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Alternative splicing (AS) is an important mechanism used to generate greater
transcriptomic and proteomic diversity from a finite genome. Nearly all human
gene transcripts are alternatively spliced and can produce protein isoforms with
divergent and even antagonistic properties that impact cell functions. Many AS
events are tightly regulated in a cell-type or tissue-specific manner, and at different
developmental stages. AS is regulated by RNA-binding proteins, including cell-
or tissue-specific splicing factors. In the past few years, technological advances
have defined genome-wide programs of AS regulated by increasing numbers of
splicing factors. These splicing regulatory networks (SRNs) consist of transcripts
that encode proteins that function in coordinated and related processes that
impact the development and phenotypes of different cell types. As such, it is
increasingly recognized that disruption of normal programs of splicing regulated
by different splicing factors can lead to human diseases. We will summarize
examples of diseases in which altered expression or function of splicing regulatory
proteins has been implicated in human disease pathophysiology. As the role of AS
continues to be unveiled in human disease and disease risk, it is hoped that further
investigations into the functions of numerous splicing factors and their regulated
targets will enable the development of novel therapies that are directed at specific
AS events as well as the biological pathways they impact. © 2015 The Authors. WIREs
RNA published by John Wiley & Sons, Ltd.
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INTRODUCTION

The majority of human protein-coding genes
contain multiple exons and introns. The pre-

cise excision of introns and ligation of exons from
pre-messenger RNA (pre-mRNAs) to produce mature
messenger RNAs (mRNAs) is fundamentally a crucial
step in gene expression. The splicing machinery is
directed by consensus sequences at or near the exon/
intron boundaries; the 5′ splice site, the 3′ splice site,
and the branchpoint sequence (BPS) that is located
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upstream of the 3′ splice site (Figure 1(a)). The 5′

splice site is a nine nucleotide sequence element in
which the GU dinucleotide at the beginning of the
intron is essential for splicing whereas matches are not
required at all of the other positions. Similarly, the 3′

splice site consists of an invariant AG dinucleotide at
the 3′ end of the intron and a polypyrimidine-enriched
upstream sequence element known as the polypyrim-
idine tract (PPT). In general, 5′ or 3′ splice sites that
have more matches to these consensus elements are
more likely to be spliced and sequences with greater
or lesser matches are thus often referred to as strong
or weak splice sites. These elements are recognized by
components of the major spliceosome, a complex and
dynamic macromolecular machine that consists of the
small nuclear ribonucleoproteins (snRNPs; U1, U2,
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U4, U5, and U6) and at least 150 additional proteins.1

Complementary base pairing interactions between U1
and the 5′ splice site, base pairing of U2 with the BPS,
and binding of the splicing protein U2AF with the PPT
and 3′ splice site are involved in recognition of the
splice sites and early steps of spliceosome assembly.
Following splice site recognition, there is step-wise
assembly of RNA–protein complexes that undergo
structural reorganization prior to and during splicing
catalysis.2 The intron is removed in two catalytic
transesterification reactions in which an adenosine
residue of the BPS carries out a nucleophilic attack
at the 5′ end of the intron to form a branched intron
intermediate and then the upstream exon is ligated to
the downstream exon with removal of the branched
intron (Figure 1(a)). In addition to introns that are
spliced by the major spliceosome (referred to as
U2-type introns), a minor spliceosome is responsible

for the removal of approximately 800 human introns
(U12-type introns) that have a different set of core
consensus sequences. The minor spliceosome shares
use of the U5 snRNP, and also uses distinct U11, U12,
U4atac, and U6atac snRNPs and has both overlapping
and unique protein components.3

