of cancer. The idea is
that the aberrant expression and activity of key oncogenic
splicing factors and/or their regulatory kinases could lead
to a systematic change in gene expression by favouring the
concurrent production of several oncogenic splice variants of
genes involved in critical biological aspects of tumour cells.

S. C. Lenzken et al. review our current knowledge of the
role of alternative splicing in the multiple and various aspects
of the DNA damage response (DDR) and the control of
genome stability. This review illustrates several mechanisms
through which pre-mRNA splicing and genomic stability can
influence each other and contribute to tumorigenesis.

M. Romano and colleagues draw attention to the function
that pseudoexons and pseudointrons can play directly in
cancer pathology. These sequences can be found in genes
that have well-established roles in cancer, including BRCA1,
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BRCA2, NF-1, and ATM. They describe the mechanisms
through which pseudoexons and pseudointrons can be acti-
vated or repressed. In addition, they discuss their potential
use as tumour biomarkers to provide a more detailed staging
and grading of cancer.

C. Naro and C. Sette discuss the key role that reversible
phosphorylation plays in the regulation of alternative splic-
ing. Both splice factors and core components of the spliceo-
some are affected by phosphorylation. The review focuses
on the role of protein kinases and phosphatases whose
activity has specifically been linked to aberrant alternative
splicing associatedwith neoplastic transformation.Moreover,
it illustrates the fact that signal transduction routes that are
frequently altered in cancer cells, such as the RAS/ERK and
the PI3K/AKT pathways, can modulate alternative splicing
events through the direct or indirect phosphorylation of
splicing regulatory proteins. Thus, protein kinases and phos-
phatases involved in this step of gene expression regulation
may provide exciting opportunities for novel drug design.

A. Best et al. describe the emerging role of Tra2𝛽, an
SR-related protein, in human cancer. The gene encoding this
splicing factor is amplified in various types of cancer and
the increased expression of Tra2𝛽 is associated with cancer
cell survival. Interestingly, the Tra2𝛽 gene is a transcriptional
target of the proto-oncogene ETS-1, whereas known Tra2𝛽
splicing targets play key roles in cancer cells, where they affect
metastasis, proliferation, and cell survival. These observa-
tions point to regulation of Tra2𝛽 expression in cancer cells
as an important step in tumorigenesis.

The review by Z. Siegfried et al. gives a series of specific
examples that cover misregulated alternative splicing events
affecting both the Ras-MAPK and PI3K-mTOR signalling
pathways during carcinogenesis.These pathways show exten-
sive crosstalk and are commonly altered in many cancers by
genetic and epigenetic aberrations.This article also addresses
how these signalling pathways play key roles in the transmis-
sion of extracellular signals to the splicing machinery and to
specific RNA-binding proteins that ultimately regulate exon
definition events.

C. Jackson et al. give an overview on a topic of significant
clinical interest: the roles (often opposed) of the HER2 splice
isoforms in breast cancer progression and drug resistance.

M. P. Paronetto describes the function of the Ewing
Sarcoma protein (EWS) in cancer biology. EWS is best
known for its involvement in translocations associated with
sarcomas. Recent evidence has implicated EWS in the regu-
lation of DNA damage response (DDR) in cancer. EWS is a
multifunctional protein thought to help coordinate multiple
steps in the synthesis and processing of pre-mRNAs. This
review illustrates in detail the biochemical features and the
physiological roles of this RNA binding protein and provides
some hints on its possible contribution to human cancer.

Other two reviews give a series of specific examples of
cancer-associated splicing variants. C. Sette discusses the
growing evidence that dysregulated alternative splicing is a
major factor in the remarkable biological heterogeneity of
prostate cancer. Key genes, including the androgen receptor
itself, are alternatively spliced, thereby expressing isoforms
with opposing functions. The review also illustrates how

the regulation of alternative splicing is likely to present
novel opportunities in the diagnosis, prognosis, and treat-
ment of prostate cancer. S. Bonomi et al. deal with novel
information on how alternative splice variants of many
cancer-related genes can directly contribute to the oncogenic
phenotype, focusing on a number of processes involved in
cancer progression, such as response to hypoxia, migra-
tion, invasion, and metastasis. Furthermore, they discuss
some significant examples of alternative splicing isoforms
selectively expressed by tumors and not by normal tissues,
which may not only represent diagnostic and prognostic
tumor biomarkers, but also provide potential targets for the
development of new therapeutic strategies.

In their article, L. Spraggon and L. Cartegni focus on the
role of U1 snRNP, an essential component of the splicing
machinery, in the regulation of alternative polyadenylation
and they strongly emphasize its implications in cancer patho-
genesis. Moreover, this review underlines the interesting
possibility of manipulating this U1 snRNP function for
anticancer therapeutic purposes.

Lastly, S. Barberan-Soler and J. M. Ragle give an overview
of the advantages of using the nematode Caenorhabditis
elegans to study splicing regulation in vivo. Importantly,
a large percentage of genes undergo alternative splicing
also in this simple and genetically useful organism. A big
proportion of these events are functional, conserved, and
under strict regulation across development, suggesting that
their investigation is likely to provide general mechanisms of
regulation that can be applied also to human genes. Notably,
the review illustrates several examples of alternatively spliced
genes that have human homologues implicated in cancer
biology.

We hope that this special issue will attract the attention of
researchers onnewprogresses in the fields of alternative splic-
ing and cancer. In particular, the articles presented herein
might highlight how this posttranscriptional mechanism of
gene expression plays important roles in the generation
of oncogenes and tumor suppressors, describe its interplay
with signaling pathways, and suggest how our knowledge
of these processes is leading to a better comprehension
of malignant transformation, thus helping develop novel
therapeutic strategies for the treatment of cancers.

Claudio Sette
Michael Ladomery

Claudia Ghigna
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Alterations in the abundance or activities of alternative splicing regulators generate alternatively spliced variants that contribute
to multiple aspects of tumor establishment, progression and resistance to therapeutic treatments. Notably, many cancer-associated
genes are regulated through alternative splicing suggesting a significant role of this post-transcriptional regulatory mechanism
in the production of oncogenes and tumor suppressors. Thus, the study of alternative splicing in cancer might provide a
better understanding of the malignant transformation and identify novel pathways that are uniquely relevant to tumorigenesis.
Understanding the molecular underpinnings of cancer-associated alternative splicing isoforms will not only help to explain many
fundamental hallmarks of cancer, but will also offer unprecedented opportunities to improve the efficacy of anti-cancer treatments.

1. Introduction

Alternative splicing is the process by which splice sites in
precursor messenger RNAs (pre-mRNAs) are differentially
selected and paired to produce multiple mature mRNAs
and protein isoforms with distinct structural and functional
properties. The first example of alternative splicing was
discovered almost 30 years ago, when membrane-bound
and secreted antibodies were demonstrated to be encoded
by the same gene [1, 2]. Now, we know that alternative
splicing is a very accurate, efficient, and extraordinarily
flexible process that regulates all major aspects of eukaryotic
cell biology. Affecting approximately 94% of human genes
[3, 4], it represents the major source of the human proteomic
diversity.

Regulation of alternative splicing decisions involves the
recognition of target sequences in the pre-mRNA by a num-
ber of splicing regulatory factors with antagonistic functions
such as SR (serine-arginine-rich) and hnRNP (heterogeneous
nuclear ribonucleoprotein) protein families [5]. Generally,
SR proteins promote exon recognition by binding to exonic
or intronic splicing enhancer sequences (ESEs and ISEs,
resp.), while hnRNP factors typically interact with exonic or

intronic splicing silencers (ESSs and ISEs) inhibiting splice
sites recognition. The regulation of alternative splicing has
been discussed in several excellent reviews [6–8].

Changes in alternative splicing patterns have an essential
role in normal development, differentiation, and in response
to physiological stimuli, but aberrant splicing generates vari-
ants that contribute to multiple aspects of tumor establish-
ment and progression and in the resistance to therapeutic
treatments [5, 9, 10]. Many cancer-associated splicing iso-
forms are expressed during embryonic development, but not
in normal adult tissues, whereas others are entirely novel
transcripts [11]. Central to the splicing oncogenic switch
are changes in the expression, activity, or post-translational
modification of splicing regulatory factors, such as SR and
hnRNPproteins [5, 9].Thus,modification of alternative splic-
ing profiles contemporaneously affects multiple key aspects
of cancer cell biology, including control of cell proliferation,
cancer metabolism, angiogenesis, evasion from apoptosis,
invasiveness, and metastasis [5, 9, 10].

Here, we discuss aberrant alternative splicing networks
that contribute to the oncogenic phenotype andhave a promi-
nent role in important aspects of tumorigenesis process,
including response to hypoxia and cancer cell invasion and
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metastasis. In addition, we also discuss important questions
connected to the role of alternative splicing in cancer: what
are the relevant splicing switches that are critical tomalignant
transformation? How the amounts/activity of the splicing
regulatory factorsmodulate these splicing switches?What are
the main functions of cancer-associated alternatively spliced
variants? By illustrating specific examples, it will be clear how
the production of cancer-related isoforms offers the potential
to develop novel diagnostic, prognostic, and more specific
anticancer therapies.

2. Alternative Splicing Changes of Cancer Cells
in Response to Hypoxia

Through the activation of oncogenes and inactivation of
tumor suppressor genes, cancer cells become able to pro-
liferate, survive, and resist to apoptosis. Nevertheless, also
microenvironmental signaling plays a crucial role in con-
trolling cancer cell homeostasis, metabolism, growth, and
differentiation [12]. The microenvironment in solid tumors
is very distinct from that in normal tissues and the cross-talk
between cancer and stromal cells contributes to the formation
of a clinically relevant tumor and to response to antitumor
therapy [13, 14]. Modifications of the microenvironment
(most of these start early during tumor progression) result
from metabolic alterations in cancer cells and from recruit-
ment or activating of nontumoral cells, including blood and
lymphatic endothelial cells, pericytes, carcinoma-associated
fibroblasts, bone marrow-derived cells, and immune and
inflammatory cells [15, 16]. In this altered microenvironment
cancer cells are exposed to pro-proliferative growth factors. In
addition, transformed cells often hijack the signaling circuits
acting on normal cells in order to become independent
from external stimulation to grow and proliferate [12, 13].
Due to deregulated cancer cell metabolism (the consequence
of uncontrolled and rapid proliferation) and to an altered
structure and functionality of tumor blood vessels, the tumor
microenvironment is characterized by hypoxia and acidosis
[15, 17, 18]. Hypoxic tumor microenvironments are now
recognized as a selective pressures that promote tumor
aggressiveness, inducing cancer cells to metastasize and
making them refractory to radiotherapy and chemotherapy.
Cells cope with hypoxia by activating transcription factor
HIF-1 (hypoxia-inducible factor-1), a heterodimer formed
by the constitutively expressed 𝛽 subunit (HIF-1𝛽) and the
inducible 𝛼 subunit (HIF-1𝛼) [19]. The regulation of HIF-1
activity is mainly at the protein level [19]. Under non-hypoxic
conditions, the HIF-1𝛼 subunit is rapidly ubiquitinylated and
degraded by the pVHL (vonHippel-Lindau tumor suppressor
protein) and the proteasome, thus preventing the dimeriza-
tion with HIF-1𝛽 [19]. Under hypoxia, HIF-1𝛼 degradation is
suppressed and its level increases rapidly. The HIF-1𝛼/HIF-
1𝛽 heterodimer translocates to the nucleus where it binds to
hypoxia response elements (HRE) in the promoters of target
genes. Through the activation of more than 150 genes, HIF-1
affects important biological processes such as angiogenesis,
glucose metabolism, cell proliferation, survival, apoptosis,
and invasion/metastasis [19]. Target genes include several

enzymes involved in glycolysis (Glut-1 and PDK-1), angiogen-
esis, iron metabolism (transferrin), cell adhesion molecules
(MIC2), fibronectin and matrix metalloproteinase (MMP-2),
extracellular matrix (ECM) modifying enzymes such as lysyl
oxidase, and pluripotency factors including OCT4, NANOG,
and SOX2 [19–21].

One of the primary targets of HIF-1 is VEGFA (Vascular
Endothelial Growth Factor A), a cytokine that promotes
blood vessel growth and stimulates angiogenesis [22]. VEGF,
secreted by hypoxic cancer cells, diffuses through the tumor
mass to neighbouring host normal vessels, where, upon
binding to its receptor VEGFR2, it stimulates endothelial
cells to proliferate, migrate toward the tumor, and form
new capillaries [23]. Even though the angiogenesis process
does not initiate malignancy, it promotes tumor growth by
allowing oxygen and nutrients to reach proliferating cancer
cells [23]. Alternative splicing occurs extensively within
VEGF pre-mRNA, generating various isoforms with different
C-terminal domains and distinct affinity for its receptors
and with a non-redundant role in angiogenesis [24, 25].
VEGF isoforms are classified in two families, called VEGFxxx
(pro-angiogenic) and VEGFxxxb (anti-angiogenic), where
xxx denotes the position of the amino acid residue in the
mature protein. Pro- or anti-angiogenic isoforms are gener-
ated through alternative splicing of the mutually exclusive
terminal exons 8a and 8b. Selection of the proximal 5 splice
site (PSS) in exon 8a generates VEGFxxx whereas the distal 5



splice site (DSS) in exon 8b results inVEGFxxxb isoforms.The
two types of isoforms bind VEGFR2 (Vascular Endothelial
Growth Factor Receptor 2) with equal affinity. However,
VEGFxxx activates the downstream signaling pathways and
induces angiogenesis, while VEGFxxxb blocks this process
[26]. Given these characteristics, it is not surprising that
VEGFxxxb is preferentially expressed in normal tissues and it
is downregulated in cancer [25]. The choice between PSS or
DSS depends upon the activity of the splicing factors of the
SR family SRSF1 and SRSF6: SRSF6 preferentially selects the
DSS and promotes the production of anti-angiogenic VEGF
isoforms, whereas SRSF1 mainly activates the proximal PSS
[27].Thus, the altered expression of SRSF1 and SRSF6 inmany
types of tumors could impact malignant transformation by
ensuring the proper balance of pro- and anti-angiogenic
isoforms in cancer cells [28, 29]. Importantly, microenviro-
mental factors can influence alternative splicing of VEGF.
For example, treatment with TGF-𝛽1 increases the anti-
angiogenic VEGFxxxb isoforms via p38MAPK signaling [27].
Conversely, Insulin-like Growth Factor 1 (IGF-1) decreases
the expression of VEGFxxxb isoforms in retinal pigmented
epithelial cells through PKC and SRPK1 [30]. SRPK1 is
a protein kinase that specifically phosphorylates proteins
containing SR domains and is upregulated in various types
of cancer, like pancreatic, breast, and colon carcinoma [31].

Recently, a genome-wide analysis of hypoxia-induced
alternative splicing changes in endothelial cells has identified
target genes implicated in angiogenesis-mediated cytoskele-
ton remodeling (cask, itsn1, larp6, sptan1, tpm1, and robo1),
in the synthesis of membrane anchors (pign) and in the
regulation of gene expression (cugbp1 and max) [32]. These
changes are likely part of the adaptation of endothelial cells
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to stressing conditions. The impact of hypoxia on post-
transcriptional events is proven also by LAMA3-A (Laminin
alpha 3), a splicing variant of the LAMA3 gene induced by
reduction of oxygen supply which promotes cell invasion and
is associated with a poor prognosis in head and neck cancer
[33, 34].

As mentioned before, HIF is a heterodimer that acts as a
dominant regulator of adaptive cellular responses to hypoxia.
There are three principal isoforms of the HIF-𝛼 subunit
encoded by distinct genes:HIF-1𝛼,HIF-2𝛼 (EPAS1), andHIF-
3𝛼. HIF-3𝛼 gene consists of 19 exons and it is subjected to
extensive alternative splicing leading to the production of at
least six isoforms [35]. HIF-3𝛼4 is one of the HIF-3𝛼 splicing
variants whose functions have recently been linked the
development of hypervascular malignant meningiomas [36].
Indeed, HIF-3𝛼4 directly binds to HIF-1𝛼 and suppresses
HRE dependent transcription of VEGF. Importantly, HIF-
3𝛼4 is able to inhibit proliferation and invasion, to reduce
neovascularization and glucose metabolism in hypervascular
meningiomas [36].

Another gene induced by hypoxia is Cyr61 (cysteine rich
61) encoding for a secrete protein that functions as a proan-
giogenic factor promoting adhesion, migration, and survival
of vascular endothelial cells [37]. Cyr61 is supposed to be
a promoter of tumor progression since its high expression
levels were detected in various cancer types [38, 39]. Notably,
in addition to transcriptional level, the expression of Cyr61
can be also regulated through an alternative splicing event
that stimulates the retention of intron 3 in Cyr61mRNA lead-
ing to the production of a nonsense-mediated decay (NMD)
sensible transcript [40]. Importantly, this alternative splicing
event coupled with NMD pathway (called AS-NMD) was
reported to be altered in breast cancer and associated with
a shift from an intron 3 retained transcript (IR) toward an
intron 3 splicedmRNA (IS) encoding for the biological active
Cyr61 protein. Moreover, in several breast cancer cell lines
under hypoxic conditions AS-NMD of Cyr61 was reported
to enhance the expression of the IS transcript, suggesting
that hypoxia-mediated alternative splicing changes could be
a central mechanism regulating the Cyr61 expression and its
tumor-promoting activity [40].

TheCD44 glycoprotein provides another attractive exam-
ple of hypoxia-induced alternative splicing changes. CD44
is a transmembrane molecule able to bind several ligands,
including important components of ECM, such as hyaluronic
acid, collagen, fibronectin, laminin, and matrix metallopro-
teinases (MMPs), and involved in cell-cell and cell-matrix
interactions, migration, and invasion [41]. CD44 pre-mRNA
consists of 20 exons, 10 of which (v1–v10) undergo alternative
splicing events, thus generating multiple CD44 isoforms
with different molecular sizes and with diverse extracel-
lular domains [41, 42]. The predominant CD44 isoform,
the low-molecular-weight CD44s (90 kDa standard form),
is expressed by several tissues, including hematopoietic,
fibroblast, and glial cells, whereas high-molecular-weight
CD44v variants (140–230 kDa) are restricted to epithelial
cells and abundant in epithelial-type carcinomas [41, 42].
The physiological/pathological functions of most CD44v
variants remain still poorly understood. However, it has been

observed that some variants are over-expressed in various
tumors and implicated in cancer cell invasion and metastasis
[41, 43, 44]. In particular, CD44v6 and CD44v8 variants are
associated with tumor progression and poor diagnosis in
several types of carcinoma including breast and colorectal
cancers [45–47]. Interestingly, HIF-1𝛼 is able to increase the
expression of the CD44 mRNA and to upregulate CD44
variants containing exons v6 and v7/8 [48]. In line with
this, Krishnamachary and collaborators have reported that
hypoxic regions of breast cancer specimens contain cells
with elevated expression of CD44 [48]. Additional studies
are necessary to identify the molecular mechanisms and
signaling pathways regulating CD44 alternative splicing in
response to hypoxia.

Hypoxia-induced alternative splicing changes were also
recently investigated in the study ofHirschfeld and colleagues
[49].The YT521 (YTH domain containing 1) is a ubiquitously
expressed nuclear splicing factor containing a novel RNA-
binding domain (YTH domain) necessary for YT521 to
directly influence splice site selection. Importantly, lowYT521
expression was associated with clinical outcome in patients
with type I endometrial cancer, suggesting its potential role
as a tumor suppressor [50]. Furthermore, YT521 alternative
splicing targets are well-known cancer-associated genes such
as BRCA2, ESR1, MDM2, VEGF, and CD44 [49, 51–55].
Similar to other proteins involved in mRNA processing,
the expression of YT521 is regulated by alternative splicing.
Interestingly, it was reported that under hypoxic conditions
the alternative splicing ofYT521 pre-mRNA containing exons
8 and 9 generates two transcripts that are subjected to
degradation through NMD, suggesting that these AS-NMD
events of YT521 could simultaneously affect the processing of
several cancer-associated genes.

Further functional investigations on hypoxia and its
impact in regard to alternative splicing of target genes may
contribute to better understanding of a key regulatory epiphe-
nomenon in tumor growth involved in the development of an
aggressive cancer phenotype.

3. Invasion and Metastases

The term metastasization is currently used to indicate the
ability of tumor cells to invade adjacent tissues and dissem-
inate toward distant organs [56]. This is a multistep process
that involves (i) local invasion of tumor cells through the
basement membrane and endothelial walls into the host
stroma, (ii) intravasation within the blood and the lymphatic
circulatory systems; (iii) extravasation into distant tissues,
and (iv) proliferation of tumor cells allowing growth and
efficient metastatic colonization [56].

As observed for other hallmarks of cancer, gene expres-
sion programs implicated in the metastatic process are
the same that participate in embryonic development, mor-
phogenesis, and wound healing [57, 58]. One of these
programs that physiologically pertain to embryogenesis is
the epithelial-to-mesenchymal transition (EMT). The EMT
process involves dedifferentiation steps in which cells lose
their epithelial phenotype to acquire mesenchymal traits
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[58, 59]. The epithelial cell layer consists of polarized cells
with cohesive cell-cell junctions.Through EMT cells undergo
an extensive reorganization of the cytoskeletal architecture
with the loss of intercellular junctions and cell polarity and
the acquisition of an elongated, fibroblast-like shape. During
tumor progression, EMT is one of the major routes through
which cancer cells acquire invasive capabilities and spread
throughout the body as single cells [58, 59]. Importantly,
tumor EMT is a transient process that occurs in a subset
of cells at the invasive front of the metastasizing primary
carcinoma and is reversed at the final metastatic sites, where
cells undergo the reverse process, namely, the mesenchymal-
to-epithelial transition (MET) [58, 59].This plasticity and the
redifferentiation of metastatic cells to an epithelial identity
help in organ colonization, ensuring metastasis formation.
Moreover, it clearly indicates that EMT is not driven by
stable genetic mutations but by activation of gene expression
programs in response to external cues in the tumor microen-
vironment.

Several relevant players involved in EMT/MET cycles
have been identified including transcription factors, growth
factors, cytokines and chemokines, pro-angiogenic factors,
cell adhesion molecules, modifiers of cytoskeletal organiza-
tion, and extracellular matrix-remodeling enzymes [60]. The
prevailing models propose that these regulators act largely
at transcriptional level. Indeed, several pathways activate a
network of transcription factors that promote the expression
of mesenchymal markers, such as N-cadherin and vimentin,
while inhibiting E-cadherin production, not only a key
component of adherent junctions but also a tumor suppressor
frequently repressed, mutated or degraded during tumor
transformation [58, 59].However, in the last few years, several
studies have highlighted additional layers of EMT con-
trol, including epigenetic reprogramming, small noncoding
RNAs, translational and post-translational regulations, and
alternative splicing changes [10, 57, 61, 62]. In particular, an
increasing body of evidence indicates that splicing regulation
alone can drive critical aspects of EMT-associated phenotypic
changes [10]. Below, we discuss some interesting examples of
specific alternative splicing events that are implicated not just
in the EMT/MET program but also in the different stages of
the metastatic cascade.

3.1. Ron. Alternative splicing of the Ron proto-oncogene
(also known as MST1R) has provided the first example of an
alternative splicing variant linked to the activation of tumor
EMT. Ron encodes for a tyrosine kinase receptor involved in
control of cell dissociation, migration, and matrix invasion.
The activity of the Ron receptor is regulated through alter-
native splicing. In particular, a constitutively active isoform
(calledΔRon), which confers increasedmotility to expressing
cells and accumulates during tumor progression of epithelial
cancers [63, 64], is generated through skipping of exon 11.The
oncoprotein SRSF1 deeply impacts cell physiology since its
upregulation stimulates skipping of exon 11, thus promoting
the production of ΔRon isoform that in turn triggers activa-
tion of the EMT program increasing the invasive properties
of the cells [64]. Interestingly, SRSF1 expression levels are

dynamically controlled in epithelial and mesenchymal cells
through an AS-NMD event [65]. AS-NMD of SRSF1, which
involves an intron in the 3UTR region of the gene, decreases
mRNA stability and SRSF1 protein levels and, notably, it is
altered in colon cancer. This scenario is further complicated
by the involvement of another splicing regulator, Sam68.
Sam68, the 68 kD Src-associated protein in mitosis, is a
member of the STAR (signal transduction and activation of
RNA) family of RNA-binding proteins [66]. It contains a
single KH-type RNA-binding domain and several protein-
protein interaction motifs including potential binding sites
for SH2, SH3, and WW domains, which are characteristic
of signaling transducers [67]. Sam68 has been recognized as
a substrate of several kinases, such as members of the Src
family, ERK1/2 and BRK (Breast Tumor Kinase) [65, 68–70].
As such, Sam68 is the first identified “hub factor” able to
communicate extracellular stimuli to specific RNA splicing
decisions. In particular, directed by ERK1/2 signaling, Sam68
controls AS-NMD of SRSF1 transcript, thus modulating its
protein level. Notably, epithelial cell-derived soluble factors
are able to inhibit ERK1/2 signaling thereby repressing Sam68
phosphorylation, which increases the production of the
NMD-sensitive transcript of SRSF1.

3.2. Rac1. The matrix metalloproteinases (MMPs) are the
most important family of proteinases of the tumor microen-
vironment that degrade structural components of the extra-
cellular matrix (ECM), thus regulating proliferation, cell-cell
adhesion, angiogenesis, invasion, and metastases [71]. In line
with this,MMPs are upregulated in almost all types of human
cancer and associated with poor survival [71]. Notably, over-
expression of MMP-3 in mammary and lung epithelial cells
triggers a cascade of events that determine activation of
EMT process [72, 73]. Notably, these events, which induce
tumorigenesis process in transgenic mice, are dependent on
the expression of a constitutively active alternatively spliced
isoform of the Rac1 gene, encoding for a small GTPase of
the mammalian Rho family involved in actin cytoskeleton
organization, cell growth, cell-cell adhesion, and migration
[74]. This splice variant (known as Rac1b) is produced by
inclusion of the exon 3b that contains the encoding region
for a 19-amino acid domain involved in the interaction with
regulator and effector molecules [75]. Since Rac1b shows
increased expression during progression of several cancer
types [72, 75, 76], it is tempting to speculate that the exon 3b
(or the 19-amino acid insertion) could offer the opportunity
for a selective targeting to develop anticancer therapies that
block EMT-associated progression towards advanced tumor
stages.

3.3. KLF6. The complexity of networks regulating the EMT
program makes it very difficult to identify early inducers
and a unifying molecular basis for this transition. Many
transcription factors have been extensively studied for their
involvement in activation of EMT. Among these are Slug
(referred also to as SNAI2) and Twist, two repressors of E-
cadherin promoter activity [57]. Recent studies have revealed
important roles for specific alternatively spliced variants of
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upstream regulators of Slug and Twist activity. This is the
case of oncogenic splice variant 1 of KLF6 (KLF6-SV1), a
tumor suppressor gene belonging to the Krüppel-like family
of transcription factors, able to act as functional driver of
the entire metastatic cascade through Twist induction [77,
78]. Notably, KLF6-SV1 antagonizes the tumor suppressive
activity of the full-length KLF6 protein and sustains tumor
growth and dissemination in ovarian and prostate cancer
models [79–81]. Interestingly, increased expression of KLF6-
SV1 occurs in many tumors and is associated with poor
prognosis in prostate, lung, and ovarian cancers [82]. KLF6-
SV1 has been recently shown to induce EMT and to drive
aggressive multiorgan metastasis formation in both sub-
cutaneous and orthotopic mouse models of breast cancer
[78]. In this process, it acts through a Twist-dependent
mechanism and Twist downregulation reverts the phenotype
ofKLF6-SV1 over-expressing cells, restoring the expression of
epithelial markers [78]. Finally, high levels of KLF6-SV1 were
found associated with increase in EMT markers in a large
cohort of primary breast cancer patients [78].

3.4. FAM3B. FAM3B is a member of the novel FAM3 family
of cytokine-like genes, predicted to produce at least 7 alter-
natively spliced isoforms [83, 84].Themost studied variant is
the secreted formPANDER, so called for its robust expression
and activity in the pancreatic cells [85, 86]. In addition,
lower PANDER levels have been observed in human gastric
cancers in respect to the corresponding normal tissues [87].
Recently, Li and colleagues have identified FAM3B-258, a
258-amino acids non-secretory protein, as a novel splicing
variant of FAM3B up-regulated in colon adenocarcinoma cell
lines as well as in human colorectal tumors [84]. FAM3B-
258 is able to induce changes typical of an activated EMT
program, stimulating cell migration and invasion in vitro
and promoting metastases formation in nude mice. The
oncogenic abilities of FAM3B-258 require a Slug-mediated
transcriptional repression of E-cadherin and JAM (Junctional
Adhesion Molecule). Knock-down of Slug in FAM3B-258
over-expressing cells restores higher levels of E-cadherin and
JAM and prevents the FAM3B-258-dependent cell invasion
[84]. Whether Slug is a direct target of FAM3B-258 or
whether other signaling effectors are involved remains to be
investigated.

3.5. Cortactin. To become migratory and invasive, cells must
extend plasma membrane protrusions (such as lamellipodia
and filopodia) forward and overcome the epithelial basement
layer as a first barrier [56, 88]. The formation of invadopodia
has been recently characterized as another important step
of the EMT program [89–91]. Invadopodia are enriched
with a variety of proteins, including actin and actin reg-
ulatory proteins [92, 93]. The filamentous actin (F-actin)
binding protein cortactin is one of the regulators of actin
polymerization/branching involved in invadopodia assembly
and maturation [92, 94]. Three splicing products of cortactin
have been characterized until now [95]. Unlike the full-length
protein (FL), the SV1 and SV2 variants lack, respectively,
one and two of the six “cortactin repeats” that mediate the

interaction with F-actin [95]. As a consequence of their
reduced capabilities in F-acting binding and polymerization,
over-expression of SV1- or SV2-cortactin shows reduced cell
migrationwhen comparedwith FL-cortactin over-expressing
cells [95]. One of the factors that control alternative splicing
of cortactin transcripts is SPF45 [96]. Initially character-
ized as a component of the spliceosome, SPF45 has been
also implicated in the regulation of Fas and fibronectin
alternative splicing [97, 98]. In their interesting article, Liu
and coworkers have demonstrated that SPF45 mediates cell
migration and invasion in ovarian cancer cells by promoting
the formation of the FL-cortactin isoform. SPF45 activity
appears to be controlled via phosphorylation by Clk1 (Cdc2-
like kinase). Finally, SPF45 over-expression correlates also
with increased cortactin phosphorylation by ERK, which
enhances cortactin-mediated actin polymerization [96, 99].

3.6. MENA. As for invadopodia, filopodia nucleation and
extension require actin cytoskeleton remodeling and involve
several regulators of actin dynamics, such as the Ena/VASP
protein family that in mammals includes three members:
MENA (also called ENAH), VASP, and EVL [88]. Up-
regulation ofMENAhas been detected in several human can-
cers, including breast cancer and melanoma and correlates
with invasiveness of breast tumors [100, 101]. MENA pre-
mRNA is alternatively spliced to generate different isoforms,
expressed in a tissue-specific manner [102]. Importantly,
the alternative splicing profile of MENA in invasive tumor
cells is different from non-migratory resident cancer cells.
Non-invasive tumor cells as well as poorly invasive breast
cancer cells with epithelial morphology express MENA11a,
the epithelial-associated variant generated from inclusion of
exon 11a [102, 103]. This exon is inserted within the EVH2
domain, very close to the F-actin binding motif and the
tetramerization site. This insertion has been predicted to
affect the ability of MENA tetramers to interact with F-
actin and thus to drive filopodia and lamellipodia maturation
[103]. In agreement with this, the increment of MENA11a

reduces both the number and the length of filopodia in a
3D culture assay [104]. On the contrary, invasive cancer cells
lackMENA11a and express MENAINV, an isoform containing
an additional exon, also referred to as exon +++ [103, 105].
The relative abundance of MENAINV and MENA11a seems
to be important to regulate key stages of the metastatic
cascade in breast cancer cells. Thus, high levels of MENAINV

enhance coordinated motility, transendothelial migration,
and intravasation of tumor cells, promoting spontaneous
lung metastases in a murine model of breast cancer [105,
106]. In contrast, increased expression ofMENA11a correlates
with decreased invasion, intravasation, and dissemination
of cancer cells [106]. Recently, Di Modugno and coworkers
have identified another splice variant of human MENA
lacking exon 6 and called hMENAΔv6 [104]. Contrary to
MENA11a, hMENAΔv6 is expressed selectively in invasive
cancer cells with mesenchymal phenotype and is able to
enhance invasiveness of breast cancer cells but only in
the absence of MENA11a [104]. This evidence suggests that
MENA11a behaves as dominant anti-invasive player, making
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alternative splicing of this gene a potential target for anti-
cancer therapies. Furthermore,MENA splicing occurs also in
primary breast tumors and in particular MENA11a-negative
tumors display lower level of E-cadherin when compared
to MENA11a-positive samples [104], supporting the anti-
migratory functions of this splicing isoform [104].

Splicing ofMENA exon 11a is regulated by the expression
levels of epithelial-specific alternative splicing factors ESRP1
and 2 (Epithelial Splicing Regulatory Proteins 1 and 2),
two important regulators of the mesenchymal and epithelial
splicing signatures [107]. In particular, ESRP proteins, by
promoting inclusion of exon 11a and the production of
MENA11a isoform, cause a drastic reorganization of actin
cytoskeleton as well as cell morphology and a reduction
of invasive properties [107]. In addition to MENA, ESRPs
control the alternative splicing of several genes involved in
different aspects of the metastatic cascade, such as cell-cell
and cell-matrix adhesion, actin cytoskeleton organization,
cell polarity, and migration [108, 109]. In line with this,
modification of ESRPs expression levels results in alternative
splicing changes of CD44 and p120-Catenin, a protein found
at cell-cell junctions and also involved in signal transduction
[108, 109].

3.7. L1CAM. The penetration of migrating cancer cells into
tissue barriers, including the basement membrane, is sup-
ported by the proteolytic degradation of the extracellular
matrix (ECM) through the activity of secreted enzymes,
such as matrix metalloproteinases MMP-2 and MMP-9
[110]. The expression and activity of MMPs are regulated
through several signals, mainly induced by growth factors
and chemokines, as well as through integrin and extracel-
lular matrix-mediated signals [110]. Recently, the alternative
splicing of the cell adhesion molecule L1 (L1CAM) has been
found to control the invasive capabilities of tumor cells
by regulating MMP-2 and MMP-9 expression and activity
[111]. More specifically, although initially the splicing variant
considered as cancer-associated was SV-L1CAM (lacking of
exons 2 and 27), only the full-length FL-L1CAM has been
found up-regulated upon exposure of tumor cells to the pro-
metastatic factors TGF-𝛽 and HGF. Importantly, the over-
expression of FL-L1CAM but not of the SV isoform is able
to induce metastasis formation in mice [111].

3.8. SVEP1. Invasion and colonization of a secondary organ
by disseminating cancer cells are influenced by the microen-
vironment and the cross-talk between cancer populations
and cells in the niche of the receiving tissue [56, 112]. The
cell adhesion molecule SVEP1 has been recently involved in
the interactive network that affects breast cancer cells homing
to bone niches [113]. SVEP1 expression is stimulated by
TNF𝛼, a pro-inflammatory cytokine able to affect adhesion
and migration, and to induce EMT [114, 115]. Recently,
Glait-Santar and colleagues have investigated the alternative
splicing of SVEP1 transcripts in a co-culture model of pre-
osteoblastic MDA-15 and mammary adenocarcinoma DA3
cells, which mimic the molecular interactions in the bone
niche after invasion of breast carcinoma cells [116]. Similar

to what observed after TNF𝛼 treatment, several splicing
isoforms of SVEP1, such as the full-length isoform a and
isoform e, are up-regulated in both cell lines upon co-
culture conditions. In parallel embryonic variants g and f are
silenced in adenocarcinoma DA3 cells, whereas no effect is
observed in pre-osteoblastoma cells [116]. The same authors
also observed that the ratio between splicing isoforms of
SVEP1 is perturbed after treatment with epigenetic drugs
such asDNAdemethylating or histone deacetylase inhibitors,
supporting a link between the epigenetic organization and
splicing of SVEP1 pre-mRNA. However, further studies are
needed to establish the pathological role of the different
SVEP1 isoforms in the metastatic process.

3.9. CD44. Several microenvironmental stressors, including
nutrient deficiency, low pH, mediators of inflammatory
responses, and reactive oxygen species (ROS), can affect
successful colonization by disseminating cells at the final
metastatic tissues [117]. Disseminating cancer cells can take
advantage of antioxidant systems to counteract the exposure
to oxidative stress. The synthesis of reduced glutathione
(GSH), a reducing thiol peptide, protects cancer cells against
ROS-mediated damage and confers resistance to anticancer
therapies [118, 119]. A rate-limiting factor for GSH synthesis is
the availability of cysteine and the cystine transporter system
xc- (composed by two subunits, xCT andCD98hc) is essential
in the GSH antioxidant mechanism [119, 120]. Recently, a
link between the GSH-dependent evasion from oxidative
stress and alternative splicing of CD44 has been identified
[121, 122]. As mentioned before, CD44 has an important
role in cell-cell and cell-matrix interactions, migration, and
invasion [41].Through alternative splicing,CD44 pre-mRNA
generates multiple CD44 high-molecular-weight isoforms
with different extracellular domains [41, 42]. Intriguingly,
CD44v8-10 has been demonstrated to interact with the
cystine transporter xCT, increasing the levels of GSH and,
as a consequence, the ability of cancer cells to avoid ROS
damage [122]. In line with this, CD44v-positive 4T1 mouse
breast cancer cells display high levels of GSH and xCT and
enhanced ROS defense compared to CD44v-negative 4T1
cells [123]. Thus, CD44v-positive 4T1 are able to establish
lung metastatic lesions in mouse models with an incidence
higher than CD44v-negative cells [123]. Interestingly, down-
regulation of the splicing regulator ESRP1 in metastatic 4T1
cells shifts the splicing pattern toward the production of
CD44s and results in suppression of lung metastasis [123].
On the contrary, forced expression of CD44v8-10 in ESRP1-
depleted cells is sufficient to restore high content of GSH and
lung colonization potential [123].

4. Diagnostic, Prognostic, and Anticancer
Therapy Potentials of Alternative Splicing

Cancer chemotherapy relies on the expectation that anti-
cancer drugs will preferentially kill rapidly dividing tumor
cells, rather than normal cells. Unfortunately, most pharma-
cological approaches for the treatment of solid tumors suffer
from poor selectivity, which limits the overall dose of drug
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Table 1: Examples of genes that encode cancer-associated alternative splicing variants.

Gene Splice variant Cancer type Function Reference
ABCC1 Various internal deletions Ovarian cancer Drug resistance [127]
Mdm2 Various internal deletions Ovarian cancer Loss of p53 binding [127]
Fibronectin Exclusion of EDB exon Ovarian cancer Tumor angiogenesis [127]

MENA Exclusion of exon 6 Breast cancer Increase invasiveness and drug
resistance [104]

MENA Skipping of exon 11A Breast cancer Enhance EMT [103, 106]
Ron Skipping of exon 11 Colon and gastric breast cancer Increase motility and invasion [64]
HDMX Exclusion of exon 6 Soft-tissue sarcoma Increase tumor aggressiveness [132]
p73 Inclusion of exon 13 Prostate cancer Prostate hyperplasia and malignancy [133]
CASP9 Exclusion of a four-exon cassette Non–small cell lung cancer Susceptibility to chemotherapy [134]
CASP8 Retained intron Breast cancer Inhibition of caspase [135]

APC Skipping of exon 4 Colon cancer Cause familial adenomatous polyposis
(FAP) [136]

BRCA1 Skipping of exon 18 Breast cancer Breast cancer susceptibility [137]

PTEN Retained introns 3 and 5 Breast cancer Pathogenesis of sporadic breast
cancers with p53 [137]

p53 Retained intron Breast cancer Tumorigenesis [137]
KLF6 Alternative 5 ss Prostate cancer Tumor cell proliferation [82]
NF1 Inclusion of exon 23a Neurofibromatosis type I Inactive tumor suppressor [138]
ASIP Alternative 3 ss Hepatocellular carcinoma Blocks Fas-mediated apoptosis [139]
Bcl-X Alternative 5 ss Hepatocellular carcinoma Regulation of apoptosis [140]
TACC1 Exon inclusion Gastric cancer Altered centrosome functions [141]
TERT Alternative 3 ss Astrocytic gliomas Rescue of telomerase activity [142]
CDH17 Exclusion of exon 13 Hepatocellular carcinoma Incidence of tumor recurrence [143]

that can be administered because of unacceptable toxicities
to normal tissues.

As shown in previous sections, alternative splicing vari-
ants of many cancer-related genes can directly contribute to
the oncogenic phenotype and to the acquisition of resistance
to therapeutic treatments [5, 9, 10]. Alternative splicing
isoforms selectively expressed by tumors and not by normal
tissues may represent suitable targets for new therapeutical
approaches [11]. In this section, we discuss some significant
examples to illustrate how cancer-specific splicing events can
be a powerful source of new diagnostic, prognostic, and
therapeutic tools.

Several highly sensitive methods allowed the identifica-
tion of cancer-specific splicing isoforms [124–128]. For exam-
ple, the splicing profile of ABCC1, Mdm2, and fibronectin
transcripts has been used to distinguish normal ovary from
epithelial ovarian cancer [127], whereas altered splicing of
MED24, MFI2, SRRT, CD44, and CLK1 has been associated
withmetastatic phenotype in breast cancer and poor progno-
sis in patients [128].Notably, splicing of hMENAmay improve
the early diagnosis of breast cancer and clinical decision [104],
whereas the balance between splicing variants of KLF6 and
caspase-9 genes could be useful to predict the susceptibility
of cancer cells to chemotherapy [129, 130].

Along this line, a SpliceDisease database (http://cmbi
.bjmu.edu.cn/sdisease), which provides information for rela-
tionships among gene mutations, splicing defects, and dis-
ease, has been recently developed [131]. A list of cancer-
specific alternative splicing isoforms is shown in Table 1.

Cancer-specific splice variants may not only serve as
diagnostic and prognostic tumor biomarkers but also provide
potential targets for the development of new therapeutic
strategies. Promising avenues towards the development of
more selective anticancer drugs are (i) antibodies against
tumor-associated markers, (ii) small molecules targeting the
spliceosome or trans-acting splicing regulatory factors, and
(iii) antisense oligonucleotides that prevent the production of
specific aberrant alternative splicing variants.

4.1. Monoclonal Antibodies Targeting Splicing Isoforms. Alter-
native splicing in cancer can generate unique epitopes in
the extracellular domain of cell membrane proteins. Indeed,
many receptors involved in cell-cell and cell-matrix inter-
actions undergo alternative splicing and specific splicing
isoforms are associated with human malignancies [152].
These novel, or embryo-restricted, epitopes seem to be ideally
suited for tumor-targeting strategies consisting in the delivery
of bioactive compounds, for example, monoclonal antibodies
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Figure 1: SRFs (splicing regulatory factors) at the cross-road between oncogenic signaling pathways and targets for anticancer treatments.
During tumorigenesis, cancer cells are exposed to stressing conditions such as hypoxia and acidosis. In this altered tumormicroenvironment,
growth factors and cytokines, provided by either cancer or non-tumoral cells, activate signaling cascades affecting both the activity and/or
the expression levels of splicing regulatory factors (SRFs). In the cytoplasm, SRSFs can enhance the translation of oncogenic variants involved
in key aspects of cancer cell biology. In the nucleus, SRFs are mainly involved in the regulation of alternative splicing of pre-mRNAs relevant
to cancer progression mechanisms, namely, pro-liferation, angiogenesis, survival, invasion, and metastasis. Alternative splicing variants of
cancer-related genes represent powerful targets for new therapeutic approaches. (a) Alternative splicing can generate unique epitopes in cell
surface proteins that can be targeted by monoclonal antibodies (mAbs), able to lead to down-regulation or neutralization of the specific
isoforms. Moreover, mAbs can be also used to selectively deliver bioactive molecules to cancer cells without affecting normal tissues. (b)
Small molecules, by interfering with the spliceosome assembly or with the phosphorylation status of SRFs (i.e., SR proteins), can in turn
affect the balance of alternative splicing products, preventing the generation of cancer-associated variants. (c) Standard ASOs (antisense
oligonucleotides) block the interaction between the splicing machinery and the cognate splicing sequences (splice sites, enhancer or silencer
elements), whereas TOES (targeted oligonucleotide enhancers of splicing) oligonucleotides contain a “tail” of ESE sequences to recruit SRFs
on a specific alternative exon. By inhibiting or activating specific splicing events, TOES can be used to shift the ratio between biologically
functional splice variants toward the production of non-pathological isoforms.

(mAbs). Binding of mAbs to tumor-associated biomarkers
can determine down-regulation or inhibit the function of
the target (Figure 1(a)). Moreover, when conjugated with
radioemitters or chemotherapics, the mAbs can efficiently
ensure in situ delivery of the bioactive molecule to cancer
cells, sparing normal tissues.

A very well studied target for themAbs-mediated therapy
is the Epidermal Growth Factor Receptor (EGFR), which
is over-expressed in several tumors [153]. Two antibodies
directed against the EGFR, cetuximab (C225) and panitu-
mumab, are currently used in therapy [154]. Unfortunately,
since EGFR is expressed also in normal tissue, this therapy
may have severe side effects. Interestingly, several tumor-
specific splice variants of EGFR have been identified. One

of this is the EGFRvIII variant, and two mAbs (Ch806
and CH12), targeting the unique extramembrane epitope of
EGFRvIII, are used in clinical trial [155, 156]. Another cancer-
specific EGFR isoform, de4 EGFR, is also recognized by
mAb CH12 [157, 158]. Treatment with CH12, but not with
cetuximab, ofmice over-expressing the de4 EGFR variant sig-
nificantly suppresses tumor proliferation and angiogenesis,
leading to tumor apoptosis [158].

An important correlation between aberrant alternative
splicing and tumor progression has been shown for CD44.
In particular, CD44 isoforms containing the variant exon v6
and v8 (CD44v6 or CD44v8) are commonly over-expressed
in epithelial tumors [159]. Unfortunately, the expression of
these isoforms is not confined to cancer cells, but it occurs



International Journal of Cell Biology 9

also in normal tissues, as skin keratinocytes [160]. Various
mAbs targeting CD44v6 have been evaluated in clinical trials
[152]. Anti-v6 mAbs are effective in treatment of patients
with head and neck squamous cell carcinoma but they
show severe skin toxicity [161, 162]. Recently, Masuko and
collaborators have developed a mAb (GV5) against CD44R1,
a CD44 isoform containing exons v8, v9, and v10 [163]. GV5
exhibited therapeutic effects in xenografts models, probably
by inducing antibody-dependent cellular cytotoxicity, with
undetectable reactivity with skin keratinocytes. However,
despite these promising developments, solid tumors are
frequently resistant to antibody-based therapies probably for
the poor penetration of antibodies into the tumor tissue.
Neo-vascularization (or angiogenesis) is needed for growth
of cancer cells and for the metastatic process [22]. Tumor
endothelial cells have a central role in this process because
they are readily accessible to drugs via the blood circulation.
Exploiting this feature, new cancer therapies have been devel-
oped to target the tumor vasculature with the aim to deprive
the tumor of oxygen and nutrients and induce its regression
[164]. Endothelial cells of tumor vessels express splicing
isoforms of matrix proteins such as the fibronectin (FN) [165,
166]. For example, the oncofetal isoform containing the extra
domain EDB of FN is exclusively expressed around newly
developing tumor vasculature, whereas it is absent in adult
tissue [165]. Notably, EDB-specific radiolabeled antibodies
are used in clinical trial for antiangiogenic cancer treatment
[167].

4.2. Small Molecules Targeting Splicing Components. The first
drugs used to target the spliceosome machinery, FR901464
and herboxidiene, are natural compounds extracted from
bacteria [168, 169]. Subsequently, synthetic analogues, with
less complex structure, therefore with minor synthesis costs,
but with higher stability, solubility, and activity, have been
obtained [168]. All these molecules have been demonstrated
to have selective toxicity and anti-cancer properties in human
tumor xenografts [168]. Their molecular mechanism has
been recently elucidated [170]. They bind to the splicing
factor 3b (SF3b), destabilizing the U2 snRNP-pre-mRNA
complex and altering the conformation of the branch site
sequence. As a consequence, the correct selection of the 3
splice acceptor site fails to occur and alternatively spliced
mRNAs are generated [170]. One more promising antitu-
mor agent characterized for its anti-proliferative activity is
the biflavonoid isoginkgetin, a natural product found in a
variety of plants [171]. Interestingly, isoginkgetin inhibits the
transition from pre-spliceosomal complex A to complex B,
probably by preventing stable recruitment of the U4/U5/U6
nuclear ribonucleoproteins [171].

SR proteins are targets of extensive phosphorylation that
influences protein interactions and regulates their activity
and sub-cellular localization [5] (Figure 1(b)). The benzoth-
iazole compound TG003 has been described as a potent
inhibitory of Clk1/Sty able to affect SFSR1-depending alter-
native splicing events [172]. Interestingly, the exposure of
human colon carcinoma cells to TG003 has been described
to determine accumulation of the tumor suppressor p53

[173], the most commonly mutated gene in human cancers.
Activation of p53 is promoted by down-regulation of MdmX
and decreased stability of Mdm2, two key repressors of p53.
Interestingly, TG003 seems to contribute to their degradation
rather than to change their pre-mRNA splicing. Further
studies are required to elucidate the role of p53 pathway as
a sensor of alterations in the splicing machinery.

As mentioned before, SRSF1 and SRSF6 control the
choice between VEGFxxx (angiogenic) and VEGFxxxb
(anti-angiogenic) isoforms. Interestingly, phosphorylation of
SRSF1 by SRPK1 promotes the use of the proximal splice site
within exon 8 of VEGF pre-mRNA and thus the production
of the angiogenic isoform, while phosphorylation of SRSF6
activates the distal splice site in exon 8 [30]. Along this
line, inhibitors of SRPK1 and Clk functions, as SRPIN340
or TG003, have been shown to block SRSF1 activation and
to inhibit angiogenesis process both in vitro and in vivo
[30, 174].

Indole derivatives represent a new class of strong splicing
inhibitors able to interact with SR proteins and prevent their
phosphorylation [175]. Some of them show anti-proliferative
activity, with an acceptable toxicity [175]. In our recent study,
we have used indole derivatives to modulate the splicing
event that generates the cancer-associated ΔRon variant
[176]. Binding of SRSF1 to an ESE sequence within exon 12
leads to skipping of exon 11 and to the production of the
constitutively active ΔRon isoform [64]. Interestingly, three
indole derivatives can reverse aberrantΔRon splicing. Among
these, only IDC92 is able to revert the invasive phenotype
of cancer cells without affecting the splicing profile of other
SRSF1 targets, suggesting that this small molecule is suitable
for further in vivo studies [176].

Because of their lack of specificity in modulating pre-
mRNA splicing, these compounds are expected to cause
deleterious undesired events in normal cells as well. Surpris-
ingly, however, most of them have been found to possess
selective tumor cytotoxicity. One hypothesis is that tumor
cells respond differently from normal cells to changes in
mRNA splicing. Alternatively, transformed cells may differ
from normal counterparts for the expression of modified
version of tumor suppressors originated by aberrant splicing
and drug treatment may reverse this defect [168]. However,
molecular mechanisms underlying this specificity toward
cancerous cells remain elusive and additional studies are
necessary to characterize the effects of these drugs in both
tumor and normal cells.

Several works have recently demonstrated that also
inhibitors of oncogenic pathway components can indi-
rectly target splicing reactions. For example, treatment of
melanoma cells, harbouring B-Raf (V600E) mutation with
B-RAF inhibitors, determines over-expression of SRSF6 that
in turn regulates alternative splicing of the Bim gene, a
member of the Bcl-2 family, promoting the production of the
proapoptotic short isoform BimS [177, 178].

4.3. Oligonucleotides-MediatedTherapies. Antisense oligonu-
cleotides (ASOs) are short oligonucleotides, usually 15–25
bases in length, that are designed to anneal to a specific
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Table 2: Examples of ASO treatments in cancer cell lines.

Gene Function Reference

SRA1, Steroid Receptor RNA Activator gene Retention of intron 1 alters the reading frame and occurs in breast
tumors with high progesterone receptor contents [144]

Mcl-1, myeloid cell leukemia-1 Antiapoptotic protein of the Bcl-2 family overexpressed in many
tumors [145]

erbB-2, Her-2 receptor Skipping of exon 19 produces a dominant-negative protein isoform [146]
IG20, death-domain adaptor protein
Insulinoma-Glucagonoma 20 Antiapoptotic alternative splicing isoform expressed in gliomas [147]

CASP9, caspase9 Two isoforms generated by alternative splicing: a proapoptotic and
a prosurvival variant [148]

PKM, pyruvate kinase M The PKM2 isoform is crucial for aerobic glycolysis (the Warburg
effect) and tumor growth [149, 150]

hTERT, telomerase
Alternative splicing generates many nonfunctional products. ASOs
treatment increases nonfunctional telomerase products in cancer
cells

[151]

target region on a pre-mRNAmolecule, thus interfering with
the splicing reaction (Figure 1(c)). ASO targeting an exon-
intron junction may sterically block the access to the splic-
ing machinery, redirecting splicing reaction to an adjacent
splicing site. Alternatively, ASO can bind to splicing enhancer
or silencer elements, masking the sequence to trans-acting
regulatory factors and determining inclusion or skipping of
specific exons.

The latest generations of ASOs contain chemical modi-
fications and appear more stable compared to conventional
oligonucleotides. All ASOs share the following characteris-
tics: (i) they bind tightly to RNA throughWatson-Crick base-
pairs; (ii) they are specific for RNA molecule, and (iii) they
do not alter the genomic sequence. In addition, other features
make them appreciable therapeutic tools. Indeed, the delivery
technology, usually nanoparticle, is noninvasive, nontoxic,
efficient, and very stable.

Clinical trials have been already started that exploit ASOs
for treatments of human genetic disorders [179]. Even though
the use of these molecules in anti-cancer therapy is still at
early stages [180], several recent works report therapeutically
relevant and encouraging results. Below, we describe several
studies, some of them performed on xenograft models of
human tumors, while the more recent preliminary results on
cancer cell lines are listed in Table 2.

The first demonstration of in vivo anti-tumor efficacy of
ASOs was reported by Bauman and colleagues [181]. The
authors challenged a modified ASO, targeting the down-
stream 5 alternative splice site of exon 2 in Bcl-X pre-mRNA
(Bcl-X ASO), in a mouse model of metastatic melanoma,
an aggressive malignancy that shows poor prognosis when
associated with increased expression Bcl-XL splice variant
[182]. The oligo efficiently redirected splicing machinery to
the upstream 5 splice site, decreasing the anti-apoptotic
Bcl-XL isoform, while increasing the pro-apoptotic Bcl-XS
variant [181]. Importantly, the administration of the oligo
coupled to nanoparticles produced a significant reduction
of tumor burden in rapidly growing and highly tumorigenic
lung metastases [181].

Another example is the exploitation of ASOs to efficiently
modify splicing of STAT3, another gene involved in apoptosis.
The usage of an alternative acceptor site within exon 23 of
STAT3 pre-mRNA leads to the production of the truncated
STAT3𝛽 isoform that promotes apoptosis and cell-cycle arrest
[183]. Interestingly, by using a modified ASO, targeting a
splicing enhancer element that regulates alternative splicing
of exon 23, it was possible to promote a shift from STAT3𝛼 to
STAT3𝛽 leading to tumor regression in a xenograft model of
cancer [184].

Recently Cartegni’s group showed that the antago-
nism/association between intronic polyadenylation and pre-
mRNA splicing can produce truncated soluble receptor
tyrosine kinases (RTKs).These isoforms can act as dominant-
negative regulators since they are deficient of the anchoring
transmembrane and the intracellular kinase domains [185].
Notably, these secreted “decoy receptors” are able to inactivate
the associated tumorigenic signaling pathways as a conse-
quence of their ability to titrating the ligand or by block-
ing the wild-type receptors in non-functional heterodimers
[185]. Interestingly, in the case of the Vascular Endothelial
Growth Factor Receptor 2 (VEGFR2/KDR), the keymolecule
involved in the control of the VEGF signaling, morpholino
antisense oligonucleotides (ASOs extremely stable within
biological systems because they are resistant to awide range of
nucleases) were used to induce the expression of dominant-
negative secreted VEGFR2/KDR and more importantly to
inhibit the angiogenesis process [185].

A new generation of ASOs called TOES (Targeted
Oligonucleotide Enhancers of Splicing) have been developed
to induce the inclusion of otherwise skipped exons. TOES are
complex modified antisense RNA oligonucleotides formed
by two functionally distinct regions: the 5 half of the oligo
is complementary to a sequence within an exon of interest
and is followed by a non-complementary RNA tail, designed
to mimic an ESE sequence (Figure 1(c)). In this manner the
oligo recruits specific trans-acting regulatory factors (such
as SR proteins) and provides a sort of enhancer in trans
that promotes exon inclusion [180, 186]. TOES have been
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first tested for their ability to induce the inclusion of SMN2
exon 7 in spinal muscular atrophy (SMA) patient fibroblasts
[187]. The TOES technology has been so far applied only
once to correct splicing in cancer cells [176]. As described
before, SRSF1 over-expression produces skipping ofRon exon
11 and the production of the oncogenicΔRon isoform [176]. In
order to correct pathologicalΔRon splicing, we have designed
a TOES complementary to the first region of exon 11 and
containing a tail of GGA repeats, known to function as a
strong enhancer. This treatment was able to revert ΔRon
splicing and to increase exon 11 inclusion [176], suggesting the
exciting possibility to consider splicing of exon 11 as a possible
target of new anti-metastatic therapeutic approaches.

Another well-establishedmethod to down-regulate a spe-
cific splicing isoform is through RNA interference (RNAi).
Small interfering RNAs (siRNA) are a class of double-
stranded RNA molecules interfering with the expression
of specific genes with complementary nucleotide sequence
through endonucleases-mediated degradation mechanism
[188]. Among the most recent studies on siRNA technology
performed in xenograft tumormodels, it is worthmentioning
the article of Sangodkar and collaborators [130]. KLF6-SV1,
an oncogenic splice variant of the tumor suppressor KLF6
gene, is significantly up-regulated in several human cancers
[81, 189] and its over-expression is associated with decreased
survival in prostate and lung cancers [79, 190]. Sangodkar
and colleagues demonstrated that knock-down of this variant
via RNAi restored chemotherapy sensitivity and induction
of apoptosis in lung cancer cells both in vitro and in vivo
[130]. Conversely, over-expression of KLF6-SV1 resulted in
a marked reduction in chemotherapy sensitivity in a tumor
xenograft model.

Another target for siRNA-mediated anticancer therapy is
hnRNP L. Like to SRSF1 [191], hnRNP L binds to a splicing
regulatory element and regulates the splicing profile of
caspase-9 gene [129], which is altered in a large percentage of
human lung cancer [192]. Recently, it has been reported that
RNAi-mediated down-regulation of hnRNP L is sufficient to
increase the caspase-9a/9b ratio and, more importantly, to
cause a complete loss of tumorigenic capacity in xenograft
model [192].

Finally, some of ASOs prevent ribosomal assembly and
hence mRNA translation and seem to be well tolerated in
patients [193]. An example of this approach is provided by
survivin, an inhibitor of apoptotic proteins [194]. Survivin is
expressed in several human cancers and its over-expression
is associated with a poor prognosis [195]. These features
make survivin an attractive target for anti-cancer therapy
and several efforts, so far unsuccessful, have been made
along this line. Recently, down-regulation of survivin has
been achieved by using LY2181308, an ASO targeting the
translation initiation codon of survivinmRNA and inducing
its RNase H-mediated degradation [196]. LY2181308 treat-
ment in multiple cancer cell lines caused apoptosis through
activation of caspase-3. Most importantly, in a xenograft
tumor model, LY2181308 produced significant anti-tumor
activity and sensitized tumor cells to chemotherapeutic-
induced apoptosis. All these findings led LY2181308 to be

evaluated for clinical trial (Phase II) in combination with
docetaxel for the treatment of prostate cancer, acute myeloid
leukemia, and non-small cell lung cancer [196, 197].

5. Conclusions

The most important concept opened by the results reviewed
here is that the RNA-binding proteins are at the centre of
the oncogenic alternative splicing switch that controls all the
major aspects of cancer cell biology (Figure 1). Understand-
ing the molecular basis and the effects of the splicing regula-
tion on the transcriptome of cancer cells promises to identify
key circuits that have a fundamental role in cell proliferation,
apoptosis, and other aspects of tumor progression. Moreover,
despite the progress, significant challenges remain towards
the rational design of more specific and selective approaches
able tomodulate alternative splicing events in order to control
cancer growth.

In the era of the personalized medicine, each therapy
would have to fit the combination ofmarkers specific for each
patient. Powerful and cost-effective methods are required
to evaluate cancer markers, including those generated by
alternative splicing, not only to provide a diagnosis and a
prognosis but also to suggest the right personalized therapy.
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branch point recognition and alternative splicing induced by
the anti-tumor drug spliceostatin A,” Genes and Development,
vol. 25, no. 5, pp. 445–459, 2011.

[171] K. O’Brien, A. J. Matlin, A. M. Lowell, and M. J. Moore, “The
biflavonoid isoginkgetin is a general inhibitor of pre-mRNA
splicing,” Journal of Biological Chemistry, vol. 283, no. 48, pp.
33147–33154, 2008.

[172] M. Muraki, B. Ohkawara, T. Hosoya et al., “Manipulation of
alternative splicing by a newly developed inhibitor of Clks,”
Journal of Biological Chemistry, vol. 279, no. 23, pp. 24246–
24254, 2004.

[173] N. Allende-Vega, S. Dayal, U. Agarwala, A. Sparks, J.-C.
Bourdon, and M. K. Saville, “p53 is activated in response to
disruption of the pre-mRNA splicing machinery,” Oncogene,
vol. 32, pp. 1–14, 2012.

[174] E. M. Amin, S. Oltean, J. Hua et al., “WT1 mutants reveal
SRPK1 to be a downstream angiogenesis target by altering
VEGF splicing,” Cancer Cell, vol. 20, no. 6, pp. 768–780, 2011.

[175] J. Soret, N. Bakkour, S. Maire et al., “Selective modifica-
tion of alternative splicing by indole derivatives that target
serine-arginine-rich protein splicing factors,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 102, no. 24, pp. 8764–8769, 2005.

[176] C. Ghigna, M. De Toledo, S. Bonomi et al., “Pro-metastatic
splicing of Ron proto-oncogene mRNA can be reversed: ther-
apeutic potential of bifunctional oligonucleotides and indole
derivatives,” RNA Biology, vol. 7, no. 4, pp. 495–503, 2010.

[177] F. Lai, C. C. Jiang, M. L. Farrelly, X. D. Zhang, and P. Hersey,
“Evidence for upregulation of Bim and the splicing factor SRp55
in melanoma cells from patients treated with selective BRAF
inhibitors,”MelanomaResearch, vol. 22, no. 3, pp. 244–251, 2012.

[178] C. C. Jiang, F. Lai, K. H. Tay et al., “Apoptosis of human
melanoma cells induced by inhibition of B-RAFV600E involves
preferential splicing of bimS,” Cell Death and Disease, vol. 1, no.
9, article e69, 2010.

[179] F. Muntoni and M. J. A. Wood, “Targeting RNA to treat
neuromuscular disease,”Nature ReviewsDrugDiscovery, vol. 10,
no. 8, pp. 621–637, 2011.

[180] M.A.Havens,D.M.Duelli, andM. L.Hastings, “TargetingRNA
splicing for disease therapy,” Wiley Interdisciplinary Reviews,
vol. 4, no. 3, pp. 247–266, 2013.

[181] J. A. Bauman, S.-D. Li, A. Yang, L. Huang, and R. Kole, “Anti-
tumor activity of splice-switching oligonucleotides,” Nucleic
Acids Research, vol. 38, no. 22, pp. 8348–8356, 2010.

[182] R. Liu, C. Page,D. R. Beidler,M. S.Wicha, andG.Núñez, “Over-
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Pre-mRNA splicing and polyadenylation are critical steps in the maturation of eukaryotic mRNA. U1 snRNP is an essential
component of the splicing machinery and participates in splice-site selection and spliceosome assembly by base-pairing to the
5 splice site. U1 snRNP also plays an additional, nonsplicing global function in 3 end mRNA processing; it actively suppresses
the polyadenylation machinery from using early, mostly intronic polyadenylation signals which would lead to aberrant, truncated
mRNAs. Thus, U1 snRNP safeguards pre-mRNA transcripts against premature polyadenylation and contributes to the regulation
of alternative polyadenylation. Here, we review the role of U1 snRNP in 3 end mRNA processing, outline the evidence that led to
the recognition of its physiological, general role in inhibiting polyadenylation, and finally highlight the possibility of manipulating
this U1 snRNP function for therapeutic purposes in cancer.

1. Introduction

Thegeneration of translationally competentmessenger RNAs
(mRNAs) is a complex molecular process that involves dis-
tinctive enzymatic reactions anddedicated cellularmachiner-
ies that result in the splicing, capping, editing, andpolyadeny-
lation of a pre-mRNA transcript. During this process, the
choice and usage of splice sites (alternative splicing, AS)
and of polyadenylation signals (alternative polyadenylation,
APA) within a common pre-mRNA can be differentially
regulated depending on the developmental state, tissue, and
cell type or in response to a variety of physiological stimuli or
pathological conditions [1, 2]. Collectively, alternative splic-
ing and polyadenylation are key molecular mechanisms for
increasing the functional diversity of the human proteome,
allowing the relatively small human genome (<25,000 genes)
to generate an excess of 100,000 different protein isoforms [3].
However, because of the pervasiveness and essential role of
AS in all physiological processes, aberrant RNA processing is
also frequently associated with many diseases [4], and both

AS and APA are deregulated and exploited by cancer cells to
promote their growth and survival [5–7].

This review will focus on the recently described splicing-
independent functions of U1 small ribonucleoprotein particle
(snRNP) in pre-mRNA processing, with emphasis on its
role in the regulation of APA site selection and in the
suppression of intronic polyadenylation (IPA). Furthermore,
we will address innovative approaches to leverage U1 snRNP
functions as therapeutic avenues in cancer treatment.

2. U1 snRNP Canonical Role in Splicing:
A Harbinger of Spliceosome Assembly

The established function of U1 snRNP, which includes the
164 ntU1 snRNA, seven Sm proteins, and three U1-specific
proteins (U1-70K,U1-A, andU1-C), is its role in the early steps
of pre-mRNAsplicing as a key component of the spliceosome,
the large ribonucleoprotein complex responsible for the
removal of intronic sequences and subsequent rejoining of
exons, to form a mature mRNA [8].
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The spliceosome assembles through the sequential bind-
ing of the five snRNPs (U1, U2, U4, U5, and U6) andmultiple
auxiliary RNA-binding proteins to form the large, active
spliceosome [8]. U1 snRNP plays an essential role in this
process by driving the initial steps of spliceosome assembly
onto the pre-mRNA at the exon-intron boundary, through
definition of the 5 splice site (ss) by RNA-RNA base-pairing
with the 5 end ofU1 snRNA (Figure 1(a)), which can occur in
multiple registers [9]. The 3 ss and the branch point (BP) are
recognized by the U2 complex to form the prespliceosomal
complex, and the tri-snRNP complex—containing U4, U5,
and U6—is then recruited, with U6 replacing U1 at the 5
ss. Following the release of U4 and further remodeling in
the activated spliceosome, two subsequent transesterification
reactions occur, to produce the final spliced exons and the
released lariat [8]. Most splicing events, as well as polyadeny-
lation, occur cotranscriptionally, and the integration of the
three processes, which mutually affect each other, is in
large part mediated by the C-terminal domain (CTD) of
the elongating RNA Polymerase II (RNAPII) [2]. Multiple
splicing and cleavage/polyadenylation factors, including U1
snRNP, are directly associated with the RNAPII CTD from
the onset of transcription and are then deposited on their
cognate-binding sites along the pre-mRNA, determining
splice-site and poly(A) signal (PAS) selection.

Variants to this main pathway exist and in some cases
U1 snRNP might not be strictly required [8, 9], whereas in
other situations multiple U1 snRNPs can bind to competing
alternative 5 splice sites [9]. However, the mechanics of
the canonical splicing reaction mandate that all snRNPs
participate in 1 : 1 stoichiometric ratios in the actual removal
of each intron. Hence, it has been a long-standing puzzling
observation that the cellular levels of U1 snRNP exceed those
of other snRNPs by 2-3-fold [10, 11], suggesting that U1 may
carry out additional roles besides its canonical one in splicing.
Indeed, its involvement in different aspects of 3 pre-mRNA
end formation has been long proposed [12, 13].

3. Alternative 3 End Processing:
Physiological Regulation and
Deregulation in Cancer

RNAPII mRNAs in eukaryotic cells undergo 3 end process-
ing, which typically involves the cotranscriptional endonu-
cleolytic cleavage of the pre-mRNA, followed by the addition
of a polyadenylate (poly(A)) tail (reviewed in [7, 14]) by
a multisubunit complex that includes CPSF (cleavage and
polyadenylation specificity factor), CstF (cleavage stimula-
tion factor), CFI and CFII (cleavage factors I and II), and
poly(A) polymerase (PAP). CPSF recognizes the canonical
hexanucleotide PAS located upstream of the cleavage site,
whilst CstF binds to a less well-defined downstream U/GU-
rich region. Following cleavage, PAP promotes polyadenyla-
tion of the mRNA, adding the ∼250 nt poly(A) tail [14].

Global analysis indicates that approximately 50% of
human genes use different PAS, a process known as alter-
native polyadenylation (APA) [15, 16]. The study of APA
has been typically focused towards the multiple PAS located

within the same 3 UTRs (tandem PAS). The choice between
tandem PAS can directly affect the levels of gene expression.
For example, it can lead to the exclusion in the shorter
UTRs of miRNA-binding sites that affect translation and/or
of other posttranscriptional regulatory sequences embedded
in the 3 UTR that might influence stability or localiza-
tion.

Recent transcriptome-wide studies of APA have also
highlighted the common occurrence of IPA, with active
intronic PAS that are used in up to 20%of human genes, either
by read-through into the intron or by usage of an alternative
terminal exon within introns [17, 18]. Whereas tandem APA
only affects expression levels, usage of these IPA sites leads to
shortenedmRNAs containing truncated open reading frames
(ORFs) and hence expressing qualitatively different protein
isoforms, with unique C-terminal domains. The function of
these isoforms can be vastly different to their full-length
counterparts and often encode for variants with dominant-
negative properties [7, 19].

BothAPAphenomena—IPA and 3UTRvariability—add
an extra layer of complexity to the genome, by increasing the
potential number of transcripts encoded by a single gene and
controlling their expression.Themechanisms governingAPA
have only recently begun to be understood. Variations in the
levels of the core polyadenylation factors or abundance of a
broad range of transacting RNA-binding proteins have been
shown to modulate PAS selection (reviewed in [7]). In addi-
tion, emerging evidence suggests that APA is also influenced
by chromatin organization and epigenetic modifications at
the DNA level [7, 20].

Specific and global modulation of APA are important
aspects of many physiological processes, and their deregu-
lation can contribute to the etiology of numerous diseases,
including cancer. APA is associated with increased cellular
proliferation and potentially with oncogenic transforma-
tion, with the switch toward isoforms with a shorter 3
UTR in proliferating/cancer cells [21–24]. This shift typically
removes negative posttranscriptional regulatorymotifs (such
as miRNA-binding sites), resulting in higher expression
levels, for example, of oncogenes.

In addition to global 3 UTR shortening, activation of
specific IPA sites can also be modulated in cancer cells, with
the generation of truncated variants possessing oncogenic
properties or the suppression in tumors of antitumorigenic
variants. For example, the usage of an IPA site in cyclin D1,
which normally controls progression through the cell cycle,
results in the transforming, constitutively active truncated
cyclin D1b isoform [25]. Conversely, a soluble extracellular
variant of VEGFR2, which acts as a natural inhibitor of
VEGF signaling in lymphangiogenesis [26], is significantly
downregulated in neuroblastoma [27].

Yet, despite a greater appreciation of APA-mediated
events in cancer, the underlying mechanisms regulating this
process remain relatively obscure. One simple possibility
is that the increased proliferative rate and transcriptional
status of cancer cells might be associated with the general
upregulation of the cleavage and polyadenylation machinery.
This would lead to a more effective recognition of all PAS,
which would then by default result in usage of the more
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Figure 1: Modes of U1 snRNP activity in splicing and suppression of 3 end processing. (a) Role of U1 snRNP in splicing. The 5 end of U1
snRNA base-pairs to the 5 splice site cotranscriptionally, to define the functional splice donor site. The process is positively and negatively
modulated by splicing factors binding to exonic and intronic splicing enhancer and silencers (ESE, ISE, ESS, and ISS, resp.). (b) Role of U1A
protein in suppression of IgM cleavage and polyadenylation. U1 snRNP component U1A binds to multiple motifs (blue boxes) upstream or
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C consensus motif and are

similar to U1A-binding site on U1 snRNA. From the upstream sites, U1A multimers interact directly with the C-terminal domain of PAP
through a binding pocket formed by the basic-residue motifs (green triangles), blocking polyadenylation. When U1A binds downstream, it
prevents CstF binding to the G/U element (light purple box) and thus interferes with cleavage. (c) Role of U1 snRNP in suppression of BPV
polyadenylation. U1 binds to a 5 ss a few nucleotides upstream of the alternative PAS. Like U1A multimers, U1-70K interacts directly with
the C-terminal domain of PAP through a binding pocket formed by the basic-residue motifs, blocking polyadenylation. (d) Tethered U1-70K
suppresses polyadenylation. A modified U1-MS2 snRNA is engineered to contain an MS2-binding loop in place of the U1-70K binding loop.
AU1-binding site represses polyadenylation and expression from a luciferase reporter vector when the wt U1 snRNA is expressed.Themutant
U1-MS2 snRNA recapitulates PAP inhibition only when a fusion MS2-70K protein is also coexpressed. (e) U1 adaptors recruit U1 snRNP to
suppress polyadenylation. Single-stranded, bifunctional modified ASOs are used to recruit endogenous U1 to target sites within ∼1 Kb region
upstream of a PAS. The targeting moiety (red) base-pairs to a unique, transcript-specific sequence, while the recruiting moiety contains a
consensus 5 ss sequence to bind U1 snRNP with high affinity. The tethered U1 snRNP suppresses polyadenylation and the mRNA is then
degraded by the 3-5 exosome. Large blue boxes represent exons/coding regions.

proximal sites because of the directionality of transcription.
However, as mentioned, multiple transacting RNA-binding
proteins such as CPEB1 [28], hnRNPH [29], and PTB [30, 31]
can also affect APA, and their activity might be differentially
affected in cancer cells (reviewed in [7, 18]). While future
work will be required to delineate the contribution of each of
these processes to APA regulation, an intriguing possibility
is that the modulation of the levels of U1 snRNP would
differentially impact APA in cancer cells and thus contribute
to UTR shortening (see below).

4. U1 snRNP and Its Role in the Suppression
of 3 End Processing

A putative role for U1 snRNP in mRNA 3 end processing
had been first recognized nearly 30 years ago when it was
observed that antibodies directed against U1 snRNP were
capable of interfering with in vitro polyadenylation reactions
[32–34].

These initial observations were followed by reports that
the human U1 snRNP-associated protein U1A was capable
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of inhibiting polyadenylation of its own pre-mRNA by
binding two highly conserved U1-snRNA-like motifs in close
proximity to the U1A mRNA PAS, via direct inhibition of
poly(A) polymerase activity (PAP) [13, 35, 36]. U1A has also
been implicated in the regulation of an APA switch from
membrane-bound to secretory forms of immunoglobulin M
(IgM) heavy chain mRNAs [37]. The transition to secretory
B cells is associated with the usage of an upstream IPA
site, resulting in the truncation of the IgM pre-mRNA, with
loss of the membrane-anchor encoding terminal exons. Two
separate mechanisms appear to be involved in the regulation
of the secretory IPA site (Figure 1(b)). On one hand, U1A
binds to multiple U1-snRNA-like A(U/G)GCN

1−3
C-binding

sites upstream of the PAS and suppresses polyadenylation
initiation, by direct inhibitory interactions with PAP, much
like the self-regulation ofU1Aownpre-mRNA [37].However,
U1A also binds to similar tandem U1-snRNA-like motifs
downstream of the secretory IPA site, positioned between two
GU-rich domains normally utilized by the cleavage compo-
nent CstF64.This impedes CstF64 binding and thus prevents
cleavage of the pre-mRNA at the secretory IPA site [38].

In both cases, it is the free, non-snRNP-bound U1A that
suppresses PAS usage by either inhibiting formation of the
cleavage complex from a downstream position, or by directly
repressing PAP activity from the upstream sites. As such,
the physiologically decreasing levels of free U1A during B-
cell differentiation release the suppression of the IPA site,
allowing expression of the secreted IgM ([39]). Importantly,
free U1A needs to be present at least in dimer form in order
for its single basic-residuemotif to form a binding pocket that
can interact with and inhibit PAP, which implies that snRNP-
bound U1A would not be inhibitory.

However, previous work on the 3 end processing of
bovine and human papillomavirus (BPV and HPV) tran-
scripts had shown that U1 snRNP itself was capable of
suppressing 3 end processing by binding to a 5 ss and
inhibiting polyadenylation [40]. In this case, though direct
PAP inhibition was mediated by a separate U1 snRNP com-
ponent, U1-70K (Figure 1(c)), through a domain containing
related basic-residue motifs, suggesting a similar mechanism
is involved [41]. Unlike U1A, U1-70K contains multiple
basic-residue motifs and thus is self-sufficient in repressing
PAP. Like in the case of free U1A, U1 snRNP can also
in some contexts (e.g., in HIV RNA regulation) inhibit
cleavage from a downstream position [42, 43]. Overall, these
key observations implied that U1snRNP itself might play
a more general inhibitory role in polyadenylation, via U1-
70K. Indeed, natural or mutated U1 snRNP targeted at
the 3 UTR of reporter [44] or endogenous genes [45]
show strong inhibitory effects on polyadenylation, leading
to robust downregulation of target genes. Tethering the
PAP-interacting domain of U1-70K (Figure 1(d)) is suffi-
cient to mediate inhibition [46], whereas nearby tethering
of SR proteins (which would engage U1-70K) interferes
with the inhibition, supporting the proposed model. More
recently, the powerful effect of tethering U1 snRNP to block
polyadenylation was also demonstrated in trans (Figure 1(e)),
by the use of adaptor bifunctional modified oligonucleotides
[47]. Importantly, this strategy introduced the concept that

this mechanism can be harnessed as an antisense tool for
gene-silencing, with relevant therapeutic perspectives, which
will be discussed below.

5. U1 snRNP-Dependent IPA Suppression:
A Safeguard of Transcript Integrity and an
NMD Companion

Overall, the studies illustrated above highlighted a clear
splicing-independent role for U1 snRNP in suppression of
3 end processing in the context of PAS contained within a
canonical 3 UTR.

However, PAS contain limited amount of information, as
well as sequences that could potentially work as PASs, but
are never or seldom used, are very abundant in pre-mRNAs,
in particular within introns [15, 17]. Usage of these putative
PAS and would lead to significantly shortened mRNAs either
unable to express functional proteins or expressing truncated
variants, with potentially deleterious effects. It stands to
reason that a suppressive mechanism must have evolved to
minimize aberrant widespread IPA.

In its canonical splicing function, U1 snRNP is located
at the 5 ss of each intron, from where it could also inhibit
downstream activation of IPA sites,much in theway bywhich
tethered U1 snRNP blocks polyadenylation within a proper
3 UTR (Figure 2(a)). Two recent studies directly tested this
hypothesis and proposed an expanded role for U1 snRNP in
3 end processing inhibition, whichwould putU1 at the center
of a novel RNA surveillance mechanism that safeguards the
integrity of pre-mRNAs from improper usage of premature
PAS and that modulates the usage of legitimate IPA sites
[19, 48].

Functional knockdown of U1 activity can be achieved
with decoy RNA oligonucleotides directed against the 5
end of the U1 snRNA, which in high concentration lead
to the block of the splicing reaction [51]. When the effects
of functional U1 depletion using high concentration of
morpholino antisense compounds (ASOs) were assayed on
a genomic tiling array [48], the generation of shorter stable
pre-mRNA transcripts was observed in addition to splicing
inhibition (Figure 2(c)). In these transcripts, cleavage and
polyadenylation had occurred prematurely, typically within
the first intron. Importantly, they were not activated when
splicingwas pharmacologically inhibited, or whenU2 snRNP
activity was abrogated [48]. In a parallel study [19], similar
decoy RNAs were used to impair U1 snRNP functionality in
conditionswhere splicingwas preserved (Figure 2(b)). Under
these conditions, a general activation of natural alternative
IPA sites occurred and was recapitulated by siRNA knock-
down of U1-70K [19]. When ASOs targeted at specific 5 ss
upstream of the natural alternative IPA were used to prevent
U1 snRNP binding there (rather than targeting U1 snRNA
and preventingU1 frombinding anywhere), only that specific
IPA site was activated [19] (Figure 2(d)). Furthermore, inhibi-
tion of the same splicing event by blocking the downstream 3
ss with a separate ASO does not activate IPA, while blocking
the PAS directly with another ASO impedes activation of the
truncated transcript [19], demonstrating that both the 5 ss
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and the intronic PAS are essential. Together, these two studies
show that U1 snRNP ability to inhibit 3-end processing is not
limited to the 3 UTR but it extends to the entire pre-mRNA
transcript, indicating a broad surveillance role for U1.

The range of U1’s inhibitory effect appears to be limited to
∼1 Kb [50], suggesting that the positioning of U1 at its natural
5 position would not be sufficient to silence IPA events along
large introns. Rather, its binding to the abundant pseudo 5
ss that “litter” introns [52] might be functionally important
to extend the protection from improper 3 end processing
to more distal areas (Figure 2(a)). Indeed, evidence of such
binding of U1 to pseudosites was recently provided, as func-
tional down-titration of cellular U1 snRNP levels with ASOs
resulted in the directional 3 → 5 release of suppression of
APA,whereas the oppositewas observed followingU1 snRNA
overexpression [50].

The role of U1 snRNP as a safeguard of transcript integrity
is also reflected in its recently described essential role in
ensuring promoter directionality [49]. In fact, while RNAPII
transcription is inherently bidirectional, transcripts in the
antisense direction are shortly terminated by the presence of
immediate PAS. On the contrary, the asymmetric enrichment
of U1 snRNP-binding sites in the sense strand ensures that
early PAS are suppressed and transcription is allowed to
proceed productively.

In summary, U1 snRNP, in addition to its role in AS
regulation, appears to play a nonsplicing key role in ensuring
proper gene expression, by acting as an essential safeguard
of the integrity of all transcripts. Moreover, it also com-
plements the mRNA surveillance functions carried out by
the conserved nonsense-mediated decay (NMD) machinery,
which monitors and tags for degradation mRNAs harboring
premature termination codons (PTC) within their ORF and
that potentially encode for deleterious truncated proteins
(reviewed in [53]). Typically, PTCs are generated by direct
nonsense mutations or by frameshifts due to insertions,
deletions, and aberrant splicing. In mammalian cells, NMD
recognizes PTCs by their position upstream of the last
exon-exon junction during translation and targets them for
degradation. However, this leaves a significant gap in the
mRNA surveillance process, as equally deleterious mRNA
products could be generated from activation of cryptic
intronic PAS. Such aberrant mRNAs would be effectively
immune to NMD and evade degradation, since an activated
intronic PAS would generate a novel “terminal exon”, with
likely a new STOP codon located beyond the “new last”
exon-exon boundary (if no in-frame new termination codons
were present, the mRNA would be degraded by the nonstop
mRNA decay pathway, reviewed in [54]). The U1 snRNP-
mediated RNA surveillance function described above, would
therefore, also protect from potential damage derived from
mutations/lesions that introduce de novo PAS in introns.

Finally, these observations have additional far-reaching
implications for the interpretation of disease-associated
mutations. For example, mutations within 5 ss, typically pre-
dicted to affect splicing and/or induce exon skipping, could
in fact activate downstream intronic poly (A) sites, with the
consequent generation of stable and potentially pathogenic
truncated variants. Importantly, such events would likely be

underestimated, as they would not be predicted based on
DNA sequencing data, nor would they be detected by routine
PCR-based analysis.

6. Modulation of U1 snRNP Functions as
a Potential Cancer Therapy

The role of U1 snRNP in ensuring the integrity of pre-
mRNA through suppression of polyadenylation can also be
harnessed in novel antisense-based strategies to control gene
expression. The use of next-generation antisense oligonu-
cleotides is emerging as effective approaches to treat many
conditions, including genetic diseases and cancer (reviewed
in [55]) and can be similarly used to modulate U1 snRNP
function to develop therapeutic approaches to target such
diseases.

7. U1 Adaptors to Knockdown Tumorigenic
Pre-mRNA Transcripts

The unique features of U1 snRNP in suppression of 3
end processing described above constitute the foundation
of a novel powerful gene-silencing technology, U1 small
nuclear interference (U1i). This technology uses bifunctional
oligonucleotide “U1 adaptors” to recruit U1 to the UTR
of endogenous pre-mRNAs (Figure 1(e)) to suppress their
polyadenylation and target them for degradation by the 3-5
exosome [47].

2-O-Methyl (2OMe) or locked nucleic acids (LNA)
oligonucleotides are designed to contain a 5 targetingmoiety,
specific to the 3 UTR of the target transcript, coupled to
a 3 U1-binding moiety, which is similar to a 5 ss and
base-pairs to the U1 snRNA [47]. Hybridization of the U1
adaptor oligonucleotide to the target transcript results in
recruitment of U1 snRNP, which in turn inhibits nuclear
poly(A) polymerase activity throughU1-70K, leading to RNA
degradation.

Recently, in an important proof-of-concept study, the
U1 adaptor approach was shown to be highly effective in
suppression of melanoma growth in xenografts models, by
targeting metabotropic glutamate receptor 1 (GRM1) and B-
cell lymphoma 2 (BCL2) transcripts [56]. Aberrant expres-
sion of GRM1, a transmembrane domain G protein-coupled
receptor that mediates glutamate signaling, plays a crucial
role in the onset of melanoma in mouse models [57], and
dysregulated glutamatergic signaling leads to transformation
and tumorigenesis in multiple cancer types [57, 58]. The
antiapoptotic gene BCL2 is a frequent player in a variety of
cancers, providing an escape mechanism to avoid the effects
of apoptosis-inducing chemotherapeutic compounds [59].
U1 adaptors were delivered to tumors by a dendrimer RGD
delivery system which binds with high affinity to an integrin
variant overexpressed on the surface of many solid tumors
[60]. Systemic delivery of theU1 adaptors targeting BCL2 and
GRM1 suppresses tumor growth in melanoma xenografts by
up to 60–70% [56].

In a separate study, U1 adaptors were targeted to
PIM1 kinase (proviral integration site for Moloney murine
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leukemia virus 1), a constitutively active serine/threonine
kinase that regulates a diverse array of cellular responses,
including apoptosis and cell signal transduction [61]. PIM1
overexpression in multiple tumor types is linked to poor
prognosis. In vitro inhibition of PIM-1 by siRNAs was previ-
ously shown to mediate antitumorigenic effects in colorectal
and prostate carcinoma cells [62]. U1i adaptors targeted to
PIM1 effectively and specifically silence PIM1 in GBM cell
lines, with antiproliferative and proapoptotic effects [61].
Similarly, PIM1-U1i adaptors, encapsulated within nanoparti-
cles and injected intratumorally into glioblastoma xenografts,
reduced tumor growth by 40–50%, compared to controls.

Off-target and nonspecific effects, observed in other
antisense approaches such as RNAi, could also represent an
issue with U1i technology. In particular, a possible pitfall of
U1i is its potential to nonspecifically sequester endogenous
U1 snRNP, an occurrence that can in fact induce global
changes in splicing and processing of nontargeted transcripts
[63]. However, this should become evident only at very high
concentration of U1i adaptors, whereas the high-potency
compounds developed by Goraczniak and colleagues are
used at concentrations that should not significantly affect
global U1 snRNP functions.

Collectively, these studies demonstrate that U1i technol-
ogy, by exploiting the ability of U1 snRNP to inhibit 3
polyadenylation and hence targeting a transcript for degra-
dation by the 3–5 exosome, provides a viable approach for
effective knockdown of tumorigenic transcripts in vivo.

8. Activation of Antitumorigenic Isoforms by
Release of U1 snRNP-Mediated Suppression
of Intronic PAS

As described above, treatment of cells with decoy ASOs
mimicking 5 ss inhibits U1 snRNP functions globally and
nonspecifically, and leads to global activation of normally
suppressed PAS [19, 48]. However, ASOs that instead com-
pete with endogenous U1 snRNP for specific 5 ss within
target transcripts can be used to induce the activation of
specific natural IPA events [19]. Often, the truncated proteins
generated by the activation of the APA event lack impor-
tant functional C-terminal regions and possess dominant-
negative properties.

In absence of an actionable downstream IPA site, splicing
redirection ASOs would interfere with the splicing reaction,
typically leading to exon skipping [55]. Antisensemodulation
of splicing events with this class of compounds is emerging
as a viable therapeutic approach to induce more desirable
splicing variants in genetic diseases such as Duchenne
muscular dystrophy or spinal muscular atrophy and has
reached the clinical trial stage (reviewed in [64]). In cancer,
a leading approach has been to induce antagonist/dominant
negative variants of oncogenic proteins (reviewed in [55]),
for example, in the case of signal transducer and activator
of transcription 3 (STAT3), where redirection of its splic-
ing to the antitumorigenic Stat3 beta variant leads to full
tumor regression in breast cancer mouse models [65]. A
similar approach was adapted to activate antitumorigenic

IPA variants in receptor tyrosine kinase genes, to induce the
expression of secreted decoy RTK (sdRTK) isoforms that
antagonize RTK signaling [19].

Deregulation and constitutive activation of RTK signaling
represents a key aspect of tumorigenesis in a broad range of
human cancers [66, 67]. Targeting these oncogenic pathways
has provided the basis for targeted therapies, with the devel-
opment of effective tyrosine kinase inhibitors (TKI) or anti-
bodies directed at the extracellular domains (ECD) [68]. An
alternative approach to inhibit oncogenic RTK signaling has
been the delivery of recombinant sdRTKs variants, composed
of the ligand-binding ECD [69]. In this context, signaling
is blocked via ligand sequestration and/or the engagement
of endogenous full-length RTKs in nonproductive dimers.
This is the basis for how Aflibercept, a VEGF trap, functions
to effectively suppress neovascularization and tumor growth
[70].

Usage of IPA sites upstream of the exons encoding for
the transmembrane domain of RTKs, to generate sdRTK,
was recently shown to commonly occur in most RTK
mRNAs [19]. Treatment with ASOs coupled to a dendrimer
delivery moiety, to target the 5 ss upstream of the IPA
site, resulted in its activation and expression of specific
endogenous sdRTKs isoforms for multiple RTKs, including
EGFR, MET, HER2, VEGFR1, and VEGFR2 [19]. VEGFR2 is
the major mediator of VEGF signaling and a central player
in tumor vascularization [71]. As such, anti-VEGF treatment
is a cornerstone of cancer therapy, with drugs targeting both
the VEGF ligand (bevacizumab and aflibercept) as well as
its receptor (sunitinib and axitinib). As mentioned, soluble
VEGFR2 is a powerful natural inhibitor of angiogenesis [26]
and is underrepresented in tumors [27]. Its induction by
activation of a PAS in intron 13 of the VEGFR2/KDR pre-
mRNA (Figure 3) resulted in the generation of a soluble
protein isoform that potently inhibited angiogenesis in a
paracrine and autocrine fashion [19] and also showed activity
in vivo [72].

Given the central role of aberrant RTK signaling in
cancer and the existence of sdRTK variants for most RTKs,
their induction by the specific, U1 snRNP-competing, ASO-
mediated activation of IPA has a tremendous potential as a
broad therapeutic approach in cancer therapy.

9. Conclusion and Future Directions

Our understanding of the role of U1 snRNP in pre-mRNA
processing has gradually expanded from its initial splicing
functions in splice-site selection and exon definition to its
moonlighter act in the suppression of polyadenylation in a
very limited, gene-specific manner to the currently proposed
role as a key player in RNA surveillance and global safeguard
of mRNA integrity (and possibly long noncoding RNAs)
against spurious cleavage and polyadenylation, with a job
description that has come to include also the control of
promoter directionality in transcription.

Much still remains to be uncovered about the specific
mechanisms underlying how U1 snRNP manages to effec-
tively wear its many hats. However, the compendium of
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Figure 3:Therapeutic potential of IPA activation: induction of secreted decoyVEGFR2. An IPA site in intron 13 of VEGFR2 can be specifically
and effectively activated using ASOs targeted to the 5 ss immediately upstream, preventing U1 from binding and thus releasing suppression
[19].This leads to the expression of a variant secreted decoy VEGFR2 encoding the sole ECD.This variant can still bind VEGF or other ligands
and can still dimerize with VEGF receptors, but it cannot signal. On the contrary, it leads to a blockade of VEGF signaling in targeted and
surrounding cells, with dominant negative properties.

evidence outlined above points to a basic model where U1
snRNP associates with the CTD of RNAPII and is then
recruited cotranscriptionally to the nascent transcript at
multiple sites throughout the length of the pre-mRNA.These
correspond to either genuine or pseudo 5 ss and collectively
result in the suppression of cleavage and polyadenylation
along the pre-mRNA, enforcing its full-length expression
(Figure 2(a)).

Genuine PAS utilization is achieved by the evolutionary
depletion of U1-binding sites in the UTR and/or by the
presence of dominant cis-acting regulatory elements that
potentiate PAS or inhibit U1 activity through specific factors.
For example, any factor that promotes recruitment of U1
snRNP to a splice site would strengthen IPA inhibition and
vice versa. Therefore, in certain contexts, like in the case of
VEGFR2 and other RTKs, the system has evolved past the
default suppressive status, in order to allow specific APA
events to occur.

In general, proliferative/cancer cells demonstrate a global
shortening of 3 UTRs, typically resulting in enhanced gene
expression.U1 snRNPmight be indirectly contributing to this
phenomenon if the increase in transcription—and the related
increase in associated machinery, including cleavage and
polyadenylation factors—is not paralleled by an equivalent
increase in U1 snRNP levels. The relative depletion of U1
snRNP would release PAS and could in part explain the
observed directional effect, as shown in activated neurons
[50]. This selective switch from distal to proximal PAS can
be countered in vitro via overexpression of U1 snRNA [50],
and it is, thus, possible to envisage an approach to promote
3 UTR re-lengthening by ectopic expression of U1 snRNA
by gene therapy technologies. Alternatively, since 3 end
processing can be specifically blocked by ASO directed at
the PAS [19], transcript-specific ASO could be employed to
selectively block the usage of proximal PASwhile reactivating
distal ones.

Overall, the possibility to harness U1 snRNP-mediated
suppression of polyadenylation has created an attractive and
still mostly unexplored opportunity to reshape the transcrip-
tome for therapeutic purposes, in cancer and other diseases.
U1i technology provides an effective alternative approach
to siRNA in vivo, and at the same time the activation of
sdRTKs by IPA derepression could serve as a blueprint
for the induction of therapeutically relevant, endogenous,
potent dominant-negative IPA variants of oncogenes. A
better molecular understanding of the role of U1 snRNP in
APA is an essential step in the design of rationally targeted
antisense strategies as effective therapies.
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In all eukaryotic organisms, pre-mRNA splicing and alternative splicing processes play an essential role in regulating the flow
of information required to drive complex developmental and metabolic pathways. As a result, eukaryotic cells have developed a
very efficient macromolecular machinery, called the spliceosome, to correctly recognize the pre-mRNA sequences that need to be
inserted in amaturemRNA (exons) from those that should be removed (introns). In healthy individuals, alternative and constitutive
splicing processes function with a high degree of precision and fidelity in order to ensure the correct working of this machinery. In
recent years, however, medical research has shown that alterations at the splicing level play an increasingly important role in many
human hereditary diseases, neurodegenerative processes, and especially in cancer origin and progression. In this minireview, we
will focus on several genes whose association with cancer has been well established in previous studies, such as ATM, BRCA1/A2,
and NF1. In particular, our objective will be to provide an overview of the known mechanisms underlying activation/repression of
pseudoexons and pseudointrons; the possible utilization of these events as biomarkers of tumor staging/grading; and finally, the
treatment options for reversing pathologic splicing events.

1. Introduction

Starting from the first description of alternative splicing and
constitutive splicing processes in 1977 [1–3], the importance
of this process that guarantees the correct flow of information
from transcription to translation in eukaryotic cells has
continued to grow exponentially.

In particular, one major branch of research in this area
has the aim to investigate and characterize the cellularmacro-
molecular machine (i.e., the spliceosome) that is physically
responsible for the cutting and joining of intronsexons by
catalyzing two transesterification reactions [4, 5] and the
mechanisms that ensure its fidelity [6]. As a result, research in
spliceosome composition and functioning has been comple-
mented by studies aiming to understand the sequences and
molecules that determine under which conditions a partic-
ular exon or intron is selectively recognized and included in

the mature transcript.Therefore, after the basic elements that
define introns and exons and are composed by donor and
acceptor splice sites plus the branch point sequence, there
was the discovery of enhancer and silencer elements that
can affect either positively or negatively the way these basic
elements are recognized by the spliceosome [7–9]. Usually,
enhancer and silencer elements are bound bymembers of the
SR and hnRNP protein families, respectively.

The recruitment of these proteins to specific sites is crucial
for their activity as depending on their position with respect
to the basic elements their roles can be antagonistic or, in
some case, agonistic [10, 11]. Global analyses of the ways these
factors cooperate and influence each other in shaping the
splicing process has only recently begun to shed light on how
they promote or hinder exon recognition in a co-ordinated
manner [12–14].
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Rather unexpectedly, these studies have shown that SR
proteins interact not only with alternatively spliced exons but
also with constitutively spliced exons, and that their major
role consists in recruiting the splicing machinery to splice
sites [15, 16].

On the other hand, hnRNP proteins bind to nascent pre-
mRNA and influence splicing decision through a complex
and finely tuned network of protein/protein interactions.The
mechanisms of hnRNPs actions on splicing is generally less
defined than those of SR proteins [17].

In addition to these elements, we now also know that
splicing choices are affected by a myriad of other factors,
ranging from chromatin modifications [18, 19], transcrip-
tional factors [20], RNA secondary structure [21], short
noncoding RNAs [22, 23], and various cellular stresses [24].

In parallel to these mechanistic studies, another branch
of splicing research has also addressed the functional impor-
tance of alternative splicing processes in biological pathways
and in particular the way that alternative splicing isoforms of
proteins can acquire different or even antagonistic biological
properties [25, 26]. Because of this ability to expand the
proteome of cells, alternative splicing has represented a
very useful and powerful tool that allows cells to execute
the various expression programs which underlie many fun-
damental needs of higher organisms: from general needs
such as controlling normal development and tissue-specific
expression of proteins, to highly specialized processes such
as DNA damage response or microRNA biogenesis [27–33].
Moreover, the rearrangements that a pre-mRNA undergoes
during the splicing process are also advantageous in terms of
providing a longer half-life and better translational capacity,
something that has recently begun to be exploited by the
biotechnology industry [34].

Considering all these necessities and advantages, it is
therefore not surprising that the number of genes that are
subject to alternative splicing in eukaryotic organisms has
been steadily growing. Indeed, it was recently estimated that
more than 90% of mammalian protein coding genes can
produce at least one splicing-derived isoform expressed at
potentially significant biological levels [35].

The complexity of this system, however, also puts spliceo-
some functioning at risk of being impaired by the occur-
rence of single-point mutations in splicing regulatory ele-
ments, deletions/insertions, genomic rearrangements, and
alterations at the splicing factor expression level [36]. Any
of these alterations can result in a variety of aberrant splic-
ing outcomes that usually include aberrant exon skipping,
cryptic splice site selection, intron retention, and pseudoexon
activation [37, 38]. As expected, many of these changes can
lead directly to the occurrence of disease in humans, and it
has now been estimated that a sizable proportion of all gene
mutations leading to disease can be directly connected with
the presence of a splicing defect [7, 39].

Importantly, the introduction of novel technologies that
allow fast profiling of the transcriptome seems promising for
simplifying investigation of which genomic variability and
plasticity events allow cancer cells to tailor specific functional
units from the available exons of a gene. For example, recent
RNA sequencing of the breast cancer transcriptome has

revealed many new splicing alterations that were not previ-
ously described. In particular, for example, it was reported
that 423 primary transcripts (derived from 377 genes) were
differentially spliced in triple-negative breast cancer samples
(generating 496 novel isoforms) [40]. By analyzing non-
triple-negative breast cancer samples, the same study found
that 270 and 460 primary transcripts (derived from 242 and
387 differentially spliced genes, resp.) generated 331 and 550
novel isoforms that were not present in normal breast tissue
[40].

2. Aberrant Splicing Events in Cancer Genes

It has become clear that in several human pathologies,
including cancer, the alternative splicing profile is aberrantly
modified in a specific manner and in ways that can favor the
growth and survival of cancer cells [41–44].The generation of
these aberrant splicing profiles can occur in many ways, such
as through the re-expression of developmentally regulated
isoforms that had previously been shut off following early
developmental stages [45, 46], by affecting the splicing
profiles of genes that are implicated in tumor progression
[47, 48], or through other mechanisms that generally have
anti-apoptotic/metastatic consequences and that can affect
response to therapies [49, 50].

In addition, several studies have defined that cancer-
associated splicing alterations arise not only from mutations
in the cancer-related genes but derive also from variations in
the expression and/or activity of splicing regulatory factors
[51]. For example, it has been well established that the levels
of SR- and hnRNP-proteins undergo changes associated with
transformation and progression of cancers [44, 52]. Strik-
ingly, it has been recently reported that some members of the
SR protein family of splicing factors and other components
of the spliceosomal cellular machinery can actually act as
oncoproteins and play a direct role in promoting tumor origin
and progression [53–55] and that external stimuli such as
hypoxia can cause the aberrant redistribution of important
splicing factors such as Tra2 and promote the expression of
tumor-promoting splicing isoforms [56].