In addition to the core splicing elements, there
are also diverse sequence elements located within
exons as well as flanking introns that are involved in
the recognition of the correct splice sites. These typi-
cally more degenerate splicing regulatory elements are
referred to as exonic splicing enhancers or silencers
(ESEs, ESSs) or intronic splicing enhancers or silencers
(ISEs, ISSs). In addition to contributing to the splicing
of constitutive exons, these auxiliary cis-elements also
play central roles in the regulation of alternatively
spliced exons. A general model has emerged wherein
these auxiliary cis-elements are combinatorially
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FIGURE 1 | The biochemical steps of intron splicing and mechanisms of alternative splicing regulation. (a) Removal of an intron occurs in two
catalytic steps that are directed by the core splice sites. In the first catalytic step of splicing, an adenosine residue in the branchpoint sequence (BPS)
carries out nucleophilic attack at the 5′ end of the intron to form a branched 2′→5′ phosphodiester bond and lariat intermediate (middle). In the
second catalytic step, the 3′ OH of the 5′ exon carries out nucleophilic attack at the 3′ splice site to ligate the exons in a 5′→3′ phosphodiester bond.
The intron is released as a lariat product that is debranched and degraded. (b) Schematic of a model of combinatorial control of alternative splicing.
An alternatively spliced cassette exon (gray) is flanked by two constitutively spliced exons (green). The positions of the core splice sites and BPS are
indicated by thick lines. Intronic splicing enhancer (ISE) and exonic splicing enhancer (ESE) sequence elements are indicated in red together with
splicing regulatory proteins (SRP) that bind them to promote exon splicing. Intronic splicing silencer (ISS) and exonic splicing silencer (ESS) are
indicated in blue along with corresponding SRPs that promote exon skipping. The net combined activities of factors that promote splicing or skipping
determine the level of exon splicing. These activities determine, at least in part, whether U1 binds to the 5′ splice site, U2AF to the PPT and 3′ splice
site, and U2 to the BPS and subsequent steps of spliceosome assembly.
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FIGURE 2 | Schematic study of the
different types of alternative splicing. Green
boxes indicate constitutive exon sequences
and red or brown boxes are alternatively
spliced exons or regions. Solid lines indicate
introns and dashed lines indicate alternative
patterns. The hashmarks in the APA3 and
APA5 events indicate that there can also be
numerous additional cassette exons between
the proximal and distal 3′ terminal exons.
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bound by splicing regulatory factors and the splicing
outcome is determined by their collective function to
promote or inhibit splicing (Figure 1(b)).

AS is a critical mechanism that vastly expands
proteomic diversity in humans. The importance of AS
is highlighted by recent studies showing that nearly
all human multi-exon genes produce multiple alterna-
tively spliced mRNAs.4,5 The different types of AS are
shown schematically in Figure 2. The most common
type of AS consists of a single cassette exon that is
either included or skipped in the spliced mRNA. Cas-
sette exons can also be spliced or skipped in tandem
or spliced in a mutually exclusive manner. Alternative
5′ or 3′ splice sites result in short and long forms of
an exon. AS can also lead to alternative polyA sites
through the use of alternative 3′ or 5′ splice sites.
These types of events not only have the potential to
alter the protein sequence, but by generating alterna-
tive 3′ untranslated regions (UTRs) they can also sub-
ject the mRNAs to differential regulation by microR-
NAs and RNA-binding proteins that control mRNA
stability or translation. Alternatively, spliced tran-
scripts produce protein isoforms with widely divergent
functions including changes in subcellular localiza-
tion, protein–protein interactions, and posttransla-
tional modifications.6 Furthermore, many AS events
are tightly regulated in a cell-type or tissue-specific
manner, and at different developmental stages. AS is
regulated by RNA-binding proteins, including cell-
or tissue-specific splicing factors.7–9 An emerging
concept in the field is that, similar to transcrip-
tional regulators, tissue-specific splicing regulators

coordinate programs of AS involving transcripts that
encode proteins that function in biologically coher-
ent pathways. In the past few years, technological
advances such as high throughput sequencing and
splicing sensitive microarrays have led to the eluci-
dation of global programs of AS for an expanding
number of splicing factors. In addition, methods
that couple ultraviolet (UV) crosslinking with high
throughput sequencing (e.g., HITS-CLIP, CLIP-Seq,
PAR-CLIP, and iCLIP) allow for genome-wide deter-
mination of the binding sites for splicing factors and
determination of direct targets of regulation.10–12

Armed with these technologies, many investigators
are now refocused on understanding human diseases
that result from alterations in genome-wide programs
of AS. In this review, we describe several mechanisms
by which disruptions in normal splicing can lead to
disease, but with a primary emphasis on cases of dis-
eases where mutations or alterations in the expression
or function of AS regulators have been directly linked
to or implicated in human disease. This review is not
intended to be comprehensive, but focuses on several
examples in which specific altered splicing regulators
have been convincingly implicated in human diseases
or pathophysiologic processes.