The case of Bcl-X (BCL2L1) gene, belonging to the
BclII family and implicated in the control of mitochondrial
breakdown during apoptosis, is emblematic of this concept.
For example, two splicing Bcl-X isoforms can arise from
the use of two alternative 5 splice sites within exon 2
and lead to the synthesis of a short apoptosis-promoting
protein (Bcl-XS) and to a long antiapoptotic form (Bcl-XL)
[57]. Different splicing factors, including Sam68, hnRNPA1,
SF2/ASF, hnRNP F/H, hnRNP K, SAP155, and SRp30c have
been found to be involved in the selection of the two
competing alternative 5 splice sites that give rise to these two
isoforms [58–61]. In addition, recent studies have shown that
the elongation and splicing-related factor TCERG1 can bind
to the Bcl-X pre-mRNA and promote the proapoptotic Bcl-
XS 5 splice site in a promoter-dependent manner [62].

Finally, the production of the proapoptotic Bcl-XS splice
variant seems to be improved by the core (Y14 and eIF4A3)
and auxiliary (RNPS1, Acinus, and SAP18) components of
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the exon junction complex (EJC) [63], suggesting that EJC-
associated components can regulate apoptosis at the alterna-
tive splicing level and represent a further level of vulnerability
of cancer.

Therefore, one of the most interesting research areas
in this field consists in the identification of cancer-specific
splice variants or the aberrant expression of splicing-affecting
proteins that could lead to their generation. Examples of
both these events, in fact, have already been shown to
occur in some individual types of cancer, such as breast and
ovarian cancer [64, 65]. Another interesting research area
in aberrant splicing events connected with tumors is the
occurrence of particular types of splicing defects that involve
the inclusion of “new” sequences (known as pseudoexons)
in the mature mRNA of cancer-related genes. Rather more
rarely, the opposite has also been shown to occur: the aberrant
recognition of intronic sequences (pseudointrons) within
normal exons. In this review, we have also decided to provide
particular attention to these events as they are probably more
common than previously considered and have not yet been
the subject of particular attention.

One of the reasons why these two events are particularly
interesting is that these types of defects are ideally suited for
novel therapeutic effector molecules that are based in RNA
biology. In the case of pseudoexons and pseudointrons, in
fact, the major advantage of targeting this type of inclusion
events is that the antisense oligonucleotideswould be targeted
against normal intronic sequences and thuswould not remain
bound to the mature mRNA (possibly to interfere with later
stages of RNA processing such as export/translation).

3. Pseudoexon Activation in Cancer

In the pre-mRNA splicing field, the term “pseudoexon”
has been introduced to describe exonic-like sequences that
are present within intronic regions but are ignored by the
spliceosomal machinery. A closer look at these sequences has
often provided a reason for their inability to be recognized
as normal exons: the presence of intrinsic defects in their
apparently viable donor and acceptor sites [66] or of silencer
elements [67–69] and the formation of inhibiting RNA
secondary structures [70–72].

From a functional point of view, in most cases of pseudo-
exon insertion, the presence of an extraneous exon within the
mature mRNA causes either the disruption of the transla-
tional reading frame or the insertion of novel amino acid
sequences following translation. As a result, the normal
biological properties of the resulting protein are very likely
disrupted, and this can be associated with the development
of disease.

Unfortunately, it is still quite hard to identify reliable
pseudoexon insertion events in human genes implicated
in cancers by just performing a general interrogation of
databases (matching 22719 ENSEMBL protein coding genes
versus 31057 entries of CanGEM Gene list) [73]. In fact, at
present, it is only possible to retrieve strong candidates for
alternative splicing events in protein coding genes (Table 1).
As expected, a similar situation was seen when pseudo-
genes were investigated (defined as genomic DNA sequences

similar to normal genes but nonfunctional, although some
can still be transcribed). In this case, inspection of 14775
pseudogenes returned a list of alternative splicing hits from
which it is not easy to distinguish real events in expressed
pseudogenes (Table 1).

More recently, some bioinformatic studies have tried to
extrapolate the presence of pseudoexons in cancer tissues by
developing new analysis methods of GeneChip gene expres-
sion array data [74, 75]. In this way, by comparing normal
cerebellum and medulloblastoma tumors, it was possible
to predict 811 significantly different expressed pseudoexons
(derived from 577 genes). In addition, when nonmetastatic
and metastatic medulloblastomas were compared, 13 pseu-
doexonic sequenceswere significantly expressed in a differen-
tial manner (derived from 8319 strong candidates). However,
it should be noted that no experimental validationwas carried
out to support these predictions.Therefore, presently, manual
annotations remain the most reliable system for identifying
real pseudoexons.

Fortunately, the scientific community has recently iden-
tified a certain number of cases where pseudoexon inclusion
has been validated in detail. For this reason, Table 2 reports all
the cryptic exons described in the literature that are localized
within genes whose expression was altered in cancer.

First of all, regarding the mechanisms underlying pseu-
doexon activation, it is interesting to note that these phe-
nomena are caused by inherited mutations resulting in the
insertion of intronic sequences in the mature mRNA [38].
In this respect, it is interesting to note that among the genes
presenting pseudoexon “awakening” directly associated with
cancer origin (Table 2), the creation of new splicing donor
(12 events) and acceptor (7 events) sites represents the more
frequent occurrence (48% and 28% of the listed events, resp.).
Someof themost paradigmatic examples of cancer genes such
as BRCA1, BRCA2, NF1, and ATM are included in these two
sets.

On the other hand, among pseudoexons described in
cancer-related genes (Table 3), the creation of 5 splice sites
and of 3 splice sites comprise 55% and 15% of the listed
records, respectively. Moreover, pseudoexon insertion can
also be triggered by the deletion of nearby donor or acceptors
splice sites (4 events in both lists), highlighting the impor-
tance of the genetic milieu in splicing decisions.

A deeper look into the mechanisms underlying pseu-
doexon activation has revealed the involvement of hnRNPs in
regulation of these events. In particular, the partial inclusion
of a pseudoexon of NF1 gene has been found to arise from
a novel intronic mutation c.31−279A>G intron 30, creating a
new acceptor splice site and activation of a cryptic 5 splice
site [76]. It has been found that both PTB and nPTB play
an active role in the pseudoexon splicing by repressing its
inclusion [76]. This finding is particularly interesting since it
further supports the hypothesis that PTB/nPTBmight have a
general role in repressing weak exons and in particular most
of pseudoexons [77].

Another example of mutation causing pseudoexon acti-
vation consists in the creation of novel branch site (Table 2,
one event). This latter case is associated with a peculiar
mutation (IVS5 ds +232 G−A) that leads to pseudoexon
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Table 1: Alternative splicing events detected in protein coding genes and pseudogenes implicated in cancer.

Alternative splicing event Protein coding genes CanGEM gene list (31057 entries) % cancer protein coding genes
Cassette exon (CE) 13506 11771 87
Intron retention (IR) 8190 6775 83
Alternative 3ss (A3SS) 6701 5685 85
Alternative 5ss (A5SS) 6624 5640 85
Alternative first exons (AFE) 8050 7136 89
Alternative last exons (ALE) 3631 3233 89
Mutually exclusive exons (MXE) 3376 3006 89
Alternative splicing event Pseudogenes CanGEM gene LIST (31057 entries) % cancer pseudogenes
Cassette exon (CE) 434 139 32
Intron retention (IR) 465 187 40
Alternative 3ss (A3SS) 241 91 38
Alternative 5ss (A5SS) 218 82 38
Alternative first exons (AFE) 91 27 30
Alternative last exons (ALE) 104 32 31
Mutually exclusive exons (MXE) 50 16 32
Homo sapiens genes (GRCh37.p10) dataset (62252 total genes) was used to filter alternative splicing events in protein coding genes (22719 entries) and
pseudogenes (14775 entries) and verified their presence in the Cancer GEnome Mine database (31057 entries—CanGEM, http://www.cangem.org/).

Table 2: Pseudoexon insertion events directly involved in cancer pathology.

Gene name Description Entrez gene Size (bp)
pseudoexon Activating mutation Reference

APC Adenomatosis polyposis coli 324 167 5ss creation [78]
ATM Ataxia telangiectasia mutated 470 58 3ss creation [79]
ATM 65 SRE deletion [80]
ATM 137 5ss creation [81]
ATM 212 5ss creation [82]

BCR-ABL
Breakpoint cluster region

V-abl Abelson murine leukemia viral oncogene
homolog 1 fusion

613
25 42 Genomic rearrangement [83]

BCR-ABL 35 Unknown [84, 85]
BRCA1 Breast cancer 1, early onset 672 66 3ss creation [86]
BRCA2 Breast cancer 2, early onset 675 93 Downstream 3ss deletion [87]
BRCA2 95 5ss creation [88]
ESR1 Estrogen receptor 1 3467 69 5ss creation [89]

MSH2 MutS homolog 2, colon cancer, nonpolyposis
type 1 (E. coli) 4436 75 5’ss creation [90]

NF1 Neurofibromin 1 (neurofibromatosis, von
Recklinghausen disease, Watson disease) 4763 67/99 3ss creation [91]

NF1 70 5ss creation [92]
NF1 107 5ss creation [92]
NF1 172 3ss creation [93]
NF1 58 3ss creation [94]
NF1 76 5ss creation [94]
NF1 54 5ss creation [95]

NF1 177 5ss creation [92, 96,
97]

NF2 Neurofibromin 2 (bilateral acoustic neuroma) 4771 106 BP creation [98]
RB1 Retinoblastoma 1 (including osteosarcoma) 5925 103 3ss creation [99]
TSC2 Tuberous sclerosis 2 7249 89 5ss creation [100]
WRN Werner syndrome 7486 106 5ss creation [101]
WRN 69 3ss creation [102]



International Journal of Cell Biology 5

Table 3: Pseudoexons described in cancer-related genes.

Gene name Description Entrez
gene

Size (bp)
pseudoexon Activating mutation Reference

ABCC8 ATP-binding cassette, sub-family C (CFTR MRP),
member 8 6833 76 5ss creation [103]

ALDH7A1 Aldehyde dehydrogenase 7 family, member A1 501 36 5ss mutation [104]

CD40LG CD40 ligand (TNF superfamily, member 5,
hyper-IgM syndrome) 959 59 5ss creation [105]

CEP290 Centrosomal protein 290 kDa 80184 128 5ss creation [106, 107]
CHM Choroideremia (Rab escort protein 1) 1121 98 3ss creation [108]
COL4A3 Collagen, type IV, alpha 3 (Goodpasture antigen) 1285 74 3ss creation [109]
COL11A1 Collagen, type XI, alpha 1 1301 50 5ss creation [110]

CTDP1
CTD (carboxy-terminal domain, RNA

polymerase II, polypeptide A) phosphatase,
subunit 1

9150 95 5ss creation [111]

CYBB Cytochrome b-245, beta polypeptide (chronic
granulomatous disease) 1536 56 5ss creation [112]

CYBB 61 5ss creation [113]

CYP17A1 Cytochrome P450, family 17, subfamily A,
polypeptide 1 1586 94 Upstream 5ss mutation [114]

QDPR Quinoid dihydropteridine reductase 5860 152 5ss creation [115]
DPYD Dihydropyrimidine dehydrogenase 1806 44 5ss creation [116]
FBN1 Fibrillin 1 2200 93 5ss creation [117]
GHR Growth hormone receptor 2690 102 SRE deletion [118, 119]
GUSB Glucuronidase, beta 2990 68 5ss creation [120]
HADH Hydroxyacyl-coenzyme A dehydrogenase 3033 141 5ss creation [103]

HADHB

Hydroxyacyl-coenzyme A dehydrogenase
3-ketoacyl-coenzyme A thiolase

enoyl-coenzyme A hydratase (trifunctional
protein), beta subunit

3032 56
106 5ss creation [121]

HSPG2 Heparan sulfate proteoglycan 2 3339 141 5ss creation [103]

SMARCB1
SWI

SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily b, member 1

6598 72 5ss creation [122]

ISCU Iron-sulfur cluster scaffold homolog (E. coli) 23479 86
100 3ss creation [123–125]

SLC14A1
(JK)

Solute carrier family 14 (urea transporter),
member 1 (Kidd blood group) 136 Internal 7 kb deletion [126]

MCCC2 Methylcrotonyl-coenzyme A carboxylase 2 (beta) 64087 64 SRE deletion [127]
MFGE8 Milk fat globule-EGF factor 8 protein 4240 102 SRE creation [128]

MLC1 Megalencephalic leukoencephalopathy with
subcortical cysts 1 23209 246 5ss creation [129]

MTRR 5-methyltetrahydrofolate-homocysteine
methyltransferase reductase 4552 140 SRE creation [130]

GPR143 G protein-coupled receptor 143 4935 165 3ss creation [131]
OAT Ornithine aminotransferase (gyrate atrophy) 4942 142 5ss creation [132]
OFD1 Oral-facial-digital syndrome 1 8481 62 5ss creation [133]
OTC Ornithine carbamoyltransferase 5009 135 3ss creation [134]

PCCA Propionyl-coenzyme A carboxylase, alpha
polypeptide 5095 84 SRE creation [135]

PCCB Propionyl-coenzyme A carboxylase, beta
polypeptide 5096 72 5ss creation [135]

PHEX
Phosphate regulating endopeptidase homolog,

X-linked (hypophosphatemia, vitamin D resistant
rickets)

5251
50
100
170

5ss creation [136]
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Table 3: Continued.

Gene name Description Entrez
gene

Size (bp)
pseudoexon Activating mutation Reference

PKHD1 Polycystic kidney and hepatic disease 1
(autosomal recessive) 5314 116 5ss creation [137]

PMM2 Phosphomannomutase 2 5373 66 3ss creation [138]
PMM2 123 5ss creation [138, 139]

PRPF31 PRP31 pre-mRNA processing factor 31 homolog
(S. cerevisiae) 26121 175 5ss creation [140]

RHD Rh blood group, D antigen 6007 170 Upstream 3ss deletion
and SNP in int7 [141]

RYR1 Ryanodine receptor 1 (skeletal) 6261 119 5ss creation [142]

SLC12A3 Solute carrier family 12 (sodium chloride
transporters), member 3 6559 238 5ss creation [143]

USH2A Usher syndrome 2A (autosomal recessive, mild) 7399 152 5ss creation [144]

inclusion in NF2 gene by creating a consensus branch point.
In particular, it has been found that the G>A transition,
occurring at position −18 from the acceptor site of NF2 IVS5,
works in combinationwith existing consensus splice acceptor
and donor sites and causes the formation of an extra exon 5a
in theNF2 gene that introduces a premature stop codon [98].

Finally, in spite of being lowly represented, gross genomic
rearrangements can bring together or expose splice site
sequences that would normally be very distant from each
other or absent form the original sequence (one event).

Pseudoexon activation can also be caused by mutations
that cause the creation/deletion of splicing regulatory ele-
ments (SREs, 6 events). Among these events, one of the most
representative examples of the complex regulatory networks
that can underlie pseudoexon insertion is represented by the
identification of an unusual splicing defect directly related
with neoplasia (Figure 1).

In the case of this particular event, a patient affected
by ataxia-telangiectasia was found to carry a 4 nt-deletion
(GTAA) within intron 20 of ATM gene [80]. This deletion,
termed intron-splicing processing element (ISPE), caused the
inclusion of a 65 nucleotide “cryptic exon” in theATMmRNA
(Figure 1(a)). The mechanism through which this occurs has
been well characterized in recent studies.

In normal conditions, the repression of the 3ss in the
wild-type pseudoexon sequence (ATMWT) was shown to be
a direct consequence of U1snRNP binding in correspondence
to the ISPE sequence. The importance of this U1snRNP
bindingwas twofold: first of all, to sterically hinder 3ss recog-
nition by U2snRNP and secondly, to also inhibit binding of
the SRSF1 splice factor to the stem-loop sequence formed
by this pseudoexon (Figure 1(b)) [71, 72]. As a result, this
internal U1snRNP binding event to the ISPE sequence causes
an unproductive U2snRNP association with the 3ss that
results in the complete inhibition of pseudoexon inclusion
in normal conditions (Figure 1(b)). Following the deletion of
the GUAA motif observed in the patient, U1snRNP binding
to the ISPE is relieved, and SRSF1 is also free to bind to the
internal enhancer site that becomes available (Figure 1(c)).
Taken together, these two events result in efficient recruit-
ment of U2snRNP to the branchsite and a better recruitment
of U1snRNP to the rather inefficient 5gc splice site that lead

to efficient inclusion of the pseudoexon in the mature ATM
mRNA [72].

This example clearly shows the complexity of pseudoexon
activation events that relies on a variety of factors well beyond
the simple initial mutation (i.e., 5ss or 3ss creation), and that
can include the eventual presence of enhancer and silencer
elements within the cryptic exon or intro, RNA secondary
structures, and probably several other mechanisms that have
not yet been described in detail.

4. Pseudointron Activation in Cancer

Pseudointrons (PSIs) represent an intriguing set of intron-
like sequences localized within exons that can undergo
alternative splicing and that therefore can be included in or
excluded from the ORF within the final mRNA species.

Although the examples of pseudointrons reported in the
review are not associated with activating mutations, we have
included them because of the peculiarity of events insofar
that they do not represent simple intron retention events,
but rather alternatively spliced intraexonic sequences whose
behaviour can resemble that of introns under particular
circumstances (e.g., occurrence of previous splicing events
in the processed transcript). It is this regulated use of the
intraexonic splice sites that fits well with the idea that these
intraexonic splice site represent “false” introns, even in the
absence of genetic alterations.

In general, however, pseudointrons are less well described
compared withpseudoexons probably because of the diffi-
culty in detecting them using available technology (a situa-
tion that may well soon change for the better because of the
introduction of more sensitive and comprehensive technical
approaches such as RNA sequencing). At the moment, only
three examples of PSI have been characterized, and for at least
two of these pseudointrons there are data supporting their
relevance in the pathogenesis of cancer.

4.1. Fibronectin: IIICS-C5. Fibronectin (FN) is an extra-
cellular matrix protein whose functions range from cell
adhesion and migration to wound healing and oncogenic
transformation [145]. The functional complexity of FN is
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Figure 1: ATM pseudoexon activated in cancer. (a) Scheme of the ATM pseudoexon insertion caused by a 4 nt deletion (GUAA) occurring
1873 nt downstream from the donor splice site of ATM exon 20. The solid lines indicate introns. Dotted lines include the 65 nt-ATM
pseudoexon (gray box). The intron-splicing processing element (ISPE) complementary to U1 snRNA, the RNA component of the U1 small
nuclear ribonucleoprotein (snRNP), is underlined. (b) Schematic model of U1snRNPmediated inhibition of pseudoexon insertion in normal
conditions. In this model, U1snRNP binding to the ISPE blocks pseudoexon inclusion by inhibiting recruitment of U2snRNP to the 3splice
site region and SRSF1 binding to the stem loop of the pseudoexon (shown as dotted lines). (c) In the case of the disease associated ATM
ΔGUAA deletion, the internal U1snRNP binding site is no longer present due to the deletion of the ISPE. This leads to a more efficient
binding of SRSF1 to the enhancer site and stabilization of the U2snRNP interaction with the branch site and U1snRNP with the 5gc donor
site.

related to the structural diversity arising from cell type-
specific alternative splicing [146].The fibronectin pre-mRNA
undergoes alternative splicing primarily at three sites: two
extra domain exons encoding extra structural repeats and
a region of nonhomologous sequence called the type-III
connecting segment (IIICS).

The IIICS domain is divided into three subdomains of
75 bp, 192 bp, and 93 bp, respectively, that can be alternatively
spliced, thus generating up to fivevariant mRNAs in humans
[147, 148].The subdomains of 75 bp and 93 bp encode for two
cell-specific binding sites, CS1 (residues 1–25 of the IIICS),
and CS5 (residues 90–109 of the IIICS), respectively, that

interact with the integrin 𝛼4𝛽1 with different affinity [149,
150]. Indeed, the CS1 site has approximately 20-fold higher
affinity for integrins than the CS5 site [151].

Because of its intraexonic localization and splicing behav-
ior, the 93 bp segment can be considered a pseudointron
(Figure 2(a)). Different tissue-specific and disease-associated
changes in the variants of the IIICS region have been reported
[152–154], and the CS5 pseudointron is upregulated in foetal
tissue and in adult liver [155].

For the purpose of this review, it is important to note
that alternative splicing of the IIICS-CS5 subdomain can
influence the onset and progression of cancers by affecting
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Figure 2: Pseudointrons whose alternative splicing can be altered in tumors. Schemes of pseudointron alternative splicing events shown to
occur within the Fibronectin (IIICS, (a)), Acetylcholinesterase (AchE, (b)), andThrombopoietin (THPO, (c)) genes. Pseudointrons are shown
as white boxes in IIICS (CS5-93 nt), AchE (4-R), and THPO (116 nt). Solid lines indicate introns and dotted lines distinguish the different
splicing events.TheC-terminal sequence of each splicing variant for each gene is also shown. For IIICS and THPO, additional exonic elements
undergoing alternative splicing are shown as gray boxes. In the AchE gene, gray triangles indicate stop codon within different ORFs. See text
for definition of each splice variant.

Fibronectin activities related to tissue organization and cell-
ECM interactions. In keeping with this hypothesis, in vitro
studies have shown that CS5 can modulate the spreading of
melanoma cells [151].

4.2. Acetylcholinesterase: AChE-R. Acetylcholinesterase is a
serine specific hydrolase that hydrolyzes acetylcholine, and
its main function is related to the clearance of the neuro-
transmitter from the synaptic cleft [156]. Nonetheless, the
observation that the expression of AChE is not limited to
cholinergic tissues has suggested the presence of additional
functions [157].

From the splicing process point of view, mammal AChE
has been shown to undergo alternative splicing resulting
in expression of 3 isoforms, called R (“readthrough”), H
(“hydrophobic”), and T/S (“tailed” or “synaptic”), that differ
in their subcellular localization, tissue distribution, and
developmental pattern of expression [158]. Whereas, AChE-
H or AChE-T is the most abundant and common isoforms,
the AChE-R expression is low and restricted in specific cell
lines, cell differentiation stage, or muscle development [159,
160].

Interestingly, the AChE-R mRNA arises by retention of
pseudointron4, that leads to generation of the E1-E2-E3-E4-
I4-E5 mRNA transcript (Figure 2(b)). Since pseudointron 4
includes a stop codon when it is included in mature RNA,

the resulting protein will be prematurely terminated by a C-
terminus translated from the 5 region of I4. This variant is
expected to remain monomeric [161].

In general, the AChE-R transcript can be coexpressed
with the AChE-T or AChE-H transcripts, and variations in
their relative levels seem to be important for modulation
of AChE functions, as well as for the pathogenesis of neu-
rological and autoimmune disorders [161, 162]. Intriguingly,
recent studies have found that AChE-R mRNA accumulates
in primary human astrocytomas, and that its presence is
correlated with their grade of aggressiveness [163]. In human
U87MG glioblastoma cells, it was found that AChE-R protein
variant can support proliferation of glioblastoma tumors by
forming a complex with the scaffold protein RACK1 and
protein kinase Ce [164].

In addition, increased levels of an N-terminally extended
N-AChE-R isoform were detected in human testicular
tumors indicating that the generation of the AChE-R variant
can be associated with the utilization of an alternative
promoter in the transformed cells.

Finally, related functional studies have suggested that
both AChE-R variants (AChE-R and N-AChE-R) might be
crucial for increasing the cellular ATP levels and might
support selective metabolic advantages as well as genotoxic
resistance by altering p73 gene expression [165]. Although it is
not yet clear whether the AChE-R (as well as the other AChE
splicing variants) can be related directly to tumorigenesis,
the observed downregulation of all these splicing isoforms
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in colorectal carcinoma suggests a crucial role for tumor
development [166].

4.3. Thrombopoietin: THPO-3,THPO-5, and THPO-6. A
third example of pseudointron possibly implicated in cancer
pathogenesis is found within the Thrombopoietin (THPO)
gene. THPO is the most important cytokine for regulation of
platelet production, and its expression has also been reported
in skeletal muscle, ovary, testis, and central nervous system
(CNS) [167–169].

The THPO gene shows a complex pattern of alternative
splicing [170]; among the six splice variants that can be gener-
ated, three of them (THPO-3, THPO-5, and THPO-6) show
the peculiar alternative splicing of 116 nucleotides within
exon 6 (that can therefore be classified as a pseudointron)
(Figure 2(c)) [171].

Contrary to the Fibronectin IIICS-C5 and AchE-R pseu-
dointrons, the involvement in cancerogenesis of the vari-
ants deriving from the alternative splicing of the 116 nt
pseudointron is less characterized. Nonetheless, functional
studies have demonstrated that the protein translated from
mouse THPO-3 is not secreted efficiently [172–174]. These
results have suggested that THPO-3 might be implicated in
the fine regulation of THPO full-length levels and in the
modulation of several biological functions beyond throm-
bopoiesis. Interestingly, parallel studies have also shown an
altered expression pattern of the THPO-3, THPO-5, and
THPO-6 splicing variants in human carcinomas [175]. As a
result, these observations have led researchers to hypothesize
that alterations in alternative splicing of the 116 nt-THPO
pseudointron might be employed as biomarker of tumor
formation or progression [170].

In conclusion, although currently there are few examples
of pseudointron removal, at least three of these events have
been associated with different levels of cancerogenesis, rang-
ing from transformation to cancer progression. Therefore, it
is advisable that future high throughput screening analysis
should be able to better associate the alternative splicing
process of these pseudointrons with tumoral events. In
particular, with regard to their use as possible biomarkers of
transformation or of cancer staging/grading.

5. Therapeutic Outlooks

Regarding therapies, it is likely that all this information on
the importance of alternative splicing for tumor development
and progression may soon become extremely important for
the development of novel therapeutic effectors in the fight
against cancer [176, 177]. Indeed, one of the reasons why these
defects are particularly interesting is the opportunity they
provide for RNA therapies and the chance to actually make
the jump from the bench to the bedside.

Currently, the field of RNA therapy is rapidly growing
especially in the inhibition of undesirable splice site choices
by the use of antisense oligos [178–180]. This technique,
pioneered by Dominski and Kole [181], is based on the use
of suitably modified antisense oligonucleotides that target
specific sequences within introns and exons and block the

recognition by their cellular binding factors. Therefore, they
are ideally suited to block unwanted splice sites that may
become activated following their creation or activation. It is
interesting that the role of using antisense strategies to reg-
ulate exon inclusion also occurs in physiological conditions.
An example of this is snoRNA HBII-52 in the regulation of
exon Vb inclusion in the serotonin receptor 2C [182].

To thismoment, a few pilot studies aimed at inhibiting the
inclusion of a pseudoexon in patient cell lines have already
been reported. In particular, antisense oligonucleotides have
been used to target newly created 5 or 3 splice sites
deep within intronic regions of the NF1 gene to restore the
normal splicing profile [91, 92]. Similar approaches have
also been successfully used to target deep intronic muta-
tions causing pseudoexon activation within BRCA2 intron
12 (c.6937+594T>G) [88], ATM intron 11 (c.1236−405C>T)
[82], and ATM IVS19 (c.2639−384A>G) [79].

Recent advances in antisense-mediated exon skipping for
DMD suggest that not only the splice sites but also exonic
splicing enhancer sites or branch points might represent
potential targets for inducing pseudoexon skipping [183,
184], and that the action of ASOs might be potentiated by
coadministration of drugs, as shown for Duchenne muscular
dystrophy [185].

An intriguing variation on the theme of the antisense
oligonucleotides, successfully tested for inhibiting the 5
splice site of Bcl-XL, might consist in the use of tailed
oligonucleotides containing a portion annealing to sequences
immediately upstream of the target donor splice site joined
to a nonhybridizing 5 tail that includes binding sites for the
hnRNP A1/A2 proteins [186].

In spite of being prominent, antisense technologies are
not the only possibility available for targeting these aberrant
splicing events. An alternative to antisense usage is the
development of siRNA molecules capable of targeting the
newly created system. In this manner, only the mRNAs
containing the pseudoexon might be selectively degraded
leaving any residual normal mRNA to be properly processed
[187].The disadvantage of simply degrading the pseudoexon-
bearing transcript (rather than acting on the splicing event
itself) is that everything depends on the level of pseudoexon
inclusion (less than 100%) and on the status of the other allele
(i.e., whether it is normally expressed or not).

Finally, small molecule compounds might be also con-
sidered as possible therapeutic options in order to prevent
the recognition of pseudoexons or modulate the recognition
of pseudointrons. For example, it has been shown that
sodium butyrate, an histone deacetylase inhibitor known
to upregulate the expression of Htra2-beta1 and SC35, pro-
motes skipping of the pseudoexon activated by the CFTR
3849+10kbC>T mutation and can restore functional CFTR
channels [188]. In addition, the splicing of different NF1
skipped exons as a result of mutations in cis-acting sequences
has been restored with administration of the small molecule
kinetin [189].

More recently, a growing body of research indicates that
TALE nucleases (TALENs) have been used with great success
in a number of organisms to generate site-specific DNA
variations [190]. As a result, this approach is another good
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candidate for an innovative therapeutic anticancer strategy
for correction of deep intronic mutations that create novel
splice sites.

Of course, crossing the difficult gap between the bench
to the bedside will not be immediate even in the presence
of highly efficient therapeutic molecules, whether antisense
oligos, siRNAs, or others. Indeed, before any of these can
be used in humans to treat cancer, several additional factors
need to be considered. First of all, there is the development
of an efficient and safe carrier system to deliver these
compounds into the human body. Secondly, these systems
will need to be optimized in order to achieve the best balance
between successful delivery, intrinsic toxicity (if any), and
avoidance of undesired immune responses (in the case of
antisense oligos). Finally, even when all these achievements
are met, there will still be the need to optimize recurrent-
administration protocols to determine the uptake levels,
clearance, and accumulation in various tissues (this is an
often overlooked, since none of these methods will cause
permanent correction of mRNA splicing defects).

Nonetheless, the first results of this exciting news strategy
are available, and there is the distinct possibility that RNA-
based treatment of cancer may soon enter the application
stage.
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It is widely accepted that tumorigenesis is a multistep process characterized by the sequential accumulation of genetic alterations.
However, the molecular basis of genomic instability in cancer is still partially understood. The observation that hereditary cancers
are often characterized by mutations in DNA repair and checkpoint genes suggests that accumulation of DNA damage is a major
contributor to the oncogenic transformation. It is therefore of great interest to identify all the cellular pathways that contribute to
the response to DNA damage. Recently, RNA processing has emerged as a novel pathway that may contribute to themaintenance of
genome stability. In this review, we illustrate several differentmechanisms throughwhich pre-mRNA splicing and genomic stability
can influence each other. We specifically focus on the role of splicing factors in the DNA damage response and describe how, in
turn, activation of the DDR can influence the activity of splicing factors.

1. Overview of the DNA Damage Response

Genomic instability is one of the most common characteris-
tics of tumor cells and is probably due to the combined effect
of DNA damage, tumor-specific DNA repair defects, and a
failure to arrest the cell cycle before the damaged DNA is
passed on to daughter cells. Genomic instability is recognized
as a characteristic of most solid tumors and adult-onset
leukaemias and is manifested as alterations in chromosome
number and structure (chromosomal instability) and as
changes to the structure of DNA, such as nucleotide substitu-
tions, insertions, and deletions. Tomaintain genomic stability
and to counteract DNA damage, cells have evolved a complex
cellular response, called DNA damage response (DDR),
which is coordinated by the DNA damage checkpoints [1, 2].

Somatic mutations in DDR genes have been found in
several cancer types [3]. Indeed, on one hand, inactivation
of the DDR favors the accumulation of mutations in proto-
oncogenes increasing the risk of tumor development. On the
other, since the anticancer activity of most chemotherapeutic
drugs relies on the induction of DNA damage, alterations in
the DDR also affect the tumor’s sensitivity to chemotherapy
[4].

Conceptually themolecules that orchestrate the DDR can
be functionally organized in sensors, mediators, transducers

and effectors. Recognition of DNA damage is the first step in
the activation of the signaling cascade that controls the DNA
damage checkpoints. DNA lesions are recognized by various
sensor proteins: the MRN (MRE11-RAD50-NBS1) complex
that signals double-strand DNA breaks (DBSs), and by RPA
that binds single-strand DNA at sites of DNA damage. Sub-
sequently, recruitment and activation of the highly conserved
apical DDR kinases ataxia-telangiectasia mutated (ATM)
and ataxia-telangiectasia and RAD3-related (ATR) occur. In
both yeast and mammals Tel1/ATM recognizes DSBs, while
Mec1/ATR is activated in the presence of long single-stranded
DNA tracts. Once activated, ATR and ATM transduce the
DDR signal by promoting the phosphorylation/activation of
downstream kinases, such as CHK1 and CHK2, which in
turn regulate downstream checkpoint effectors. Checkpoint
activation elicits a multifaceted cellular response that coor-
dinates cell cycle progression with DNA repair activity, thus
allowing cells to block the cell cycle until the damage is
repaired. In addition, ATM phosphorylates the histone 2A
variant 𝛾H2AX that marks chromatin regions flanking DSBs.
These phosphorylation events promote the recruitment of
several mediator proteins that facilitate ATM/ATR signaling
(see [5]).

Recently, a novel layer of complexity in the cellular
response to DNA damage has emerged with the involvement
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of RNA metabolism. A first link between mRNA biogenesis
and genome stability has been provided by the observation
that transcription is inhibited in response to DNA damage,
both generally and locally at DNA damage sites [6, 7].
Changes in the pre-mRNA splicing pattern of crucial genes
in the DDR have long been observed (for review see [8]), and
splicing factors have been observed to change their intracel-
lular distribution following genotoxic damage. Finally, DNA
damage is known to affectmRNA stability both positively and
negatively (for review see [9]). This review is focused on the
interplay betweenAS andDDR.We initially discuss how acti-
vation of theDDR signaling cascade can influence the activity
of splicing factors and how this can affect cell fate. Then, we
examine how, in turn, alternative splicing factors can con-
tribute to the DDR. Finally, we will discuss how alternative
splicing regulators can represent novel targets for cancer
therapies.

2. How DDR Can Affect Alternative
Pre-mRNA Splicing (AS)

In recent years several reports have uncovered how DNA
damage can induce splicing changes that give rise to mRNA
variants encoding different protein isoforms with the poten-
tial to affect the cellular response and the cell fate. A first
indication that the DDR can alter AS came from the obser-
vation that Drosophila S2 cells treated with camptothecin,
a topoisomerase I inhibitor that leads to replication forks
arrest, or exposed to ionizing radiation (IR) express specific
alternative splicing variants of the transcription factor TAF1
that was shown to control the G2/M transition [10]. Alter-
native splicing of TAF1 in response to DNA damage was
shown to depend on ATM/CHK2 and ATR/CHK1 signaling
and to induce degradation of the splicing factor Tra2 [10, 11].
Another example is provided by the effect of UV irradia-
tion and cisplatin on the splicing of MDM2 and MDM4
transcripts [12]. The MDM2 gene encodes an E3 ubiquitin
ligase that targets p53 for proteasome-mediated degradation.
MDM2 expression is positively controlled by p53 at the
transcription level, generating a feedback loop. The proteins
encoded by the mRNA variants induced by DNA damage
lack the p53 interaction domain so that they may favor p53
activation [12]. A detailed description of the regulation of the
alternative splicing of the MDM2 transcript in response to
various genotoxic treatments can be found in [8].

How genotoxic stress can influence the activity of the
splicing machinery is to date largely unknown. Two major
mechanisms are known to control the activity of splicing fac-
tors in response to external and internal stimuli: (i) changes
in expression level and (ii) posttranslational modifications.
In addition, it has emerged in recent years that pre-mRNA
splicing occurs largely cotranscriptionally and that also the
processivity of RNA polymerase II (RNAPII) can influence
the recognition of alternative exons ([13, 14], Figure 1).

2.1. The Expression Level of Splicing Factors Changes in
Response to DNA Damage. The simplest way by which DNA
damage can affect the splicing machinery is by modifying

the expression level of specific splicing factors. SR proteins
and hnRNP proteins were the first splicing factors identi-
fied [15, 16]. These proteins are components of the basal
splicing machinery. However, since their concentration can
influence splice site selection, they contribute to alternative
splicing. Indeed, deregulation of several members of the SR
protein and hnRNP families of splicing regulators has been
observed following various genotoxic treatments [17, 18]. One
additional recent example is provided by the upregulation of
SC35 by E2F1, a transcription factor that has a key function
during S phase progression and apoptosis in response to
DNA-damaging agents [19].

2.2. Posttranslational Modification of Splicing Factors. As
mentioned above the presence of phosphorylated 𝛾H2AX is
a hallmark of sites of DSBs. However, phosphorylation of
H2AX is only the tip of the iceberg: a host of posttranslational
modifications of both the histones and components of the
DDRmachinery have been reported at sites of DNA damage,
including acetylation, ubiquitination and SUMOylation, and
arginine methylation (for review see [20]). These modifica-
tions play a central role in coordinating cell cycle progression
and DNA repair [21]. Therefore, it is not surprising that acti-
vation of the damage signaling cascade can lead to the post-
translational modification of splicing factors that can mod-
ify their intracellular localization and/or activity. Here, we
will discuss examples of posttranslational modifications of
splicing regulatory proteins in response to DNA damage that
have recently been reported.

2.2.1. Phosphorylation. The activity and the intracellular
distribution of the serine/arginine (SR) proteins are tightly
regulated by phosphorylation. SR proteins are RNA-binding
proteins that are characterized by at least one domain
enriched in RS dipeptides.This region, often located at the C-
terminus of the protein, is termedRS domain and is subjected
to reversible phosphorylation. The assembly of the splicing
complex and the catalysis of the splicing reaction require
dephosphorylation/phosphorylation cycles. While phospho-
rylated SR proteins favor spliceosome assembly, intron
removal is associated with dephosphorylation of SR proteins.
After splicing, a subset of SR proteins remains associated with
the mature mRNA and is exported to the cytoplasm. Here,
their reimport into the nucleus requires phosphorylation by
SRPK1 and SRPK2, two SR protein kinases that are predo-
minantly localized in the cytoplasm. It was recently shown
that genotoxic stress can induce the phosphorylation and
the relocalization of these kinases to the nucleus where they
in turn hyperphosphorylate SR proteins leading to changes in
pre-mRNA splicing [22, 23]. Moreover, chronic replication-
dependent DNA damage was shown to induce the hyper-
phosphorylation of ASF/SF2 (SRSF1) [24].

Several studies underline the importance for catalysis of
dephosphorylation within the assembled spliceosome [25–
27]. Interestingly, the protein phosphatase PPM1G, which
promotes pre-mRNA splicing, is phosphorylated in response
toDNAdamage and is rapidly recruited toDNAdamage sites
[28].
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Figure 1: How the DDR can affect alternative splicing.The activation of the DDR can modify alternative splicing by affecting the expression,
or by inducing posttranslational modifications of splicing factors (SFs), that may alter their intracellular localization and/or their activity.
Moreover, also the elongation activity of RNA polymerase II (RNAPII) can be influenced by genotoxic stress, modifying in turn pre-mRNA
splicing.

2.2.2. Acetylation. The first evidence of the role of lysine
acetylation in the DDR came with the observation that over-
expression of a dominant-negative allele of the acetyltrans-
ferase TIP60 reduced the efficiency of DSB repair [29]. Now,
we know several TIP60 targets among crucial DDR factors,
including H2AX, H4, and ATM [30]. A recent quanti-
tative mass spectrometry analysis revealed that splicing
factors, including SR proteins and hnRNPs, have numer-
ous acetylation sites [31], often located within their RNA-
binding domain. Since acetylation of lysine neutralizes the
positive charge of the amino acid, this reversible modi-
fication could contribute to the regulation of their activ-
ity in splicing. Consistent with this report, Edmond and
colleagues recently identified the SR protein ASF/SF2 as
a novel substrate of TIP60 acetyltransferase activity in
response to genotoxic treatments [23]. In the case of
ASF/SF2, however, acetylation does not influence the splicing
activity but rather controls its protein turnover by pro-
moting degradation. Although these observations clearly
demonstrate that acetylation can contribute to the regu-
lation of the DDR, a recent genome-wide characteriza-
tion of the DDR-regulated acetylome revealed a rather
weak overall increase in site-specific acetylation compared
to phosphorylation suggesting that acetylation may be a
more selective/subtle modification [28].

2.2.3. Ubiquitination/SUMOylation. In addition to targeting
proteins to proteasome-mediated degradation, ubiquitina-
tion has emerged as an important regulatory signal that func-
tions in many cellular processes. Ubiquitination involves the
covalent attachment of a 76 amino acid ubiquitin chain to a
lysine of the modified protein by an E3 ubiquitin ligase. Mul-
tiple lysines can be ubiquitinated in the target protein, and
following addition of the first ubiquitin additional ubiquitin
molecules can be added, yielding a polyubiquitin chain.

Many different E3 ubiquitin ligases participate in the
DDR. For example, RNF2 catalyzes the monoubiquitination
of H2AX contributing to ATM recruitment [32, 33], while
depletion of RNF4 impairs RAP80, BRCA1, and RAD51
recruitment to sites of DNA damage [34–36].

Indirect evidence suggests that ubiquitination of splicing
factors may also be involved in the DDR. Ubiquitin regulates
spliceosome assembly [37]. Moreover, the essential yeast
splicing factor Prp19 and its human ortholog have E3 ligase
activity in vitro [38]. A role of PRP19 in the mammalian DDR
first emerged with the report that it was strongly upregulated
by DNA damage in human cells and that its depletion by
siRNA resulted in an accumulation of DSBs and apoptosis
and reduced survival after exposure to ionizing radiation
[39]. Prp19 is part of a large complex that contains >30
proteins [40]. PRP19/Pso4 itself is modified by ubiquitination
in response toDNAdamage, and thismodification reduces its
affinity for other members of the Pso4 complex [41].

Besides ubiquitin, vertebrate cells encode several other
ubiquitin-like proteins that are structurally related to ubiq-
uitin. The best characterized one is small ubiquitin modi-
fier (SUMO). Similar to ubiquitination, SUMOylation is a
reversible posttranslational modification that plays a crucial
role in the control of theDDR and inDNA repair pathways by
modulating protein:protein interactions (for review see [42]).

ASF/SF2, the best characterizedmember of the SRprotein
family of splicing factors, can act as a cofactor stimulating
SUMO conjugation by the SUMO E2 conjugating enzyme
Ubc9 [43]. ASF/SF2 also interacts with PIAS1 and regulates
its SUMO E3 ligase activity in response to DNA damage [43].

HnRNPK, as several other hnRNPs, is SUMOylated [44].
HnRNP K is a multifunctional protein involved in many
steps of mRNA biogenesis [45]. Various genotoxic treatments
stimulate SUMOylation of hnRNP K by the Polycomb E3
ligase Pc2 that in turn is activated by DNA damage via
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phosphorylation byHIPK2kinase [46].HnRNPKcooperates
with p53 in the transcriptional activation of cell cycle arrest
genes such as 14-3-3𝜎, GADD45, and p21 in response to DNA
damage [47], and its SUMOylation stimulates p53 transcrip-
tional activity [46].

2.3. Transcriptional Effects on AS. Many chemotherapeutic
drugs are potent inducers of DNA damage that interferes
with transcription. Platinum derivatives such as cisplatin and
carboplatin induce DNA adducts and intra- and interstrands
cross-links between purine bases. Platinated adducts distort
the DNA helix impairing replication and transcription elon-
gation, which in turn can lead to the formation of DSBs [48].
Camptothecin (CPT) is a topoisomerase I inhibitor that leads
to a block of transcription elongation and DNA replication.
Doxorubicin is an inhibitor of DNA topoisomerase II that
induces structural alterations in promoter DNA [49].

Although pre-mRNA splicing can occur independently of
transcription, many different studies have provided evidence
that AS, as other RNA processing events required for the
synthesis of the mature mRNA, is mostly cotranscriptional
(for review see [50]). Several RNA processing factors are
recruited on the C-terminal domain of RNAPII and are
deposited on the nascent pre-mRNA molecule during tran-
scription elongation.Moreover, AS is influenced by the rate of
transcription elongation; slowing down the polymerase may
favour the use of weak splice sites by delaying the synthesis
of downstream splice sites, thus facilitating the recognition
of suboptimal exons (for review see [51]). In the light of these
considerations it is not surprising that genotoxic treatments
have been reported to induce transcription-dependent splic-
ing alterations.

Recent studies have uncovered how the processivity of
RNAPII can influence the recognition of alternative exons
[52]. Muñoz and colleagues showed that DNA damage
induced by UV can directly modulate the activity of RNAPII
during transcript elongation thereby affecting the selection of
alternative exons [53]. The effect of UV and cisplatin treat-
ment on AS was initially characterized on the EDI alternative
cassette exon of the fibronectin gene. Both genotoxic treat-
ments despite eliciting quite different types of DNA damage
strongly stimulated the inclusion of the EDI exon.The effects
induced by UV were independent of p53 since they were
observed also in Hep3B cells that are considered to be p53
null. Moreover, they were not due to changes in the expres-
sion or intracellular localization of splicing factors known to
regulate this splicing event. Interestingly, however, both UV
and cisplatin induced the hyperphosphorylation of RNAPII’s
CTD leading to the inhibition of transcription elongation.
Therefore, in this case genotoxic damage affects the kinetic
coupling between transcription and splicing, thereby affect-
ing cotranscriptional AS. Interestingly, UVdoes not generally
affect the level of either gene expression or AS, but its effects
are restricted to a subset of responsive genes. In addition, the
effects on AS induced by DNA damage may depend on the
specific type of damage-inducing treatment. Indeed, when
doxorubicin was used in this same study it did not induce the
same splicing changes observed upon UV treatment [53].

Several splicing-sensitive microarray studies have exam-
ined the effect of CPT on cotranscriptional AS [54–56].
CPT appears to reduce RNA polymerase elongation rate
promoting predominantly exon inclusion [54, 55]. Interest-
ingly, many AS events leading to exon inclusion result in
the production of mRNAs containing premature stop codons
(PTCs) that will undergo nonsense-mediated decay. Gene
Ontology analysis of the functional categories associated
with the AS indicated that CPT treatment appeared to
affect transcription and splicing of RNA-binding proteins
[54, 55]. These observations suggest that this may represent
a mechanism that allows the cell to respond to genotoxic
damage by rapidly adjusting the level of RNA processing
factors to the level of transcription.

A specific example of AS event that is affected by DNA
damage is provided by theMDM2 gene. As mentioned previ-
ously, theMDM2gene produces several differentmRNAvari-
ants due to AS.The biological significance of these variants is
presently unknown since only few of them are translated into
proteins. The best characterized alternative MDM2 mRNA
isoform is the ALT1 transcript that lacks 8 of 12 exons
due to exon skipping. It has been reported that the ALT1
variant is upregulated by UV treatment [12, 57]. Dutertre
and colleagues demonstrated that production of ALT1 and
other variants due to exon skipping is regulated cotranscrip-
tionally [56]. Specifically, different genotoxic treatments such
as camptothecin, doxorubicin, and cisplatin induce MDM2
exon skipping by disrupting the interaction between EWS, a
transcriptional coregulator [58], and the splicing factor YB-
1 [56]. These results suggest that DNA damage may interfere
with the coupling between transcription and splicing leading
to the production of alternative or aberrant mRNA variants.

Recent work that examined the response to IR using
exon sensitive microarrays in lymphoblastoid cells and in
fibroblasts confirms the genome-wide effects on transcription
and splicing induced by genotoxic stress. Exon-level analysis
revealed a general increase in internal exon skipping in
response to radiation. The affected genes are involved in cell
cycle regulation, chromatin dynamics, p53 regulation, and
cell growth. In addition this study revealed an increase in
the use of alternative promoters. These promoters have p53
binding elements at or near the start site suggesting that the
protein isoforms encoded by these mRNA variants may have
an active role in regulating the response to IR [59].

Collectively, these reports suggest that genotoxic damage
can interfere with RNA polymerase II activity and may influ-
ence cotranscriptional AS by distinct mechanisms. However,
considering that the functional categories associated with the
affected genes are related to crucial cellular programs one can
speculate that these changes might be functionally relevant
for the response to DNA damage.

3. How AS Can Affect the DDR

Regulation of AS depends, on one hand, on the presence
of specific sequence elements in the pre-mRNA and, on the
other hand, on trans-acting protein factors. In this section
we first report the most recent findings on how mutations in
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Figure 2: Alternative splicing alterations can activate the DDR. Mutations in splicing regulatory signals can inactivate the function of genes
directly involved in the DDR, resulting in the accumulation of DNA damage. However, also the inactivation of canonical splicing factors
can have similar effects, either by inducing aberrant splicing of DDR genes or by perturbing cotranscriptional splicing and inducing R-loop
formation. However, it cannot be ruled out that AS- and RNA-binding proteins may play novel roles in the DDR and the control of genome
stability.

genes involved in the DDR affect splicing of the transcript
thereby altering protein function. Then, we review how
alteration of the expression of splicing factors can contribute
to genomic instability and cancer (Figure 2).

3.1. Mutations in Genes Involved in the DDR Can Disrupt
Pre-mRNA Splicing. The splicing machinery assembles on
conserved sequence elements that define the intron-exon
junctions, the so-called splice sites, and on the branch point
sequence (BPS), a poorly conserved sequence located near
the 3 end of the intron. In addition to these core splicing
signals, splicing is influenced by other regulatory elements
[60]. These elements are conventionally classified as exonic
splicing enhancers (ESEs) or silencers (ESSs) depending
whether they function to promote or inhibit inclusion of the
exon they reside in and as intronic splicing enhancers (ISEs)
or silencers (ISSs) if they enhance or inhibit usage of adjacent
splice sites or exons from an intronic location. These regula-
tory elements function by recruiting factors that activate or
inhibit splice site recognition or spliceosome assembly.

Considering that about the 95% of our genes produce at
least two isoforms [61] there is a high probability that muta-
tions affecting these cis-acting elements could induce aber-
rant splicing with deleterious consequences. Accordingly,
it has widely been suggested that most of the unclassified
mutations (missense or silent) could affect splicing [62–65].
Furthermore, synonymous mutations, that do not change
the protein sequence and therefore have traditionally been
considered innocuous polymorphisms, could induce splicing
aberrations by modifying splice sites (either canonical or
cryptic) or splicing regulatory sequences [63, 64]. Splicing
affecting mutations could lead to transcript instability by
nonsense mediate decay (NMD) or to the synthesis of
truncated or dysfunctional protein products. Despite their
potential functional relevance, characterization of splicing-
affectingmutations, in general, and inDDR genes, in particu-
lar, is not extensive. This may be in part due to historical rea-
sons and also to technical issues related to the experimental

validation of the functional consequences of a specific muta-
tion. Hereafter, we describe examples of these types of muta-
tions affecting critical genes in the DDR (see also Table 1).
First, we will discuss mutations in the well-characterized
BRCA1 and BRCA2 genes. Second, we will describe an
example of intronic mutation affecting AS of the ATM gene.
Then, we will illustrate how different AS isoforms of key DDR
regulator can have different functions. Finally, we will review
how the loss of splicing factors can cause DNA damage.

3.1.1. BRCA1 and BRCA2: The Reclassification Issue. BRCA1
(OMIM 113705) and BRCA2 (OMIM 600185), the two most
important breast cancer susceptibility genes [87], are key
players in DDR. They are involved in homologous recombi-
nation (HR) and DNA repair (or review see [1]).

More than 3500 mutations have been reported that
affect the BRCA1/2 genes, about one-third of which are
unclassified variants (UVs) (Breast Cancer Information Core
Database (BIC), French UMD-BRCA1/2 mutation database:
http://www.umd.be/BRCA2/, http://www.umd.be/BRCA1/)
that may induce aberrant splicing. In 1998 Mazoyer et al.
described a missense mutation within the exon 18 of the
BRCA1 gene, which leads to exon skipping and consequently
to the disruption of the BRCT domain, producing a non-
functional protein [62]. Using an in vitro splicing system
Liu and colleagues subsequently showed that exon skipping
resulted from the disruption of a splicing enhancer in exon
18 [88]. Subsequently, Fackenthal et al. detected a missense
mutation in BRCA2 affecting an ESE that caused the skipping
of exon 18 and the out-of-frame fusion of exons 17 and 19
[68]. Later on, several other mutations that affect splicing
were described in BRCA1 and BRCA2 contributing to a better
understanding of the mechanism underlying the role of these
proteins in tumorigenesis [65, 66]. More recently, Gaildrat
et al. used a BRCA2 minigene reporter system to study the
effect of predicted splice-site mutation and some unclassified
mutations occurring at a distance from the splicing sites.
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Table 1: List of DDR-related genes found to be aberrantly spliced in several cancer types.

Gene Function Cancer References

BRCA1
An E3 ubiquitin ligase contained in several cellular
complexes, involved in DNA repair, genome stability
maintenance, and cell cycle checkpoint control.

Breast and ovarian cancer [62, 64–67]

BRCA2 Involved in HR, it associates with RAD51 Breast and ovarian cancer
Familial pancreatic cancer [64, 67–70]

ATM Apical kinase of DDR response,
mainly involved in HR

Ataxia-telangiectasia∗
Hereditary breast and ovarian cancer
Mantle cell lymphoma
Colon tumor derived cell lines
Leukemia-lymphoma-derived cell lines

[71–74]

MRE11 Component of DNA damage sensor complex MRN
Mismatch repair deficient colorectal cancer
Leukemia-lymphoma and colorectal
cancer-derived cell lines

[73, 75]

ATR Apical kinase of DDR response, mainly involved in HR
Seckel syndrome∗
Hodgkin’s lymphoma
Breast and ovarian cancer

[76–79]

XPA Nucleotide excision repair Xeroderma pigmentosum∗ [80]

DNAPK Apical kinase of DDR response, mainly involved in
NHEJ Xeroderma pigmentosum∗ [81]

MSH2 and MLH1 Mismatch repair Hereditary nonpolyposis colorectal cancer [82–84]

CHEK2 DNA damage checkpoint kinase Breast cancer
Li-Fraumeni syndrome [85, 86]

HR: homologous recombination; NHEJ: nonhomologous end joining. ∗ataxia-telangiectasia, xeroderma pigmentosum, and Seckel syndrome were included
because they display strong predisposition to malignancies.

The study identified a group of mutations that induced the
aberrant splicing of exon 7 [69].

In recent years, several groups have proposed a combined
approach to study the potential effects of BRCA1/2 genetic
variants on splicing efficiency [64, 67]. These strategies
exploit splicing prediction programs to detect potential
splicing alterations followed by functional assays to analyze
BRCA1/2 unclassified mutations. Using this approach Sanz
and colleagues identified 57 putative splicing-affecting muta-
tions. However, an effect on splicing could be confirmed by
functional analysis only for half of the tested mutations [64].
This low rate of correlation could be explained by the high
false positive outputs of the algorithmpredicting ESE andESS
mutations. Therefore, the results of this study and of other
similar reports underlie the importance of a functional val-
idation of bioinformatic predictions [64, 67]. Nevertheless,
these studies support the reclassification of many UVs as
splicing affecting mutations.

3.1.2. ATM: The Intronic Case. The ataxia-telangiectasia
mutated (ATM) (OMIM 607585) gene, a key player in the
DDR, is mutated in the autosomal recessive disorder ataxia-
telangiectasia (AT, OMIN number 208900). The gene was
identified in 1995 by positional cloning; it encodes 66 exons
spanning ∼160 kb of genomic DNA [89]. It soon became clear
that a significant proportion of the known mutations in the
ATMgene causes splicing defects [89–91]. Here, we will focus
our attention on a specific aberrant splicing event that illus-
trates an additional layer of complexity in splicing regulation.

The aberrant inclusion of a pseudoexon of 65 nt located
in intron 20 (termed here exon 20A) was reported more
than 10 years ago in a patient affected by AT [92]. The
inclusion of exon 20A was associated with a deletion of four
nucleotides (GTAA) in intron 20. The authors identified a
novel regulatory element within intron 20, termed “intron-
splicing processing element” (ISPE), which acts as an intronic
silencer of a cryptic 3 splice site [93–95]. The ISPE is
recognized by theU1 snRNP, a core component of the splicing
apparatus that normally binds the 5 splice site. Sequestration
of U1snRNP by the ISPE prevents inclusion of exon 20A.
However, in the AT patient the four nucleotides deletion
impairs U1 snRNP binding to the regulatory element, causing
the inclusion of the cryptic exon [94].

3.2. Same Gene, Two Isoforms with Quite Different Functions.
Cyclin D1 was first characterized as a cell cycle regulator.
Cyclin D1 associates with CDK4/6 promoting the phospho-
rylation of Rb; this last event leads to the derepression of
E2F, a transcription factor that controls the expression of
DNA replication genes, allowing cell cycle progression (for
review see [96]). In addition, cyclin D1 has a transcriptional
regulatory activity that is independent of its association with
CDK4/6 [96].

Two AS variants of cyclin D1 have been described, called
D1a and D1b [97]. The respective protein isoforms display
different intracellular localization: whileD1a shuttles between
the nucleus and the cytoplasm, D1b is constitutively nuclear
[98]. Both transcript variants are expressed in normal tissues
but D1b often appears upregulated in several forms of cancer,
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including breast cancer [99, 100]. The oncogenic properties
of D1b isoform have been extensively described [98, 101].
Instead, cyclin D1a has directly been related to the DDR
[102]. Recruitment of cyclin D1a, but not of D1b, to chromatin
is sufficient to activate the DDR promoting H2AX phos-
phorylation. Moreover, after genotoxic stress D1a enhances
the recruitment of repair factors contributing to checkpoint
activation and G2/M arrest [102]. A recent report by Myk-
lebust and colleagues identifies high expression of cyclin
D1a protein as a positive predictive factor for the benefit of
adjuvant chemotherapy with levamisole and 5-fluorouracil
(5-FU), which leads to replication stress, due to the depletion
of the intracellular deoxythymidine triphosphate (dTTP)
pool in colorectal cancer [103]. This last report underlies the
importance to link expression patterns of splicing isoforms
with therapeutic approaches.

Two recent reports show that the splicing factors Sam68
and ASF/SF2 regulate cyclin D1 splicing favoring the D1b
isoform [104, 105]. In addition, transcriptional regulation
also affects the cyclin D1a/D1b ratio. Sanchez and colleagues
reported that the EWS-FL11 fusion protein, a well charac-
terized transcription factor, is able to favor the expression
of the D1b isoform by decreasing the rate of polymerase
II elongation [106]. Additionally, a polymorphism at the
3 splice site of intron 4 may influence splice site choice
favoring the production of the D1b isoform [97]. All these
mechanisms show that alternative splicing of cyclin D1 is
under a tight control making it a very interesting target for
the development of new therapeutic strategies.

Another quite interesting example of AS variants was
recently described by Pabla and colleagues [107]. CHK1-S is a
novel splice variant of CHK1, which functions as endogenous
regulator of CHK1 in both physiological conditions and after
DNA damage. The authors demonstrated that in normal
conditionsCHK1-S is able to interact withCHK1 inhibiting its
activity and promoting the S to G2/M transition. Upon DDR
activation, CHK1 becomes phosphorylated and the CHK1-
S/CHK1 interaction is disrupted, so that CHK1 can induce cell
cycle arrest facilitating DNA repair. Interestingly, the authors
reported a deregulated expression of CHK1-S in testicular
and ovarian cancer. How the CHK1-S expression is regulated
remains to be explored.

3.3. Loss of Splicing Factors and Genomic Instability. A
growing body of evidence suggests that the depletion of
splicing factors may induce genomic instability. It is by now
well established that transcription and RNA processing are
tightly coupled processes [13, 14]. This, on one hand, favors
accurate and efficient mRNA processing, and on one hand,
protects the genome from the likely disastrous effects of
the nascent transcripts themselves [108]. Accordingly, in S.
cerevisiae, when genes involved in mRNA processing are
mutated, defects occur in the packaging of nascent mRNAs
[109]; as a result the nascent pre-mRNA hybridizes with the
transcribed strand generating an RNA-DNA duplex, known
as R-loop, causing genomic instability. Analogous effects
have been observed in chicken DT40 cells upon silencing
of the splicing factor ASF/SF2 [108, 110]. Similarly, in mouse

embryonic fibroblasts, loss of SC35 (SFSR2) resulted in G2/M
cell-cycle arrest and genomic instability [111]. Indeed, not
only the siRNA-mediated silencing of splicing factors but also
the genetic depletion of a transcriptional coactivator, such as
SKIIP, besides affecting splicing, induced genomic instability
[112]. Interestingly, overexpression of RNAseH,which cleaves
the RNA molecule in a RNA-DNA hybrid, reduced the for-
mation of H2AX foci [112]. Although the precise mechanism
through which the formation of R-loops results in genomic
instability is still unclear, these structures have recently been
demonstrated to impair the replication fork progression [113].

Finally, in the last few years numerousmutations affecting
components of the splicing machinery have been reported
in several types of cancer [114–119]. The functional con-
sequences of these mutations, and how they contribute to
tumorigenesis not fully understood. However considering
the genotoxic consequences of splicing factor depletion,
discussed previously, it is possible that at least some of these
mutations may result in the functional inactivation of the
splicing factors thus affecting genomic stability.

3.4. Splicing-Related Proteins as Novel Factors in the DDR.
The results of several recent genome-wide studies strongly
suggest an overlap between the pathways leading to mRNA
biogenesis and the cellular response to DNA damage. Some
years ago, Matsuoka and colleagues performed a large-scale
proteomic analysis that identified more than 700 proteins
phosphorylated by ATM and ATR in response to DNA dam-
age. Interestingly, RNA processing was among the enriched
GeneOntology categories that had not been previously linked
to the DDR [120]. The involvement of RNA maturation in
the cellular response to DNA damage has been subsequently
supported by various siRNA-based screens to identify genes
involved inDNAdamage sensitivity and genome stabilization
[112, 121]. In particular, two genome-wide shRNA screens
identified the Ewing sarcoma (EWS) protein, amember of the
TET (TLS/EWS/TAF15) family of RNA- and DNA-binding
proteins, as necessary for resistance to camptothecin [122]
and IR [121]. Consistent with a role in the DDR, EWS knock-
out mice show hypersensitivity to ionizing radiation [123].
Recently, Paronetto et al. showed that the Ewing sarcoma
(EWS) protein, a member of the TET (TLS/EWS/TAF15)
family of RNA- and DNA-binding proteins, regulates AS in
response to DNA damage [124].

Using a similar approach to identify novel genes con-
tributing to telomeres protection Lackner and colleagues
observed that silencing of several splicing-related genes
(including SKIIP and SF3A1) induced a general activation
of the DDR, possibly because of R-loop formation while
having aweak effect on telomere stability [125].More recently,
RBMX, an hnRNP that associates with the spliceosome and
influences alternative splicing [126], was found in a genome-
wide siRNA-based screen to detect regulators of homologous
recombination (HR) regulators. RBMX regulates HR in
a positive manner, accumulates at sites of DNA damage
in a poly(ADP-ribose) polymerase 1- (PARP1-) dependent
manner and promotes resistance to several DNA damaging
agents [127]. As discussed in Section 2.2, Beli and colleagues
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identified the protein phosphatase PPM1G, that regulates
spliceosome activity, using high resolution mass spectrome-
try combined with stable isotope labeling with amino acids
in cell culture (SILAC) to quantify regulated changes in
phosphorylation and acetylation induced by different DNA-
damaging agents [28]. In addition, they detected the phos-
phorylation of THRAP3, a protein involved in RNA process-
ing and stability [128, 129]. Interestingly, while many DDR
factors are recruited toH2AX foci, THRAP3 is excluded from
sites of DNA damage in a manner that parallels transcrip-
tion inhibition. Two THRAP3-binding proteins BCLAF1
and PNN [130], that have also been implicated in mRNA
metabolism, behaved in a similar manner suggesting that
they are part of a novel protein complex, whichmay link RNA
splicing to the DDR. A comprehensive review, that appeared
while this paper was under revision, describes in detail some
of these novel RNA-binding proteins involved in DDR [9].

4. Summary and Future Perspectives

Genomic instability is a hallmark of cancer cells, and the
understanding of the mechanisms able to limit or counteract
it can positively impact on the therapy of tumors. Genome-
wide approaches have revealed that genes involved in RNA
processing are often deregulated in response to genotoxic
treatments. Since many chemotherapeutic compounds are
DNA-damaging agents, AS can be an important determinant
of how tumor cells respond to therapy.

Pre-mRNA splicing is a crucial step in the control of gene
expression. The activity of splicing factors must therefore
be tightly regulated since both their depletion and their
upregulation can have harmful consequences. On one hand,
deregulation of splicing factors may affect AS leading to the
generation of cancer driving transcripts [131, 132]. On the
other hand, depletion of splicing factors may induce aberrant
splicing of critical DDR effectors altering indirectly the
cellular response to DNA damage [133]. Moreover, splicing
factors’ depletion may slow down intron removal favoring
the formation of DNA/RNA hybrid thereby leading to the
collapse of replication forks and to the generation of DSBs
[108, 112, 113]. Finally, the activation of the DDR can promote
the posttranslational modification of splicing factors altering
their intracellular localization and/or their activity [22, 23,
41, 46, 134]. Although some aspects of the relationship
between DDR and mRNA processing have been clarified,
certain observations are still to be explained. Why are some
splicing factors recruited to sites of DNA damage? What
are their functions there? Moreover, when splicing changes
are considered, a causal link between splicing alteration and
disease occurrence can only be established if the stability of
the mRNA variant and the function of the encoded protein
have been determined. Finally, the possibility should be
considered that an involvement of splicing factors in the
DDR may not necessarily imply an involvement of splicing
regulation in the DDR but may reflect other functions of
these proteins. Nevertheless, considering that AS plays a
major role in the regulation of the apoptotic response (see
C. Sette’s review in this issue) and that AS variants have

been demonstrated to regulate chemoresistance [103], it is
reasonable that splicing modulation has been proposed as an
appealing therapeutic target [135, 136]. Strategies tomodulate
AS by antisense oligonucleotides are already in advanced
clinical trial phases for some neuromuscular disorders, such
as Duchennemuscular dystrophy or spinalmuscular atrophy,
and oligonucleotides are being developed to target specific
mRNA variants to enhance the efficacy of conventional
chemotherapy [137]. In addition, in recent years several
bacterial compounds, and other small molecules have been
identified that target spliceosomal components [138]. Inter-
estingly, some of these compounds display strong cytostatic
effects and significant antitumor activity in animal models.
Further understanding of how AS regulation and the DDR
are interconnected and linked to different signal transduction
pathways should help us to better understand tumor pro-
gression and provide a basis for innovative splicing-targeted
cancer therapies.
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The vast majority of human genes are alternatively spliced. Not surprisingly, aberrant alternative splicing is increasingly linked to
cancer. Splice isoforms often encode proteins that have distinct and even antagonistic properties.The abnormal expression of splice
factors and splice factor kinases in cancer changes the alternative splicing of critically important pre-mRNAs. Aberrant alternative
splicing should be added to the growing list of cancer hallmarks.

1. The Growing List of Cancer Hallmarks

In the year 2000, Doug Hanahan and Bob Weinberg pub-
lished a paper in which they suggested that all cancers
share six common features, or hallmarks [1]. They were
self-sufficiency in relation to growth signals; insensitivity to
growth inhibitory signals; limitless replicative potential; the
ability to evade apoptosis; the ability to sustain angiogenesis;
and lastly, the ability to invade tissues and metastasize.
These hallmarks provided a useful framework with which
to conceptualise cancer. The paper has been cited several
thousands of times as a result. Despite the benefit of the six
hallmarks concept, it became clear that other processes in
cancer are also consistently altered. This led Hanahan and
Weinberg to publish a follow-up review in 2011 in which
they extended the cancer hallmarks to a list of ten. The
four new hallmarks were the ability to evade the immune
system, the presence of inflammation, the tendency towards
genomic instability, and dysregulated metabolism [2]. The
latter hallmark resonates with an observation made in the
early 20th century by Otto Warburg, namely, that cancer
cells are characterised by abnormal respiration and unusually
high anaerobic metabolism [3].This was called the “Warburg
effect” and is generally thought to be linked to the fact that
tumour cells need to adapt to hypoxic environments [4–6].

It is undoubtedly useful to think of common processes
that apply to all cancers.The ten hallmarks suggest theoretical
frameworks for research and therapy. However, several addi-
tional hallmarks could be added to the list, and there is also a

significant amount of intersection between the ten hallmarks.
Specific cancer-associated genes can also be involved in more
than one hallmark. There is therefore a tension between the
need to think systematically about cancer and the reality that
cancer is a remarkably complex and heterogenous disease.

2. Dysregulated Alternative Splicing Is
Another Key Feature of Cancer

In cancer, genetic lesions arise in several forms including
chromosomal rearrangements, point mutations, and gene
amplifications. Genetic lesions often cause the activation of
a proto-oncogene or the inactivation of a tumour suppressor
gene. However, the very definition of oncogenes and tumour
suppressors is not necessarily straightforward. Several pro-
teins, in different contexts, can exhibit properties of both
oncogenes and tumour suppressors. A classical example is
the Wilms tumour suppressor geneWT1. TheWT1 gene was
discovered in the early 1990s due to its association with a
chromosome 11 deletion linked to WAGR syndrome (the
Wilms tumour, aniridia, genitourinary problems, andmental
retardation). Soon after its discovery,mouse knockout studies
confirmed its involvement in urogenital development, and it
was found to be inactivated in over 10% of Wilms tumours
(nephroblastoma) consistent with being a classic tumour
suppressor gene. However, over the years, it became apparent
that WT1 is involved in the development of several other
organ systems and that it can also be overexpressed in many
different types of cancer consistent with the properties of a
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proto-oncogene [7]. WT1 function is affected by alternative
splicing altering its C-terminal zinc-finger domain, radically
changing its DNA-binding properties.Thus, alternative splic-
ing complicates the biological and biochemical activities of
WT1. Not only must its expression be examined in cancer but
the balance of its splice isoforms must also be measured. The
same principle applies to many, perhaps most, widely stud-
ied cancer-associated genes—their function is significantly
affected by alternative splicing.

In the 1970s and 1980s, it was thought that gene expression
is regulated mainly at a transcriptional level. However, it is
now clear that epigenetics and cotranscriptional and post-
transcriptional processes are equally important. The discov-
ery of splicing in the late 1970s was only the beginning of
what was to become a very prominent field of research.
The vast majority of human genes, perhaps over 94%, are
alternatively spliced [8]. A cancer-associated gene can express
splice isoforms that either favour or counteract the growth
of cancer cells. For example, several regulators of apoptosis
can express isoforms that are proapoptotic or antiapoptotic
[9]. A frequently quoted example is Bcl-x, a member of the
Bcl-2 family of proteins that regulates the permeability of the
outer membrane of mitochondria. Whereas the Bcl-xS splice
isoform is proapoptotic, the Bcl-xL isoform is antiapoptotic
as it prevents the release of mitochondrial components that
would lead to apoptosis.

Sometimes quite unexpected splice isoforms are dis-
covered. For many years, VEGF-A was thought to be an
exclusively pro-angiogenic growth factor. However, VEGF-
A actually expresses splice isoforms that are anti-angiogenic.
An alteration in the balance of VEGF-A splice isoforms can
either promote or inhibit angiogenesis. The overexpression
of the pro-angiogenic splice isoform of VEGF-A is consis-
tently observed in solid tumours. By shifting the balance of
expression in favour of the anti-angiogenic isoform of VEGF-
A, angiogenesis and tumour growth can even be inhibited.
Thus, themanipulation of VEGF-A alternative splicingmight
provide opportunities for novel therapeutic targets [10, 11].

Aberrant alternative splicing could also affect, system-
atically, an entire cancer-associated process, such as the
epithelial to mesenchymal transition (EMT) [12]. In other
words, the systematic and coordinated alteration of alter-
native splicing of several functionally linked pre-mRNAs
could underpin specific processes in carcinogenesis. If this is
the case, then dysregulated alternative splicing could surely
consider itself a hallmark of cancer (Figure 1). But howmight
this work? Systematic changes in alternative splicing might
be due to the inappropriate activation (or inactivation) of
critically important splice factors or of the protein kinases and
phosphatases that regulate their activity.

The fact that the expression of several RNA-binding
proteins and splice factors is altered in cancer has been
known for several years [13], but it is also clear that specific
splice factors are particularly important in cancer. The splice
factor SRSF1 (previously known as ASF/SF2), a member
of the SR protein family (members of this family include
RNA Recognition Motifs and serine-arginine rich domains),
was described by Karni and colleagues as a proto-oncogene
in 2007. Its overexpression transforms rodent fibroblasts

allowing them to form sarcomas in nudemice [14]. SRSF1 also
promotes the transformation of mammary epithelial cells by
favouring the expression of antiapoptotic splice isoforms of
BIM and BIN1 [15]. In fact, SRSF1 has several RNA targets
in pre-mRNAs that are transcribed from genes implicated
in cancer. Thus, the overexpression of SRSF1 could lead to
a change in alternative splicing of several pre-mRNAs that,
together, result in a phenotype that gives the tumour a growth
advantage.

SRSF1 function and intracellular localization are regu-
lated by protein kinases and phosphatases.The protein kinase
SRPK1 phosphorylates SRSF1 in the cytoplasm favouring its
nuclear accumulation. SRPK1 overexpression has also been
observed in several cancers [16, 17], and so it is conceivable
that its activation could also synergistically potentiate the
oncogenic properties of SRSF1.This point is illustrated by the
VEGF-A example. VEGF-A pre-mRNA is one of the targets
of SRSF1. SRSF1 drives the expression of pro-angiogenic
VEGF-A. Abnormally, high levels of SRPK1 cause the nuclear
accumulation of SRSF1 in glomerular podocytes, leading to
upregulation of pro-angiogenic VEGF-A splice isoforms [11].

3. Regulation of the Expression of the
Oncogenic Splice Factor SRSF1

Thus, it is clear that the expression of splice factors and of
their protein kinases varies significantly in different tissues
and in cancer. Yet surprisingly little is known about the factors
that regulate the expression of splice factors and splice factor
kinases, perhaps because their involvement in pathological
processes has only become apparent relatively recently. If
SRSF1 is indeed an oncogenic splice factor, it is then very
important to understand how its expression is regulated.
Several groups have begun to address this question and
growing evidence suggests that SRSF1 expression is regulated
at multiple levels.

Myc is one of the best studied oncogenes; it encodes a
transcription factor that binds to DNA elements known as E-
boxes. AChIP onChIP analysis using CpG arrays suggested a
decade ago that Myc might interact with the SRSF1 promoter
[18]. More recently, Das et al. found that Myc activates the
transcription of SRSF1 through two E-boxes. They show that
Myc-dependent SRSF1 upregulation resulted in changes in
alternative splicing of known SRSF1 targets favouring the
expression of splice isoforms that are consistent with an
oncogenic phenotype. In contrast, the knockdown of SRSF1
reduces the oncogenic activity of Myc [19]. Furthermore,
SRPK1, the protein kinase that promotes the entry of SRSF1
into the nucleus, is transcriptionally repressed by the Wilms
tumour suppressor WT1 [11]. Thus, both a known oncogene
(Myc) and tumour suppressor transcription factor (WT1) can
regulate the expression of the oncogenic splice factor SRSF1
and of SRPK1, a protein kinase that regulates its localization.

Several splice factors are themselves alternatively spliced
to express functionally distinct isoforms. Some splice factors
even bind to their own pre-mRNAs to autoregulate their
expression—for example, the splice factor SRSF2 (previously
known as SC35) favours the expression of splice isoforms
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Figure 1: The original six hallmarks of cancer were proposed by Hanahan and Weinberg in 2000. Eleven years later, their list had grown
to ten; but it could conceivably grow even further. An additional hallmark could be aberrant alternative splicing, in which the regulation of
alternative splicing has gone astray systematically causing the inappropriate expression of multiple oncogenic splice isoforms.

that are unstable at the mRNA level [20]. SRSF1 also appears
to bind to its own pre-mRNA in a similar autoregulatory
loop. There are at least six splice isoforms of SRSF1; one
expresses the full length splice factor, but the other five
are unproductive. Unproductive transcripts are targeted by
nonsense-mediated decay (NMD) due to the presence of
premature stop codons. However, SRSF1 also has cytoplasmic
activities—like many splice factors, it is multifunctional. The
ability of SRSF1 to downregulate its own expression is to
a large extent mediated at the level of the regulation of
translation [21].

There is also evidence that SRSF1 expression is regulated
by microRNAs. Leukemia/lymphoma-related factor (LRF) is
an oncogenic transcription factor. A recent study shows that
LRF represses the microRNAs miR-28 and miR-505 [22].
These two microRNAs target the 3UTR of SRSF1 mRNA.
Thus, a reduction in LRF results in higher levels of the
microRNAs and therefore reduced SRSF1 expression. In turn,
the reduction in SRSF1 levels can result in genomic instability,
cell cycle arrest, and apoptosis. Furthermore, there is an
alternative intron in SRSF1 in between two highly conserved
elements in its 3UTR. Skipping of this alternative intron
appears to increase transcript stability, perhaps by removing
a microRNA binding site [23].

In summary, SRSF1 expression can be controlled at mul-
tiple levels; transcriptionally, cotranscriptionally (through
alternative splicing), and posttranscriptionally (through the
regulation of translation and mRNA stability). In other
words, there are several ways to fine tune the expression of
oncogenic SRSF1. The ability of Myc to regulate SRSF1 and of
WT1 to regulate SRPK1 expression is particularly interesting
as these two transcription factors are associated with a wide
range of cancers. The upregulation of SRSF1 in cancer could

also occur through a failure of its autoregulation or through
the inactivation of specific microRNAs. Undoubtedly, the
regulation of other splice factors is also likely to be complex
and multilayered. There are clearly many ways in which to
perturb splice factor levels in cancer.

4. Alternative Splicing and Multistage
Carcinogenesis

Histopathologists have known for a long time that there are
distinct phases in the development of cancer. In other words,
the onset of cancer is generally thought to be a multistep
process. The classical example to illustrate this phenomenon
is the adenoma-carcinoma sequence in the development of
colorectal cancer. Intestinal epithelial cells form a thin layer
that is constantly being replaced. These epithelial cells are
associated with the formation of carcinomas.

The sequence of events that leads to malignant disease
is thought to be as follows: normal epithelium changes to
hyperplastic epithelium; this change is often associated with
loss of function of the APC (adenomatous polyposis coli)
gene. APC encodes a complex multidomain, multifunctional
tumour suppressor. It is involved in the regulation of the
cell-cycle, apoptosis, intercellular adhesion, and cytoskeletal
architecture. Further changes alter the hyperplastic epithe-
lium to early, intermediate, and late adenomas.These changes
can be driven by several genes, including K-Ras. Ras genes
encode GTPases that are involved in cell signalling associated
with cellular proliferation. Adenomas can then develop into
carcinomas that eventually acquire the ability to invade and
metastasize. This latter change is often associated with the
loss of function of the TP53 gene. TP53 is the widely studied
“guardian of the genome” tumour suppressor transcription
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Figure 2: The adenoma-carcinoma sequence classically illustrates the multistage aetiology of colorectal cancer. Three genes frequently
involved are APC, K-Ras, and TP53. This theoretical model suggests that the genetic lesions that drive the stages include changes that cause
the inappropriate activity of oncogenic splice factors or splice factor kinases. The result is a significant change in the ratio of splice isoforms
that drastically alter APC, TP53, and K-Ras function. Conventional treatments might cause selective pressures that drive further changes in
the alternative splicing of key genes, leading to resistance to therapy.

factor that regulates a multitude of processes including the
cell cycle, apoptosis, and the response to DNA damage. All
three genes (APC, K-Ras, and TP53) express splice isoforms
whose functional properties are distinct and even antagonis-
tic. Several other genes have been shown to be involved in the
aetiology of colorectal cancer; for the purposes of this review,
only these three are discussed. However, it is important to
note that other genes involved in colorectal cancer are also
alternative spliced in malignancy, giving rise to functionally
distinct isoforms. Notable examples are the mismatch repair
genesMLH1 andMSH2 [24].

Several alternative splice isoforms of APC have been
described that result in proteins withmolecular weights rang-
ing from 90 to 300 kDa. De Rosa and colleagues examined
a cohort of 24 patients suffering from familial adenomatous
polyposis (FAP), each with a germline mutation in the APC
gene, comparing them to 17 FAP patients without apparent
APC mutations and 9 controls [25]. Using nested 5 and 3
primers, they identified nine novel transcripts.Three of these
preserved the open reading frame. One of the transcripts
contained an additional exon termed exon 1A; its inclusion
leads to a premature stop codon in exon 2. The inclusion of
exon 1A was found to be 3.5-fold higher in colorectal cancer
versus normal mucosa. Transcripts that harbour premature
stop codons are generally degraded by nonsense mediated
decay (NMD)—this was shown to be the case when exon
1A is included. The potential significance is that greater
inclusion of exon 1A could effectively result in less APC
protein being expressed because less productive mRNAs are
synthesised overall. Another group took a different approach
and analysed an unusual FAP patient. This patient had a
missense mutation in codon 640. Rather than necessarily
altering the functional properties of the protein, themutation
was shown to interfere with a splicing enhancer motif bound
by the oncogenic splice factor SRSF1 [26]. The consequences
of themutation were found to be the skipping of exon 14.This

exon skipping is what gives rise to the nonfunctional APC,
not the missense mutation per se. These studies illustrate
two principles. The first is the need to consider the potential
effects of intronic mutations on alternative splicing (these are
often ignored); and the second is the need to examine the
potential consequences of exonic mutations on alternative
splicing because exons contain splicing enhancer and silencer
sequences.

Two splice variants of K-Ras have been described, K-
Ras 4A and 4B. They arise from two alternative versions
of exon 4. Whereas the inclusion of exon 4A results in
a proapoptotic K-Ras, the inclusion of exon 4B results in
an antiapoptotic protein. Both are coexpressed in many
tissues, but their ratio is altered in sporadic colorectal cancer
favouring the antiapoptotic 4B isoform [27]. However, in
mice, the expression of the 4A splice variant is not required
for normal development despite its expression in awide range
of tissues [28]. It is nonetheless conceivable that mutations
that favour the expression of 4B over 4A might augment the
oncogenic properties of activated K-Ras.

The TP53 gene was thought for a long time to encode
a single protein, but it is now abundantly clear that it is
extensively alternatively spliced [29]. A remarkably complex
series of splice isoforms have been described and several of
these can regulate the transcriptional activity of p53 [30, 31].
P53 is also thought to suppress tumorigenesis by inducing
senescence; this is facilitated by the splice isoform p53𝛽. The
expression of p53𝛽 is induced by the splice factor SRSF3
(previously known as SRp20). The knockdown of SRSF3
induces senescence in fibroblasts through a p53-mediated
mechanism [32]. SRSF3 binds to a consensus binding site in
the exon that is unique to p53𝛽. To add to these findings,
another study published earlier in the year in the same journal
demonstrated that the downregulation of SRSF3 induces G1
cell cycle arrest and apoptosis in colon cancer cells [33]. How-
ever, in this case, the G1 arrest and proapoptotic mechanism
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were shown to be through a change in the alternative splicing
of homeodomain-interacting protein kinase 2 (HIPK-2); the
consequences of SRSF3 downregulation on p53 alternative
splicing were not examined in detail. However, HIPK2
phosphorylates p53 at serine 46, favouring its proapoptotic
properties [34].Thus, SRSF3, like most splice factors, appears
to be working in a coordinated way perhaps on groups of
transcripts that are involved in related pathways.

Together, the observations on the alternative splicing of
theAPC,K-Ras, and TP53 genes suggest that in the context of
multistep carcinogenesis of colorectal cancer, genetic lesions
that affect alternative splicing are likely to contribute signif-
icantly to the aetiology of disease (Figure 2). It is therefore
not surprising that splice isoforms of these genes have been
indicated as potential therapeutic targets in colorectal cancer
[35].

5. Conclusion and Future Directions

The emergence of high-throughput next generation sequenc-
ing will make it possible to examine the transcriptomes of
tumours in detail [36]. It will be possible to understand
how aberrant alternative splicing can contribute to carcino-
genesis and to the progression of disease. This is illustrated
by a recent study in which normal epithelial cells were
stressed with nicotine. The expression of 54,699 transcripts
was examined; 173 were alternatively spliced in response
to nicotine exposure. These transcripts encoded proteins
associated with DNA recombination, replication, and repair
[37]. It is therefore a good time to apply next generation
sequencing technology to the study of alternative splicing in
cancer systematically. However, a caveat to bear in mind is
that alternative splicing patterns within primary, secondary
tumour, and metastases are heterogenous, perhaps reflecting
the differential expression and activity of splice factors in
different parts of the tumour. Nonetheless, the power of next
generation sequencingmeans that these complexities can also
be addressed.

The number of publications that associate changes in
alternative splicing with specific cancers has risen rapidly.
It seems highly likely that alterations in the expression
and activity of critical splice factors or of their modifiers
(factor kinases and phosphatases) could result in a series
of changes to the alternative splicing of several genes that
together provide a growth or survival advantage to cancer
cells. A systematic dysregulation of alternative splicing should
therefore be considered yet another hallmark of cancer.

Despite the growing evidence that alternative splicing
plays an important role in cancer, the pharmaceutical sector
has yet to exploit fully the therapeutic potential of manip-
ulating alternative splicing. It is therefore arguably a very
good time for funders to invest even more resources in
basic research into the dysregulation of alternative splicing in
cancer.
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The Ewing sarcoma protein (EWS) is a well-known player in cancer biology for the specific translocations occurring in sarcomas.
The EWS-FLI1 gene fusion is the prototypical translocation that encodes the aberrant, chimeric transcription factor, which is a
landmark of Ewing tumors. In all described Ewing sarcoma oncogenes, the EWS RNA binding domains are completely missing;
thus RNA binding properties are not retained in the hybrid proteins. However, it is currently unknownwhether the absence of EWS
function in RNAmetabolism plays a role in oncogenic transformation or if EWS plays a role by itself in cancer development besides
its contribution to the translocation. In this regard, recent reports have highlighted an essential role for EWS in the regulation of
DNA damage response (DDR), a process that counteracts genome stability and is often deregulated in cancer cells. The first part of
this review will describe the structural features of EWS and its multiple roles in the regulation of gene expression, which are exerted
by coordinating different steps in the synthesis and processing of pre-mRNAs. The second part will examine the role of EWS in
the regulation of DDR- and cancer-related genes, with potential implications in cancer therapies. Finally, recent advances on the
involvement of EWS in neuromuscular disorders will be discussed. Collectively, the information reviewed herein highlights the
broad role of EWS in bridging different cellular processes and underlines the contribution of EWS to genome stability and proper
cell-cycle progression in higher eukaryotic cells.

1. Introduction

EWSwas originally identified because of the t(ll;22) (q24;q12)
chromosome translocation, characteristic of Ewing sarcoma
and related subtypes of primitive neuroectodermal tumors
[1]. In these types of cancers, a hybrid transcript is generated
by the genomic regions where the breakpoints of chromo-
some 22 and 11 occur. The translocation alters the open
reading frame of the EWSR1 gene on chromosome 22 by
substituting a sequence encoding a putative RNA-binding
domain with that of the DNA-binding domain of FLI-1, the
human homologue of murine Fli-1 [2]. Another translocation
involving the EWSR1 gene was subsequently identified in
malignant melanoma of soft parts: the deduced chimaeric
protein consisted of the N-terminal domain of EWS linked
to the bZIP domain of ATF-1, a transcription factor regulated
by cAMP that was not previously implicated in oncogenesis
[3]. In addition to the EWS-FLI-1 and EWS-ATF-1 fusions,
the EWSR1 gene can be fused to ERG, which encodes a
transcription factor closely related to FLI-1 but located on

chromosome 21 [4]. Thus, the oncogenic conversion of EWS
follows a common scheme of activation, by exchanging its
RNA binding domain with different DNA binding domains,
thus generating tumor-specific fusions proteins. The onco-
genes generated in Ewing sarcoma have been extensively
studied and the main aspects of Ewing sarcoma have been
covered by several excellent recent reviews [5–8]. On the
contrary, only limited information is available on the function
of the EWS protein itself and whether or not it plays a role in
oncogenesis or in other pathological situations.

This review will focus on the role played by EWS protein
in the regulation of RNA metabolism, in normal conditions
as well as in pathological situations.

2. EWS Family

EWS belongs to the TET family of DNA and RNA-
binding proteins, which consists of translocated in liposar-
coma/fused in sarcoma protein (FUS/TLS), Ewing sarcoma
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protein (EWS), and TATA-binding protein-associated fac-
tor 15 (TAF15). TET proteins bind RNA as well as DNA
and are implicated in the regulation of gene expression
and in cell signaling. In addition to mRNA splicing and
processing, TET proteins also directly interact with tran-
scription factors and can function as transcriptional cofac-
tors. Moreover, like EWS, all the members of the TET
family also contribute to human pathologies, as they are
involved in sarcoma translocations [2, 8] and neurological
diseases [9, 10]. They contain several conserved domains: a
serine-tyrosine-glycine-glutamine (SYGQ) domain, an RNA-
recognition motif (RRM), a zinc finger motif, and three RNA
binding Arginine-Glycine-Glycine- (RGG-) rich domains
(Figure 1) [11]. The TET proteins are ubiquitously expressed
in most human tissues; they have a nuclear localization
and predominantly reside in the nucleus [12, 13] but can
translocate to the cytoplasm upon stress conditions [13, 14]
or in pathological situations [15, 16].

3. Genomic Structure of EWSR1 Gene

The EWSR1 gene spans about 40 kb on chromosome 22 and
is encoded by 17 exons [17]. The first 7 exons encode the
N-terminal domain of EWS, which consists of a repeated
degenerated polypeptide of 7 to 12 residues rich in tyro-
sine, serine, threonine, glycine, and glutamine (SYGQ). The
degenerated SYGQ repeat [19] is encoded by sequences that
stretch from exon 3 to the end of exon 7. Exons 8 to 17 of
EWS encode regions associated with RNA binding.The three
RGG motifs are mainly encoded by exons 8, 9, 14, and 16,
while exons 11, 12, and 13 encode the RRM (Figure 1). The
DNA sequence in the 5 region of the EWSR1 gene lacks
canonical promoter elements, such as TATA and CCAAT
consensus sequences [17], but contains G/C rich stretches
[18], suggesting a housekeeping role for TET proteins.

TAF15, FUS/TLS, and EWSR1 genes display extensive
similarities, suggesting that they are closely related and may
have originated from a common ancestor gene (Figure 1) [18].
Although their total genomic size differs, TET genes share
a similar genomic organization with exon/intron junctions
at the same sites, reflecting the conserved protein structure
consisting of an N-terminal transcription activation domain
and the RRM, zinc finger domain, and several RGG repeat
boxes at the C-terminus (Figure 1). The first exon of these
three genes encodes a 5 untranslated region and the trans-
lation initiation codon. The RRM region and flanking parts
show extensive homologies in amino acid composition and
exon/intron structure. On the other hand, the parts of the
genes located between FUS/TLS exons 4, 5, and 6, TAF15
exons 5, 6 and 7, and EWSR1 exons 5, 6, 7, and 8 display lower
degree of homology.

Different isoforms of the EWS protein have been
described. A splicing isoform containing the exon 4A is
specifically expressed in the central nervous system (isoN),
in both mice and humans, and is not present in the tumor-
specific EWS fusions [20]. Interestingly, the regions flanking
this variable exon contain many putative PTB binding sites
[20], highlighting the possibility that EWS alternative splicing

(AS) could be target of PTB/nPTB regulation in neurons.
Notably, whereas the level of isoN expression is stable from
embryonic stage E11.5 to birth, the level of the main isoform
shows a considerable decrease.This suggests that the two iso-
forms play distinct roles during brain development and that
the isoN variant is associated with neural differentiation [20].
Additional isoforms lacking exon 6 and/or including exon
8A have been sequenced from a pool of 107 human cDNAs
and annotated [21]. Notably, this triplet encodes Serine 325
[22], which is a putative casein kinase II phosphorylation
site and may represent a posttranslational modification that
distinguishes between the two protein isoforms of EWS.

4. Physiological Functions of the EWS Protein

The functions of the EWSprotein have been partially revealed
by the generation of a knockout mouse model through
a gene targeting strategy [23]. Ews−/− mice were born at
the expected mendelian ratio, but displayed smaller size
than their littermates and have a high rate (about 90%) of
postnatal mortality prior to weaning. Analysis of these mice
also demonstrated that the Ewsr1 gene is essential for pre-B
lymphocyte development and meiosis. Interestingly, Fus/Tls-
nullmice showed a quite similar phenotype [24, 25]; however,
while FUS/TLS is required for pairing of the autosomes, EWS
appears to be involved in pairing the XY sex chromosomes
during meiosis [23]. Indeed, Ews-null spermatocytes show a
high frequency of unsynapsed XY chromosomes but display
normal formation of autosomal bivalents; in contrast, defects
in the formation of autosomal bivalents were observed
in Fus/Tls-deficient spermatocytes. Moreover, while EWS
expression is diffuse throughout spermatocytes, FUS/TLS
expression is excluded from the sex body region [23, 25].
Nevertheless, as a result of these defects in chromosome
pairing, both knockout mice are sterile.

Interestingly, inactivation of Ews in mouse embryonic
fibroblasts resulted in hypersensitivity to ionizing radiation
and caused premature cellular senescence, possibly due to
lack of the reported interaction of the EWS protein with
nuclear lamin A/C [23]. Moreover, loss of Ews brought about
dramatic changes in the dynamics of hematopoietic stem
cells (HSCs). In particular, deletion of Ews promoted stem
cell exit from a quiescent state and entrance into the cell
cycle, which is one of the common features found in HSCs
from aged wild-type mice. Cellular senescence is associated
with a progressive impairment of the immune system or
“immunosenescence,” which is characterized by a defective
Th1 (T helper 1) response. T cells can be separated depending
upon the specific cytokines they secrete in response to
antigenic stimulation.Th1 cells primarily produce interferon-
(IFN-) 𝛾 and interleukin- (IL-) 2 [26]. In line with this notion,
Ews−/− mice displayed a specific decrease in IFN-𝛾 and IL-2
production [27]. Thus, the phenotype of Ews ablation mouse
models is consistent with a physiological function for EWS
in response to the occurrence of genomic alterations, as
suggested by the hypersensitivity to IR in the absence of EWS
and the defects in cell types where physiological DNA breaks
occur, including B cells engaged in VDJ recombination and
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Figure 1: Domain structure of TET proteins: the N-terminal activation domain and the C-terminal nucleic acid binding domain of TET
proteins are schematized: the SYGQ rich domain, RGG boxes, and the RNA binding domain (RBD), Cys2-Cys2 zinc finger (ZF). Below the
scheme, the exons encoding each domain are indicated for EWS, FUS/TLS, and TAF15, respectively [17, 18]. In the upper part of the figure the
proteins that have been described to interact with either the DNA activation domain or the nucleic acid binding domain of EWS are listed.

meiotic germ cells engaged in homologous recombination.
Collectively these results highlight a role for EWS in the
response to DNA damage.

5. EWS and Transcription

Several observations document the involvement of EWS in
transcriptional regulation of gene expression. EWS is able to
associate with different subunits of the transcription factor
TFIID [28]. Notably, this feature is not maintained by the
oncogenic fusion protein EWS-FLI-1, suggesting that EWS
and EWS-FLI-1 behave differently in this respect. Moreover,
EWS associates directly with RNA Polymerase II (RNAP II)
[28, 29] and with its subunits Rpb3, Rpb4, and Rpb7 [28,
30]. In addition to directly contacting general transcription
factors and RNAPII, EWS protein regulates transcription
through the interaction with activators and repressors. For
instance, EWS binds various transcription factors containing
the POU (from the mammalian Pit-1 and Oct-1, and the
C. elegans Unc86) homeodomain, a specific DNA-binding
domain conserved throughout evolution that appears to
exert critical developmental functions. EWS binds OCT4,
a transcriptional activator that is essential to maintain an
undifferentiated totipotent state of embryonic stem and germ
cells [31], and Brn3a, the brain-specific homeobox/POU
domain protein 3A, which is expressed in the developing and
adult nervous systems and promotes neuronal differentiation
[32, 33]. Additionally, EWS has been shown to interact with
the histone acetyl-transferase CREB-binding protein (CBP)

and the p300 transcriptional activator, thus cotransactivating
in vitro several promoters in a cell-type specific manner [34,
35]. Collectively these studies indicate that EWSmay regulate
transcription both positively and negatively.

The amino terminus of EWS protein was shown to act
as a transcriptional activator when fused to a DNA-binding
domain [36]. However, the transcription activation potential
is decreased or even abolished in the full-length protein,
indicating that the RNA or DNA binding domains may
regulate the activation domain [37, 38]. Deletions of either the
zinc finger domain or the RRM play no role in repression. In
contrast, deletion of each RGG domain results in substantial
loss of repression, indicating that the RGG regions are neces-
sary for repression [37, 38].Thus, the transcription repression
might result from the C-terminal RGG domain that blocks
the interaction between the glutamine-rich domain in the
N-terminus and hsRPB7 (human homologue of the seventh
largest subunit of yeast RNAPII (RPB7) (Figure 1, upper
panel).

6. EWS and Nucleic Acid Binding

As mentioned above, EWS protein contains several domains
capable to bind independently nucleic acid sequences. The
RRM, a classical RNA Binding Domain (RBD), is the most
conserved region within the TET protein family. The RRM
is composed of approximately 90 amino acids and contains a
central sequence of eight conserved residues that are mainly
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aromatic and positively charged. The RRM folds into a sand-
wich structure composed of one four-stranded antiparallel 𝛽-
sheet and two 𝛼-helices (𝛼1 and 𝛼2) packed against the 𝛽-
sheet [39]. Within this domain, two short ribonucleoprotein
motifs, RNP-1 (in 𝛽3-strand) and RNP-2 (in 𝛽1-strand)
usually separated by 25–35 residues, directly contact RNA via
hydrogen bonds and ring stacking [39]. Unlike other proteins
with this type of RBD, TET proteins have an acidic residue
at the second position and a threonine residue in the fourth
position of RNP-1, as well as an unusually long loop after the
first𝛼-helix [40], whichmay affect the structure of the protein
since this region contributes to the hydrophobic core of the
domain and to RNA-binding specificity or affinity.

The (DW) C4 zinc finger motif has several highly con-
served features, distinct from those present in other known
C5-C5 zinc-fingers [41]. It contains an aspartic acid (D)
followed by tryptophan (W), preceding the first cysteine
(C) residue of the finger. Within the zinc-finger loop, the
fourth residue after the second cysteine is an asparagine
and is followed by an aromatic residue. Secondary structure
prediction algorithms suggest that the C-terminal region of
the motif may give rise to an alpha helix, a general feature of
many zinc fingers motif [42].

The carboxy-terminus of EWS contains also three RGG
motifs that may increase RNA affinity of the RRM or
zinc finger and may also be the site of posttranslational
modifications that regulate RNA binding or protein-protein
interactions [39]. Sequence-specific RNA binding by EWS
has been examined by various groups. It was shown that
EWS binds polyU and polyG sequences through its carboxy-
terminal RGG domain [43]. Moreover, in vitro systematic
evolution of ligands by exponential enrichment (SELEX) [44]
experiments suggested that the RRM and RGG motifs of
TET proteins cooperate to bind GGUG RNA, although with
relatively low affinity (𝐾𝑑 = 250 nM) [45].

RGG domains are present in several RNA and DNA
binding proteins. The RGG domain of FMRP, an RNA
binding protein involved in neural cell differentiation, inter-
acts with RNA forming G-quartets, a unique structural
arrangement intrinsic to guanine-rich DNA and RNA [46].
In addition, the RRM and the RGG domains of nucleolin,
a DNA-binding protein contributing to the transcription of
ribosomal RNA, bind to ribosomal DNA forming G-quartets
[47]. EWS protein specifically targets DNA and RNA form-
ing G-quadruplex in vitro, the four-stranded nucleic acid
structures folded from G-rich repeat sequences stabilized
by the stacking of planar G-quartets. The specificity of G-
quadruplex recognition depends on the guanidinium group
of the arginine in the RGG domain of the C-terminus of EWS
[48].

It has been reported that overexpression of EWS leads to
the activation of the c-fos, Xvent-2, and ErbB2 promoters [12],
but whether the role of EWS in transcription is determined
by its ability to target a specific DNA and RNA structure or
only by binding to the RNAPII is not clear. Notably, the c-
fos and ErbB2 promoters contain G-rich sequences that could
potentially form G-quadruplex structures [49].

Nevertheless, DNAbinding is likely to occur also through
the zinc finger, a domain frequently found in transcription

factors [50]. Indeed, mobility shift experiments revealed that
EWS binds to single-stranded (but not to double-stranded)
DNA,with preference for its target exon sequences [51], open-
ing the possibility that EWS is recruited during transcription
through specific recognition of DNA and/or RNA sequences.

Lastly, posttranslational modifications can affect bind-
ing of EWS to nucleic acids. It has been shown that
EWS IQ domain, a 25-amino-acid domain located at the
end of the activation domain, interacts with calmodulin
and is phosphorylated by protein kinase C [52]. The IQ
domain forms an amphiphilic seven-turn 𝛼-helix capable
of binding calmodulin in a Ca2+-independent manner, a
well-characterized feature of neuronal proteins such as
neuromodulin and neurogranin [52]. Interestingly, PKC
phosphorylation of EWS within the IQ domain inhibits
its binding to RNA homopolymers, and, conversely, RNA
binding to EWS interferes with PKC phosphorylation [53].
Moreover, enzymatic methylation of arginine residues by
protein arginineN-methyltransferase 3 (PRMT3) reduces the
affinity of EWS RGG (RGG3) domain toward G-quadruplex,
while it increases its binding to single-strand DNA and
RNA. Conversely, replacement of the arginine methylated
by PRMT3 with lysine residues within the RGG domains
decreases the binding affinity of EWS toward G-quadruplex
DNA and RNA [53]. Furthermore, EWS methylation by
PRMT1 (a homologue of PRMT3) reduces CBP-dependent
EWS transcriptional activity and induces EWS translocation
into the cytoplasm [54]. Thus, these observations suggest
that several posttranslational modifications can fine-tune the
affinity of EWS for its nucleic acid targets.

7. EWS and Splicing

Many reports have highlighted a potential role for EWS in
splicing regulation. Most human genes contain introns that
are removed by splicing, a process orchestrated and catalyzed
by a large multiprotein/RNA complex named spliceosome.
The spliceosome is composed of five small nuclear RNAs
(snRNAs)—U1, U2, U4, U5, and U6 snRNA—as well as
many protein factors [55]. Some of these proteins are tightly
associated with the snRNAs, forming small nuclear ribonu-
cleoproteins (snRNPs) assembled in a stepwise manner onto
the pre-mRNA [55]. Work over the last two decades has
elucidated the temporal sequence of recognition of the splice
sites by the respective snRNPs and protein factors and the
identity of former proteins of the spliceosome. EWS and
FUS/TLS were identified by enhanced mass spectrometric
tools and improved databases as proteins copurifying with
splicing complexes assembled on pre-mRNAs [56]. More-
over, in vitro snRNP reconstitution and snRNP immuno-
precipitation experiments have demonstrated, at least for
FUS/TLS, the association with the Sm core domain of the
various spliceosomal snRNPs [57].

Regarding EWS, a yeast two-hybrid screen revealed that it
interacts with U1C, one of the three U1 small nuclear protein
component of the U1snRNP [58], which binds to the 5 splice
site on pre-mRNA to form a stable complex identified as the
early (E) complex in mammalian splicing extracts [59]. On
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the other hand, EWS has also been shown to interact with
ZFM1, a transcriptional repressor identical to the branch-
point binding protein BBP/SF1 [60], but whether or not it is
involved in the recognition of 3 splice site, as demonstrated
for FUS/TLS during the second step of splicing [61], is still
unknown.

As described above, EWS protein binds to hyperphos-
phorylated RNAPII through the N-terminal domain and
recruits serine-arginine (SR) splicing factors through the
C-terminal domain, thus coupling transcription to RNA
splicing [62] (Figure 1, upper panel). The C-terminal domain
is also involved in the interaction with YB-1, a shuttling
splicing activator also playing a role in mRNA stability and
translation [63, 64]. It has been shown that the recruitment
of processing factors and the maturation of pre-mRNAs
occur, at least in part, cotranscriptionally and is enhanced
by RNAPII and by its phosphorylation [65]. On one hand,
transcriptional coregulators are recruited by transcription
factors to their target genes thus affecting splicing decisions;
on the other hand, transcriptional coregulators can modulate
the rate of transcription elongation, which in turn affects AS
decisions [65]. Thus, recruitment of splicing factors through
interactions with the transcription machinery, as for EWS, is
onemechanismbywhich coupling between transcription and
AS occurs.

Consistent with this potential dual role, EWS has been
shown to regulate cyclin D1 transcripts both transcriptionally
and at the level of splicing [66]. Human cyclin D1 (CCND1
gene) is expressed as two isoforms derived by AS, termed
D1a and D1b, which differ for the inclusion of intron 4 in the
D1b mRNA [67]. Both isoforms are frequently upregulated
in human cancers, but cyclin D1b displays relatively higher
oncogenic potential [68]. It has been shown that EWS mod-
ulates AS by altering RNAPII dynamics (phosphorylation
and speed) over the CCND1 gene [69]. EWS increases the
speed of elongating RNAPII over the CCND1 gene, and
EWS depletion decreases RNAPII occupancy, but not Serine-
5 phosphorylation at the 5 end of the CCND1 gene, thus
decreasing cyclin D1a but not D1b mRNA levels [66].

Changes in RNAPII elongation rates modulate the timing
at which competing splice sites become available, and it is
another coupling mechanism that could possibly be used
by EWS. The interaction of EWS with some of the earliest
factors involved in 5 and 3 splice site recognition (i.e., U1
snRNP and BBP/SF1 [58, 60]) opens the possibility that EWS
establishes initial links between splice sites across introns
or exons that contribute to splice site selection and exon
definition (Figure 2(a)).

More recently, two studies have directly linked EWS
function to AS of specific genes in cancer cells. EWS was
shown to regulate AS of the p53 repressor (Mouse Dou-
ble Minute 2, Human Homolog) MDM2 [64] and several
other genes involved in the DNA damage response (DDR)
[51]. Camptothecin (CPT) treatment inhibits the interac-
tion between EWS (associated with RNAPII) and YB-1 (a
spliceosome-associated factor), thus resulting in general exon
skipping both in MDM2 and in other genes. These AS
events parallel the events induced either by EWS or YB-1
knockdown (Figure 2(b), left scheme) [64], suggesting that

CPT inhibits the splicing activity of these two RNA binding
proteins (RBPs). Similarly, UV irradiation causes EWS dis-
sociation from genomic and transcription sites, concomitant
with increased translocation of the protein in nucleoli [51].
This mechanism contributes, at least in part, to the AS
changes detected upon EWS knockdown or UV irradiation
(Figure 2(b)) [51]. These reports document that EWS binds
directly to the alternatively spliced regions of its target genes,
suggesting a direct role for EWS on the regulation of these
events (Figures 2(a) and 2(b)). The reported correlation
between CLIP (cross-linked and immunoprecipitation) and
ChIP (chromatin immunoprecipitation) signals further sug-
gests a direct association of EWSwithDNA, as also confirmed
by EMSA experiments [51]. EWS binding was also observed
in promoter regions, although not specifically for genes
displaying AS regulated by EWS [51]. Moreover, the partial
decrease in ChIP signals upon RNase treatment suggests that
EWS associates with its target transcripts cotranscriptionally
(Figure 2(a)) [51].

Collectively these observations confirm the dual function
for EWS in transcription and RNA processing and suggest a
potential role for this protein in the coupling between the two
processes. However, the specific mechanism by which EWS
exerts splicing regulation has not been unraveled yet.

8. EWS and Noncoding RNAs

EWS protein, as well as the other members of TET family, has
been identified as part of a multiprotein complex associated
with DROSHA [70], the RNase III endonuclease assigned to
the cleavage of the primary microRNA (pri-miRNA) [71].
DROSHA is a component of twomultiprotein complexes.The
larger complex contains multiple classes of RBPs including
RNA helicases, proteins that bind double-stranded RNA,
several hnRNPs, and, as mentioned above, the TET family
of RBPs. The smaller complex, composed by DROSHA and
the double-stranded-RNA-binding protein DGCR8, forms
the microprocessor complex, necessary and sufficient for the
genesis of miRNAs from the pri-miRNA transcripts [70].
Since DROSHA is required for miRNA biogenesis and its
activity can be modulated by regulatory proteins, TET pro-
teins might play a role in miRNA expression by modulating
the activity of this processing enzyme. Interestingly, some
evidence has recently linked EWS to microRNA processing.
Depletion of EWS in osteosarcoma U2OS cells results in
the accumulation of precursor let-7g and downregulation of
mature let-7g [72]. These findings lead to the hypothesis that
EWSmight play a role in miRNA biogenesis and maturation.
Nevertheless, wide spectrum analyses of the impact of EWS
on miRNA expression are still lacking; thus its contribution
to this process is still largely unknown.

In addition, TET proteins have been recently involved
in the regulation of other classes of noncoding RNAs. It has
been shown that the interaction of FUS/TLS with CBP/p300
is induced by ncRNAs transcribed from the promoter regions
of CCND1 gene. These ncRNAs bind to FUS/TLS and
inhibit CBP/p300 histone acetyltransferase (HAT) activity
[73]. Similarly, EWS and TAF15 were found to bind to CBP
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Figure 2: Schematic representation of the cross-talk between the transcriptional and splicing machineries mediated by RNAPII, EWS, and
YB-1. (a) In normal condition EWS associates with the preinitiation complex TFIID, with the RNAPII and with its target transcripts and
associated genomic regions; once the transcription has started, EWS jumps on the nascent RNA promoting specific AS events. (b) Upon CPT
treatment EWS dissociates fromYB-1 and from the spliceosome [64]. Similarly, upon low intensity UV light irradiation EWS dissociates from
active transcription sites and relocalizes to nucleoli [51]. As a result, EWS regulated AS events cannot occur [51, 64].

and to exert inhibitory effects on CBP/p300 HAT activities
[73]. The binding of EWS and FUS/TLS to G-quadruplex
structures is the key of this regulation. Upon binding to
GGUG RNA oligonucleotides in ncRNAs, the inhibitory
activity of FUS/TLS against the HAT activity of CBP/p300 is
enhanced. Biochemical experiments showed that the carboxy
terminus of FUS/TLS binds to GGUG RNA, whereas the
N-terminus interacts with CBP. The interaction of FUS/TLS
with CBP/p300 is stimulated when FUS/TLS is bound to G-
quadruplex, probably due to a conformational change, and
this in turn results in inhibition of CBP/p300 HAT activity
[73].

Similar to FUS/TLS, EWS can bind to TERRA [48, 53], a
large noncoding RNA component of telomeric heterochro-
matin, which inhibits the telomerase activity [74]. Also in
this case, the interaction occurs through the G-quadruplex
in a structure-specific manner [53]. Thus, although not
investigated in detail yet, binding of EWS to ncRNAs appears
to contribute to its function in gene expression regulation.

9. EWS and Genotoxic Stress

Genomic integrity is critical to cell survival and is controlled
by the DDR network, an elaborate signal transduction system
that senses DNA damage and recruits appropriate repair
factors [75].

As mentioned above, Ews deficiency in mice leads to
developmental defects in meiosis and pre-B cell forma-
tion [23]. Interestingly, defects in lymphocyte development,
meiosis, and cellular senescence (or aging) are features
also observed in mice deficient in Atm and c-abl [76, 77],
two genes that are critical for the DDR pathway. These
observations implicate a possible role of EWS in the DNA

recombination and/or repair process. Homologous recombi-
nation during meiosis is a physiological process that requires
DNA double-strand breaks and repair. It is essential for the
proper segregation of chromosomes and it is regulated by
most of the genes that are also involved in DNA repair
after genotoxic stress, as revealed by the gametogenesis
defects observed in several knockout mouse models of genes
involved in the DDR [78]. It was reported that in the absence
of EWS the meiotic crossovers are conspicuously reduced or
even absent in some of the bivalents. This finding demon-
strated that EWS is critically important for the homologous
recombination during meiosis and suggested its possible
involvement in the DDR pathway [23]. Indeed, consistent
with the hypothesis, Ews-null mice and mouse embryonic
fibroblasts (MEFs) showed increased sensitivity to ionizing
radiation [23].

A physiological function for EWS in response to genomic
alterations is consistent with two recent genetic screens that
identified EWSR1 as a gene required for resistance to ionizing
radiations (IR) [79], which release intermediary ions and free
radicals that cause DNA lesions, and to CPT, a topoisomerase
I inhibitor which forms a tight complex with topoisomerase
I-DNA adducts and prevents DNA religation, thus leading
to formation of single-strand breaks (SSBs) [80]. Further
evidence in support of its involvement in the DDR is the
reported phosphorylation of EWS on threonine 79 upon
DNAdamage [81].This posttranslationalmodification occurs
in response to both mitogens and DNA alkylating agents and
is catalyzed by mitogen-activated protein kinases (MAPKs);
however, while the phosphorylation upon mitogen signals
is operated by the ERK1/2 (extracellular signal-regulated
kinases 1 and 2), DNA damage induced phosphorylation
of EWS is catalyzed by the JNK1/2 (extracellular signal-
regulated kinases 1 and 2) [81]. Interestingly, phosphorylation
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on threonine 79 occurs also in the oncogenic EWS-FLI1
protein upon treatment with DNA alkylating agents and
is operated by p38𝛼/p38𝛽 MAPK [81]; nevertheless, the
functional relevance of this phosphorylation has not been
unraveled yet.

Moreover, EWS protein has also been described to inter-
act with BARD1, a putative tumor suppressor component of
the BRCA1/BARD1 complex that performs essential DNA
repair and recombination functions [82]. Altogether, the
observations reported above suggest that, in addition to
its involvement in endogenous processes of homologous
recombination, EWS plays also a role in DDR triggered by
genotoxic stresses.

In addition to the well-described activation of a signal
transduction pathway that regulates cell cycle progression
and apoptosis, low-intensity UV light induces also extensive
changes in AS driven, at least in part, by hyperphospho-
rylation of RNAPII carboxyterminal domain (CTD) and
reduced transcription elongation [83]. Moreover, we have
recently documented that UV light influences AS of a subset
of genes involved in the DDR, such as BRCA1, CHEK2, and
ABL1, through regulation of the activity of EWS [51]. DNA
repair and checkpoint responses are critically important to
ensure the integrity of the genome. Checkpoint pathways
are composed of sensors that detect damaged or unrepli-
cated DNA, transducers that convey the signal, and effector
proteins that act on the ultimate targets of the checkpoint.
CHK2 (the protein product of the CHEK2 gene) is an effector
protein conserved in eukaryotes and phosphorylated by the
sensor kinases ATM/ATR in response to DNA damage; upon
phosphorylation by ATM/ATR, CHK2 phosphorylates and
thus modifies the function of key targets of the check-
point response [84]. Interestingly, upon EWS knockdown an
mRNA isoform of CHEK2 is generated that lacks the exon
2 containing the translation initiation codon, thus leading
to a decrease of the levels of CHK2 protein [81]. These
findings suggest that proper levels and activity of EWS are
important to maintain CHK2 expression and, given the key
role of this kinase in DNA damage response, for the initial
cellular response to genotoxic stress. EWS knockdown could
therefore lead to defective CHK2 response and explain the
higher sensitivity to UV irradiation.

Interestingly, UV light induces dissociation of EWS from
sites of active transcription, in particular from alternatively
spliced regions regulated by this protein, and its translocation
to the nucleoli [51]. Similar translocation to the nucleolar
compartment has been described also for FUS/TLS upon
inhibition of transcription [85]. As mentioned above, EWS is
also involved in other genotoxic stress-mediated changes in
AS regulation. It was shown that treatment with CPT leads to
substantial exon skipping and that a subset of the triggered
AS events could be recapitulated by knockdown of EWS or of
its interacting protein YB-1 [64].

Collectively, these observations highlight the role of EWS
in the DDR and suggest that this protein acts, at least in
part, through the regulation of AS of genes involved in the
activation of the DNA damage checkpoint and for the repair
of DNA lesions. Nevertheless, since EWS binds DNA and
it is found associated with the chromatin [23, 51], it is also

possible that it plays a direct role in DNA recombination and
repair.

10. EWS and Neuromuscular Disorders

Regulation of RNAmetabolism in the nervous system plays a
crucial role, as highlighted by the development of devastating
neurological diseases, including spinal muscular atrophy and
certain trinucleotide repeat expansions, upon mutation or
misregulation of key RBPs. Mutations in FUS/TLS, as well
as in the RBP TAR DNA-binding protein 43 (TDP-43), were
found to be causative of familial cases of amyotrophic lateral
sclerosis (ALS) [15, 16, 86], further implicating altered RNA
metabolism as a central feature of these diseases. FUS/TLS
protein was also reported to be themajor component of poly-
Q aggregates in cellular models of spinal cerebellar ataxia
and in intracellular inclusions in neurons of patients with
Huntington’s disease [87]. Indeed, TDP-43 and FUS/TLS
[88], as well as TAF15 and EWS [86], are recruited in
cytoplasmic aggregates in frontotemporal lobar degeneration
(FTLD). Thus, aggregation of RBPs is emerging as a crucial
event in clinicopathological conditions of neurodegenerative
diseases. Since all these RBPs are directly involved in RNA
processing and utilization, these observations highlight RNA
dysmetabolism as potential key step underlying neurode-
generative diseases. Intriguingly, many of these RBPs that
aggregate in pathological inclusions are expressed broadly,
some even ubiquitously, but they seem to only aggregate in
certain neurons andnot others, remarking cell type specificity
[89].

Most disease-causing mutations in TDP-43 and some
disease-causing mutations in FUS/TLS are found within
the glycine-rich domain, which is rich in uncharged, polar
amino acids, similar to that observed in the nucleation
domains found in many yeast prions [90]. This has led to
speculation that a prion-like aggregation property of some
RBPs may contribute to onset and/or progression of ALS
and related neurodegenerative diseases [91]. The majority
of yeast prion proteins contain a distinctive prion domain
that is enriched in uncharged polar amino acids (particularly
asparagine, glutamine, and tyrosine) and glycine [92, 93]. An
algorithm designed to detect prion domains has identified 19
domains that can confer prion behavior [90]. Scouring the
human genome with this algorithm enriches a select group
of RBPs harboring a canonical RRM and a putative prion
domain. Indeed, of the 210 human RRM-bearing proteins,
29 have a putative prion domain and these prion RBPs
are emerging, one by one, in the pathology of devastating
neurodegenerative disorders [91, 94].

Similar to TDP-43, FUS/TLS, and TAF15, expression of
EWSR1 cDNA in yeast resulted in cytoplasmic aggregation
and toxicity in a functional screen [94]. Furthermore, like
TDP-43, FUS/TLS, and TAF15, EWSR1 also harbors a bioin-
formatically predicted prion-like domain. Since most of the
pathogenic mutations in FUS/TLS are located in the C-
terminal domain of the protein, the last four exons of the
EWSR1 gene (exons 15–18) were sequenced in 817 individuals
diagnosed with ALS and in 1082 healthy population control
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individuals. This approach identified two patient-specific
missense variants in exon 16 (1532G>C, G511A, correspond-
ing to the first RGGdomain) and in exon 17 (1655C>T, P552L,
corresponding to the second RGG domain) of EWSR1 in two
unrelated ALS patients with sporadic disease. Interestingly,
these variants alter EWS localization in motor neurons and
exhibit enhanced aggregation propensity [95]. Nevertheless,
the role played by EWS in ALS and in other neurological
diseases still remains unveiled, and further studies are needed
to identify themolecular targets affected in these pathological
conditions. Notably, whether EWS RNA binding affinity and
pre-mRNAregulation are affected in theALS-relatedmutants
is also still unknown.

11. EWS and Cancer

Much knowledge about the function of EWS is derived
from studies of oncogenic fusion proteins involved in sev-
eral malignancies and arising from in-frame chromosomal
fusions with multiple partners. However, besides the onco-
genic translocations, an independent role for EWS in cancer
has not been unraveled yet.

Gene expression in cancer cells is deregulated at both
the transcription and splicing levels, and there are many
examples of oncogenic and cancer-associated splice variants
[96]. As described above, the regulation of specific splicing
events and transcriptional events by EWS might be involved
in the altered transcriptome of cancer cells [51, 64, 66, 69].

Cancer progression is thought to be dependent on the
accumulation of mutations that change the transcriptional
profile of the cell to support its escape from the tight
regulation of cell cycle progression. Improper responses to
different types of DNA lesions may lead to accumulation
of mutations in the genome, which then accelerate the
progression of the disease. Thus, given the reported role of
EWS in genome stability, it is possible that this RBP is also
essential to preserve the genome integrity and protect cells
from neoplastic transformation.

Accordingly, EWS plays a critical role in the DDR [51,
64], and EWSR1 gene has been shown to be essential for a
proper response to genotoxic agents [23, 79, 80]. In particular,
EWS regulates AS of genes playing a key role in oncogenesis
[51] like CHEK2 (described above), BRCA1 (breast cancer 1
gene), and ABL1. BRCA1 is a tumor suppressor and germline
mutations in BRCA1 gene predispose individuals to breast
and ovarian cancers [97]. Interestingly,BRCA1 gene generates
several splice variants that play an important role in tumor
development [97]. Mutations have been described in BRCA1
gene that result in skipping of more than one exons leading
either to shorter transcripts or to frameshift and premature
stop codons, thus rendering mis-spliced mRNAs subject to
non-mediated decay (NMD). Thus, these mutations yield
either a truncated BRCA1 protein or loss of a BRCA1
transcript. As a result the functionality of the resulting
BRCA1 protein is severely compromised. Remarkably, EWS
knockdown in HeLa cells results in aberrant isoforms of
BRCA1 gene lacking the exons from 12 to 17 [51].

EWSR1 knockdown in HeLa cells resulted also in a signif-
icantly high incidence of abnormal spindles and mislocaliza-
tion of Aurora B kinase, the enzymatic core of the chromo-
somal passenger complex (CPC), which orchestrates in space
and time chromosome alignment, histone modification, and
cytokinesis [98]. Proper localization of the CPC complex is
key to the precise control of chromosome segregation over
mitosis, and dysregulation of Aurora kinase activity has been
linked to tumorigenesis [99]. Indeed, the absence of Aurora
B results in increased numbers of aneuploid cells, genetic
instability, and oncogenic transformation [99].

On the other hand, the oncogenic potential of EWS in the
chimeric protein is driven by its N-terminal transactivation
domain, which is partially inhibited by the RGG domains
in the C-terminal part of the full-length protein. So the
C-terminal part of EWS protein, missing in the fusion
oncogenes, could be strategically relevant in protecting cells
from cancer either by playing a key role in the regulation of
AS ofDDRgenes or by inhibiting theDNAactivation domain
or through both mechanisms.

Interestingly, it has been shown that in the nucleus
EWS interacts with STRAP (serine-threonine kinase
receptor-associated protein), a WD40 domain-containing
protein. EWS-STRAP interaction is strategically important
for STRAP-induced inhibition of EWS transactivation
function. Strikingly, STRAP is upregulated in colon and
lung carcinomas [100] and STRAP upregulation in colon
tumors correlates with EWS expression [101]. Furthermore,
STRAP blocks EWS-induced p300-mediated expression of
c-fos by interfering with EWS-p300 interaction, inhibiting
in this way EWS-mediated transactivation [101]. Thus, the
cooperation between EWS and STRAP could be involved
in tumor progression and interfering with EWS-mediated
transactivation could be a mechanism of regulation of its
transcriptional properties in human cancers.

12. Conclusive Remarks

EWS protein is involved in the regulation of a wide range
of cellular processes to ensure genome integrity and proper
pursuance of cellular functions. Early studies suggested a
role for EWS in transcription and splicing, possibly coupling
these two processes. Since then, many studies have unraveled
these functions and unveiled new roles for EWS protein in
other aspects of the regulation of gene expression and RNA
metabolism. Importantly, some RNA targets and new inter-
acting proteins have now been identified [102]. Moreover,
new insights have been provided on the regulation of the
amino terminus of EWS, which is involved in oncogenic
fusion proteins and responsible for the inappropriate tran-
scriptional activation of target genes.

More recently, novel potential functions have been sug-
gested for EWS protein in cancer and in neuromuscular
disorders, disclosing novel roles for the protein. Nevertheless,
there are still many important unsolved questions concerning
the molecular and cellular biology of EWS and further
knowledge is needed to understand if EWS represents a
suitable target for the development of new approaches to
cancer therapy.
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Alternative splicing is a fundamental step in regulation of gene expression of many tumor suppressors and oncogenes in cancer.
Signalling through the Ras-MAPK and PI3K-mTORpathways ismisregulated and hyperactivated inmost types of cancer. However,
the regulation of the Ras-MAPK and PI3K-mTOR signalling pathways by alternative splicing is less well established. Recent studies
have shown the contribution of alternative splicing regulation of these signalling pathwayswhich can lead to cellular transformation,
cancer development, and tumor maintenance. This review will discuss findings in the literature which describe new modes of
regulation of components of the Ras-MAPK and PI3K-mTOR signalling pathways by alternative splicing. We will also describe
the mechanisms by which signals from extracellular stimuli can be communicated to the splicing machinery and to specific RNA-
binding proteins that ultimately control exon definition events.

1. Introduction

In the past several decades cancer research has focused on
genetic alterations such as mutations, copy number varia-
tions, and translocations that are detected in malignant tis-
sues and contribute to the initiation and progression of can-
cer. In recent years it is becoming clear that epigenetic chan-
ges, including transcriptional and posttranscriptional alter-
ations, also play a major role in cancer development and thus
should be the direction of future research [1–4]. Mutations
and copy number variations in splicing regulators have been
identified in several types of cancer, supporting the notion
that changes in splicing fidelity contribute to cancer develop-
ment [5–9].

Alternative splicing plays a major role in cancer devel-
opment and progression as many tumor suppressors and
oncogenes are modulated by alternative splicing [10, 11].
However, the role of alternative splicing regulators in cancer
development is mostly unknown, and only recently the first
direct evidence for an oncogenic role of a splicing factor has
been shown [9, 12–15].

The Ras-MAPK and PI3K-mTOR signalling pathways
are deregulated in many cancers by genetic and epigenetic
aberrations [16–18]. Several key components in these path-
ways, such as Ras, B-RAF, C-RAF, MEK1, PI3K, and Akt, are
activated by mutations or gene amplifications, while other
components that inhibit these pathways, such as PTEN, LKB1,
and TSC1/2, are inactivated by genomic deletions and muta-
tions [16–20]. Pharmacological inhibitors of enzymes in these
pathways, such as BRAF inhibitors and mTOR inhibitors,
are already being used in clinical settings to treat cancer,
while others (PI3K and MEK1 inhibitors) are in advanced
stages of clinical trials [21–26]. Although the Ras-MAPK and
PI3K-mTOR pathways are at the center of intensive research,
and many genetic alterations that activate or inactivate these
pathways have been discovered, much less is known about
the epigenetic and posttranscriptional regulation of these sig-
nalling pathways. Recent studies have revealed how these
pathways can be regulated by alternative splicing and by splic-
ing regulators and are the focus of this review.

Here, we discuss the intricate relationship between alter-
native splicing and signalling at different levels: (i) how the
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Table 1: Alternative splicing of Ras-MAPK and PI3K-mTOR signaling components.

Signalling component Gene name Splicing isoform activity Type of cancer Reference number

RTK EGFR
Constitutively active receptor/soluble decoy
isoform, enhanced signalling, survival, and
tumorigenicity.

Glioblastoma,
lung [28, 47–49, 51, 56–58]

RTK RON Constitutively active receptor, enhanced
signalling, invasion, and motility.

Glioblastoma,
colon, breast,
and gastric

[34, 35]

RTK MET
Constitutively active receptor/soluble decoy
isoform, enhanced/reduced signalling,
invasion, and motility.

Ovarian, lung,
and HCC [38, 39]

RTK FGFR Induction of EMT, invasion, and motility.
Prostate,

pancreatic, and
breast

[28, 29, 36, 61]

RTK INSR Differential ligand binding (IGF-II) and
oncogenic activity.

HCC, thyroid,
and ovarian [31, 37]

RTK VEGFR Soluble decoy isoform, enhanced/reduced
angiogenesis, and survival. Lung, breast [28, 32]

Cytosolic kinase Fyn Enhanced/reduced kinase activity, survival
of epithelial cells. Unknown [43]

Cytosolic kinase mTOR Constitutively active kinase, oncogenic
activity. HCC [75]

Cytosolic kinase S6K1 Tumor suppressor/oncogenic isoforms,
activates/inhibits mTORC1. Breast, lung [14, 78]

Cytosolic kinase A-Raf Enhanced/reduced binding to Ras and
activation of the MAPK pathway.

HCC, head, and
neck [45, 46]

Cytosolic kinase B-Raf
Enhanced/reduced kinase activity, activation
of the MAPK pathway, and resistance to
BRAF kinase inhibitors.

Colon,
melanoma [20, 21, 40]

Cytosolic kinase MEK1 Alternative pathway with a different
substrate. Unknown [66, 67]

Cytosolic kinase ERK1 Alternative pathway with different
substrates. Unknown [66, 67]

Cytosolic kinase MKNK2
Oncogenic isoform that enhances eIF4E
phosphorylation and a tumor-suppressive
isoform.

Lung, breast,
colon, and
pancreas

[14, 68]

Phospholipid phosphatase PTEN Active/inactive tumor suppressor. Unknown [71]

Phospholipid kinase PI3K Constitutively active kinase, enhanced
downstream signalling. Unknown [69, 70]

Small GTPase Ras Enhanced/reduced binding to Raf and Rin
and activation of the MAPK pathway. Unknown [32, 44]

GTPase activator (GAP) TSC2 Inactivation of a tumor suppressor. Tuberous
sclerosis [72–74]

activity of components in the Ras-MAPK signalling pathway
is regulated by alternative splicing in cancer cells; (ii) how the
activity of components in the PI3K-mTOR pathway is regu-
lated by alternative splicing in cancer cells; (iii) mechanisms
by which extracellular stimuli can be communicated to the
splicingmachinery and to specific RNA-binding proteins that
ultimately control exon definition events.

Alternative splicing can affect the activity of signalling
effectors contributing to their constitutive (or improper)
function. The most well-characterized examples are repre-
sented by members of the receptor tyrosine kinase (RTK)
family; EGFR, FGFR, INSR, VEGFR, MET, and Ron [2,
19, 27–39]. In addition, recent studies have also focused on

members of non-receptor cytosolic protein kinases, such as
Src, Ras, and Raf and on non-kinase cytosolic receptors,
including androgen and estrogen receptors [20, 40–43]
(Table 1).

2. Regulation of the Ras-MAPK Pathway by
Alternative Splicing

Downstream to RTK activation, the small GTPase Ras is
loaded with GTP and activated. Of the three genes encoding
for Ras proteins (K-Ras, H-Ras, and N-Ras), K-Ras and H-
Ras can include or exclude an exon termed IDX and generate
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Figure 1: Alternative splicing regulation of the Ras-MAPK pathway.
Growth factors and cytokines activate receptor tyrosine kinases
(RTKs) which in turn lead to activation of Ras. RTKs can be alterna-
tively spliced to generate soluble truncated isoforms which act in a
dominant-negative manner or constitutively active isoforms which
are active regardless of ligand binding. Ras can be alternatively
spliced to generate p19-Ras which cannot activate its downstream
effector Raf. GTP-bound p21-Ras activates A-, B-, and C-Raf
which can be alternatively spliced to generate inactive dominant-
negative isoforms containing only the Ras binding domain (RBD)
or constitutively active isoforms containing only the kinase domain.
Oncogenic splicing factor hnRNP H inhibits the production of
dominant-negative A-Raf isoforms. Raf phosphorylates MAPKK
(MEK) which in turn phosphorylates MAPK-ERK. MAPKK1 and
ERK1 can generate MAPKK1b and ERK1c, respectively, by alter-
native splicing to generate a parallel signalling pathway. MAPK-
ERK can phosphorylate MNK2, which is alternatively spliced and
regulated by the oncogenic splicing factor SRSF1. SRSF1 upregulates
a prooncogenic Mnk2b isoform and reduces Mnk2a isoform of this
kinase. Blue: tumor suppressors, red: oncogenes, and green: parallel
pathway.

p19- or p21-Ras, respectively [44]. p19-Ras cannot interact
with A-Raf or Rin1, but binds RACK1 and may act in an
antagonistic manner to p21-Ras [42]. Alternative splicing
of the cytosolic kinase B-Raf, a downstream effector of the
small GTPase Ras in the mitogen-activated protein (MAP)
kinase pathway, gives rise to several isoforms devoid of the
N-terminal autoinhibitory domain [20]. These constitutively
active protein isoforms are able to activate the MAP kinase
signalling pathway and to induce tumor formation in nude
mice [20] (Figure 1, Table 1). Furthermore, alterations in the
splicing profile of signalling components can also play a role
in the acquisition of drug resistance. As an example, the
mutant B-Raf(V600E) allele generates splicing isoforms that
lack the Ras-binding domain and are able to dimerize in a
Ras-independent manner [21]. Importantly, B-Raf(V600E)
splice transcripts have been detected in several melanoma
patients with acquired resistance to vemurafenib, an inhibitor
of Raf activity used in clinical practice [21]. In addition, two
truncated splicing isoforms of the cytosolic kinase A-Raf,
another member of the Raf kinase family, negatively regulate
A-Raf (Raf1) kinase activity by sequestering the upstreamRas

GTPase activator [45, 46] (Figure 1). A-Rafshort which arises
from retention of introns 2 and 4 is a 171-amino acid protein
lacking two-thirds of the C-terminal region including the
kinase domain [46]. In human head and neck carcinomas c-
myc can induce high levels of the splicing regulator hnRNP
H, which in turn increases expression of the full-length A-Raf
protein, while decreasing the expression of A-Rafshort [46].
Another truncated isoform is DA-Raf1, which contains a
premature termination codon, due to intron 6 retention.
This isoform comprises of only the N-terminal Ras-binding
domain of A-Raf [45]. Its overexpression impairs the tumori-
genic potential of mutant K-Ras transformedmouse NIH3T3
fibroblasts in nude mice [45]. Although identified in murine
cells, it can also affect the activity of humanA-Raf. In a similar
fashion, B-Raf truncated splicing variants devoid of kinase
activity have been recently identified in colorectal cancer cells
[40]. These truncated B-Raf splicing variants are generated
through several alternative splicing events, such as skipping
of exons 14-15 or inclusion of one of the additional exons 15b,
16b, and 16c, resulting in premature stop codons [40].

The Ras/Raf/MAPK cascade can be activated by the epi-
dermal growth factor receptor (EGFR/ErbB1), a member of
the ErbB receptor tyrosine kinase family, which is frequently
mutated and overexpressed in different human cancers,
including glioma, non-small-cell lung carcinoma, ovarian
carcinoma, and prostate carcinoma [47]. The most studied
EGFR variant is the type III epidermal growth factor recep-
tor mutant EGFRvIII (also referred to as ΔEGFR or de2-
7 EGFR), containing an inframe deletion of exons 2–7
that can be generated either by gene rearrangement or altered
pre-mRNA processing [48, 49]. EGFRvIII lacks a portion
of the extracellular ligand-binding domain, is constitutively
active in a ligand-independent manner, and confers growth
advantage to cancer cells [49, 50] (Figure 1). The selective
expression of EGFRvIII in several tumors, but not in normal
tissues, makes it an extremely attractive target for anticancer
therapy [50]. Another splicing isoform of EGFR, called
de4 EGFR, is produced by skipping of exon 4. Similar to
EGFRvIII, de4 EGFR undergoes ligand-independent activa-
tion and self-dimerization and displays transformation capa-
bilities as well as metastasis-promoting potential [51]. Not
only is de4 EGFRdetectable in several human tumors, includ-
ing glioma, prostate, and ovarian, but also its expression
correlates with the malignant degree of glioblastomas [51].

A fascinating example of the link between alternative
splicing and signalling cascades has been recently provided by
studying the metabolic effects, increased glucose uptake and
lactate production, of EGFR activation in human cancer cells.
The ability of EGFR activation to modulate the metabolism
of cancer cells requires the expression of the PKM2 splicing
isoform of pyruvate kinase M (PKM) [52], the enzyme that
catalyzes the final step of glycolysis. There are two variants
of PKM which are generated through alternative splicing of
two mutually exclusive exons: exon 9 included in PKM1 tran-
scripts and exon 10 in PKM2. The choice between exon 9 and
10 is controlled by polypyrimidine tract binding protein
(PTB, also known as PTBP1 or hnRNP I) and hnRNP A1/A2
that bind to sequences flanking exon 9, thus inhibiting the
selection of exon 9 and promoting exon 10 inclusion [53, 54].
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EGFR activation acts at different levels in the expression
of PKM2 by increasing transcription of both PTB and
PKM genes. Yang and collaborators have recently reported
that EGFR upregulation of PKM2, but not PKM1, requires
NF-𝜅B activation, which is mediated by PLC𝛾1 and PKC𝜀
monoubiquitylation-dependent IKKbeta activation [52, 55].
Moreover, RNAi-mediated knock-down experiments indi-
cate that PTB mediates the effect of EGFR on splicing of
the PKM gene but not on transcription. Thus, a coordinated
transcription-splicing program controlled by EGFR activa-
tion is responsible for the expression of the PKM2 isoform
and for the distinctive metabolic features of cancer cells.

Another interesting example of regulation of the Ras-
MAPK pathway by alternative splicing is the observation
made by Cartegni’s group that intronic polyadenylation, con-
comitantly (and in competition) with pre-mRNA splicing,
can generate truncated soluble receptor tyrosine kinases
(RTKs). These isoforms lack the anchoring transmembrane
domain and the intracellular kinase domain and can act as
dominant-negative regulators [28] (Figure 1). These secreted
decoy receptors can shut down the relevant tumorigenic
signalling pathways by titrating out the ligand or by trapping
the wild-type receptors in nonfunctional heterodimers [28].
In particular, for the vascular endothelial growth factor recep-
tor 2 (VEGFR2/KDR), the pivotal molecule in controlling
VEGF-dependent functions, the expression of the dominant-
negative sKDR strongly inhibited the angiogenesis process in
both primary HUVEC endothelial cells and in the same cells
exposed to conditioned media and simultaneously treated
with VEGF-A. Thus, artificially increasing production of
these truncated soluble receptors could be a valid approach
to interfere with angiogenic paracrine and autocrine loops.

Soluble isoforms produced by alternative splicing and
containing only the extracellular domain of the protein
have also been detected for the EGFR/ErbB1 tyrosine kinase
receptor [47, 56]. These truncated soluble EGFR variants
have been detected in several cancer types, and their levels,
circulating as well as in tumor tissues, have been used as
prognostic and predictive markers for ovarian, cervical, lung,
and breast cancers [57–59]. Alternative splicing of other
tyrosine kinase receptors such as the insulin, IGF-1, FGF,
ERBB2, and ERBB4 receptors can also modulate the activa-
tion of their downstream signalling pathways [2, 19, 29, 36,
60–65]. An additional example of alternative splicing in the
Ras-MAPK pathway is the splicing of MEK1b and ERK1c
[66, 67]. MEK1 (MAPKK1) phosphorylates and activates
ERK1/ERK2 [66, 67]. MEK1b is a unique splicing isoform of
MEK1 which specifically phosphorylates ERK1c, an isoform
of ERK1 [66, 67]. Thus, by alternative splicing a parallel
pathway is generated, and this confers higher substrate
specificity to this branch of the pathway [66, 67] (Figure 1).
Another component in the MAPK pathway which is regu-
lated by alternative splicing is the kinase MKNK2, which is
regulated by the oncogenic splicing factor SRSF1. Upregu-
lation of SRSF1 downregulates the expression of the Mnk2a
isoform and induces the expression of the Mnk2b isoform
[14] (Figure 1). Mnk2b is a prooncogenic isoform that acti-
vates eIF4E independently ofMAPKactivation [14]. Recently,
this splicing switch was shown to regulate the resistance of
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Figure 2: Alternative splicing regulation of the PI3K-mTOR
pathway. Growth factors and cytokines activate receptor tyrosine
kinases (RTKs) which in turn lead to activation of PI3K. PI3K
phosphorylates phospholipids inducing the recruitment of Akt to
the plasmamembrane and its activation by PDK1. A splicing variant
of the catalytic subunit of PI3K (p37 delta) is an active form that
enhances PI3K activity. Akt phosphorylates and inactivates the
tumor suppressor TSC2, which inhibits the small GTPase Rheb.
GTP-bound Rheb can activate mTOR. mTOR𝛽 is an active splicing
isoform of mTOR. mTOR phosphorylates S6K1 and 4E-PB1. 4E-
BP1 phosphorylation induces its release from eIF4E, enhancing cap-
dependent translation and malignant transformation. Oncogenic
splicing factor SRSF1 can affect the alternative splicing of S6K1
inducing oncogenic short isoforms of this kinase (h6A, h6C)
which bind mTOR and enhance 4E-BP1 phosphorylation and cap-
dependent translation. Blue: tumor suppressors, red: oncogenes.

prostate cancer cells to chemotherapy [68]. Altogether, these
examples of components of the Ras-MAPK pathway which
are regulated by alternative splicing open up the exciting
possibility of exploiting dominant-negative splicing isoforms
for therapeutic purposes, as antioncogenic agents.

3. Regulation of the PI3K-mTOR Pathway by
Alternative Splicing

Upon RTK activation, both the Ras-MAPK and the PI3K-
mTOR pathways are activated [16, 17] (Figure 2). Kinase
PI3K, which phosphorylates 3,5, phosphoinositides, consists
of a regulatory subunit, p85, and a catalytic subunit, p110.
Both p85 and p110 undergo alternative splicing which can
modulate the activity of PI3K [69, 70] (Figure 2). The tumor
suppressor phosphatase PTEN, which counteracts PI3K
activity, is also regulated by alternative splicing, and splicing
isoforms of PTEN that are inactive and act in a dominant-
negative fashion have been detected in Cowden syndrome
and in breast cancer [71]. Upon production of phospho-
inositide by PI3K, the kinase Akt is recruited to the plasma
membrane and is activated by PDK1 [17]. Active Akt phos-
phorylates and inactivates the tumor suppressor complex of
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TSC1/TSC2. Both TSC1 and TSC2 tumor suppressors are
alternatively spliced although inactivation by alternative
splicing has not been demonstrated [72–74]. TSC1/2 inacti-
vates the GTPase Rheb, a small GTPase from the Ras protein
family which binds and activates mTOR [18]. Alternative
splicing of Rheb is not known.mTOR can undergo alternative
splicing to generate an activated form called mTORbeta
which is oncogenic, although its regulation and role in human
cancer have yet to be demonstrated [75]. Recently it was
shown that the splicing factor Sam68 controls alternative
splicing of mTOR, reducing the retention of intron 5. Cells
from Sam68 knockout mice display reduced levels of mTOR
mRNA due to nonsense-mediated decay degradation of the
intron-retained transcript and reduced activity of the mTOR
pathway [76]. mTOR phosphorylates and activates several
substrates. Among the best-characterized mTOR substrates
are S6K1, which phosphorylates the ribosomal protein S6 and
regulates the translation process [18], and eIF4E-BP1, which
is involved in the formation of an active translation initiation
complex [14, 18, 77]. Alternative splicing of S6K1 transcripts is
controlled by the oncogenic splicing factor SRSF1 [14]. Specif-
ically, SRSF1 promotes the production of short S6K1 isoforms,
frequently upregulated in breast cancer cell lines and tumors
[14, 78]. These variants display oncogenic properties as
they are able to enhance cell transformation, motility, and
anchorage-independent growth of breast epithelial cells [78].
The short splicing variants of S6K1 are not substrates of the
signalling cascade (Akt/mTOR) but generate a signal loop
to activate the mTOR pathway in the absence of external
stimuli. Indeed, S6K1 short isoforms are able to bind and
increasemTORC1 activity, leading to 4E-BP1 inactivation and
enhancing translation of several oncogenes and antiapoptotic
genes [78] (Figure 2).

4. Extracellular Stimuli Targeting Components
of the Splicing Machinery

Although for a long time transcription factors have been con-
sidered the ultimate effectors of the signalling cascade path-
ways, in the last few years splicing machinery components
and alternative splicing regulatory proteins have also been
recognized as important targets [79]. The activity of splicing
factors is normally regulated through posttranscriptional
modifications, mainly phosphorylation [80], and therefore it
is not surprising that signalling cascades are involved in mis-
regulation of splicing factors.

The PI3K/Akt/mTOR signalling cascade, frequently
altered in malignancies [81], has been found to affect the
alternative splicing profile of cancer-relevant genes via
Akt-dependent phosphorylation of several SR proteins, such
as SRSF1 and SRSF5 [82–84]. Alternative splicing factor
45 (SPF45) has also been identified as a target of multiple
MAP kinases, such as ERKs (extracellular signal-regulated
kinases), JNKs (Jun N-terminal kinases), and p38 MAPK
[85]. Interestingly, phosphorylation of SPF45 impacts cell
proliferation and cell adhesion programs, through down-
regulation of the human epidermal growth factor recep-
tor (ErbB2) and regulation of the alternative splicing of the
fibronectin 1 gene (FN1), respectively [85].
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Figure 3: Pathways for transformation by SRSF1. SRSF1 is a
transcriptional target of the c-myc protooncogene and can be
phosphorylated by SRPK or CLK downstream to Akt. SRSF1 alters
the splicing of BIM, BIN1, S6K1, andMnk2 regulating themTORand
MAPK pathways, increasing translation, and inhibiting apoptosis.

Signals from the EGF receptor, which activate the PI3K-
Akt pathway, induce phosphorylation of the SRprotein kinase
SRPK1 which in turn phosphorylates SR proteins, such as
SRSF1. Phosphorylation of SRSF1 leads to its activation and
modulation of the cell’s alternative splicing program [86].The
complete landscape of alternative splicing changes by such
signals has yet to be elucidated.

Stress signals emanating from osmotic shock and other
modes of stress which activate the MEK4-/MEK7-p38-
MAPK pathway control cell localization of the splicing factor
hnRNP A1 [87–89]. Activation of the p38-MAPK pathway
induces hnRNP A1 phosphorylation and export from the
nucleus into the cytoplasm [87, 89]. Reducing nuclear hnRNP
A1 levels in response to stress is expected to affect many
alternative splicing events which have yet to be determined.

A very complex and intriguing story has emerged from
the study of the multiple functions of SRSF1. SRSF1 is a
splicing factor with an oncogenic activity that derives from
its involvement in theAkt-mTORpathway [14, 90] (Figure 3).
TheAkt-dependent phosphorylation of SRSF1 affects its func-
tion in splicing regulation and translation.Thus, for instance,
upon phosphorylation by Akt, SRSF1 enhances the produc-
tion of EDA-FN, a splicing isoform of fibronectin 1 (FN1)
expressed in various malignancies but undetectable in nor-
mal tissues [82, 91]. SRSF1 phosphorylation by Clk (CLK1-4)
or SRPK kinases (SRPK1-2) has the opposite effect on EDA-
FN splicing, pointing to SRSF1 as a sort of integrator compo-
nent that can switch between splicing decisions in response
to various external cues [91].This view is further supported by
the observation that the effect of SRSF1 on EDA-FN splicing
is abrogated by rapamycin, an inhibitor of mTORC1 (mTOR
complex-1) [82]. SRSF1 is not only a target but also an
effector of signalling cascades. Indeed, it is able to activate
mTORC1 leading to downstream phosphorylation of two
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of its substrates; S6K1 kinase and 4E-BP1 [77, 78, 90]. The
mechanism by which SRSF1 activates mTORC1 still needs to
be clarified. However, mTORC1 activation by SRSF1 bypasses
upstream PI3K/Akt signalling and is essential for SRSF1-
mediated transformation in nude mice, suggesting that
mTOR inhibitors may be useful for treatment of tumors with
SRSF1 upregulation [78, 90].

5. Conclusions

Our current knowledge is only the tip of the iceberg in term
s of the many mechanisms by which alternative splicing
regulates the Ras-MAPK and the PI3K-mTOR signalling
pathways. This is also true for the mechanisms by which
these signalling cascades regulate the activity of splicing
regulators such as SR and hnRNP proteins leading to mod-
ulation of the cell’s splicing landscape. The diagnostic and
therapeutic potential of manipulating the Ras-MAPK and
the PI3K-mTORpathways, bymodulating alternative splicing
of components of these pathways, is immense. Detection of
alternatively spliced isoforms of key substrates, such as S6K1,
might be used to predict the sensitivity of tumors to mTOR
inhibitors, enabling better choices of drug treatment in the
clinic [78]. Another clinical application concerns resistance
of tumors to drugs which, as in the case of B-Raf splicing, can
arise by alterations in alternative splicing. Elimination of a
drug-binding domain, for example, does not require a
genomic change but rather can occur by skipping of the rele-
vant exon, resulting in a new splicing isoform which is drug
resistant. Even with all these new findings there still remains
a lot to be learned about how alternative splicing regulates
signalling and how signalling regulates splicing. This field
holds great promise for advancing our understanding of the
cancer process and for use in the clinic.
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Alternative splicing (AS) is one of the key processes involved in the regulation of gene expression in eukaryotic cells. AS catalyzes
the removal of intronic sequences and the joining of selected exons, thus ensuring the correct processing of the primary transcript
into thematuremRNA.The combinatorial nature of AS allows a great expansion of the genome coding potential, as multiple splice-
variants encoding for different proteins may arise from a single gene. Splicing is mediated by a large macromolecular complex, the
spliceosome, whose activity needs a fine regulation exerted by cis-acting RNA sequence elements and trans-acting RNA binding
proteins (RBP). The activity of both core spliceosomal components and accessory splicing factors is modulated by their reversible
phosphorylation. The kinases and phosphatases involved in these posttranslational modifications significantly contribute to AS
regulation and to its integration in the complex regulative network that controls gene expression in eukaryotic cells. Herein, we will
review the major canonical and noncanonical splicing factor kinases and phosphatases, focusing on those whose activity has been
implicated in the aberrant splicing events that characterize neoplastic transformation.

1. Introduction

In eukaryotic cells, the expression of each gene is finely tuned
by a complex network of regulative processes affecting all
steps of transcript maturation, from nuclear transcription
to cytosolic export and utilization of the mRNA. A crucial
step in this regulative network is represented by pre-mRNA
splicing, the molecular process that mediates the removal of
intronic sequences and the joining of exons. What makes
splicing an outstanding player in controlling gene expression
is its flexibility, which allows a remarkable increase of the
coding potential of the genome through alternative selection
of exons. Indeed, alternative splicing (AS) allows each gene
to encode for several coding and noncoding mRNA variants,
which often display different activities and/or patterns of
expression. AS is, therefore, one of the principal mechanisms
underlying the well-known discrepancy between increasing
organismal complexity and content of genes contained in
the genome [1]. In line with its central contribution to
genome complexity, it is estimated that up to 90% of human
multiexon genes undergo AS [2], and the importance of this

regulative mechanism for both developmentally regulated
and pathological cellular processes is now well recognized
(reviewed in [3]).

The splicing process is carried out by the spliceosome, a
complex macromolecular machinery composed of five small
nuclear ribonucleoprotein particles (U1, U2, U4, U5, and
U6 snRNPs) and more than 200 auxiliary proteins. The
spliceosome mediates the recognition of the short consensus
sequences surrounding the 5-(GU) and the 3-(AG) splice
site and catalyzes the two transesterification reactions neces-
sary for the removal of the intron and ligation of the selected
exons (reviewed in [4]). Due to the degenerate nature of the
sequence elements recognized by the spliceosome, its recruit-
ment to the maturing pre-mRNA requires the action of both
cis-acting RNA sequence elements and trans-acting RNA
binding proteins (RBPs), such as Ser/Arg (SR) rich proteins,
heterogeneous nuclear ribonucleoproteins (hnRNPs), and
splicing factors belonging to other RBP families. In addition,
AS is also regulated by mechanisms acting both co- and
posttranscriptionally, through epigeneticmodifications of the
chromatin, regulation of the RNA polymerase II (RNAPII)
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transcription rate, and posttranslational modifications of
both spliceosome components and auxiliary splicing factors,
among which reversible phosphorylation acts as a major
player.

2. Impact of Phosphorylation on
the Catalysis of Splicing

A proper regulation of the phosphorylation status of the
spliceosomal proteins and of accessory splicing factors is
crucial for the correct regulation of both constitutive and AS
events. Early studies already described the importance of a
correct balance between phosphorylation and dephosphory-
lation events in the splicing process by showing that both
activation [5] and inhibition [6] of the PP1 and PP2A phos-
phatases are required for splicing catalysis. Several reports
have then further highlighted the importance of regulated
phosphorylation events for the correct assembly and catalytic
activation of spliceosomal components, such as PRP28 [7],
PRP6, or PRP31 [8]. Equally, dephosphorylation events, such
as those regarding the U5 and U2 snRNP component, U5-
156 kDa and SAP155 [9, 10], were shown to be essential for
spliceosome activity, proving the importance of subsequent
rounds of phosphorylation and dephosphorylation events in
the regulation of the splicing process.

Regulative phosphorylation and dephosphorylation
events concern not only the spliceosomal components
but also some accessory RBPs that cooperate with the
spliceosome in the selection of splice sites. For example,
phosphorylation of the splicing factors SF1 and SRSF1 (pro-
totypic SR protein previously known as ASF/SF2) modulates
their interaction with U2AF65 and U1snRNP, respectively,
thus modulating spliceosome assembly [11, 12]. The dynamic
phosphorylation/dephosphorylation of SR proteins is
particularly relevant for the regulation of their functions, as
both hypo- and hyperphosphorylation can inhibit splicing
[13]. For instance, phosphorylation of SRSF1 promotes
spliceosome assembly, whereas its dephosphorylation is
necessary for the catalysis of the first transesterification
reaction [14].

3. Phosphorylation and Splicing Factors

SR proteins are a family of nuclear RBPs involved in the reg-
ulation of both constitutive and AS, whose activity is greatly
modulated by reversible phosphorylation. Their structure is
generally characterized by two N-terminal RNA recogni-
tion motif (RRM) a C-terminal region enriched in Arg-Ser
residues (RS domain), which are themain targets of regulative
phosphorylation. Phosphorylation of the RS domain of SR
proteins has a great impact on their functionality, as it may
affect their binding to target mRNAs, their interaction with
other proteins and their intracellular localization. As an
example, binding of SRSF5 (previously reported as SRp40)
to its high-affinity RNA-binding site is strictly dependent
on the phosphorylation of its RS domain [15]. One of the
most significant examples of how phosphorylationmay affect
the splicing activity of SR proteins is represented by SRSF10

(previously known as SRp38). This SR protein acts as a
specific splicing activator in its RS-phosphorylated form [16],
whereas dephosphorylation converts it into a potent splicing
repressor [17]. Notably, dephosphorylation of SRSF10 occurs
during the M phase of the cell cycle [17] or under stress
condition [18], when general inhibition of splicing occurs.
In particular, it was demonstrated that, under normal condi-
tions, phosphorylated SRSF10 is a sequence-specific splicing
activator, which promotes U1 and U2 snRNP assembly on
target pre-mRNAs endowed with SRSF10-dependent exonic
splicing enhancer (ESE) sequences [16]. Conversely, under
stressful cellular conditions, as during heat shock, SRSF10
is rapidly dephosphorylated by PP1, while other SR proteins
are maintained in phosphorylated state by SR protein kinases
(SRPKs) [19]. Interestingly, during the stress response all SR
proteins are similarly dephosphorylated by PP1. However,
they are rapidly rephosphorylated by SRPKs, while SRSF10,
which is a poor substrate for SRPKs, remains dephospho-
rylated. Under this condition, SRSF10 can still interact with
the U1 snRNP, but in this case the interaction impairs its
ability to recognize the 5 splice site, thus resulting in splicing
inhibition [18].

Phosphorylation of the RS domain can also dictate
SR protein subcellular localization, by affecting both their
intranuclear localization and their nucleocytoplasmic shut-
tling. In interphase cells, SR proteins are enriched in
interchromatin granules called nuclear speckles, which are
enriched in factors involved in pre-mRNA processing and
RNA transport (reviewed in [20]). The recruitment of SR
proteins to nascent pre-mRNAs from these sites of storage
is regulated by their phosphorylation (Figure 1); indeed, it
has been shown that phosphorylation of the RS domain is
a prerequisite for their recruitment to transcription sites in
vivo [21]. This modification plays also an important role in
the regulation of nucleocytoplasmic shuttling of SR proteins.
For instance, phosphorylation of SRproteins in the cytoplasm
is required for their nuclear import [22]. On the other hand,
dephosphorylation of the RS domain is essential for their
translocation to the cytoplasm during mRNP maturation
(Figure 1) [23]. Interestingly, dephosphorylation of SRSF1 and
SRSF7 (previously known as 9G8) enhances their interaction
with the export receptor TAP, thereby favoring also the
export of their target mRNAs [24, 25]. Furthermore, SRSF1
translational activity is increased by dephosphorylation of its
RS domain (Figure 1) [26]. Phosphorylation has therefore a
great impact also on the splicing unrelated functions inwhich
many SR proteins are involved (reviewed in [27]).

Ser/Thr phosphorylation represents an important regula-
tive process not only for SR proteins but also for hnRNPs and
other splicing factors. For instance, hnRNP A1 is phosphory-
lated by themitogen-activated protein kinase (MAPK) p38 in
response to stress conditions (Figure 2), thus causing its cyto-
plasmic translocation and consequent modulation of hnRNP
A1-sensitive AS events [28, 29]. Similarly, phosphorylation of
the SR-like protein TRA2-𝛽 by CLK2 induces its relocaliza-
tion into the cytoplasm, thus reducing its ability to bind its
own mRNA and regulate its splicing [30]. For other splicing
factors, instead, Ser/Thr phosphorylation affects the splicing
activity by modulating their interaction with other proteins.
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Figure 1: Phosphorylation-mediated regulation of SR proteins activity. Reversible phosphorylation of their RS domain profoundly affect
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the nucleus and assemble in nuclear speckles. CLKs mediate SRps hyperphosphorylation and induce their release from nuclear speckles
and their recruitment to transcription sites. Dephosphorylation of SRps is successively required for proper splicing catalysis. Moreover,
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For instance, phosphorylation of hnRNP L reduces its inter-
actionwith theU2AF65 subunit of theU2 auxiliary factor [31,
32]. The function of some splicing factors can be influenced
also by Tyr phosphorylation. A well-documented example in
this sense is SAM68, a member of the signal transduction
and activation of RNA (STAR) family of RBPs (reviewed
in [33]). Tyr phosphorylation by SRC-family kinases (SFKs)
caused the accumulation of SAM68 in nuclear granules,
named SAM68 nuclear bodies (SNBs) [34, 35]. Moreover, it
was shown that this posttranslational modification negatively
affected the interaction of SAM68 with hnRNP A1 and
with the BCL-X pre-mRNA, thus impairing its ability to
promote splicing of this target gene [35]. On the other hand,
Ser/Thr phosphorylation of SAM68 by the MAPKs ERK1/2
was reported to increase splicing of the variable exons in the
CD44 gene [36, 37].Notably, SAM68 represents an interesting
example of how Ser/Thr and Tyr-phosphorylation may have
opposite impact on the splicing activity of an RBP toward

a target pre-mRNA (Figure 2). This was formally shown by
studying its effect on the CCND1 gene. Increased expression
of SAM68 promotes splicing of the cyclin D1b variant of
the CCND1 gene in prostate cancer cells. This activity is
further enhanced by activation of the RAS/ERK pathway
and counteracted by SFKs [38]. In both cases, the effect
was due to modulation of the affinity for RNA, as ERK-
dependent phosphorylation increased binding of SAM68 to
intron 4, whereas SFK-dependent phosphorylation abolished
it (Figure 2) [38]. Thus, activation of signaling pathways
can indirectly modulate AS events through posttranslational
modification of selected splicing factors (see also later).

4. Splicing Factor Kinases

Phosphorylation of spliceosomal components and splicing
factors is mediated by numerous protein kinases. Some of
these kinases, such as the SRPK and CLK families, are
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specifically devoted to this function, whereas others also
participate to signal transduction pathways or phosphorylate
distinct primary substrates in addition to the splicing factors.
Herein, we will review the kinases whose ability to influence
splicing decisions has been better characterized. For conve-
nience, we will classify them as SR-protein specific kinases;
signaling-activated splicing kinases, and “atypical” splicing
factor kinases.

5. SR-Protein Specific Kinases

5.1. SR-Protein Kinases (SRPKs). The first SR protein kinase
identified was SRPK1, which was isolated from mitotic cells,
and it was described to phosphorylate SR proteins and to
promote their release from nuclear speckles during the G2/M
phase of the cell cycle [39]. However, SRPK1 is present and
active also in interphase cells. SRPK1 is the prototype of
the SRPK family, which also includes the two homologous
SRPK2 and SRPK3 proteins. SRPKs are characterized by
a bipartite catalytic domain separated by a unique spacer
sequence (reviewed in [40]) and are mainly localized in the
cytoplasm of mammalian cells. This is due to the presence of
a strong cytoplasmic retention signal localized in the spacer

domain [41] and of their interaction with the molecular
chaperones HSP70 and HSP90, which in complex seem
to favor the folding of SRPKs into an active state [42].
However, SRPKs can translocate into the nucleus of cells
under several conditions, such as during the G2/M phase
of the cell cycle [39], or after osmotic stress [42], or as a
consequence of activation of the epidermal growth factor
(EGF) signal transduction pathway [43]. Due to this dual
localization, SRPKs can phosphorylate SR proteins both in
the nucleus and in the cytoplasm, thus affecting several
aspects of their function. SRPK-mediated phosphorylation
of SR proteins in the cytoplasm is necessary to ensure
SR proteins nuclear import (Figure 1) [44], as it enhances
their interaction with the specific transportin SR2 [22, 45].
SRPK nuclear activity promotes release of SR proteins in the
nucleoplasm from the nuclear speckles [46]. For instance,
several reports suggest that SRPK-mediated phosphorylation
of SRSF1 is essential for its nuclear localization and the
resulting splicing activity triggered by stimulation of specific
signaling pathways (i.e., IGF-1 and EGF treatments) [43, 47].
However, under conditions that strongly increase nuclear
localization of SRPKs, such as under cellular stress, they can
also induce nuclear speckles enlargement [42, 48]. Indeed,
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Zhong and colleagues showed that osmotic stress induced by
sorbitol treatment can lead to amassive nuclear translocation
of SRPK1, which causes hyperphosphorylation of SR proteins
and inhibits their splicing activity toward the reporter E1A
minigene [42]. These studies indicated that SRPK-mediated
phosphorylation of SR proteins can finely tune their splicing
activity in response to external and internal cues.

5.2. Cyclin-Dependent Like Kinases (CLKs). The cyclin-
dependent like kinases (CLK1-4) represent the other proto-
typical family of SR protein kinases. They are characterized
by a C-terminal kinase domain, with dual specificity, and
an N-terminal RS domain, which allows their interaction
with the SR proteins. CLKs colocalize with SR proteins in
nuclear speckles, and their overexpression leads to hyper-
phosphorylation of SR proteins and induces speckles dis-
assembly [49]. Several studies reported the ability of CLKs
to influence splicing events by regulating the subnuclear
localization of SR proteins (Figure 1). In particular, the release
of SR proteins from nuclear speckles induced by CLKs
overexpression has been reported to modulate splicing of the
E1A reporter minigene [50] and of the exon 10 of the TAU
gene [51], whose aberrant regulation has been implicated
in several neurodegenerative diseases. Recently it has been
shown that CLKs also modulate the activity of splicing
factors not related to the SR-protein family, such as SPF45.
CLK-mediated phosphorylation of SPF45 interferes with its
proteasomal degradation and enhances exon 6 inclusion of
FAS by promoting binding of this splicing factor to the
FAS pre-mRNA [52]. The nuclear localization of CLKs is
one of the major differences between them and SRPKs,
which are instead mainly cytosolic. Because of their different
localization, CLKs and SRPKs can cooperate in regulating SR
proteins subcellular localization. Indeed, it has been shown
that SRPK1 interacts with SRSF1 and phosphorylates the N-
terminal part (RS1) of its RS domain, a posttranslationalmod-
ification that is essential for its assembly into nuclear speckles,
whereas CLKs phosphorylate the C-terminal part (RS2) of
its RS domain, thereby causing release of SRSF1 from the
speckles [53]. Moreover, SRPKs and CLKs have also distinct
substrate specificity, as SRPKs preferentially phosphorylate
Ser-Arg sites, while CLKs have a broader specificity and can
phosphorylate also Ser-Lys or Ser-Pro sites [54]. Therefore,
even if apparently redundant, the coordinated activity of
SRPKs and CLKs is crucial for correct splicing regulation.
This was well illustrated by Nowak and colleagues, whose
work highlighted how SR-proteins phosphorylation induced
by these two families of kinases may differently control a
single splicing event [55]. The vascular endothelial growth
factor A (VEGFA) gene, a key regulator of angiogenesis,
produces several isoforms by alternative splice-site selection
in the terminal exon 8: proximal splice-site selection results
in proangiogenic VEGFxxx isoforms, whereas distal splice-
site selection results in antiangiogenic isoforms VEGFxxxb.
Different growth factors inversely influence these splicing
events by inducing in both cases phosphorylation of SR
proteins. However, IGF-1 and TNF-𝛼 induced production
of VEGFxxx through activation of SRPKs, whereas TGF-𝛽1
enhanced VEGFxxxb production by activating CLKs [55].

6. Signaling-Activated Splicing Factor Kinases

AS represents a crucial step in the regulation of gene expres-
sion in eukaryotic cells. Therefore, its regulation needs to
be finely integrated in the complex network of regulative
mechanisms that allows the cell to modulate gene expression
in response to the different physiological and pathological
stimuli that are received from both the internal and external
environment. In support of this notion, activation of signal
transduction pathways has been shown to modulate AS in
a large number of situations. However, while in some cases
the mechanism(s) has been described, in other cases the
transacting factors mediating the response are unknown.
Here we will review signaling-activated kinases that can
modulate AS by directly phosphorylating splicing factors or
their regulators, such as the SRPKs or CLKs.

6.1. AKT. The Ser/Thr kinase AKT, also known as PKB, is
the hinge molecule of the phosphoinositide-3-kinase-protein
kinase (PI3 K) signaling pathway, which transduces the signal
of several growth factors and cytokines. Through the phos-
phorylation of its many nuclear and cytosolic targets, AKT
can regulate a multitude of cellular processes, such as cell
metabolism, proliferation, and survival (reviewed in [56]).
To exert its multiple functions, AKT regulates different steps
of the gene expression network, from transcription, to AS
and translation. Indeed, several reports have highlighted the
ability of AKT to directly and indirectly modulate the func-
tion of many RBPs. AKT phosphorylates both hnRNPs and
SR proteins, which contain within their RS domain multiple
AKT phosphorylation consensus sequences: RXRXX(S/T)
[57]. By modulating their phosphorylation status, AKT
regulates both splicing and splicing independent functions
of hnRNPs and SR proteins. For example, AS of a four-
exon cassette in the CASPASE-9 gene allows expression of a
proapoptotic splice variant (exon inclusion, CASPASE-9a) or
an antiapoptotic splice variant, (exon skipped,CASPASE-9b).
AKT-dependent phosphorylation of hnRNP L increases its
affinity for exon 3 and induces expression of the antiapoptotic
variant. Indeed, AKT-phosphorylated hnRNP L competes
with hnRNP U for the binding to the mRNA and impairs
its ability to promote the pro-apoptotic CASPASE-9a [58]
(Figure 2). This is a clear example of how AKT may promote
cell survival by regulating a key AS event. On the other hand,
phosphorylation of hnRNP A1 by AKT has no effects on
splicing, but it modulates the translational activity of this
RBP. Following phosphorylation, hnRNPA1 loses its ability to
promote IRES dependent translation of theCCND1 and the c-
MYCmRNAs [59]. In the case of SRproteins, AKTwas shown
to modulate both splicing and translational activity through
phosphorylation. Growth factor-induced phosphorylation of
SRSF1 and SRSF7 by AKT enhanced their ability to promote
the inclusion of the EDA exon in the fibronectin mRNA
and translation of the spliced mRNA [60]. One of the most
characterized AS events regulated by AKT is affecting PKC𝛽
pre-mRNA after insulin stimulation. This hormone induces
splicing of the PKC𝛽 II isoform, which enhances insulin-
stimulated glucose transport better than the PKC𝛽 I variant,
even if they differ only for two residues in their C-terminus
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[61]. Insulin stimulation induces PI3K-dependent activation
of AKT, which phosphorylates SRSF5 [62, 63], thus pro-
moting PKC𝛽 II splicing. Furthermore, AKT phosphorylates
CLK1 and enhances its activity (Figure 2). In turn, CLK1
phosphorylates SRSF4 (previously named SRp75) and SRSF6
(previously named SRp55), thus contributing to the PKC𝛽
II splicing regulation [64]. Recently, it has been suggested
that AKT and CLK may also regulate SRSF5 splicing activity
by affecting its nuclear localization, which was impaired
when a CLK mutant that cannot be phosphorylated by AKT
is expressed [65]. Importantly, this concerted regulation of
SRSF5-dependent PKC𝛽 II splicing by AKT and CLK was
essential for adypogenetic differentiation, thus providing
physiological relevance for this signaling route.

AKT was also shown to regulate the activity of SRPKs.
A recent work documented that EGF signaling induces a
massive reprogramming of AS that depends onAKT-induced
nuclear translocation of SRPKs [43]. In fact, AKT binding to
SRPKs induces their autophosphorylation and dissociation
from the HSP70 chaperone, which normally holds SRPKs
into the cytoplasm, thus favoring their nuclear translocation
guided by HSP90 (Figure 2). Once in the nucleus, SRPKs
can phosphorylate SR proteins and modulate the splicing
pattern of several genes.Thus, given its ability tomodulate the
activity of both regulators (SRPKs and CLKs) and effectors
(SR proteins and hnRNPs) of AS, AKT stands up as a crucial
player in the modulation of splicing in response to external
cues, and this activity might represent a primary function of
AKT in the regulation of multiple cellular processes.

6.2.Mitogen-Activated ProteinKinases (MAPKs). MAPKs are
a family of Ser/Thr kinases that transduce external signals
into the cell and regulate many different cellular processes,
such as metabolism, proliferation, survival, differentiation,
and motility (reviewed in [66]). The MAPK family includes
the extracellular regulated kinases (ERK 1/2), the c-Jun amino
terminal kinases (JNK 1–3), p38 (𝛼, 𝛽, 𝛾, and 𝛿), and ERK5
family. The role of MAPKs in these cellular processes is
mediated by regulation of protein activity and stability and
bymodulation of gene expression, which also occurs through
AS. The first evidence of MAPK-modulated splicing came
from studies on the regulation of AS of the CD44 gene,
which encodes for the extracellular receptor for hyaluronic
acid, a key component of the extracellular matrix. The CD44
gene is characterized by a block of variable exons (v2–v10)
embedded between ten constant exons; the inclusion of the
variable exons into the mature transcript modulates CD44
protein interactionwith its substrate, thus significantly affect-
ing cell adhesion, migration, and proliferation (reviewed in
[67]). The inclusion of the variable exon v5 in the mature
mRNA of CD44 upon T-cell activation is dependent by the
RAS-RAF-MEK-ERK signaling cascade [68]. The target of
this pathway is SAM68, whose ability to promote exon v5
inclusion is increased by ERKs-mediated phosphorylation
[36]. SAM68 interacts with the splicing factor U2AF65,
and this interaction seems to enhance the recognition of
the 3 splice-site. Phosphorylation by ERKs reduces the
affinity of the SAM68/U2AF65 complex to the CD44 pre-
mRNA, probably favoring the subsequent recruitment of

other spliceosomal components [69]. SAM68 is not the only
RBP regulated by ERK1/2. Furthermore, other MAPKs, like
p38 or JNKs, are known to phosphorylate and modulate the
activity of splicing factors. For example, it has been recently
demonstrated that phosphorylation of the splicing factor
SPF45 can be mediated by all the three families of MAPKs
in response to different stimuli (e.g., oxidative stress activates
ERK1/2 and JNK mediated phosphorylation, whereas UV-
light induces p38 and JNK activity) [70] (Figure 2). These
kinases phosphorylate SPF45 on two residues, Thr 71 and
Ser 222; these posttranslational modifications inhibit SPF45-
dependent exon 6 inclusion in the FAS gene, thus leading to
the production of a dominant negative isoform of this death
receptor [70].

Modulation of hnRNP A1 activity by p38 is another well
characterized regulative phosphorylation event operated by
a MAPK. Environmental stresses, such as osmotic stress or
UV irradiation, induce p38 activation and phosphorylation
of hnRNPA1, leading to the relocalization of this nuclear RBP
into the cytoplasm, where it concentrates into discrete phase-
dense particles, called stress granules (SGs) [29] (Figure 2).
The nuclear exclusion of hnRNPA1 is the result of its reduced
interaction with the transportin Trn1, which under normal
conditions mediates its nuclear translocation [71], and leads
to consequent modulation of hnRNP A1-dependent splicing
events, which were tested using the E1A minigene reporter
[28]. HnRNP A1 phosphorylation is mediated by the p38
effectors MAP kinase signal-integrating kinases (MNK1/2)
[28], which can also regulate the translational activity of this
splicing factor. It was observed that the increase in TNF-
𝛼 protein production following T-cell activation relies on
MNK-mediated phosphorylation of hnRNP A1. However, in
this cellular context, phosphorylation of hnRNP A1 does not
affect its localization, but it rather lowers its affinity for the
AU-rich element (ARE) in the 3UTR of the TNF-𝛼 mRNA,
thus probably relieving a translation repressive control and
allowing enhanced TNF-𝛼 production [72].

Thus, MAPKs can regulate different steps of mRNA pro-
cessing through phosphorylation of several splicing factors,
integrating in this way this complex regulative step of gene
expression with the response of the cell to external cues.

6.3. Tyrosine Kinases. Protein tyrosine kinases (PTKs) cat-
alyze the transfer of a phosphate group from ATP to a
tyrosine residue of their target proteins. PTKs may be clas-
sified in two different classes: the transmembrane receptors
tyrosine kinases (RTKs) and the nonreceptor tyrosine kinases
(nRTKs). PTKs mediate the phosphorylation of several pro-
teins in response to both internal and external cues, leading to
themodification of their activity or affecting their interaction
with other proteins. Transduction pathways triggered by PTK
activation affect gene expression, also at the level of AS, even
though only a small number of splicing factors have been
shown to be regulated by Tyr-phosphorylation. Among these
few RBPs, the members of the STAR proteins family, and in
particular SAM68, stand out (Figure 2). Inmany STAR family
members, the RNA binding domain is flanked by regulatory
regions, like proline-rich or tyrosine-rich sequences, which
mediate their interaction with the Src Homology 3 (SH3)



International Journal of Cell Biology 7

and SH2 domains of other proteins, including PTKs. For
instance, the breast tumor kinase (BRK) is a nRTKs that
interacts in the nucleus with a proline rich region of SAM68
through its SH3 domain. BRK-dependent phosphorylation of
SAM68 reduces its RNA binding affinity [73]. Analogously,
BRK phosphorylates also the SAM68 homologous proteins
SLM-1 and SLM-2, reducing their affinity to the RNA also
in this case [74]. SAM68 is also substrate of FYN, another
soluble nRTKs. In this case, it was also shown that Tyr-
phosphorylation interfered with SAM68-dependent splicing
of the BCL-X and CCND1 genes [35, 38]. FYN-dependent
phosphorylation reduced the affinity of SAM68 for these tar-
get RNAs and affected its interaction with different proteins,
such as hnRNPA1, thereby affecting the outcomeofAS events
[35, 38]. Tyr-phosphorylation also influences the splicing
activity of the nuclearRBPYT521-B,which can also be elicited
by several nRTKs such as FYN, SRC, or c-ABL [75, 76].
This posttranslational modification induces translocation of
YT521-B from the nuclear YT bodies, where it normally
resides, to the nucleoplasm. Phosphorylated YT521-B shows
reduced ability to modulate splice-site selection of different
targets, in association with a reduced binding to their mRNA,
possibly because the nucleoplasmic translocation distances
YT521-B from the effective sites of pre-mRNA processing
[76].

6.4. cAMP-Dependent Protein Kinase (PKA). Increased
intracellular levels of the second messenger cyclic adenosine
3,5-monophosphate (cAMP) lead to the activation
of the cAMP-dependent protein kinase (PKA), which
transduces the signals of many hormones, growth factors,
and neurotransmitters [77]. PKA is a tetrameric protein,
composed of two regulatory subunits (R) and two catalytic
subunits (C): binding of cAMP to the R subunits leads to
their dissociation from the C subunit and activation of the
kinase [77]. Activated PKA phosphorylates several effectors,
including transcription factors, ion channels, and metabolic
enzymes, thus influencing multiple cellular functions. PKA
activity is also regulated by interaction of the R subunits with
the PKA-anchoring proteins (AKAPs); AKAPs maintain
PKA in specific subcellular compartments and in proximity
of its substrates, thus retaining PKA activity where it is
needed. The first evidence of a possible involvement of PKA
in the regulation of AS came from the observation that
a fraction of the C subunit translocates into the nucleus,
colocalizes with SRSF2 (previously reported as SC35) in
splicing speckles, and phosphorylates several SR proteins, at
least in vitro [78]. Localization of the C subunit in nuclear
speckles seems to be related to its interaction with the
C-subunit binding protein HA95 [78] and to the SR protein
SRSF17A, which was shown to be a novel AKAP required to
anchor PKA C subunit in splicing speckles [79]. Importantly,
modulation of E1A reporter minigene splicing by SRSF17A
is dependent on its interaction with PKA [79]. Moreover,
nuclear PKA itself is able to modulate AS of the E1A reporter
minigene, even in the absence of the cAMP stimulation [78].

Several stimuli that increase the cAMP intracellular levels
were shown to affect AS events through phosphorylation of
both SR proteins and hnRNPs by PKA. For example, it was

demonstrated that forskolin, which stimulates the synthesis
of cAMP, modulates AS of exon 10 of the TAU gene [80,
81]. Notably, activated PKA affects the activity of two SR
proteins, SRSF1 and SRSF7, which inversely modulate exon 10
splicing: SRSF1 promotes exon 10 inclusion, whereas SRSF7
prevents it. However, PKA-dependent phosphorylation of
SRSF1 enhances its activity [80]whereas it inhibits SRSF7 [81],
thus globally favoring exon 10 inclusion.

PKA is also able to modulate AS of genes that are crucial
for neuronal differentiation, through the phosphorylation of
hnRNP K. After phosphorylation by PKA, hnRNP K shows
higher binding activity to its target mRNAs with respect to its
competitor U2AF65; this mechanism impairs the recognition
of the 3 splice site and leads to the skipping of its target exons
[82]. On a broader view, hnRNP K target motifs are found
in many genes involved in neuronal differentiation and in
neurological diseases [82]. These pieces of evidence suggest
that PKA mediated regulation of hnRNPs and SR proteins
activity may be an important player in the complex network
of regulativemechanisms that finely control AS events during
neuronal development (reviewed in [83]). Although cAMP
and PKA are usually involved in cell differentiation, their
contribution to cancer has also been demonstrated. It will
be interesting to investigate whether PKA-dependent mod-
ulation of AS also occurs in genes with relevance to human
cancer.

7. Other Kinases

In this section, we will describe the regulative activity of
some proteins that showed an unexpected kinase activity
towards splicing factors, so that they cannot be included in
any of the classes described previously. Some of these kinases
were known to have other specific substrates different from
splicing factors, for others, instead, the kinase activity was
totally unpredicted.

7.1. DNA Topoisomerase I. The first of these atypical kinases
to be described was the DNA topoisomerase I, whose best
known function is to relieve both positive and negative
DNA supercoils ensuring correct DNA topology during
transcription, DNA replication and repair (reviewed in [84]).
Despite the absence of a canonical ATP binding site, DNA
topoisomerase I was shown to phosphorylate SR proteins,
in particular the prototypic SRSF1, within their RS domain
[85]. This phosphorylation event can significantly affect SR
proteins modulatory activity on AS events. Indeed, it has
been demonstrated that cells deficient for this enzyme show
a general status of hypophosphorylation for the SR proteins,
which correlates with an impaired regulation of several AS
events, whereas constitutive splicing results unaffected [86].
Moreover, treatment with a selective inhibitor of the kinase
activity of DNA topoisomerase results in reduced phospho-
rylation levels for SR proteins, which in turn leads to a
defective spliceosome assembly and alterations in the splicing
pattern of several genes [87]. As it is nowwell established that
pre-mRNA splicing occurs cotranscriptionally, it has been
suggested that this double activity of DNA topoisomerase I
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could be one of the mechanisms ensuring the correct coordi-
nation between DNA transcription and splicing [88]. Indeed,
DNA topoisomerase I activity is fundamental to solve DNA
supercoils generated by RNA pol II progression along the
DNA template and might simultaneously ensure a regulated
splicing factor activity through their phosphorylation.

7.2. Dual-Specificity Tyrosine-(Y)-Phosphorylation Regulated
Kinase 1A (DIRK1A). Another protein kinase able to mod-
ulate the splicing activity of SR proteins is DIRK1A (dual-
specificity tyrosine-(Y)-phosphorylation regulated kinase
1A). This dual-specificity protein kinase autophosphorylates
on Tyr, Ser, and Thr residues but phosphorylates substrates
only on Ser or Thr residues (reviewed in [89]). The human
DYRK1A genemaps to chromosome 21, and it is ubiquitously
expressed in adult and fetal tissues, with high levels of expres-
sion in the brain. DYRK1A is supposed to play a major role
during neuronal development, through its interaction with
several cytoskeletal, synaptic, and nuclear proteins (reviewed
in [89]). Several SR proteins were shown to interact with
DYRK1A. Indeed, DYRK1A has been reported to colocal-
ize with SRSF2 in nuclear speckles, and its overexpression
induces the disassembly of this subnuclear structures [90].
Alteration of subcellular localization of the SR proteins phos-
phorylated by DYRK1A seems to be the main mechanism by
which this kinase regulates the splicing activity of its target
factors. For instance, phosphorylation of SRSF1 and SRSF7
by DYRK1A induces their cytoplasmic translocation [91, 92],
whereas phosphorylation of SRSF2 and SRSF6 causes their
dissociation from nuclear speckles [93, 94]. For each of these
splicing factors the mislocalization induced by DYRK1A
impaired their ability to modulate the inclusion of exon 10 of
the TAU gene, thus shifting the splicing balance toward the
exclusion of this exon.

7.3. Fas-Activated Serine/Threonine Kinase (FAST). Fas-acti-
vated serine/threonine kinase (FAST) is a constitutively phos-
phorylated Ser/Thr kinase, which undergoes rapid dephos-
phorylation after the binding of Fas ligand to its receptor
Fas, an interaction that triggers T-cell apoptosis. It was
known that dephosphorylated FAST was able to interact with
and phosphorylate the RBP TIA1 [95], but the functional
relevance of this interaction in the regulation of the splicing
process remained unknown for a long time. It was later
discovered that phosphorylation of TIA1 by FAST regulates
its ability to promote the inclusion of exon 6 of the FAS gene
[96]. Phosphorylated TIA1 enhances U1 snRNP recruitment
to FAS pre-mRNA, thus favoring the recognition of this
variable exon. Inclusion of exon 6 into the FAS mRNA
favors the production of a proapoptotic isoform of this
gene, suggesting that FAST and TIA1 take part to a positive
regulative circuitry that enhances Fas-dependent apoptosis
once activated. Furthermore FAST is also endowed with an
intrinsic splicing activity, independent from TIA1 [97]. It was
observed that FAST can modulate the splicing of the FGFR2
reporter gene in the same direction of TIA1, favoring the
inclusion of exon III b but independently from this RBP.Thus,
FAST can directly and indirectly affect splicing, and it would

be interesting to determine how many targets are influenced
by this kinase in T cells.

7.4. Aurora Kinase A (AURKA). AURKA was identified in
a high-throughput siRNA screening for factors involved in
the regulation of AS of two apoptotic genes: BCL-X and
MCL1 [98]. Among several regulators identified by the screen,
authors noticed a peculiar enrichment for proteins involved
in the regulation of the cell cycle.They focused their study on
AURKA, a kinase involved in the regulation of centrosomal
splitting that is frequently upregulated in cancers, where
it is supposed to promote aneuploidy [99]. AURKA was
demonstrated to positively regulate splicing of the antiapop-
totic variant 𝐵𝐶𝐿-𝑋

𝐿
through stabilization of SRSF1. Cells

depleted of AURKA showed reduced levels of SRSF1, which
then resulted in increased levels of the𝐵𝐶𝐿-𝑋

𝑆
pro-apoptotic

variant. Moreover, since AURKA is activated at the G2/M
phase of the cell cycle, the authors suggested that this kinase
links BCL-X splicing regulation to cell cycle progression.
These observations suggest that, in addition to the effects on
centrosome duplication, upregulation of AURKA can favor
neoplastic transformation also by promoting antiapoptotic
splice variants.

8. Splicing Factor Kinases in Cancer and
Other Human Diseases

Due to the important role played by the AS process in the
control of gene expression, any alterations of its regulation
can profoundly modify important cellular processes, thus
resulting in a potential cause of disease (reviewed in [100]).
Altered expression, activity, or subcellular localization of
splicing factor kinases can be among the causes of the aber-
rant splicing events associated to several diseases, particularly
neurodegenerative pathologies and cancer.

Aberrant inclusion of exon 10 of the TAU gene is a
well-known example of pathogenetic splicing event, caused
by the deregulated activity or expression of splicing factor
kinases. TAU protein is a microtubule associated protein,
which controls assembly and stability of microtubules. Exon
10 of the TAU gene encodes for one of the four microtubule
binding domain repeats (R) of the TAU protein and regulates
its affinity for microtubules and, consequently, its ability to
induce their polymerization. Alternative inclusion of exon
10 leads to the production of either 4R-tau (inclusion) or
3R-tau (exclusion), and equal levels of these two isoforms
seem to be essential for normal function of the human
brain. Alteration of the normal ratio 1 : 1 between the 4R
and the 3R isoform, in both directions, has been observed
in several cases of Alzheimer’s disease (AD); moreover,
nearly half of the mutations in the TAU gene associated
with FTDP-17 (frontotemporal dementia with parkinsonism
linked to chromosome 17) affects exon 10 splicing, both
inhibiting or promoting its inclusion, strongly suggesting
that a proper regulation of this splicing event is essential for
the maintenance of the healthy balance between 4R and 3R
isoforms (reviewed in [101]). Several reports have highlighted
or suggested a strong correlation between aberrant splicing of
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the exon 10 of the TAU gene in tauopathies and deregulated
activity of the kinases regulating this splicing event. Stamm’s
group, for example, observed an increased production of
an inactive isoform of the CLK2 kinase in the brain of
AD patients, which correlated with increased inclusion of
TAU exon 10. This observation suggested that the CLK2-
dependent phosphorylation of SR proteins and the SR-like
protein TRA2-𝛽 is required for the correct regulation of this
splicing event [102]. Another kinase supposed to be involved
in the altered regulation of TAU splicing is PKA, which also
promotes the inclusion of the exon 10 of this gene through
the phosphorylation of different SR proteins [80]. As reduced
levels of PKA-C𝛼 have been observed in AD brains [103], it
has been speculated that the lack of its activitymay participate
in the alteration of the normal balance between the 3R and 4R
splice variants of TAU [81]. As described in previous section,
the kinase DYRK1A exerts an important regulation on the AS
of the TAU gene, thus strongly suggesting that its increased
dosage due to the trisomy of chromosome 21 could be the
main cause of the early onset of tauopathies in patients with
Down syndrome [103]. Modulation of TAU gene splicing is
a very attractive potential therapeutic target for treatment
of tauopathies (reviewed in [104]); since protein kinases
regulate this splicing event and are involved in tauopathy
pathogenesis, targeting the activity of these kinases should be
certainly considered in the development of future approaches
for the treatment of these pathologies.

Upregulation and/ormisregulated activity of splicing kin-
ases are often associated to cancer development. This has
been widely reported for SRPK1, which is overexpressed in
several cancer types, such as pancreatic carcinomas [105],
breast and colon carcinomas [106], and lung cancer [107].
Moreover, increased SRPK1 levels positively correlate with
tumor grade [106] and are associated with higher resis-
tance to chemotherapeutic treatments [105, 108]. Through
modulation of selective splicing events, SRPK1 may allow
cancer cells to enhance their proliferative, invasive, and
angiogenetic potential. For example, in pancreatic, breast,
and colon cancer cells SRPK1 promotes the generation of
specific splice variants of theMAP2K2 gene, which sustained
higher activity of the MAPK pathway [106]. Recently, SRSF1
mediated splicing of theMNK2b isoform of theMKNK2 gene
has been correlated with resistance to gemcitabine treatment
in pancreatic cancer cells [109]; since SRPK1 is upregulated
in this cancer type and promotes cell survival, it would be
interesting to evaluate whether this kinase contributes to the
SRSF1-induced prosurvival pathway. A similar regulation has
been described in Wilms Tumor, wherein SRPK1 promotes
the production of the proangiogenic isoform VEGF165 of
the VEGFA gene through the phosphorylation and nuclear
translocation of SRSF1 [48]. In these nephroblastomas tumors
SRPK1 transcriptional upregulation is driven by the mutated
transcription factor WT1, and its splicing activity is fun-
damental for the high levels of vascularization required by
these tumors [48]. Importantly, the physiological relevance of
SRPK1 for angiogenesis has been demonstrated, as injection
of an SRPK1/2 inhibitor reduced it in amousemodel of retinal
neovascularization, suggesting that targeting AS through

their upstream regulator could be a potential tool to target
pathological angiogenesis in cancer [48].

Several signal transduction kinases, whose activity is
often deregulated by neoplastic transformation, exert their
oncogenic activity in part through the aberrant regulation
of splicing events. For instance the MAPK pathway, which
is frequently hyperactivated in tumors, can promote the
acquisition of an invasive and migratory phenotype by
modulating the AS pattern of the cell adhesion molecule
CD44. In fact, it has been shown that hepatocyte growth
factor (HGF) can induce cell migration of cancer cells by
promoting this splicing event, as a consequence of induced
ERK1/2-mediated phosphorylation of SAM68, induced by
the MET receptor signaling pathway [110]. Also epithelial-
to-mesenchymal transition (EMT), which is crucial for the
invasiveness of cancer cells, is regulated by AS events that
are sensitive to activation of the MAPK pathway. Indeed,
production of the constitutively activeΔRON splice variant of
the RON oncogene, the extracellular receptor for HGF, leads
to EMT in colorectal cancer cells [111]. This splicing event is
promoted by the upregulation of SRSF1. Remarkably, under
conditions that favor EMT, epithelial cells release soluble
factors that activate the ERK1/2 pathway. This in turn causes
phosphorylation and activation of SAM68, which causes
retention of a cryptic intron in the 3UTR of the SRSF1
mRNA, reducing the amount of the nonsense-mediated-
decay (NMD) targeted splice variant and enhancing expres-
sion of SRSF1 [112]. Thus, activation of the ERK1/2 pathway
triggers a cascade of splicing events that culminate in a
cellular response favoring cancer cell invasion.

Activation of the AKT pathway has also been suggested
to promote cancer cell survival through the regulation of
specific splicing events. For example, it has been observed
that hyperactivation of AKT through the RAS signaling
pathway is implicated in the production of pro-survival splice
variants of the KLF-6 and CASPASE-9 genes in nonsmall-
cell lung cancer and hepatocellular carcinoma, respectively,
[113, 114]. In both cases, AKT induces SRSF1 phosphorylation,
enhancing its ability to promote KLF-6SV1 and CASPASE-9b
isoforms. These observations strongly suggest a primary role
for this splicing regulatory activity in the oncogenic potential
of AKT.

9. Protein Phosphatase Regulating
Splicing Factors

In the previous paragraphs, we have broadly described the
importance of a proper balance between phosphorylation
and dephosphorylation events in the regulation of the pre-
mRNA splicing process.Therefore, even if this review focuses
primarily on the activity of the numerous kinases involved in
this regulation, a brief description of the protein phosphatases
counteracting their activity is also required for a comprehen-
sive overview of the phosphorylative regulation of splicing.

PP1 and PP2A were the first Ser/Thr phosphatases
whose activity was demonstrated to be necessary for splic-
ing catalysis [5, 6]. PP1 and PP2A are required for the
later steps of the splicing reaction, in particular for the
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second transesterification reaction, whose accomplishment
is favored by dephosphorylation of U5 (U5-156 kDa) and
U2 (SAP155) snRNP components [9]. In particular, PP1-
mediated dephosphorylation of SAP155 is favored by the
nuclear inhibitor of PP1 (NIPP1). NIPP1 is a nuclear regula-
tory subunit of PP1, enriched in nuclear speckles [115], known
to interact with several splicing regulators, like CDC5L or
the same SAP155 [116, 117]. In particular, NIPP1 stimulates
PP1-mediated dephosphorylation of SAP155 by facilitating
the interaction between the phosphatase and its substrate
[10]. In subsequent studies, PP2C𝛾 was also demonstrated to
be important for the splicing process, as it was shown to be
physically associated with the spliceosome, and its enzymatic
activity was necessary for the early steps of spliceosome
assembly [118].

Ser/Thr phosphatases are important regulators of both
constitutive and AS events, as it was suggested by pioneering
studies showing alternative 5 splice selection after addition
of PP1 in splicing assay in vitro [119]. Furthermore, PP2C𝛾
was shown to interact with the RBP YB-1 and to modulate
AS of the CD44 gene [120], while PP1 was demonstrated
to interact with a short motif RVXF motif within the RRM
of several splicing factors, like SRSF1, SRSF9 (previously
known as SRp30C), and the SR-like protein TRA2-𝛽 [121].
Dephosphorylation of TRA2-𝛽 by PP1 positively modulates
its dimerization and its interaction with partner proteins, like
SRSF1. Moreover, PP1 regulates alternative splice selection in
TRA2-𝛽 target mRNAs like the SMN2 gene [121]. Exclusion
of the exon 7 of SMN2 gene, combined with the primary
deletion of SMN1 gene, is the cause of the spinal muscular
atrophy (SMA) [122]. TRA2-𝛽 promotes the inclusion of the
exon 7 of SMN2 favoring the production of a functional
full length protein. TRA2-𝛽 splicing activity is enhanced by
inhibition of PP1 activity [121] and, surprisingly, by activation
of PP2A [123]. Indeed, the Stamm’s group found that a
class of compounds derivative from cantharidin (a well-
known phosphatase inhibitors) activates PP2A, which in turn
dephosphorylates TRA2-𝛽 on Thr33, favoring inclusion of
exon 7 [123]. These observations suggest the possibility to
develop new protein phosphatase inhibitors that could be
used for the therapeutic correction of the splicing defects
occurring in neurodegenerative diseases like SMA.

Modulating protein phosphatases’ activity in order to
manipulate pathogenetic splicing events has been suggested
as a potential therapeutic tool also for cancer treatment.
Indeed, it has been shown that genotoxic agents inducing
apoptosis in cancer cells act through the generation of
ceramide and activation of PP1, which in turn promotes
the formation of the proapoptotic 𝐵𝐶𝐿-𝑋

𝑆
and CASPASE-9b

splice variants [124]. On the other hand, it has been shown
that the proapoptotic activity of synthetic ceramides, like C6
pyridinium ceramide, is instead associated with activation
of PP1 and the consequent reduced phosphorylation of
several splicing factors and modulation of several splicing
events [125]. These observations underline the importance
of the regulated activity of protein phosphatases for proper
regulation of the splicing process and strongly suggest the
possibility to develop new molecules targeting their activity,

which could be used for the therapeutic correction of the
splicing defects occurring in several human diseases.

10. Concluding Remarks

Increasing evidence points out to a key role of misregula-
tion of AS in the cellular transformation process. Cancer-
specific splice variants can potentially be used as accu-
rate diagnostic and prognostic markers, as it was recently
highlighted by genome-wide studies [126, 127]. Targeting
the splicing process represents, therefore, an attractive ther-
apeutic target for cancer treatment, and it is currently
under intense investigation.Therapeutic modulation of AS is
mainly realized through RNA-based technologies (reviewed
in [128]) or through chemical reagents inhibiting spliceosome
activity (reviewed in [129]). The RNA-based technologies
exploit antisense oligonucleotide masking specific sequence
elements to splicing factors and/or the spliceosome [130],
whereas chemical approaches make use of drugs that directly
target the activity of spliceosomal components, as for exam-
ples spliceostatinA, which inhibits the SF3b subunit of theU2
snRNP, therebymodulating theAS of genes important for cell
cycle control [131].

Considering the important control exerted by protein
kinases on AS, modulation of their activity represents a
potential approach for the development of new drugs target-
ing RNA splicing in cancer therapy. These suggestions are
supported by recent reports highlighting the high efficacy
of SRPK1/2 inhibitors in reducing angiogenesis through the
negative modulation of the AS of the proangiogenic splice
variant VEGFxxx gene [48]. Considering the great impact
that SRPKs have on the splicing activity of SR proteins and the
large number of AS events that they regulate, modulation of
SRPKactivity could be a powerful tool in the emerging field of
splicing-modulating therapies. It is also important tomention
that SRSF1, a well-known target of SRPKs, is upregulated in
human cancers and functions as an oncogene [132]. For the
same reasons, CLKs are a fascinating chemotherapeutic target
too, and important efforts are being made for the realization
of selective and efficient CLKs inhibitors [133].

Signal-transduction pathways able to modulate the phos-
phorylation status of SR proteins or the activity of other RBPs
represent another potential druggable target for RNA splicing
modulation. For example, it has been recently shown that
amiloride, a well-known diuretic, can reduce proliferative
and invasive properties of both hepatocellular carcinoma and
leukemia cancer cells by inducing hypophosphorylation of
SR-proteins [134, 135]. Genome-wide exon array analysis has
demonstrated that amiloride treatment induces the modula-
tion of a large number of AS events, and, in particular, it neg-
atively regulates protumoral splice variants of several genes,
such as the antiapoptotic 𝐵𝐶𝐿-𝑋

𝐿
or proinvasive ΔRON.

Reduced phosphorylation levels of AKT and ERKs were
observed after amiloride treatment, suggesting that this drug
reduces SR protein phosphorylation through inactivation of
these kinases [135].

Deregulation of signal-transduction pathways in cancer
cells is a general feature, and much effort has been made
in order to develop chemotherapeutic agents that efficiently
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inhibit the activity of the kinases mediating the intracellular
transduction of these signals, such as AKT or kinases of the
MAPK and SRC families (reviewed in [136–138]). As many
of these inhibitors are already in clinical practice, and many
of them are undergoing promising clinical trials, it would be
very interesting to understand whether their antiproliferative
and cytotoxic effects could be partly due to their ability to
interfere with AS events regulated by these kinases. Even
more attractive is the possibility to exploit protein kinase
inhibitors to selectively affect splicing decisions in order to
restore in cancer cells a normal, nonpathological AS pattern.

Shedding light on the expression, structure, and functions
of the kinases regulating the activity of splicing factors is
therefore an important step for a comprehensive under-
standing of themolecularmechanisms regulating pre-mRNA
processing, which is essential for the rational design of future
therapies targeting the aberrant AS process in cancer and
other human diseases.
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of serine- and arginine-rich splicing factors phosphorylation,
spliceosome assembly, and splicing by the antitumor drug NB-
506,” Cancer Research, vol. 61, no. 18, pp. 6876–6884, 2001.

[88] M. Malanga, A. Czubaty, A. Girstun, K. Staron, and F.
R. Althaus, “Poly(ADP-ribose) binds to the splicing factor
ASF/SF2 and regulates its phosphorylation by DNA topoiso-
merase I,” Journal of Biological Chemistry, vol. 283, no. 29, pp.
19991–19998, 2008.

[89] F. J. Tejedor and B. Hämmerle, “MNB/DYRK1A as a multiple
regulator of neuronal development,” FEBS Journal, vol. 278, no.
2, pp. 223–235, 2011.
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Alternative splicing allows for the generation of protein diversity and fine-tunes gene expression. Several model systems have been
used for the in vivo study of alternative splicing. Here we review the use of the nematode Caenorhabditis elegans to study splicing
regulation in vivo. Recent studies have shown that close to 25% of genes in the worm genome undergo alternative splicing. A big
proportion of these events are functional, conserved, and under strict regulation either across development or other conditions.
Several techniques like genome-wide RNAi screens and bichromatic reporters are available for the study of alternative splicing in
worms. In this review, we focus, first, on the main studies that have been performed to dissect alternative splicing in this system
and later on examples from genes that have human homologs that are implicated in cancer. The significant advancement towards
understanding the regulation of alternative splicing and cancer that the C. elegans system has offered is discussed.

1. Introduction

Since the early 1960s with the efforts of Sydney Brenner, the
nematode Caenorhabditis elegans has been established as a
popular model organism in developmental biology and neu-
robiology. There are many biological advantages that make it
an attractive system for several fields of research. The adult
worm contains 959 somatic cells, making its anatomy rela-
tively simple. Experiments in the late 1970s showed that it has
an invariant cell lineage during establishment of the somatic
tissues [1]. It has two sexes, a self-fertilizing hermaphrodite
and males, allowing genetic crosses to be performed. C.
elegans has a short life cycle of less than three days and
each hermaphrodite produces about 300 progeny by self-
fertilization or up to 1000 progeny from cross progeny with
males. The gonad is a relatively large organ in this animal,
allowing for studies of organogenesis, cell proliferation,meio-
sis, and embryogenesis. During its development, the her-
maphrodite worms produce sperm at one stage of their life
cycle before switching to produce oocytes. The molecular

pathways of this sperm to oocyte transition have been studied
extensively [2]. Its complete genome, sequenced in 1998, was
the first sequenced genome from a multicellular organism. It
has a genome size of 97 megabases containing close to 19,000
protein coding genes [3]. Genome-wide alignments with
other five related nematodes are now available for any com-
parative genomics approach [4]. The modENCODE project
systematically generated genome-wide data from transcrip-
tome profiling, transcription factor-binging sites, and maps
of chromatin organization to improve genome annotation [5].
When comparing theC. elegans genome to higher eukaryotes,
it was found that close to 40% of the genes that have been
associated with diseases in humans have worm orthologues,
and cancer is not the exception [6].

2. Alternative Splicing Prevalence

In 1990, the first report of an alternative splicing event in
the C. elegans genome was published. Interestingly the event
corresponds to the PKA mRNA, a kinase implicated in the
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Figure 1: Caenorhabditis elegans alternative splicing events. (a) Genome-wide analysis of alternative splicing in C. elegans; (b) comparison of
the human APAF1 and the C. elegans homolog ced-4 gene models shows significant differences in intron size between species for genes with
important alternative splicing events; (c) Y48C3A.5 intron 4 (19,927 bp) is one example of the 144 introns in the C. elegans genome that are
more than 10 kb in length; (d) C. elegans unc-52 gene undergoes complex alternative splicing that generates at least 12 different isoforms by
the use of nine different cassette exons.

onset and progression of several cancers [7]. Since then,
several groups have used different approaches to predict the
percentage of genes in the C. elegans genome that undergo
alternative splicing. Initial estimates using a limited number
of Expressed Sequence Tags (ESTs) predicted fewer than
1000 genes to be alternatively spliced [8]. By normalizing the
occurrence of alternative splicing, taking into account the
coverage of ESTs, it was estimated that close to 10% of the
C. elegans genome undergoes alternative splicing [9]. More
recent analysis using next-generation sequencing identified
8,651 putative novel splicing events, suggesting that up to
25% of genes have an alternative splicing event (Figure 1(a))
[10]. While this percentage is far from the >90% reported for
the human genome, it does show that alternative splicing in

C. elegans is not an uncommon mechanism to generate pro-
tein diversity.

3. Effects of Genome Compaction on AS

The worm genome appears to be under selective pressure to
promote a reduction in genome size [11]. This natural selec-
tion towards a small genome can be seen in features like short
intergenic regions, short UTRs, and small introns [8, 12, 13].
For example, in humans, the median size of introns in the
coding sequences is 1,334 bases, while in worms the average
intron is just 65 bases (Figure 1(b)) [4, 14]. More than 20 years
ago, the small size ofC. elegans intronswas already the subject
of study. It was demonstrated that a short 53 nucleotide worm
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intron could not be efficiently spliced in human extracts,
while an expansion of this intron with 31 extra nucleotides
allowed for efficient splicing [15]. In spite of this reduction in
intron size, the worm spliceosome is still capable of removing
big introns (144 introns in the C. elegans genome are bigger
than 10 kb (Figure 1(c)) [4]). Larger intron size has been cor-
relatedwith alternative splicing in several species [16].Worms
also have complex patterns of alternative splicing where
multiple exons in the same gene are alternatively spliced to
generate multiple isoforms (Figure 1(d)). This means that the
information content of a worm intron is on average greater
than in higher eukaryotes (higher density of functional
elements in introns). This makes the molecular dissection
of worm introns easier to achieve. By using genomic align-
ments between two Caenorhabditis species, the identification
of novel intronic elements important for alternative splicing
regulation has been described [17]. Other groups have also
used comparative genomics together with UV cross-linking
and ElectrophoreticMobility Shift Assays (EMSA) to identify
cis-elements important for alternative splicing regulation
[18].

4. Evidence That AS in Nematodes Is under
Stabilizing Selection

Several studies comparing alternative splicing events inmam-
mals and insects concluded that a high percentage of the
events are not conserved and are species specific [19, 20].
This high variability in alternative splicingmakes it necessary
to validate the functionality of the events studied. To test
whether the smaller percentage of genes with alternative
splicing in worms also follows these patterns of high variabil-
ity during evolution, several groups have measured the levels
of conservation between different C. elegans populations or
between related species [21, 22]. In comparison to the findings
in higher eukaryotes, the regulation of alternative splicing in
natural populations of nematodes appears to be under strong
stabilizing selectionwith low intra- an interspecies variability.
These results point to an essential intrinsic characteristic of
alternative splicing in worms: its functionality. The detection
of alternative splicing in a C. elegans transcript has a higher
probability of being a functional and regulated event than in
other systems.

5. Alternative Splicing Regulation

A proxy for the functionality of an alternative splicing event
that has been used for other systems is its regulation. If a
particular event is detected as regulated across different con-
ditions or during development then the possibility that the
isoforms have specific functions is higher. In the last five years
C. elegans joined other species in terms of the detection of
changes in alternative splicing at genome-wide levels. Initially
with the use of splicing-sensitive microarrays and later with
the use of next-generation sequencing the regulation of
alternative splicing in worms has been studied in detail
across different conditions and mutations [10, 23, 24]. Initial
measurement of changes in splicing during development

demonstrated that up to 40% of the events detected are regu-
lated (>2 fold) between different stages of worms (Figure 1(a))
[23]. This result was further validated with tiling arrays and
next-generation sequencing [24]. Several examples of tissue-
specific splicing are known. The alternative splicing regula-
tion of a neuron-specific exon of unc-32, the worm a subunit
of V
0
complex of vacuolar-type H+-ATPases, was recently

characterized [25]. Amale-specific isoformof unc-55, a trans-
cription factor, has also been reported [26]. While individual
examples of tissue-specific splicing are known, a genome-
wide analysis of tissue-specific splicing is still missing. With
the increased sensitivity of next-generation sequencing tech-
niques, together with the availability of manual or molecular
dissections that allow the isolation of tissue-specific mRNA
(mRNA-tagging [27]) a complete catalog of tissue-specific
splicing should be possible in the near future.

While a big set of splicing events produce two protein
isoforms, another important group introduces premature
termination codons (PTC) to one of the isoforms. It is known
that the introduction of a PTC to one isoform targets it to
nonsense-mediated decay (NMD) (reviewed in [28]). NMD
mutants were first described in C. elegans almost 25 years ago
[29]. Contrary to other systems where mutations in NMD
factors are lethal, in worms, null mutations for all the seven
core factors of NMD are viable (smg-1 to smg-7). This has
facilitated the study of AS coupled to NMD in worms. Some
of the first events of wild-type transcripts that were shown
to be regulated by NMD are splicing factors in the C. elegans
genome [30]. An important discovery concerning the regula-
tion of alternative splicing in worms is that between 20–35%
of the events in the genome appear to be targets of NMD (Fig-
ure 1(a)) [24, 31]. The conclusion from these studies is, then,
that alternative splicing in C. elegans is not just a generator
of protein diversity but also an important regulator that fine-
tunes gene expression levels by targeting specific isoforms for
degradation. Furthermore, it has been proposed that NMD
in worms can also be regulated with the potential to stabilize
particular NMD targets allowing them to be translated into
truncated proteinswith putative dominant negative functions
[31].

6. Powerful Reverse Genetics to Dissect
Alternative Splicing

One of the advantages of C. elegans as a model system is
the availability of powerful tools for reverse genetics. Any
laboratory can obtain stablemutants formany genes from the
Caenorhabditis Genetics Center (CGC) at The University of
Minnesota. The National Bioresource Project in Japan runs a
programwheremutants for a gene of interest can be requested
and they are obtained at the facility by a protocol involving
randommutagenesis with TMP/UV.These two centers allow
for any group to obtain mutant strains for the gene of interest
in an inexpensive and expedited manner. Recently, a more
ambitious project to create a million different mutants has
been performed by the Moerman and Waterston labs [32].
The aim of this project was to use next-generation sequencing
and a collection of 2000 mutagenized strains to identify mul-
tiple mutations in virtually all the genes in the worm genome.
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Figure 2: Connections between alternative splicing in C. elegans and pathways homologous to those that cause excessive cell proliferation or
apoptosis in humans, as reviewed in this paper.

This project will likely allow the study of mutant worms
that have mutations in isoform-specific regions. All these
resources allow for the use of stable mutants to characterize
the roles of either putative splicing factors ormore specifically
of particular isoforms.This approach to screen the effects that
mutations in different splicing factors have on a particular
splicing event has been used before [33].The conclusion from
this work was that the coregulation of alternative splicing by
diverse factors is a common phenomenon in worms.

Another great resource for the worm community is the
availability of genome-wide RNAi libraries [34]. Researchers
aiming to characterize genetic pathways have used these
libraries for genome-wide screens. Some of them have found
that several splicing-related components have interesting
phenotypes when targeted by RNAi [35]. More focused
screens with a subset of clones from these libraries are used
to characterize a specific group of genes. For example, Kerins
et al. used an RNAi screen of all the predicted C. elegans
splicing factors and found thatmany of them showed an over-
proliferation phenotype in a sensitized germline background
[36].

7. In Vivo Alternative Splicing Reporters

One of the most advantageous tools for the study of alterna-
tive splicing in C. elegans is the use of bichromatic alternative
splicing reporters [37].This transgenic reporter system allows
the visualization of splicing events by tagging each one of
the isoforms with a different fluorescent protein. A worm
population with differences in splicing regulation can then
be sorted using FACS cytometry and worms with a partic-
ular splicing ratio obtained. This together with the use of
mutagenesis or RNAi allows performing an in vivo screen
for regulators of any splicing event of interest. The advantage
of these reporters in worms is that the characterization of an

alternative splicing event can be performed in vivo. Different
events that have been studied with this technology are egl-
15, let-2, unc-60, and unc-32 [25, 37–40]. This technology
has allowed the identification of splicing factors that regulate
these events, as well as the cis-elements that are necessary for
its regulation.

8. C. elegans AS Regulation of
Cancer-Related Pathways

Given the diversity of tools available to perform studies in C.
elegans, researchers have set out to understand details about
cancer that were long a mystery. Questions surrounding
cell proliferation and cell-cell communication as well as the
cellular and molecular components that make up a stem cell
niche often must be answered in a multicellular context. Fur-
thermore, the fact that biological processes and factors active
in splicing and human cancers are almost wholly homologous
with those in C. elegans makes the move to worm studies
rewarding. Disrupted cancer pathways in C. elegans, for the
most part, have clear, simple, and observable phenotypes that
extend beyond just cell death or proliferation. Using these
pathways as tools and read-outs, splicing factors and splicing
events have been identified, in C. elegans, to interact with,
regulate, and cooperate with homologous pathways that lead
to cancer in humans (Figure 2).

8.1. Extensive Splicing of Ras/let-60 PathwayComponents Con-
tributes to Cell Fate Determination and Proliferation. Over-
whelming evidence links cell signaling and gene expression
changes in the promotion of human cancers. Alternative
splicing plays a major role in defining the activity of signal
transduction pathways such as Ras/let-60. Strikingly, of the
50–60 genes that are known components of, regulate or, are
directly regulated by the Ras/let-60 pathway in C. elegans
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Table 1: Ras pathway components, regulators, interactors, and
targets in C. elegans. Those marked with a √ produce 2 or more
isoforms differing by at least 1 alternative exon (according to [4, 39]).

Ras pathway component/interactor
ark-1 lin-10
cdf-1 √ lin-25
cnk-1 lin-31
dab-1 √ lin-39 √

dpy-22 lin-45 √

dpy-23 √ lip-1
egl-5 √ lrp-1
egl-18 lst-1 √

egl-15 √ lst-2
egl-17 lst-3 √

egl-19 √ lst-4 √

egl-30 √ mek-2
elt-6 mpk-1/sur-1 √

eor-1 par-1 √

eor-2 √ ptp-2
gap-1 rom-1
gap-2 √ sem-4
gpa-5 sem-5
ksr-1 sli-1 √

ksr-2 √ soc-1
let-23 √ sos-1/let-341
let-60 sra-13 √

let-92 sur-2
let-756 sur-5
lin-1 sur-6
lin-2 √ sur-7 √

lin-3 √ sur-8/soc-2 √

lin-7 unc-101 √

[41], approximately half of them produce multiple isoforms
differing by at least one alternative exon [4]. This highlights
the importance of proper gene expression through post-
transcriptional regulation (Table 1).

The ligand-dependent Ras pathway in C. elegans stimu-
lates the induction of vulval precursor cells (VPCs) in the
hypodermis to divide and differentiate into a functional vulva
during larval development [42, 43]. Increased signaling from
the Ras pathway leads to a multivulval (Muv) phenotype,
while decreased signaling causes a vulvaless (Vul) phenotype
[44]. These simple and observable phenotypes provide an
excellent system to ascertain the contributions of alternative
splicing to Ras signaling activity. The C. elegans homolog of
the Ras-MAPK pathway stimulant Epidermal Growth Factor,
lin-3, produces several isoforms with unique characteristics.
LIN-3 isoform specialization of function has previously been
observed in pathways aside from Ras-mediated cell signaling
and has been found to differentially mediate growth rates,
feeding behavior, and cellular quiescence [45]. In VPCs, the
activity of the LIN-3L isoform is dependent on interaction
with the C. elegans Rhomboid protease homolog, ROM-1,

while the activity of LIN-3S is not [46]. LIN-3S is expressed
in a specialized Anchor Cell (AC) responsible for inducing a
primary set of VPCs during larval development, and LIN-
3L expression and possible secretion by primary VPCs
themselves act as a ligand stimulant of the Ras pathway in
secondary VPCs [42, 43]. This stimulation may cause the
secondary VPCs to switch their cell fate from hypodermis
to vulva [43]. It is unknown if coordinated expression of
these isoforms from distinct cell types establishes a gradient
through Ras signaling that induces nearby VPCs to proceed
through necessary cell divisions to develop into a proper
vulva.

RasGAPs are GTPase-activating proteins that specifi-
cally promote the hydrolysis of Ras-bound GTP molecules,
thereby inactivating the Ras molecule and its signaling [47].
gap-2, in C. elegans, is similar to the p120 Ras-GAP family
[48]. The gene contains 25 exons that use alternative splicing
and transcription start sites to produce 9 mRNA products
[49]. These isoforms were identified by a rapid amplification
of cDNA end (5RACE) technique using primers specific to
a sequence common to many mature mRNAs in C. elegans,
the SL1 trans-splice leader. This 22nt sequence is naturally
spliced onto 5 ends of transcripts from ∼70% of genes
[50]. In this case, they served as 5 primer binding sites in
reverse transcription reactions followed by PCR to identify
isoforms with alternative 5 ends and promoters [46]. Dif-
ferential expression of gap-2 isoforms in several tissue types
was revealed by expression of transgenes containing these
alternative gap-2 promoters fused to GFP in C. elegans. The
function of RasGAP proteins from various genes in other
organisms [51] may be relegated to multiple isoforms from
a small number of RasGAP genes producing many isoforms
in C. elegans. While the effects of this dynamic expression
pattern of isoforms on molecular signaling pathways such as
the Ras pathway are difficult to tease apart, target sites for
PKC, PKA, and protein tyrosine kinases present or absent in
each isoform [49] may provide clues to individual isoform
activities.

8.2. Redundant Retinoblastoma/lin-35 Pathways Are Popu-
lated by Splicing Factors. Homozygous mutations of the
retinoblastoma (Rb) gene have been shown to promote retinal
cancer, small-cell lung carcinomas, and osteosarcomas [52].
In worms, a single homolog of Rb, lin-35, represses the multi-
vulval phenotype observed in Ras pathway hyper-signaling
mutants [53]. Two redundant pathways, termed synthetic
multivulval (synmuv) class A and class B, are active in the
VPCs and induce changes in expression of genes that lead to a
multivulval fate through histonemodification and chromatin
remodeling [53, 54]. To induce a phenotype, disruptive
mutations in single genes within each class must be present.
Interestingly, mutations in the lin-15 locus created alleles
with Muv, class A synmuv, and class B synmuv phenotypes,
leading to speculation that two genes existed at the locus with
distinct functions in each pathway. In RNAi screens for
interactors of the class B synmuv pathway in C. elegans, 57
genes were found to enhance the Muv phenotype observed
in lin-35 or other synmuv class B mutant lines [35, 55]. Ten
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of these potential interactors (rsr-2, lsm-2/gut-2, lsm-4, snr-1–
7) have roles in splicing. Their synmuv B mutant phenotypes
are dependent on Ras activity and lin-3 ligand binding.While
the activities, interactions, andmutant phenotypes of most of
these splicing-related Rb enhancers are not well understood,
RNAi of some of the snr genes (snr-1, snr-2, snr-4, snr-5, snr-
6, and snr-7) led to embryonic lethality and nuclear pore
organization disruption [56]. The question of whether these
phenotypes arise from disrupted functions that have no role
in splicing regulation is still unanswered, but evidence is
mounting supporting the idea that constitutive splicing and
alternative splicing are major contributors in C. elegans to
pathways that, when altered, lead to cancer in human tissues.
Undoubtedly, future studies in C. elegans will enrich current
knowledge concerning the interwoven activities of splicing
and the Rb/lin-35 pathway.

8.3. Protein Kinase A Isoform Diversity Replaces the Need for
Multiple Genetic Loci. Protein kinase A (PK-A) is involved
in many cellular processes and has been implicated in several
cancers [57]. The mammalian PK-A is composed of two
distinct subunits, the regulatory and catalytic, that are each
interchangeable with protein subunits from several genetic
loci. The two subunits of PK-A are conserved in C. elegans
[7] but derived from possibly only three genes, kin-1, kin-
2, and F47F2.1. Interestingly, the modularity of the subunits
that make up PK-A in C. elegans has been conserved through
alternative usage of exons. The catalytic subunit (C-subunit)
alone is thought to undergo alternative splicing at both N-
and C-termini to create at least 12 different isoforms [58].
These isoforms are conserved in C. briggsae, a relative of
C. elegans, and show differential expression during develop-
ment, suggesting that the diversity of potential subunits itself
has functional importance [59]. An isoform of the C-subunit
containing the N1 exon harbors a myristoylation site and
is highly expressed in eggs, where an alternative exon N4
lacking the myristoylation site is highly expressed in adult
worms [59]. The presence of N1 protein isoform expression
and myristoylation was found to affect substrate targeting
of PK-A but not the catalytic activity of the enzyme itself
[60]. Similarly, isoforms of the regulatory (R-subunit) have
recently been identified and found to contain or lack domains
necessary for docking to A-kinase anchor proteins and the C-
subunit of the PK-A holoenzyme [61]. A second gene on the X
chromosome of C. elegans, F47F2.1, has homology to murine
C𝛼 subunits [58]. Like the kin-1 N4 isoform, expression of
the longer F47F2.1b isoform is low in eggs but high in
mixed populations of worms [59]. A truncated isoform,
F47F2.1a, lacks amino acids important for ATP-binding, and
knockdown of N4 kin-1 isoform has no obvious phenotype
leading to speculation that some of these isoforms may be
redundant or unnecessary [59, 62].

8.4. Topoisomerase-1 Isoforms Have Differential Expression
and Potential SR Kinase Activity. Isoforms from the same
genetic locus often have distinct expression patterns and
functions that are seemingly unrelated.C.elegansDNA topoi-
somerase I (top-1) produces two isoforms that vary in tempo-
ral and spatial expression patterns. Cellular and subcellular

localization differences between the isoforms lead to spec-
ulation they may function in different processes. The TOP-
1𝛽 isoform skips exon 2 and is more ubiquitously expressed
throughout C. elegans development, being found in multiple
cell types and all stages from embryo through adulthood.
Conversely, the inclusion isoform, TOP-1𝛼, is detectably
present in embryos and, interestingly, in neurons at the
comma stage, then decreases in abundance as worms enter
larval stages [63]. Isoform-specific immuno-histochemical
localization assays in germline cells identified TOP-1𝛽 con-
centration in nucleoli and TOP-1𝛼 concentration at centro-
somes and on chromosomes [64, 65]. Expression of a GFP
transgene driven by the topoisomerase promoter was also
detected strongly in the distal tip cell of L3/L4 worms indicat-
ing that somatic gonad sheath development and/or germline
stem cell proliferation may be regulated by TOP-1 activity.
RNAi of C. elegans top-1 reduced the number of germ cells
in the mature germline by anywhere from 50–100% [65].
It is currently unknown how top-1 isoforms contribute to
the maintenance of stem cell proliferation or exactly which
isoform would be performing such functions. Localization of
the inclusion isoform, TOP-1𝛼, to centrosomes and chromo-
somes suggests it could be involved in chromosome segre-
gation, in regulation of transcription, or possibly in posttran-
scriptional regulation.DNA topoisomerase I was identified as
an SR protein kinase in HeLa cell extracts [66]. It was found
to phosphorylate splicing factors involved in cell cycle regu-
lation, such as SF2/ASF [67, 68]. It may be possible that these
isoforms are working more closely than originally thought if
one or both of the top-1 isoforms affect the cell cycle and carry
the same SR kinase activity as shown in HeLa cells.The activ-
ity of one or both of the TOP-1 isoforms as SR protein kinases
suggests that top-1 alternative splicing may be autoregulated.
Kinase activity of TOP-1 and its autoregulation have yet to be
determined in worms.

8.5. Splicing Factors as Regulators of Cell Proliferation and
Differentiation. Several genes involved in splicing regulation
have been implicated in the proliferation/differentiation deci-
sion in the C. elegans germline. glp-1(ar202gf) worms were
used to perform an RNAi screen searching for genes that led
to increased cell proliferation in the germline. The resulting
genes included factors involved in every step of the splicing
process (spliceosome construction initiation, reorganization
of the snRNP complex and removal of the lariat; [36]). prp-
17, for example, encodes an ortholog of yeast CDC40 and
human prp17 and is involved in the 2nd catalytic step of
intron removal in the spliceosome [36, 69]. RNAi of prp-
17 in the rrf-1(pk1417);glp-1(oz264) background enhanced
germline tumors, suggesting that it is involved in the prolifer-
ation versus differentiation decision. Similarly, themog genes
represent C. elegans homologs of core yeast splicing factors
that regulate the pathway downstream of glp-1 to promote
differentiation and the oocyte fate of maturing germ cells
[70–72]. The U2 snRNP-associated splicing complex SF3b is
essential for splicing [73, 74]. TEG-4 is the worm homolog of
human SF3b subunit 3 (aka SAP130) that increases excessive
cell proliferation in the glp-1(ar202gf) background [75].
Interestingly, epistasis experiments attempting to determine
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the genetic relationship between teg-4 and the glp-1/Notch
signaling pathway in various cell types were inconclusive.
Human CD2BP2 was suggested to regulate splicing via
U4 U5 U6 tri-snRNP formation [76]. TEG-1, the C. elegans
homolog ofCD2BP2has been found to bindUAF-1, theworm
U2AF large subunit homolog, suggesting that it couldwork in
two important steps in themechanism of pre-mRNA splicing
[77]. teg-1(oz230), in combination with a glp-1 mild gain-of-
function mutant background, produces a tumorous germline
phenotype as well. To what extent splicing factors, them-
selves, have individual genetic interactions within the prolif-
eration versus differentiation pathways or if global splicing
regulation is more indirectly influential is still unknown.

8.6. CED-4 Isoforms Promote and Inhibit Systematic Apoptosis
during Development. Disruption of alternative splicing pat-
terns may affect the onset of programmed cell death so intri-
cately regulated in C. elegans. The worm homolog of APAF1,
ced-4, was first identified as a core factor in the developmental
induction of neuronal programmed cell death [78]. ced-4
physically links ced-3, a member of a caspase family of pro-
teases to ced-9, a cell death suppressor [79–81]. As a regulatory
switch, ced-4 is a core determinant of the decision of a cell
to be systematically culled or not. ced-4 encodes two protein
isoforms, CED-4L and CED-4S, differing by 24 amino acids
at the 5 end of exon 4. While CED-4S normally pro-
motes programmed cell death, overexpression of the CED-4L
isoform led to ectopic cell growth and rescue of lethal
phenotypes seen in ced-9 loss-of-functionmutants [82, 83]. It
is CED-4L association with CED-3 that surprisingly inhibits
cell death in a dominant negativemanner.The presence of the
longer P-loop in the long isoform still allows for association
of CED-4L with the protease domain of CED-3 but disrupts
the association of CED-4L with the prodomain of CED-3,
which normally contributes to its activation [84]. Studies
in mammalian cells have similarly identified ced-3 and
ced-4 homologous genes that produce isoforms with oppos-
ing cell death functions [85, 86]. An imbalance in the
concentrations of these isoforms or in the abundance or
activities of specific SR or hnRNP proteins often leads to one
developmental cell fate over the other [87]. Complex reg-
ulation of alternative splicing factors, therefore, may direct
developmental apoptosis programs. Loss-of-function of an
SR protein kinase, spk-1, in a ced-4 partial loss-of-function
background, as well as mutant alleles of several SR proteins
themselves, leads to an increase in apoptosis [88], suggesting
that control of alternative splicing factor activity may play a
direct or indirect role in the regulation of developmentally
programmed apoptosis. In vitro studies have shown that SPK-
1 can bind and phosphorylate alternative splicing factors like
SF2 and RNAi-mediated knockdown of spk-1 in C. elegans
causes embryonic lethality and germline development defects
[89, 90]. Experiments aimed at understanding the complex
code that dictates what genetic material is included or
skipped in mature mRNA and subsequent protein products
will undoubtedly clarify further the impact that alternative
splicing has in the mediation of programmed cell death
through factors such as ced-4.

8.7. Research Focusing on the Links between Splicing and
Cancer in C. elegans Is Bright. Great strides have been taken
in research to understand the involvement of splicing factors
in biological processes such as cell proliferation, differenti-
ation, migration, communication, and death (as discussed
previoussly). RNAi screens have identified splicing factors
that promote or inhibit cell proliferation. Transgenic assays
have revealed cellular and subcellular localization of specific
isoforms that may be involved in apoptotic or cell cycle
regulation. Transparent cuticles and eggs make worms ideal
specimens for the use of fluorescent reporters. Lineage trac-
ing experiments have not only identified every cell in an adult
worm but also precursors and cell behavior throughout
development. Furthermore, only in a multicellular organism,
such as C. elegans, can the effects of cell-to-cell signaling on
processes such as differentiation or cell proliferation become
apparent. High-throughput sequencing and bioinformatic
analyses are opening a new chapter on comparisons in iso-
form usage between genetic backgrounds. The modEncode
project seeks to identify functional elements within the
Drosophila and Caenorhabditis genomes by providing access
to high-quality gene expression datasets. Furthermore, the
million-mutation project in C. elegans will allow researchers
to obtain gene and even isoform-specific mutant strains for
further study. Given the speed and depth of discoveries using
methods such as RNAi in worms, this project shouldmakeC.
elegans a core model to study alternative splicing and its link
to genes homologous to those tied to cancer in humans.
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and regulation of the Caenorhabditis elegans death protease
CED-3 by CED-4 and CED-9,” Journal of Biological Chemistry,
vol. 272, no. 34, pp. 21449–21454, 1997.

[80] A. M. Chinnaiyan, D. Chaudhary, K. O’Rourke, E. V. Koonin,
and V. M. Dixit, “Role of CED-4 in the activation of CED-3,”
Nature, vol. 388, no. 6644, pp. 728–729, 1997.

[81] S. Seshagiri and L. K. Miller, “Caenorhabditis elegans CED-4
stimulates CED-3 processing and CED-3-induced apoptosis,”
Current Biology, vol. 7, no. 7, pp. 455–460, 1997.

[82] S. ShahamandH.R.Horvitz, “An alternatively splicedC. elegans
ced-4RNAencodes a novel cell death inhibitor,”Cell, vol. 86, no.
2, pp. 201–208, 1996.

[83] M. O. Hengartner, R. E. Ellis, and R. Horvitz, “Caenorhabditis
elegans gene ced-9 protects cells from programmed cell death,”
Nature, vol. 356, no. 6369, pp. 494–499, 1992.

[84] D. Chaudhary, K. O’Rourke, A. M. Chinnaiyan, and V. M.
Dixit, “The death inhibitory molecules CED-9 and CED-4L use
a common mechanism to inhibit the CED-3 death protease,”
Journal of Biological Chemistry, vol. 273, no. 28, pp. 17708–17712,
1998.

[85] L. Wang, M. Miura, L. Bergeron, H. Zhu, and J. Yuan, “Ich-1,
an ice/ced-3-related gene, encodes both positive and negative
regulators of programmed cell death,” Cell, vol. 78, no. 5, pp.
739–750, 1994.

[86] Z.-H. Jiang,W.-J. Zhang, R. Yi, and J. Y.Wu, “Regulation of Ich-
1 pre-mRNA alternative splicing and apoptosis by mammalian
splicing factors,” Proceedings of theNational Academy of Sciences
of the United States of America, vol. 95, no. 16, pp. 9155–9160,
1998.

[87] M. J. Moore, Q. Wang, C. J. Kennedy, and P. A. Silver, “An alter-
native splicing network links cell-cycle control to apoptosis,”
Cell, vol. 142, no. 4, pp. 625–636, 2010.

[88] B. D. Galvin, D. P. Denning, and H. R. Horvitz, “SPK-1, an SR
protein kinase, inhibits programmed cell death in Caenorhab-
ditis elegans,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 108, no. 5, pp. 1998–2003, 2011.

[89] H. Kuroyanagi, T. Kimura, K. Wada, N. Hisamoto, K. Mat-
sumoto, and M. Hagiwara, “SPK-1, a C. elegans SR protein
kinase homologue, is essential for embryogenesis and required
for germline development,”Mechanisms ofDevelopment, vol. 99,
no. 1-2, pp. 51–64, 2000.

[90] D. Longman, I. L. Johnstone, and J. F. Cáceres, “Functional
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Prostate cancer (PCa) remains one of the most frequent causes of death for cancer in the male population. Although the initial
antiandrogenic therapies are efficacious, PCa often evolves into a hormone-resistant, incurable disease.The genetic and phenotypic
heterogeneity of this type of cancer renders its diagnosis and cure particularly challenging. Mounting evidence indicates that
alternative splicing, the process that allows production of multiple mRNA variants from each gene, contributes to the heterogeneity
of the disease. Key genes for the biology of normal and neoplastic prostate cells, such as those encoding for the androgen receptor
and cyclin D1, are alternatively spliced to yield protein isoforms with different or even opposing functions. This review illustrates
some examples of genes whose alternative splicing regulation is relevant to PCa biology and discusses the possibility to exploit
alternative splicing regulation as a novel tool for prognosis, diagnosis, and therapeutic approaches to PCa.

1. Introduction

Cancer cells are characterized by uncontrolled growth and
ability to migrate from the primary lesion and to establish
metastases in distant tissues. Standard therapies involve sur-
gical removal of the tumor mass, radiation, and chemother-
apy, which exploit the increased growth rate of cancer cells
with respect to surrounding cells. More targeted approaches
have also been developed in the last decades by directly
inhibiting the function of the oncoproteins responsible for
the neoplastic transformation. Nevertheless, although many
human cancers initially respond to therapies, and in some
cases patients are cured, most of them are characterized by
disease relapse that often occurs in more aggressive and
incurable forms. In this regard, a clear example of aggressive
relapsing tumor is represented by prostate carcinoma (PCa),
which remains one of the main causes of death for cancer in
the male population [1, 2]. Understanding the mechanisms
that lead to the acquisition of resistance to therapies in PCa
patients might offer new molecular markers for earlier and
more accurate diagnoses. Furthermore, identification of the
key players involved in the transition to therapy-refractory
stages may shed light on new targets for pharmaceutical
intervention and open the path for the development of novel
and more efficacious therapies.

PCa cells rely on androgens and on the androgen receptor
(AR) for proliferation [1]. Under normal conditions, the AR
is localized in the cytoplasm; upon binding to androgens, the
receptor dimerizes, translocates to the nucleus, and trans-
activates genes containing androgen-responsive elements in
their promoter regions. Clinical treatments are currently
based on androgen ablation therapies, obtained by chemical
castration with drugs that block secretion of the hormone
or by directly targeting the AR with androgen antagonists
[1, 2]. However, after initial remission, many patients develop
a hormone-resistant or castration-resistant form of PCa
(CRPCa), for which no cure is available [1, 2]. Notably,
in most cases CRPCa cells still require the AR, but they
can bypass activation by androgens or be stimulated by the
low androgen levels present during the therapy or by the
antagonists used for the therapy [3]. Several mechanisms for
the development of androgen insensitivity of the AR have
been documented [1]. Among these, recent evidence points
to alternative splicing (AS) of AR as a key resource utilized
by PCa cells to evade the normal route of activation of this
pathway [4].

AS is emerging as a key step in the regulation of crucial
cellular and developmental pathways in higher eukaryotes
[5]. With regard to PCa, it has been proposed that the
“splicing signature” represents a more accurate parameter
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to stratify patients than the “transcriptome signature,” which
is typically analysed by conventional microarray analyses [6].
Thus, understanding the regulation of splicing in normal and
pathological prostate cells may help identify novel markers
and targets for future therapeutic approaches to this neoplas-
tic disease.

2. Alternative Splicing and Cancer

The recent advent of high-throughput RNA sequencing has
unveiled new layers of regulation of gene expression and
highlighted the extreme complexity and versatility of the
genome. The majority of human genes encode multiple tran-
scripts through the use of alternative promoters, AS and
alternative polyadenylation [5, 7, 8]. AS is a combinatorial
mechanism that expands the coding potential of the genome
by allowing the production of protein isoforms with different
or even antagonistic functions from a single gene [5, 7, 8].
Splicing is orchestrated by a ribonucleoprotein complex
called “spliceosome,” which recognizes exon-intron junc-
tions, excises introns, and ligates exons. The lack of stringent
consensus sequences at exon-intron junctions in higher
eukaryotes allows flexibility in recognition by the spliceo-
some. Numerous RNA binding proteins (RBPs) interact with
components of the spliceosome and reinforce or weaken rec-
ognition of exon-intron junctions. The interplay between
these splicing factors determines the choice of variable exons
by the spliceosome and causes heterogeneity in pre-mRNA
processing [5, 7]. As a consequence, changes in the expression
levels or in the activity of splicing factors can selectively
influence AS of many genes [5, 7]. Although the flexibility of
AS regulation has represented an evolutionary advantage for
higher eukaryotes, it also represents a risk factor. In particu-
lar, mounting evidence illustrates how defective regulation of
AS correlates with onset and progression of human cancers
[7, 8].

Herein, the literature describing the impact of AS in
the onset and progression of PCa will be reviewed. High-
throughput analyses of specimens from PCa patients have
highlighted more than 200 genes whose AS is differentially
regulated in the neoplastic tissue [6], indicating that this
mechanism can substantially contribute to the heterogeneity
of gene expression in cancer cells. Nevertheless, the physi-
ological consequences of the majority of these aberrant AS
events are still unknown and will require direct investigation.
This review will focus on the regulation of genes and splicing
regulators whose relevance for PCa has been firmly docu-
mented.

3. The Androgen Receptor

Several reports have documented the expression of alter-
natively spliced AR variants lacking the C-terminal ligand-
binding domain of the canonical receptor (reviewed in [4]).
Many of these AR splice variants are constitutively nuclear
and active even in the absence of androgens (Figure 1), thus
indicating their potential role in the acquisition of the CRPCa
phenotype [4]. Expression of most of these variants arises

from the inclusion of cryptic exons located in intron 2 and 3
of theAR gene.The heterogeneity of the AR variants reported
in various studies is also due to the frequent amplification
of the exon 2-exon 3 genomic region of AR [4, 9]. In all
reported variants, however, the splicing of these cryptic exons
invariably introduces premature stop codons and termination
sites, thereby yielding shorter AR proteins of 75–80 kDa,
which lack the androgen-binding domain [4]. In some cases,
these truncated AR variants can function independently
of the full-length AR, and their selective knockdown was
shown to block the androgen-independent growth of CRPCa
cells while maintaining responsiveness to the hormone [10].
Importantly, expression of an AR variant containing a cryptic
exon located in intron 3 (CE3) in clinical PCa specimens
positively correlated with poor prognosis after surgery [11].
This variant was also expressed at higher levels in CRPCa
with respect to PCa patients [12]. Furthermore, constitutively
active truncated AR splice variants were recently shown to
confer resistance also to the next generation of AR inhibitors,
thus limiting their therapeutic efficacy for many patients [13].
However, since the expression of these shorter AR variants
was also observed in normal prostate tissues, it is unlikely
that they drive the initial steps of neoplastic transformation,
opening the possibility that AS of the AR gene plays also a
physiological role in the gland [4].

The mechanisms that lead to increased expression of
aberrant AR splice variants in PCa are still largely unknown.
One possible cause of defective splicing is the alteration of
the genomic AR locus, which often occurs in CRPCa. For
instance, disruption of the AR splicing pattern in the 22Rv1
PCa cell line was linked to duplication of the genomic
region containing exon 3 and some of the cryptic exons [9].
Alternatively, aberrant expression of specific splicing factors
in PCa cells may also contribute to unbalanced splicing and
aberrant recognition of cryptic exons in the AR gene. Thus,
given the strong relevance of these constitutively active AR
variants for CRPCa progression, further studies elucidating
the regulation of their expression are strongly encouraged.

4. KLF6

Kruppel-like factor 6 (KLF6) is a zinc finger transcription
factor that is mutated in a subset of human PCas [14, 15].
KLF6 is known to regulate cell proliferation by inducing
the expression of the cell cycle inhibitor p21 (WAF1/CIP1).
Notably, this effect of KLF6 does not require p53, suggesting
that KLF6 is a tumor suppressor gene that functions as a p53-
alternative brake for cell cycle progression in normal cells
[14]. One of the mutations found in PCa patients consists
of a single nucleotide change that creates a binding site for
the splicing factor SRSF5 (SRp40) and enhances splicing of
three alternative mRNA variants encoding for truncated KLF
proteins, named KLF6-SV1, SV2, and SV3 [16]. These splice
variants are upregulated in tumor versus normal prostatic
tissue. A single G > A mutation in intron 1 was shown to
recapitulate the altered splicing pattern of KLF6 when it
was introduced in a minigene, and it was found to correlate
with worse prognosis in patients [16]. The KLF-SV1 variant
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Figure 1: Representative examples of genes whose alternative splicing affects prostate cancer cell biology. The left side of the figure illustrates
the genomic structure of the alternatively spliced regions of the AR, CCND1, and BCL-X genes. Solid and dashed lines show the alternative
splicing events reported in the literature. On the right side, the alternative variants produced by splicing are shown. The specific features of
the protein isoforms produced by alternative splicing are summarized under the scheme of each variant.

was characterized further and shown to function as a
dominant-negative protein, which antagonizes the function
of full length KLF6, leading to decreased p21 expression
and enhanced cell growth [16]. Increased expression of
this splice variant in PCa patients predicted poorer out-
come after surgery and was associated with development of
hormone-refractory metastatic PCa [17]. Furthermore, while

knockdown of the full length KLF6 promoted tumor forma-
tion in nudemice, selective silencing of the KLF6-SV1 variant
inhibited it [18]. Conversely, PCa cells overexpressing KLF6-
SV1 are more prone to develop metastases in various organs
of the mouse models used in the study [17]. Thus, a mutation
affecting KLF6 AS represents a critical mechanism for the
inactivation of a tumor suppressor gene in PCa, suggesting
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that interfering with this splicing event in PCa cells might
restore the growth-inhibitory activity of this transcription
factor.

5. Cyclin D1

CCND1 is a protooncogene that encodes for cyclin D1, which
associates with the cyclin-dependent kinase 4 (CDK4) to
drive progression through the G1 phase of the cell cycle.
Importantly,CCND1 expression is oftenderegulated in cancer
cells [19, 20]. This gene encodes for two alternative tran-
scripts: the common cyclin D1a isoform, containing all five
exons, and cyclin D1b, which derives from retention of intron
4 and premature termination of the transcript (Figure 1) [19,
20]. Unlike cyclin D1a, cyclin D1b alone can promote cellular
transformation [21], and its expression has been associated
with PCa progression and poor prognosis [22]. Interestingly,
recent evidence indicated that cyclin D1b promotes AR-
dependent transcription of genes involved in PCa metastatic
potential, such as the transcription factor SLUG [23]. Cyclin
D1a was instead reported to repress the transcriptional
activity of AR (Figure 1) [19, 20]. Thus, it is conceivable that
a change in the ratio between the cyclin D1 variants will
potently enhance hormone-dependent growth of PCa cells.

Given the relevance for PCa cell biology, understanding
the regulation of CCND1 splicing is of crucial importance.
It was observed that a polymorphism (G870/A) at the
exon 4-intron 4 boundary predisposes cells to cyclin D1b
splicing [19, 20]. The splicing factor SRSF1 was shown to
bind the exon4/intron4 junction in the nascent CCND1 pre-
mRNA, thereby promoting intron 4 retention and cyclin D1b
expression [24]. SRSF1 was hypothesized to favour intron 4
retention by altering exon 4 definition and limiting assembly
of the spliceosome at the exon-intron junction [24]. Another
splicing factor promoting cyclin D1b expression in PCa cells
is SAM68 [25]. In this case, the binding site was identified
within intron 4, in proximity of the termination site utilized
for the cyclin D1b mRNA. The binding of SAM68 to this
region of the pre-mRNA was shown to compete with that
of the U1 snRNP [25]. Since deposition of U1 snRNP near
cryptic polyadenylation sites located in introns is known to
prevent premature termination of transcripts in a genome-
wide fashion [26], it is possible that up-regulation of SAM68
unmasks the cyclin D1b termination site by interfering with
U1 snRNP binding in intron 4. Notably, both SRSF1 and
SAM68 display oncogenic features in several cell types and
tissues [7, 27], and their expression positively correlates with
that of cyclin D1b in clinical specimens of PCa patients [24,
25]. Thus, it is possible that interfering with the activity of
these splicing factors will exert positive effects in therapeutic
treatments of PCa through modulation of CCND1 splicing
and expression.

6. BCL-X

The BCL-X (BCL2L1) gene contains 3 exons and encodes for
two splice variants [28]. Two alternative 5 splice sites are
present in exon 2 of the gene: selection of the canonical

one at the end of the exon yields the long BCL-XL variant,
whereas selection of the distal one located 220 bp upstream
in the exon produces the short BCL-XS variant. Notably,
these two splice variants have opposite effects in the cell, with
BCL-XL being prosurvival whereas BCL-XS is proapoptotic
(Figure 1) [28]. Thus, regulation of BCL-X AS can finely
modulate cell viability, illustrating the biological importance
of this splicing event. In most cancer cells, including PCa
cells, the anti-apoptotic BCL-XL variant is overexpressed and
confers resistance to chemotherapeutic treatments [29, 30].
It is predictable that a full understanding of the mechanisms
of regulation of BCL-X splicing will help develop tools to
switch it toward the proapoptotic BCL-XS variant, thereby
offering a therapeutic opportunity to sensitize cancer cells
to treatments. In line with this notion, treatment of PCa
cells with an antisense oligonucleotide (ASO) masking the
BCL-XL splice site effectively switched BCL-X splicing and
induced apoptosis [29]. Interestingly, the proapoptotic effect
of the ASO was more pronounced in cancer cells, which
display high levels of expression of BCL-XL, and it also
enhanced their response to chemotherapeutic treatments
[30]. Thus, ASOs targeting BCL-X splicing may have the
advantage of being selective for cancer cells with respect to
normal cells, which is a positive feature for an antineoplastic
drug. Unfortunately, the delivery of ASOs to cancer cells is
still not efficient, thus limiting their application in the clinic,
even though development of vehicles favoring their delivery,
such as lipid nanoparticles [31], may aid in this direction.

Although regulation of BCL-X splicing is highly relevant
to PCa cell biology, not much is known on the mechanism(s)
of its regulation in prostate cells. A possible regulator is the
protein phosphatase 1 (PP1), whose activity is required for the
regulatory effect of ceramide on BCL-X splicing [32]. Indeed,
PP1 activity was required also for induction of BCL-XS
splicing by emetine, a protein synthesis inhibitor, and other
proapoptotic drugs in PCa cells [33, 34]. Nevertheless, the
mechanism by which PP1 modulates splicing of BCL-X is still
unknown. PP1 is known to regulate splicing by modulating
the activity of splicing factors, either by direct binding to
them and regulation of their phosphorylation status [35] or
indirectly by regulating kinases involved in their post-
translational modifications [36].Thus, activation of pathways
impinging on PP1may affect BCL-X splicing and cell viability
through the regulation of the activity of specific splicing
factors in PCa cells.

Several splicing factors have been shown to modulate
BCL-X splicing. Studies performed in a variety of cell models
indicated that the heterogeneous nuclear ribonucleoprotein
(hnRNP) H and F [37] and the splicing regulators SAM68
[38], RBM25 [39], and RBM11 [40] promote splicing of the
proapoptotic BCL-XS variant. By contrast, hnRNPK [41], the
serine-arginine (SR) rich proteins SRSF1 [38, 42] and SRSF9
[43], and the splicing factor SAP155 [44] enhance splicing of
the anti-apoptotic BCL-XL.Which of these factors contribute
to the regulation of BCL-X splicing in PCa cells is still
largely unknown. SRSF1 [24] and SAM68 [45] were shown
to be upregulated in PCa and might represent strong candi-
dates for the regulation of this splicing event. Intriguingly,
these splicing factors normally modulate BCL-X splicing in
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opposite directions [38]; while the up-regulation of SRSF1 is
in line with the high levels of BCL-XL in PCa cells, SAM68
should favour the proapoptotic short variant. However, the
splicing activity of SAM68 is finely tuned by phosphoryla-
tion [46], and it was shown that tyrosine phosphorylation
by the Src-related kinase FYN switched SAM68-dependent
splicing of BCL-X toward the anti-apoptotic variant [38, 47].
Since tyrosine phosphorylation of SAM68 is increased in
specimens of PCa patients [48], it is likely that this RBP
can also contribute to the upregulation of BCL-XL in PCa
cells. In line with this hypothesis, BCL-XL expression was
decreased, and sensitivity to genotoxic agents was increased,
after knockdown of SAM68 in the androgen-sensitive LNCaP
cell line [45].

Thus, based on the observations reported previously,
it is predictable that exogenous modulation of BCL-X AS
through administration of ASOs, or by interfering with the
activity of the splicing factors that promote the anti-apoptotic
BCL-XL variant, will enhance the efficacy of chemotherapy in
advanced PCa, as suggested by preclinical studies in PCa cell
lines [30, 31, 45].

7. TMPRSS2:ERG

ERG is a member of the ETS transcription factor family that
is expressed at very low levels in benign prostate epithelial
cells. However, PCa patients often carry a fusion of the
androgen-responsiveTMPRSS2 genewith ERG, which causes
aberrantly high expression levels of the transcription factor
in the neoplastic cells. A detailed sequencing analysis of the
TMPRSS2:ERG transcripts isolated fromPCa tissues revealed
that fusion-derived transcripts underwent profound AS reg-
ulation, which yielded mRNA variants encoding both full
length ERG proteins and isoforms lacking the ETS domain.
Notably, an increase in the abundance of transcripts encoding
full length ERG correlated with less favorable outcome in
patients [49]. These results support a possible functional role
for this transcription factor in PCa pathology and suggest that
modulation of AS events promoting less pathogenic variants
may produce beneficial effects.

This hypothesis is also supported by another study that
tested the effects exerted by the expression of TMPRSS2:ERG
alternatively spliced transcripts in an immortalized prostate
cell line [50]. It was found that these TMPRSS2:ERG splice
variants had different oncogenic activities, in terms of pro-
moting proliferation, invasion, and motility. Notably, coex-
pression of different variants produced stronger effects than
either variant alone, suggesting that the presence of several
TMPRSS2:ERG isoforms, as it normally occurs in PCa cells,
might confer a more malignant phenotype [50]. A further
contribution of AS to the heterogeneity of TMPRSS2:ERG
expression is provided by the extensive variability of the 5
untranslated region (UTR) in the splice variants observed
in patients [51]. Indeed, AS of the 5 UTR affects the onco-
genic potential of the encoded proteins by regulating their
translation and activity. Thus, although a functional link
between TMPRSS2:ERG expression and PCa pathology has
not been firmly established yet, this fusion gene appears

to be another suitable target for an AS-directed therapeutic
approach that would spare normal cells not expressing the
chimeric proteins.

8. Splicing Programs in Prostate Cancer

Cancer cells express a number of splice variants that confer
them higher resistance to chemotherapeutic drugs and sur-
vival advantages. When it was investigated in detail, the spe-
cific signature of splice variants expressed by cancer cells has
been recognized as a powerful diagnostic and prognostic tool
[7, 8]. Evenmore importantly, the existence of cancer-specific
splicing variants of key genes, such as the AR or CCND1
in PCa, might offer a therapeutic opportunity for targeting
proteins that are not expressed in healthy cells. For instance,
developing tools that specifically modulate the expression
of transcript variants preferentially or uniquely produced by
cancer cells might slow down tumor growth and/or promote
cell death during therapy, while sparing the healthy tissues.
Thus, understanding AS regulation at the genome-wide level
in PCa cells may not only lead to the identification of novel
diagnostic or prognostic biomarkers, but it could also help
find tools for novel therapeutic approaches to this neoplastic
disease.

A few studies have directly investigated the genome-wide
regulation of AS in PCa cell lines and primary tumor tissues.
Using a splicing-sensitive microarray, comprising a selected
subset of genes and splice variants, it was shown that splicing
signatures could efficiently segregate PCa cells lines from can-
cer cell lines derived from other organs or tissues [6]. Among
the alternatively spliced genes, the majority also showed
variation in expression levels [6], suggesting that regulation
of splicing and transcriptionwere coupled, as also observed in
cells exposed to DNA damage [52]. Using the same splicing-
sensitive platform, it was also possible to identify splicing
signatures that were specific for normal or neoplastic prostate
tissues obtained from biopsies [6]. Although this approach
was limited to the genes and the splice variants selected for the
platform, it provided a first indication that specific changes in
splicing occur during prostate tumorigenesis and suggested
that splicing variants can represent accurate biomarkers for
PCa.Nevertheless, how andwhen these changes occur, aswell
as to what extent they contribute to the acquisition of the
transformed phenotype, are still open questions. Given the
tight association between transcription and splicing, a spe-
cific splicing program could result from the different activity
of transcription factors, splicing factors, or both. Mounting
evidence indicates that all these events contribute to some
extent to the acquisition of specific splicing signatures in PCa.

The most relevant transcription factor involved in PCa
is the AR. Several observations suggest that in addition to
regulating the expression levels of target genes, AR can also
influence the transcript variants encoded by them. Using
comprehensive splicing-sensitive arrays, it was demonstrated
that stimulation of LNCaP cells with androgens caused qual-
itative changes in expression of splice variants [53]. Many of
the events altered by treatment with androgens were due to
usage of alternative promoters within the transcription unit
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of the target gene. Some of these alternative transcripts were
predicted to influence the function of proteins with relevance
to PCa, such as the mTOR regulator TSC2. Following andro-
genic stimulation, AR was recruited to a cryptic promoter
upstream of exon 33 in the TSC2 gene, thereby leading to
expression of a truncated transcript lacking the 5 exons of the
gene.This alternative TSC2 variant would encode a truncated
protein lacking the domain required for the interaction with
TSC1, which is needed to exert negative regulation of mTOR.
Thus, androgens may lead to activation of mTOR by relieving
the repressive function of the TSC1/TSC2 complex through
AR-dependent induction of a defective variant. It is worthy
of notice that activation of the mTOR pathway has been
linked to both tumorigenesis and resistance to therapy in PCa
[54]. Thus, AR might contribute to prostate tumorigenesis
also by causing mTOR activation through expression of this
alternative mRNA variant of TSC2.

9. Splicing Regulators Contributing to Altered
Gene Expression in Prostate Cancer

In addition to affecting recruitment of AR to alternative
promoters, androgens also affected a number of AS events in
several genes [53]. Although the mechanism(s) involved in
these events and their potential relevance to PCa biology was
not investigated, it might involve the ability of AR to interact
with cofactors that modulate the transcriptional elongation
rate and/or the recognition of splicing enhancers or silencers
in the pre-mRNA (Figure 2). For instance, AR interacts with
the cofactor of BRCA1 (COBRA1), and this interaction was
shown to influence splicing of the nascent transcripts pro-
duced from an androgen-dependent promoter [55]. A similar
regulation of AR activity was also documented for the DEAD
boxRNAhelicase p68 (DDX5) in the LNCaP cell line. AR and
DDX5 interact and are recruited to the promoter region of the
androgen-responsive prostate-specific antigen (PSA) gene.
This interactionwas functionally relevant, asDDX5 enhanced
AR-dependent PSA expression. In addition, by using an AR-
dependent minigene reporter, it was shown that DDX5 and
AR cooperated in repressing the splicing of variable exons in
the CD44 gene [56]. DDX5 is involved in several steps of co-
and posttranscriptional RNA processing, including splicing
[57], and some genes appear to be particularly sensitive to the
intracellular levels of DDX5 [57, 58]. Hence, since this RNA
helicase is upregulated in PCa [56], it will be interesting to
determine to what extent it contributes to RNA processing of
AR target genes in PCa cells.

AR is also known to interact with several splicing fac-
tors, suggesting a direct link between androgen-regulated
transcription initiation and pre-mRNA splicing in PCa cells
(Figure 2). The PTB-associated splicing factor (PSF) and its
cofactor p54nrb participate to androgen-dependent protein
complexes containing the AR. PSF and p54nrb inhibit the
transcriptional activity of AR by interfering with its binding
to androgen response element and by recruiting a his-
tone deacetylase to AR-responsive promoters [59]. Although
direct investigation of the effect of these splicing factors on
AR-dependent splicing events was not addressed, it is likely

that AS is also affected by this interaction. Another splicing
factor that may participate to AR-dependent splicing regula-
tion is SAM68 [60], which is frequently upregulated in PCa
[25, 45]. SAM68 interacts with AR and is recruited to the PSA
promoter [60], like DDX5 [55]. Interestingly, however, the
interaction between SAM68 and AR exerted different effects
on transcription and splicing, as the two proteins cooperated
in transcriptional activation of AR-target genes but opposed
each other in splicing of the CD44 variable exons from a
reporter minigene [60]. Unfortunately, the direct effects of
all these RBPs on AR-dependent splicing of endogenous
transcripts have not been addressed yet. Nevertheless, it is
likely that, depending on the specific complex formed,AR can
differentially influence splicing of its target genes in PCa cells.

An additional layer of regulation of the aberrant splicing
program in PCa might rely on the up-regulation of specific
splicing factors. Beside the already mentioned SAM68 [25,
45], one likely candidate is SRSF1, a splicing factor that
is upregulated in many human cancers and was shown to
behave as an oncogene in mice and humans [61]. In cancer
cells of other tissues, SRSF1modulates the expression of splice
variants of the BIN1 and BIM genes that lack proapoptotic
functions [61, 62]. Moreover, SRSF1 promotes splicing of
MNK2b [61], a splice variant of the eIF4E kinase MNK2 that
was shown to confer chemoresistance in pancreatic adenocar-
cinoma cells [63]. Importantly, MNK-dependent phospho-
rylation of eIF4E strongly contributes to PCa tumorigenesis
both in vitro and in vivo [64, 65], and a tight balance between
the MNK/eIF4E and the mTOR pathways is required to
maintain efficient protein synthesis in PCa cells, thereby
enhancing their proliferation rate [64]. Thus, it will be inter-
esting to determine whether SRSF1 contributes to fine-tuning
the activation of these pathways in PCa cells through the
regulation ofMNK2 AS.

Other splicing factors may also contribute to the altered
splicing programof PCa cells. Indeed, the activity of several of
these RBPs ismodulated by signal transduction pathways that
are frequently turned on in cancer, such as the PI3K/AKT and
the RAS/ERK pathways (see also [66]). For instance, it was
shown that activation of AKT downstream of the epidermal
growth factor (EGF) receptor modulated the activity of
the SR protein-specific kinases and phosphorylation of SR
proteins, thereby affecting a large spectrum of AS events
[67]. Similarly, the RAS/ERK pathway modulates a number
of splicing factors involved in cancer, such as SAM68 [68]
and the alternative splicing factor 45 (SPF45) [69], which
in turn affect expression of splice variants that regulate cell
motility, proliferation, and survival. Thus, it is likely that the
examples reported above represent only a small picture of the
overall contribution of AS and splicing factors to the wide
heterogeneity in gene expression observed in PCa cells and
patients.

10. Conclusions and Perspectives

AS is widely recognized as a powerful tool that eukaryotic
cells employ to expand the coding potential and the plasticity
of their genomes. The flexibility in the recognition of exons
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Figure 2: Regulation of cotranscriptional splicing by proteins interacting with the androgen receptor. Coregulators of the androgen receptor
(AR) can affect splicing of target genes by direct interaction with AR and modulation of its activity. COBRA1, SAM68, and DDX5 appear to
promote the transcriptional activity of AR but differentially act on splicing of variable exons (red box in the left side of the figure); PSF and
its interacting protein p54 (right side of the figure) repress the transcriptional activity of AR, but their effect on splicing is currently unknown
(see text for more details).

and introns within the transcription unit of the majority of
human genes offers the possibility to compose many mRNA
variants from each gene. Subtle changes in the cellular envi-
ronment, or in external cues conveyed from the surrounding
environment, may result in global changes in the tran-
scriptome, which in part rely on the regulation of AS. An
interesting observation is that apparently homogenous cell
populations actually display large differences in gene expres-
sion. This was recently exemplified by studies that applied
global RNA sequencing techniques to the analysis of single
cell transcriptomes. After treatment of bone-marrow-derived
dendritic cells (BMDCs) with an inflammatory cue, it was
found that hundreds of key immune genes were differentially
expressed by single cells. The heterogeneity in the response
was particularly remarkable with regard to the splicing pat-
terns expressed by these cells [70], suggesting that fine-tuning
of AS regulation strongly contributes to the heterogeneity of
a cell population. This aspect might be particularly relevant
in the context of PCa, which is a neoplastic disease charac-
terized by extreme heterogeneity and unpredicted response
of patients to the therapy [1, 2]. The improvements in cell
isolation techniques coupled to the higher sensitivity of the
next-generation sequencing techniques may soon allow a
highly detailed description of the transcriptome of patients,
which might result in more personalized treatments.

The studies illustrated previously suggest that the upregu-
lation of selected splicing regulators in PCa, such as SAM68,
SRSF1, or DDX5, directly contributes to the phenotype by
altering the splicing profile of key genes. Thus, these RBPs
might represent potential therapeutic targets for intervention.
Although blocking the activity of a given splicing factor is
not necessarily an easy task, some examples in this direction

have been provided. For instance, SAM68 can bind to RNA
only as a dimer. By exploiting this requirement, it was shown
that an RNA binding-defective SAM68 mutant exerted dom-
inant negative effects on SAM68-mediated SMN2 splicing by
associating with the endogenous protein and preventing its
binding to the pre-mRNA [71].This experiment suggests that
small molecules interfering with SAM68 function might dis-
play therapeutic potential. As homodimerization is a prereq-
uisite for RNA binding, one possibility is to target the SAM68
dimerization domain, which was restricted to a small region
within its Gld1-Sam68-Grp33 (GSG) homology domain [72].
The potential value of targeting specific components of the
splicing machinery in cancer cells is also suggested by the
antioncogenic properties of natural compounds, such as
spliceostatin A (SSA), in a variety of cancer cell models.
SSA targets the splicing factor 3B subunit 1 (SF3B1) of the
spliceosome, thus affecting a large number of splicing events
concomitantly [73]. Perhaps, more specific drugs targeting
splicing factors involved in subsets of oncogenic splicing
events in cancer cells, as those described above, might repre-
sent more specific therapeutic approaches in the next future.

Although the extreme flexibility of AS regulation is prone
to errors that may concur to neoplastic transformation [7, 8],
it can also be exploited therapeutically. Indeed, examples of
AS modulation in selected genes by administering splicing-
correcting ASOs to cells have been reported. In some cases,
this approach has also been challenged with a therapeutic
application. One of the most remarkable examples is repre-
sented by the recovery of the phenotype observed in mouse
models of Spinal Muscular Atrophy (SMA). This neurode-
generative disease is caused by inactivation of the SMN1 gene
and skipping of exon 7 in the highly homologous SMN2 gene



8 International Journal of Cell Biology

[74]. It was recently demonstrated that systemic injection
of a chemically modified ASO restored SMN2 splicing in
vitro and in vivo and profoundly ameliorated the viability
and phenotypic features of mice affected by a severe form of
SMA [75]. Although cancer is caused by multiple alterations,
thus limiting the application of gene-specific ASOs, it is
conceivable that these tools could be used in combination
with standard therapies to improve the clinical response of
patients. For instance, an ASO that switched BCL-X splicing
toward the proapoptotic variant was effective in sensitizing
cancer cells to drug-induced apoptosis and to reduce growth
of tumors in nude mice [30, 31]. A similar effect was obtained
by switching expression of the 𝛼 to the 𝛽 variant of the signal
transducer and activator of transcription 3 (STAT3) gene,
which modulates multiple oncogenic pathways [76]. In this
case, administration of a modified ASO targeted to a splicing
enhancer induced expression of the endogenous STAT3𝛽 and
an anti-oncogenic response in vitro and in vivo [76]. These
studies suggest that modulation of AS with synthetic drugs
is possible and has entered a therapeutic perspective. ASOs
are particularly appealing in terms of high specificity and
reduced side effects, as theymay exploit their ability to anneal
with specific sequences in the genomewithout affecting other
features or target genes of the splicing factors involved in the
oncogenicAS event.Thus, it is likely that thesemethods could
be applied soon to the development of novel therapies aimed
at fighting human cancers in which expression of specific
oncogenic splice variants has been firmly confirmed.
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The splicing regulator proteins SRSF1 (also known asASF/SF2) and SRSF3 (also known as SRP20) belong to the SR family of proteins
and can be upregulated in cancer. The SRSF1 gene itself is amplified in some cancer cells, and cancer-associated changes in the
expression ofMYC also increase SRSF1 gene expression. Increased concentrations of SRSF1 protein promote prooncogenic splicing
patterns of a number of key regulators of cell growth. Here, we review the evidence that upregulation of the SR-related Tra2𝛽 protein
might have a similar role in cancer cells. The TRA2B gene encoding Tra2𝛽 is amplified in particular tumours including those of the
lung, ovary, cervix, stomach, head, and neck. BothTRA2BRNA andTra2𝛽 protein levels are upregulated in breast, cervical, ovarian,
and colon cancer, and Tra2𝛽 expression is associated with cancer cell survival. The TRA2B gene is a transcriptional target of the
protooncogene ETS-1 which might cause higher levels of expression in some cancer cells which express this transcription factor.
Known Tra2𝛽 splicing targets have important roles in cancer cells, where they affect metastasis, proliferation, and cell survival.
Tra2𝛽 protein is also known to interact directly with the RBMY protein which is implicated in liver cancer.

1. Introduction

Cancer is associated with a number of distinctive disease
hallmarks [1]. These hallmarks include the ability of cancer
cells to continuously divide by maintaining proliferative
signalling pathways and to evade growth suppressors, to
resist cell death; to induce angiogenesis to ensure a supply of
oxygen and nutrition, and to invade other parts of the body
(metastasis). These hallmarks of cancer cells occur against
other changes including decreasing genome stability and
inflammation [1].

Changes in splicing patterns in cancer cells compared to
normal cells can contribute to each of these cancer hallmarks
through effects on the expression patterns of important
protein isoforms which regulate cell behaviour [2–4]. The
splicing alterations which occur in cancer cells are partially
due to changes in the activity and expression of core spliceo-
some components [5] and in the RNA binding proteins
which regulate alternative exon inclusion [6]. Changes in the
splicing environment in cancer cells might have therapeutic

implications. Drugs which target the spliceosome are also
being developed as potential therapies for treating cancer
patients [7].

In this review, we particularly examine the potential
role of the splicing regulator Tra2𝛽 as a modulator of gene
function in cancer cells. Tra2𝛽 is part of a larger protein
family which contains RNA recognition motifs (RRMs)
and extended regions of serine and arginine residues (RS
domains, named following the standard 1 letter amino acid
code for serine and arginine) [8–10]. Core SR proteins include
SRSF1 (previously known as ASF/SF2) and SRSF3 (previously
known as SRP20) (Figure 1). Tra2𝛽 is considered an SR-like
protein rather than a core SR family member because of two
features. Firstly, Tra2𝛽 contains both an N- and C-terminal
RS domains (each of the core members of the SR family has
just a single C-terminal RS domain, with the RRM at the
N-terminus). Secondly, the core group of SR proteins but
not Tra2𝛽 can restore splicing activity to S100 extracts [11].
S100 extracts are made from lysed HeLa cells by high-speed



2 International Journal of Cell Biology

RRM RS

RSRRM

Modular structures of two core SR family proteins

RRM RSRS

Glycine-rich domain

PP1

PP1

RS
RRM RNA recognition motif (RRM)

-C

-C

-C

which have been implicated in cancer

N-

N-

N-

Region enriched in serine and arginine

SRSF3

SRSF1

Tra2𝛽

ΨRRM

Modular structure of Tra2𝛽 protein

Figure 1: Modular structure of the core SR family proteins SRSF1
(also known as ASF/SF2) and SRSF3 (also known as SRp20) and the
SR-like protein Tra2𝛽. The RNA recognition motif (RRM) binds to
target RNAs, and the RS region is responsible for protein-protein
interactions. SRSF1 has a secondRRM, annotated𝜓RRM. SRSF1 and
Tra2𝛽 have a PP1 docking site.

ultracentrifugation to remove nuclei but contain most of the
core spliceosome components necessary for splicing with the
important exception of SR proteins which are insoluble in the
magnesium concentrations used [12]. Addition of any single
SR protein is sufficient to restore splicing activity to these S100
extracts [13].

Tra2𝛽 protein functions as a splicing regulator in the cell
nucleus, where it activates the inclusion of alternative exons
[14, 15]. Tra2𝛽 protein is able to interact with two types of
RNA targets through its RRM. Firstly, themajor RNAbinding
site for Tra2𝛽 is an AGAA-rich sequence [11, 16, 17]. Although
an AGAA RNA sequence works best for Tra2𝛽 protein, an
NGAA sequence is actually sufficient for binding. However,
substituting the first A with either C, G, or T nucleotides in
the NGAA target sequence decreases binding efficiency (the
Kd value increases 2-fold between AGAA and NGAA) [16].
Secondly, the RRM of Tra2𝛽 is able to switch to a second
mode of RNA binding, in which it interacts with single-
stranded CAA-rich sequences within a stem loop structure
[17].

When Tra2𝛽 binds to target RNA sites within an exon, it
activates splicing inclusion of these bound exons into mRNA
[11, 15–17]. Splicing activation by Tra2𝛽 protein is concen-
tration dependent: increased Tra2𝛽 protein concentration
leads to increased levels of target exon splicing inclusion
[14, 15]. The RRMs of Tra2𝛽 and SRSF1 proteins both
contain a docking site for protein phosphatase 1 (PP1), and
dephosphorylation of these proteins by PP1 affects alternative
splicing regulation [18].

Tra2𝛽 protein is encoded by the TRA2B gene (also called
SFRS10) on human chromosome 3. As well as any potential
role in cancer cells, Tra2𝛽 has important roles in normal

development and is essential for normal mouse embry-
onic and brain development (TRA2B knockout mice fail to
develop normally) [15, 19]. TRA2B has a paralog gene called
TRA2A on the long arm of human chromosome 7, and this
paralog encodes Tra2𝛼 protein [20]. Paralogs are additional
copies of a gene derived by duplication. TRA2A derived by
gene duplication from TRA2B early in the vertebrate lineage
and so is found in all vertebrates.

A number of the SR proteins have been found to have
roles in cancer, amongst them, SRSF1 and SRSF3 (Figures 1
and 2). The mechanism of SRSF1 upregulation in cancer cells
has been explained at a mechanistic level, and the effects of
this upregulation in terms of gene expression control have
been mapped onto the pathway of oncogenesis. Here, we
review these important principles for SRSF1 and then apply
these principles to gauge the likely effect of the Tra2𝛽 protein
on cancer-specific gene expression.

2. SRSF1 Is Upregulated in Cancer and Is a
Target for the Prooncogenic Transcription
Factor Myc

SRSF1 upregulation in cancer cells can occur through two
distinctmechanisms. Firstly, the SRSF1 gene itself can become
amplified in cancer. The SRSF1 gene is on a region of
chromosome 17q23which is amplified in some breast cancers,
including in tumours with a poor prognostic outlook and
in the MCF7 breast cancer cell line [21]. Analysis of the
SRSF1 gene on the cBio Cancer Genomics Portal shows
amplification of SRSF1 mainly in breast cancers (Figure 2)
[22, 23]. Secondly, SRSF1 gene transcription is activated by
the prooncogenic transcription factor Myc which is itself
activated in some cancers. Myc upregulation in cancer leads
to downstream increases in both SRSF1 mRNA and SRSF1
protein expression [24].

Protein expression analysis using a highly specific mon-
oclonal antibody showed that a number of tumours have
increased SRSF1 protein compared to normal tissue [21]. As
well as being upregulated in some cancer cells, SRSF1 operates
as a bona fide oncogene. Increased SRSF1 gene expression
can transform rodent fibroblasts in an NIH3T3 assay, and the
resulting transformed cells form tumours in nude mice [21].
Tumour formation by these transformedfibroblasts is directly
dependent on SRSF1 expression, since it is blocked by parallel
shRNA inhibition of SRSF1 [21]. Together, these data suggest
that upregulation of SRSF1 gene expression can be one of the
initial steps in oncogenesis.

Experiments support an important function for SRSF1
protein in breast cancer cells. Mouse COMMA1-Dmammary
epithelial cells form tumours more efficiently in mice after
transduction with SRSF1, and transduction of MF10A cells
with SRSF1 results in increased acinar size and decreased
apoptosis in a 3D culture model [25]. A number of splicing
targets have been identifiedwhich respond to increased levels
of SFRS1 expression in cancer cells (Table 1). These SRSF1-
driven splicing changes produce prooncogenic mRNA splice
isoforms, which encode proteins which decrease apoptosis
and increase cellular survival and proliferation.
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Figure 2:The (a) TRA2B, (b) SRSF1 (also known as ASF/SF2), and (c) SRSF3 (also known as SRP20) genes are amplified or otherwisemutated
in several cancer types. For each of the three genes, data for genetic changes in all cancers were obtained using the cBioPortal database, filtering
for percentage of altered cases (studies using mutation data) [22, 23]. The percentage, of cancer samples which showed genetic alterations in
large cancer studies are shown on the Y axis and the respective type of cancer on the X axis. Full details of this kind of analysis are given on
the cBioPortal website http://www.cbioportal.org/public-portal/index.do.

3. Increased SRSF3 Expression Is Also
Associated with Cancer

Increased expression of the SR protein SRSF3 is also asso-
ciated with cancer. The SRSF3 gene is amplified in some
cancers (Figure 2) [22, 23]. Loss of SRSF3 expression in a
number of cancer cell lines increases apoptosis and decreases
proliferation, and increased expression of SRSF3 leads to
transformation of rodent fibroblasts and enables them to
form tumours in nude mice [26].

Increased SRSF3 expression levels have been associated
with an increased tumour grade in ovarian cancer [27].
Intracellular levels of SRSF3mRNA are important for cancer
cells: siRNA-mediated downregulation of SRSF3 leads to cell
cycle arrest at G1 in colon cancer cells, and their increased
death through apoptosis. The mechanism of increased apop-
tosis in response to higher levels of SRSF3 protein might
include aberrant splicing of the HIPK2 pre-mRNA (which
encodes an important apoptotic regulator related to HIPK3,
which is a known splicing target of Tra2𝛽), such that
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Table 1: Known prooncogenic splicing targets of SFRS1 (previously
known as ASF/SF2).

Splicing
target Possible role in cancer cells Reference

RON Δexon11 splice isoform increases
cell motility and metastasis [21, 25]

BIN
BIN12a splice isoform encodes
protein no longer able to bind Myc
and acts as tumour suppressor

[21, 25]

MNK2

MNK2 13b splice isoform makes
kinase which can phosphorylate
EIF4E independent of MAP kinase
activation

[21, 25]

S6K
Promotes oncogenic isoform of
S6kinase which phosphorylates
small subunit of ribosome

[21, 25]

MCL-1/BCL-
X/CASPASE9

Promotes production of
antiapoptotic mRNAs to result in
cell survival

[63–65]

a proteasome-resistant form of HIPK2 protein is made after
SRSF3 depletion [28].

4. Tra2𝛽 Is Amplified in Particular
Cancers and Is a Target of the Oncogenic
Transcription Factor ETS-1

The TRA2B gene which encodes Tra2𝛽 becomes amplified
in several cancers (Figure 2) and particularly in cancers of
the lung, cervix, head and neck, ovary, stomach, and uterus
[22, 23]. Upregulation of Tra2𝛽 protein expression has also
been observed in several cancers, including breast, cervical
and ovarian [29–31], and colon [32]. Tra2𝛽 upregulation is
associated with invasive breast cancer [30], and medium to
high Tra2𝛽 expression correlates with a poorer prognosis in
cervical cancer compared to patients with lower expression
levels [29].

Tra2𝛽 protein expression has been demonstrated to be
important for cancer cell biology. Downregulation of Tra2𝛽
inhibits cell growth of a gastric cancer cell line, measured
by a corresponding decrease in BrdU incorporation which
monitors cells which have entered S phase [33]. Knockdown
of Tra2𝛽 in colon cancer cells reduced cell viability and
increased the level of apoptosis monitored using a TUNEL
assay and through measurement of levels of cleaved PARP
[32].

As well as TRA2B gene amplification, the expression
levels of the ETS-1 transcription factor provide a possible
mechanism through which Tra2𝛽 might be upregulated in
cancer cells. Regulated transcription of the TRA2B gene in
human colon cells is positively controlled by binding of
the HSF1 and ETS-1 transcription factors to its promoter
proximal region [32].The ETS-1 protein is itself encoded by a
protooncogene. ETS1 expression in metastatic breast cancer
correlates with a poor prognosis [34, 35] and is associated
with an invasive phenotype [36]. Expression of both ETS-1
[35] and Tra2𝛽 [37] might also be under control of estrogen,

which is a key driver of estrogen receptor positive breast
cancer development. Taken together, these observations sug-
gest that the pathological mechanism of Tra2𝛽 upregulation
in cancer cells might result from underlying changes in
transcription factors in cancer cells. Other positive regulators
of cell growth might also stimulate Tra2𝛽 expression, since
expression of Tra2𝛽 is upregulated in response to growth
factors in normal smooth muscle cells [38].

Reactive oxygen species made during inflammation pro-
vide a further potential mechanism for Tra2𝛽 upregulation
in cancer cells. Tra2𝛽 expression is activated in response to
reoxygenation of astrocytes following a period of oxygen
deprivation and by ischaemia in rat brains [39]. Expression of
Tra2𝛽 in smooth muscle cells is similarly induced following
reoxygenation of hypoxic cells [38], and is upregulated in
response to oxidative stress in human colorectal carcinoma
cell line HCT116 [32]. Ischaemia has also been reported
to induce cytoplasmic accumulation of Tra2𝛽 along with
accompanying changes in splice site use [40]. Tra2𝛽 translo-
cates into the cytoplasm in gastric cancer cells in response to
cell stress induced by sodium arsenate [32], and changes in
the nuclear concentration of Tra2𝛽 might have downstream
effects on the splicing inclusion of target exons.

The increased levels of Tra2𝛽 observed in cancer cells
mean that the TRA2B genemust be able to bypass the normal
feedback expression control mechanisms which exist to keep
Tra2𝛽 protein levels under tight control. An important feed-
back control mechanism uses an alternatively spliced “poison
exon” in the TRA2B gene. Poison exons introduce premature
stop codons when they are spliced into mRNAs, preventing
translation of full-length proteins and often targetingmRNAs
for nonsense-mediated decay [41]. Poison exon splicing into
the TRA2B mRNA is activated by binding of Tra2𝛽 itself.
Splicing inclusion of this poison exon acts as a brake on
production of more Tra2𝛽 protein. The predicted outcome
is that increased expression of Tra2𝛽 protein should lead to
increased TRA2B poison exon inclusion and so correspond-
ingly less newly translated Tra2𝛽 protein through a negative
feedback loop [42].

Similarly, the levels of SRSF1 and the other SR proteins
are thought to be normally autoregulated through poison
exon inclusion [43]; so these other SR proteins must similarly
bypass these mechanisms in cancer cells to enable their
higher levels of expression to be established.

5. Tra2𝛽 Protein Regulates Splicing Patterns
Which Are Important to Cancer Cells

Howmight upregulation of Tra2𝛽 affect the biology of cancer
cells? Three Tra2𝛽-target exons have been identified in genes
known to have important roles in cancer cells (Table 2). For
two of these target exons, the actual regulated isoforms have
also been demonstrated in cancer cells.

Firstly, strong Tra2𝛽 binding to a cancer-associated
exon in the nuclear autoantigenic sperm protein (abbrevi-
ated NASP) gene has been detected using HITS-CLIP of
endogenous Tra2𝛽 protein in the mouse testis [14, 15]. This
Tra2𝛽-target exon is abbreviatedNASP-T. Whilst the somatic
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Table 2: Known pro-oncogenic splicing targets of Tra2𝛽.

Splicing target Possible role in cancer cells Reference

CD44 Affects cancer cell mobility and
metastasis [30]

Homeodomain-
interacting kinase 3
(HipK3)

HIPK3 increases
phosphorylation of cJun and cell
proliferation

[57]

Nasp-T

Histone chaperone important for
efficient replication
Implicated in DNA repair
processes

[15]

NASP splice isoform is expressed ubiquitously, the NASP-T
splicing isoform has a much tighter anatomic distribution
and its splicing is associated particularly with cancer cells and
embryonic development.While most normal adult tissues do
not splice theNASP-T exons into their mRNAs, high levels of
splicing inclusion are seen in the testis and to a lesser extent
the heart, gut, and ovary [15].

Splicing inclusion of the NASP-T exon is strongly acti-
vated in transfected cells in response to coexpression of
Tra2𝛽, and NASP-T splicing also decreases in TRA2B knock-
out mouse brains compared to wild type, confirming that the
NASP-T exon is a bona fide regulated target exon of Tra2𝛽
[14, 15]. Tra2𝛽 is currently the only known splicing regulator
of the NASP-T exon. The NASP-T exon is unusually long (a
975 nucleotide long cassette exon, while the typical size for
a human exon is more like 120 nucleotides), with at least 37
Tra2𝛽 protein binding sites within its sequence, making a
very responsive target for Tra2𝛽 expression. Splicing inclu-
sion of the NASP-T exon into the NASP mRNA introduces
the coding information for an extra 375 amino acids into the
encoded NASP protein (Figure 3).

The NASP protein has a strongly biased peptide sequence
which contains a high frequency of glutamic acid residues.
The negative charges of the glutamic acid residues facilitate
interactions with the positively charged histone partner
proteins that NASP protein interacts with. NASP proteins
also use tetratricopeptide repeats (TPRs) and histone binding
motifs to facilitate interactions with protein partners includ-
ing histones [44]. Both the somatic (sNASP) and NASP-
T isoforms of the NASP protein contain the same TPRs
involved in protein-protein interactions and seem to be func-
tionally interchangeable in cells [45]. However, the longer
NASP-T protein isoform has an additional histone binding
motif and a longer stretch of the glutamic-acid-enriched
sequence, suggesting that it might more efficiently interact
with histones (Figure 3(a)). The NASP-T peptide cassette
also adds a number of potentially phosphorylated serine and
threonine residues to the NASP protein [44, 46]. Splicing
inclusion of the NASP-T exon is likely to be important in
cancer cells. The specific siRNA-mediated downregulation of
NASPmRNAs containing theNASP-T exon leads to a block in
proliferation and increased levels of apoptosis in cancer cells
[47, 48].

Isoforms of the NASP protein with and without the
peptide cassette inserted by the NASP-T exon are molecular

chaperones which import histone H1 into the nucleus [49].
NASP protein isoforms also stably maintain the soluble pools
of H3 and H4 histones needed for assembly of chromatin
at times of high replication activity and are part of the
complexes which load these into chromatin [45]. The NASP
gene is critical for cell cycle progression in cultured cells and
for mouse embryogenesis [50].

Why might NASP protein be important for cancer cells?
NASP belongs to a network of genes important for cell
survival [51], and NASP protein is a tumour-associated
antigen in ovarian cancer [52]. NASP is highly expressed in
S phase of the cell cycle [49], when chromatin needs to be
reassembled after replication. Higher levels of NASP protein
expression might be needed by cancer cells to enable their
higher rates of replication to be achieved. NASP protein
also has other roles related to chromatin stability. NASP
protein is phosphorylated by the ATM and ATR kinases in
response to ionising radiation and implicated in the repair of
DNA double strand breaks [53]. One of the protein partners
of NASP protein is the DNA repair protein Ku, and the
yeast homologue of NASP is present at double strand breaks
suggesting an important role in DNA repair (reviewed in
[44]).

The second known splicing target of Tra2𝛽 with likely
important functions in cancer cells is within the CD44 pre-
mRNA. CD44 encodes an important transmembrane protein
partly displayed on the cell surface as the CD44 antigen
(Figure 3(b)). CD44 protein acts as a receptor for hyaluronic
acid and possibly other molecules and controls interactions
with other cells, the extracellular matrix, and cellular motility
through modulation of intracellular signalling cascades [54].

The N- and C-termini of the CD44 protein are encoded
by constitutive exons, but the CD44 gene also contains an
internal block of 10 consecutive internal alternative exons
which are differentially regulated during development and
in cancer [55]. These alternative exons encode portions of
the extracellular domain of the protein (Figure 3(b)). CD44
variable exons show variant splicing inclusion in breast
cancer cells [30]. In particular, two CD44 internal variable
exons, CD44v4 and CD44v5, increase their splicing inclusion
in transfected HeLa cells in response to increased Tra2𝛽
protein expression [30], suggesting that Tra2𝛽 might also
increase their inclusion in breast tumours with elevated
Tra2𝛽 expression. Although expression of variant CD44
exons has historically been associated with cancer metastasis,
the picture regarding CD44 alternative splicing in cancer is
complex. Very recent data suggest that the standard isoform
of CD44 mRNA (without splicing inclusion of its variable
exons)might in fact play a key role inmetastatic breast cancer,
particularly in enabling an epithelial-mesenchyme transition
of breast cancer cells [56].

The third known Tra2𝛽-target exon which might be
potentially relevant in cancer cells is in theHIPK3 gene,which
encodes a serine/threonine kinase involved in transcriptional
regulation and negative control of apoptosis. High cellular
levels of Tra2𝛽 stimulate splicing inclusion of a poison
exon called HIPK3-T into the HIPK3 mRNA [57]. Normal
HIPK3protein is concentrated in subnuclear structures called
promyelocytic leukemia bodies (PML bodies). The shorter



6 International Journal of Cell Biology

TPR motif

Histone binding motif

Glutamic-acid-rich region of protein (negative charge)

Amino 
N C

Nuclear localisation sequence (NLS)

NASP protein domain structure

acid 1
Amino 
acid 788

Peptide insert from Tra2𝛽-responsive
NASP-T cassette exon amino acids 138–476

Protein domains

(a)

Signal peptide

Extracellular domain

Transmembrane span

Cytoplasmic domain

Block of alternatively spliced exons 
         amino acids 224–614

Hyaluronan binding site

N C

CD44 protein domain structure

∗

∗

∗∗ ∗

Amino 
acid 1

Amino 
acid 742Peptide encoded by

Tra2𝛽-responsive
exons v4 and v5

Protein domains

CD44 antigen (amino acids 21–742) on cell surface

(b)

Figure 3: Protein domain architecture of known Tra2𝛽 splicing targets which are expressed in cancer cells. (a) Modular structure of NASP
protein assembled from the UniProt database (http://www.uniprot.org/uniprot/P49321) [46], showing the position of the peptide insert
encoded by the Tra2𝛽-target exon NASP-T. (b) Modular structure of CD44 protein assembled using information from the UniProt database
(http://www.uniprot.org/uniprot/P16070#P16070-6) [46], showing the position of peptide sequences encoded by the Tra2𝛽-target exons
CD44 v4 and v5.TheCD44 antigen is displayed on the cell surface, and the protein is anchored on the cell surface by a single trans-membrane
domain. Alternative isoforms are made through alternative splicing of 10 exons out of 19 encoding amino acids in the extracellular domain
and also 2 exons which encode peptide sequence in the cytoplasmic domain. The two exons reported CD44 v4 and v5 exons correspond to
amino acids 386–428 and 429–472, respectively, in the encoded protein. The protein domain structures are not drawn to scale.

HIPK3 protein isoform made under control of Tra2𝛽 fails
to localise in PML bodies and lacks regions of the protein
predicted to bind the androgen receptor, homeodomains, Fas,
and p53 [57]. HIPK3-T is not confirmed as a splicing target
of Tra2𝛽 in cancer, since splicing of the HIPK3-T exon has
only been observed thus far in human testis and has not been
directly reported from cancer cells [57].

6. Tra2𝛽 Is Involved in Protein Interaction
Networks with Partner Proteins Involved
in Cancer

Some of the proteins which are known to interact either
directly or indirectly with Tra2𝛽 have themselves been
implicated with roles in cancer cells. Tra2𝛽 directly interacts
with members of the hnRNP G family of proteins which
includes the prototypic member hnRNP G (encoded by
the RBMX gene located on the X chromosome); RBMY
protein (which is encoded by a multigene family on the Y
chromosome); and a number of retrogene-derived proteins.

Of these retrogene-derived proteins, one called HNRNP G-
T is both highly conserved in mammals and specifically
expressed in meiosis. The interaction between Tra2𝛽 and
hnRNP G family members likely buffers the splicing activity
of Tra2𝛽 [58, 59], although they might also coregulate some
target exons [60]. Expression of the RBMY protein has been
directly implicated in liver cancer biology, where it may
contribute to the male specificity of this cancer [61]. RBMY
protein also interacts with SRSF3 protein [62].

7. Summary

The splicing regulator Tra2𝛽 is upregulated in some human
cancers. Possible mechanisms for this upregulation include
changes in oncogenic transcription factor expression and
oxygen free radical concentrations in neoplastic tissue, both
of which affect TRA2B gene expression (Figure 4). We do not
currently know whether the TRA2B gene can function as an
oncogene in its own right until experiments to test transfor-
mation of NIH3T3 cells are performed or the behaviour of
such transformed cells in nude mice is tested. However, we
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Figure 4: Hypothetical model suggesting how changes in the
cellular environmentmay influence the expression of Tra2𝛽 and lead
to downstream changes in mRNA splice isoform production.

do know that some of the known splicing targets of Tra2𝛽
identified in normal tissues are important for cancer cell
biology and are particularly implicated in cell division and
motility. Tra2𝛽 is essential during embryonic development,
and many embryonic developmental pathways involved in
cell growth and motility which are turned off in adult cells
often become reactivated in cancer cells. Future analysis of
the role of Tra2𝛽 in cancer cells will require the detailed
identification of its endogenous splicing targets in cancer cells
and the elucidation of their physiological roles.
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Overexpression of human epidermal growth factor receptor (HER-2) occurs in 20–30% of breast cancers and confers survival
and proliferative advantages on the tumour cells making HER-2 an ideal therapeutic target for drugs like Herceptin. Continued
delineation of tumour biology has identified splice variants of HER-2, with contrasting roles in tumour cell biology. For example,
the splice variantΔ16HER-2 (results from exon 16 skipping) increases transformation of cancer cells and is associatedwith treatment
resistance; conversely, Herstatin (results from intron 8 retention) and p100 (results from intron 15 retention) inhibit tumour cell
proliferation. This review focuses on the potential clinical implications of the expression and coexistence of HER-2 splice variants
in cancer cells in relation to breast cancer progression and drug resistance. “Individualised” strategies currently guide breast cancer
management; in accordance, HER-2 splice variants may prove valuable as future prognostic and predictive factors, as well as
potential therapeutic targets.

1. Introduction

Breast cancer is a heterogeneous disease comprising subtypes
of varied morphology, prognostic profiles, and clinical out-
comes [1, 2]. Tumours arise from malignant transformation
of hyperplasic epithelia within the breast [3], and numer-
ous mutagenic changes contribute to the transformation
process which abnormally alters the cellular environment.
Atypical hyperplasic cells may progress to carcinoma in situ,
categorised as ductal carcinoma in situ (DCIS) or lobular
carcinoma in situ (LCIS) [3] (Figure 1). These terms denote
malignant cells restricted to ducts or acini of lobules. Car-
cinoma becomes invasive when atypical cells penetrate the
basementmembrane and spread into the surrounding stroma
[3] (Figure 1). Cancer cells then have the potential to spread
to surrounding skin or muscles or to metastasise to axillary
lymph nodes or distant sites such as bone, liver, and brain
where new tumours may form [3].

In recent decades, there has been a paradigm shift from
increasingly extensive and invasive surgery to “cure” and
prevent relapse to conservation surgery with lower morbidity

and the use of adjuvant therapy to eliminate “micrometas-
tases.” This approach improved survival, reduced the risk of
recurrence, andminimised the impact of treatment on quality
of life thus emphasising a need for more directed treatment
strategies [4].

Consequently, there has been a subsequent shift in more
recent years to “individualized” treatment with better ther-
apeutic targeting. The advent of the humanised monoclonal
antibody trastuzumab (commonly referred to as Herceptin)
which targets human epidermal growth factor-2 (HER-
2) transformed management of breast cancer patients [5].
Patients whose tumours are shown to overexpress HER-2
now undergo more rigorous treatment, with Herceptin and
chemotherapy.Thismodernised approach of “targeted” treat-
ment now guides cancer management with attempts to tailor
therapeutics to specific tumours [4].

2. HER-2: Structure and Function

HER-2 is a 185 kDa transmembrane cell surface receptor of
the human epidermal growth factor (EGF) family [6]. There
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Figure 1: Histological images of breast carcinoma. Images of (a) ductal carcinoma no special type (NST), (b) ductal carcinoma in situ (DCIS),
and (c) lobular carcinoma. (d) HercepTest positive staining: immunocytochemical staining indicates HER-2 overexpression in invasive breast
cancer (Images courtesy of Dr. D. Hemming, Queen Elizabeth Hospital, Gateshead).

are four receptor members of this family: HER-1 (EGFR,
ErbB-1), HER-2 (ErbB-2), HER-3 (ErbB-3), and HER-4
(ErbB-4). EGF receptors have a highly conserved extracellu-
lar domain, a transmembrane domain, and an intracellular
domain with tyrosine kinase activity [7] (Figure 2). Ligand-
receptor binding induces conformational changes and recep-
tor dimerisation via interaction at both extracellular cysteine-
rich regions [7, 8]. This results in autophosphorylation and
kinase activation [8]. EGF receptor signalling has important
roles in cell proliferation, differentiation, and survival [9]
(Figure 2).

Thirteen ligands interact with EGF receptors. HER-1 and
HER-4 may actively homodimerise. HER-2 and HER-3 are
nonautonomous as HER-2 has no known ligand, and HER-3
lacks tyrosine kinase activity [8]. HER-2 andHER-3 therefore
form heterodimers with other EGF receptors to promote
signal induction (Figure 2).

HER-2 was first identified in 1984 by Schechter et al. [6]
and has since been recognised as the “preferred” dimerisation
partner [10]. Whilst it lacks the “typical” ligand-binding
structure, HER-2 sustains an active conformation acting as
a potent coreceptor for other EGF receptors [8]. Prolonged
dimer interaction consequently sustains downstream sur-
vival and proliferative signalling [10].

3. HER-2: Insights into Tumour Biology

Each subtype of invasive breast cancer is associated with cer-
tain clinical characteristics and treatment options. Although
the umbrella term of “breast cancer” remains, the discovery
of new biomarkers and gene expression profiling prompted
a move to consider subtypes of breast cancer as different
diseases within their own right [11]. HER-2-positive breast
cancer is typically more aggressive with a poorer prognostic
outlook [12]. HER-2 is routinely measured in clinical prac-
tice, and patients whose tumours score 3+ on HercepTest
immunocytochemical staining (Figure 1(d)) and test positive
for amplification of the HER-2 gene using fluorescence in
situ hybridization (FISH) will be offered treatment with
Herceptin in combination with chemotherapy.

HER-2 has been acknowledged as a protooncogene since
a mutated form, the NEU oncogene, was isolated using cell
transformation studies in the rat that used tumour DNA
[13]. Moreover, amplification of the HER-2 gene occurs in
a number of different cancers and is particularly prevalent
in invasive carcinoma of the breast (Figure 3) [14–16]. HER-
2 protein is overexpressed in many human cancers and
associated with 20–30% of breast cancers [7, 17]. High levels
of the receptor result in enhancement of oncogenic signalling
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Figure 2: Schematic of HER-2 structure, activation, and signalling. (a) HER-2 is a single transmembrane cell surface receptor with
extracellular, transmembrane, and intracellular regions. The extracellular region comprises of two ligand-binding domains (L I and L II) and
two cysteine-rich domains (C I and C II) [8]. Intracellularly, HER-2 receptors have intrinsic tyrosine kinase activity (TK). (b) HER-2 does not
bind ligands but is activated by forming heterodimers with other ErbB receptors via interaction at the cysteine-rich domains. This results in
autophosphorylation of the tyrosine kinase domains and induction of downstream signalling. Normal signalling includes stimulation of the
PI3K/AKT pathway which induces survival mechanisms and inhibits apoptosis, whilst the RAS/RAF/MEK/MAPK pathway stimulates cell
proliferation [8].

pathways [12]. Consequently, HER-2-positive tumours are
associated with increased metastatic potential, poor progno-
sis, and recurrence [18, 19].

As HER-2 is expressed at much higher levels in certain
tumours (Figure 3) than in normal tissue and plays a key role
in mitogenic and antiapoptotic signalling [7, 12, 20], it was
recognised as an ideal target for anticancer drugs. Current
approved therapies include the aforementioned monoclonal
antibody Herceptin and tyrosine kinase inhibitor lapatinib.
Such agents fostered improved survival rates with five-year
survival now at 84% for women in England [21]. However,
whilst these drugs improve breast cancer treatment, they are
still not fully understood and a continuing challenge [5, 11, 12].
For example, it is still unclear why some patients do not
respond to Herceptin as a single agent, and also why initial

responders regress within 6 months [12, 22]. There are also
some HER-2-positive patients who relapse early, and their
more common pattern of metastatic disease involves spread
to the bone, liver, and lungs, whilst there are also long-
term responders who can relapse with the less commonly
seen metastases to the brain. Further exploration of HER-
2 biology, signaling, and resistance mechanisms is therefore
essential to develop and implement new strategies of thera-
peutic intervention.

4. HER-2 Splice Variants and Cancer Biology

Many cancer-related changes in alternative splicing have
been identified to distinguish splicing patterns in “normal”
breast compared to cancer samples [23–26]. Cancer-specific
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Figure 3: Patterns of HER-2 in different cancers. Bar chart shows genetic changes in a wide range of different tumours and cancer types,
including mutation, deletion, and amplification. Note that amplification is particularly prevalent in invasive carcinoma of the breast. Data
was generated using the cBIO Cancer Genomics Portal [14, 15].

Table 1: HER-2 spliced variants and their role in cancer.

HER-2 splice variant Alternatively spliced event Function in cancer Reference

Δ16HER2

15 16 1715 16

Exon 16 skipped
Able to homodimerise to activate oncogenic
pathways.
Increased transforming capacity.
Associated with treatment resistance.

[32, 33, 36]

p100
15 16 1715 16

Intron 15 retained

Truncated inhibitor of tumour cell proliferation
and oncogenic signalling.

[34]

Herstatin
8 9 1098

Intron 8 retention
Inhibitor of HER-2 which interferes with
dimerisation and autophosphorylation.
Inhibits growth of transformed cells which
overexpress HER2.

[30, 31]

events can result in proteins with “procancer” properties
which may promote malignant transformation or confer a
survival advantage on cancer cells, such as resistance to
treatment [27–29]. In recent years, focus has been directed
at the level of the transcriptome with one area of continued

investigation centred on the different variants of HER-2 that
can be produced by alternative splicing [30–33].

To date, three naturally occurring HER-2 spliced
variants in breast cancer have been reported (Table 1),
namely, Δ16HER-2, Herstatin, and p100. As new therapeutic



International Journal of Cell Biology 5

strategies are devised in efforts to tackle current problems
with treatment resistance, attention has been directed to
further unravel the impact of HER-2 with particular focus
on these spliced variants [30]. Studies have investigated the
transforming, oncogenic and drug-resistant activities of
these isoforms [30, 33–35].

5. Δ16HER-2

Δ16HER-2 arises from the in-frame deletion of exon 16; a
48 bp cassette exon which encodes a small region of the
extracellular domain of HER-2 [32]. Resultant loss of cysteine
residues in the extracellular domain of HER-2 induces a
conformational change, promoting homodimerisation via
intermolecular disulfide bonds [32, 33, 36]. Castiglioni et al.
propose a causal role of Δ16HER-2 in cancer development
suggesting that malignant transformation occurs once the
proportion of Δ16HER-2 expressed reaches a specific thresh-
old [32]. Conversely, wild-type HER-2, whilst relevant, is
not considered sufficient to induce transformation [32, 37].
In addition, numerous studies have linked Δ16HER-2 with
resistance to trastuzumab advocating the use of tyrosine
kinase inhibitors as an alternative [32, 33].
Δ16HER-2 appears to constitute a more aggressive vari-

ant compared to wild-type HER-2. Not only has it been
purported to be important in malignant transformation, but
research also suggests a role in disease progression. Mitra et
al. reported that 89% of patients with HER-2-positive breast
tumours, in whom disease progresses to local lymph nodes,
expressed Δ16HER2 [33]. This suggests that patients express-
ing Δ16HER-2 may benefit from more aggressive therapeutic
intervention.

6. P100

Scott et al. first described an HER-2 mRNA variant encoding
a protein constituting only the extracellular domain of the
full-length protein [38]. Termed p100, this splice variant
interferes with the oncogenic activity of wild-type HER-2
and arises via an in-frame stop codon as a result of intron
15 retention [34]. Studied in cell lines and tumours derived
frombreast cancer and gastric cancer, p100 has the capacity to
inhibit tumour cell proliferation [34, 38]. Further exploration
reported a decrease in downstream signal induction such as
the MAP kinase pathways [30].

Several studies have provided evidence that this secreted
truncated form of HER-2 may serve as a serum biomarker
particularly in informing treatment decisions [30, 39, 40].
Leyland-Jones et al. demonstrated reduced levels of p100
expression in more aggressive tumours [39]. Further studies
in breast cancer have continued to evaluate its role as a
biomarker, and its value remains an issue for debate [30,
41]. Some reports suggest that this variant may compete for
selection by monoclonal antibodies such as trastuzumab
thereby interfering with its treatment activity [38, 41].

7. Herstatin

Herstatin is another naturally occurring truncated HER-2
protein generated from alternative HER-2mRNA transcripts

that retain intron 8 [42]. This secreted HER-2 variant, like
p100, contains only the extracellular domain of the full-length
protein and has a novel C-terminus of 79 amino acids [42].
Several lines of evidence demonstrate that Herstatin can act
as an inhibitor of full-lengthHER-2, since it is able to interfere
with dimerization, decrease tyrosine phosphorylation, and
consequently inhibit the growth of transformed cells which
overexpress HER-2 [43]. Interestingly, the autoinhibitory
properties of Herstatin can also impede HER-2 activity
by preventing transactivation of its hetesrodimeric partner
HER-3; Herstatin does this by specifically disrupting HER-
2/HER-3 and also HER-2/EGFR dimer phosphorylation [31,
43]. Since Herstatin has been perceived to be a “protec-
tive” HER-2 variant rather than an “oncogenic” protein, its
expression profile has been assessed in normal versus tumour
tissues [35]. Findings from this study, not surprisingly, show
that Herstatin levels are significantly higher in noncancerous
breast cells compared to carcinoma cells.

8. Clinical Implications of
HER-2 Splice Variants

Prior to the advent of specific markers, such as HER-2, and
drugs like Herceptin, cancer management was directed by
tumour grade and status alone. Treatments were not specif-
ically targeted, for example, the use of chemotherapeutic
agents which target cell division. Today, finding ways to
further exploit tumour biology is central to overcoming chal-
lenges to current diagnostics and managing as well as devel-
oping new “individualized” interventions with improved
stratification to treatment.
Δ16HER-2 has also been implicated in resistance of HER-

2-positive tumours to anti-HER-2 therapies [33]. Therefore,
measurement of this variant may also be especially infor-
mative in predicting response to treatment with anti-HER-2
therapies.

This is somewhat intriguing considering the aggres-
sive nature of HER-2-positive tumours, and p100 has been
reported to decrease with increasingly aggressive tumours
[39]. In view of this, it would be of value to compare the pro-
portions of p100 (and Herstatin mRNA) and protein between
tumour samples to accurately determine how expression
varies with the “aggressiveness” of a tumour. As these HER-2
splice variants secrete proteins [34], in future studies it may
be of value to obtain corresponding patient serum samples
along with tumour samples to gain a more accurate repre-
sentation of their protein levels. Additional variables which
contribute to clinical outcome, such as hormone receptor
status or lymph node involvement, would also need to be
considered.

Potential presence of other truncated HER-2 proteins
should also be considered when interpreting HER-2 protein
expression. Truncated proteins arise not only from alternative
splicing but also via proteolytic cleavage or alternative initi-
ation of translation [44]. HER-2 proteins encoding only the
extracellular domain (ECD) are produced, ranging from95 to
105 kDa [44]; therefore, it cannot be assumed that all 100 kDa
HER-2 proteins are p100 as they may constitute other HER-2
ECD-derived proteins.
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9. What Is a ‘‘True’’ HER-2 Status?

Hormone receptor status can be predictive of the efficacy of
endocrine therapies, but we now know that current screening
strategies, using immunochemistry and N-terminal antibod-
ies, may overlook the “true” hormonal receptor status since
the procedure does not take into account truncated splice
variants of either the oestrogen receptor or progesterone
receptor [26, 45, 46]. The same principle can be applied to
HER-2 status. As HER-2 positive status is determined when
immunocytochemical staining exceeds a specified threshold
(Figure 1(d)), tumours deemed that HER-2 negative may not
be wholly negative but do not exceed this “threshold of
positivity.” Previous reports byCastiglioni et al. demonstrated
that the proportion of Δ16HER-2 expressed was central to
malignant transformation [32]. In DCIS samples where exon
16 skipping occurs, Δ16HER-2 may have been a trigger
to transformation. Although HER-2 status is not routinely
measured in DCIS, Harada et al. reported that HER-2 pos-
itivity in DCIS patients was associated with increased risk of
developing invasive carcinoma [47].This is especially relevant
when previous reports regarding the cancer-related and
treatment resistance properties of Δ16HER-2 are considered
[30, 33].Theproportion ofΔ16HER-2 has already been shown
to be important in breast cancer progression [33, 34]. If a
DCIS sample was shown to express high levels of Δ16HER-
2, this patient may be at greater risk of disease progression
and therefore may benefit from more rigorous treatment or
followup.

Previous studies report that p100 expression decreases
in more aggressive tumours [39]; DCIS is considered a less
aggressive form of breast cancer as it is preinvasive therefore
unable to metastasise. Such results align with expectations
that p100 expression is higher in less aggressive tumours.
These spliced variants may play a role in determining the
nature and clinical outcome of breast tumours in which they
are expressed.

It remains to be fully explored as to whether coexpression
of the mRNA of the three HER-2 spliced variants has any
impact on subsequent translation, or indeed how the proteins
collectively might interact when coexpressed. It would be of
value to determine the proportions of all three HER-2 splice
variants in the same tumour cells and to evaluate their impact
on cell growth and drug resistance. One study has evaluated
full-length HER-2 status using qPCR [48] and advocated its
use in concordance with immunohistochemistry; however, it
did not consider quantification of HER-2 splice variants.

10. HER-2 Variants as Clinical Targets?

One potential line of development for targeted anticancer
therapeutics is the manipulation of HER-2 spliced variants
[49, 50]. Splicing-targeted therapeutics has already shown
a promise in treatment of disease. For example, induced
exon skipping in Duchenne muscular dystrophy produces
a “Becker muscular dystrophy-like dystrophin isoform,”
successfully reducing disease severity [51]. One study has
also demonstrated success using splice-switching oligonu-
cleotides (SSO) to target HER-2 [52]. Wan et al. reported that

SSO-induced skipping of exon 15 produced a novel protein,
Δ15HER2, which acted to downregulate wild-typeHER-2 and
induce apoptosis of HER-2 overexpressing tumour cells [52].
Such strategies could be adapted to manipulate production
of Δ16HER-2 or p100. Whilst research is ongoing to improve
delivery methods of splicing-targeted therapies [53], they
do appear as a promising strategy for future anticancer
therapeutic intervention.

Detecting the proportion and relevance of HER-2 spliced
variants, as described, could potentially “redefine” HER-
2 status. These spliced variants could consequently impact
treatment routes in HER-2-positive tumours and also HER-
2-negative tumours and DCIS. For example, tumours pre-
viously deemed HER-2 negative which express that these
variants above a specified threshold may in fact benefit from
therapies targeting theHER-2 spliced variant thereby improv-
ing stratification of patients to “individualized” treatments.
Additionally, proportions of splice variants in patientswhodo
not respond to, or regress on, anti-HER-2 drugs may indicate
treatment with alternative drugs as a superior alternative.

This could potentially have implications regarding the
value of HER-2 spliced variants in a clinical context. The
presence or absence of HER-2 spliced variants may influence
prognosis or response to treatment. Further investigation
could reveal a clinical use for Δ16HER-2, Herstatin, or p100,
for example, in making treatment decisions or as a potential
therapeutic target. Further exploration of HER-2 biology,
signaling, and resistance mechanisms is therefore essential to
develop and implement new strategies of therapeutic inter-
vention.
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