SPLICING AND DISEASE

The most common means by which aberrant splicing
is known to lead to disease is through mutations
of the core splicing consensus sequences. Splice site
mutations are among the most common mutations
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identified in studies of genetic diseases.13 For example,
mutations that disrupt the invariant AG of the 3′ splice
site or GT of the 5′ splice site will block use of the
splice site and induce exon skipping, intron retention,
or the use of otherwise cryptic splice sites. Mutations
in other positions of the consensus that reduce splice
site strength can similarly result in partial or complete
inhibition of splice site use. Less commonly, mutations
in the BPS, which is relatively degenerate in humans,
can also impair splicing. In addition, mutations can
result in the creation of new splice sites that lead to
disease when they are used. Taken together, mutations
that result in aberrant splicing have the potential
to induce greater changes to the protein amino acid
sequence that would be predicted to be more likely
to induce disease than missense point mutations.
However, altered splicing can also induce frame shifts
leading to premature downstream stop codons. In
most such cases, the resulting mRNA will be targeted
for degradation through nonsense-mediated decay
and thereby lead to effective loss of function. Because
the number of genes and diseases associated with
splice site mutations is legion, we do not describe
specific examples here.

In addition to mutations in the splice site consen-
sus sequence, there have also been numerous examples
of genetic diseases in which aberrant splicing results
from alterations in auxiliary cis-elements described
above. The most commonly described examples, such
as those in the neurofibromatosis (NF1) gene, occur in
known or presumptive ESE elements and commonly
lead to exon skipping. The types of exonic mutations
that lead to exon skipping include missense and pre-
mature stop codons as well as synonymous nucleotide
changes that would otherwise not be expected to
disrupt gene function. As high throughput sequencing
methodologies are increasingly being used to identify
disease causing mutations or disease risk alleles, it
remains a challenge to identify mutations that lead
to aberrant RNA splicing using DNA analysis alone.
Because of the degenerate nature of many splicing
regulatory elements, it is often not possible to predict
mutations that affect splicing and thus RNA-level
analyzes will need to be more frequently incorporated
into studies of genetic disease. Although there are
now many examples of changes in splicing due to
alterations in these regulatory elements, many studies
of disease phenotypes that are attributed to mutations
that change the protein sequence overlook the possi-
bility that they may instead be primarily due to altered
splicing. Mutations in splicing regulatory elements
can also lead to disease by altering patterns of AS.
For example, both exonic and intronic mutations in
the MAPT gene encoding tau protein alter the ratio

of mRNAs that contain alternatively spliced exon 10.
These changes in AS predispose to aggregation of tau
proteins in the inherited neurodegenerative disorder
frontotemporal dementia with Parkinsonism linked
to chromosome 17 (FTDP-17). Several excellent pre-
vious reviews describe these and other examples of
mutations in splicing regulatory elements that cause
disease by inducing aberrant or altered regulated
splicing in greater detail.13–15

Mutations in Core Spliceosome Components
As described above, all multi-exon genes require
pre-mRNA splicing of the introns to assemble a
mature mRNA which can be translated into protein.
Thus, the splicing of all introns involves proper func-
tion of the snRNAs and associated snRNP proteins
as well as other core spliceosomal proteins. Muta-
tions in core components of the spliceosome that
are associated with human diseases have recently
been extensively reviewed13,16,17 and hence will
not be described in detail here, but several illus-
trative examples will be briefly discussed. Retinitis
pigmentosa, a photoreceptor neuronal degenera-
tive syndrome, can be caused by mutations in PRPF3,
PRPF8, PRPF31, or SNRNP200, which are all compo-
nents of the core major spliceosome.18 Spinomuscular
atrophy (SMA) is caused by inactivating mutations in
the SMN1 gene. While SMN1 is not splicing factor,
it is essential for small ribonuclear protein (snRNP)
biogenesis.13 Mutations in the U4atac gene that
inhibit proper formation of the minor spliceosome,
cause Taybi-Linder syndrome/microcephalic osteodys-
plastic primordial dwarfism type 1 (TALS/MOPD1).19

Myelodysplastic syndrome (MDS), a hematopoetic
stem cell disorder that increases the risk develop-
ing acute myeloid leukemia, has been associated
with mutations in splicing factors including the core
spliceosome components U2AF1 and the U2 snRNP
component SF3B1.20 Mutations in these and other
spliceosomal components are also observed in other
myeloid diseases, including chronic lymphocytic
leukemia (CLL). While the evidence for splicing
defects in these diseases is sound, it bears mentioning
that a largely unanswered question is how mutations
in the core machinery, that are expected to impair
splicing of most if not all introns, lead to very specific
disease phenotypes that are often limited to specific
organs or cell types.

Myotonic Dystrophy Types 1 and 2 (DM1
and DM2)
Among the best characterized examples of disease
due to alterations in the function of AS factors are
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DM1 and DM2. While these diseases have been exten-
sively covered in several recent reviews, they bear
brief discussion because they constitute one of the best
examples of genetic disease in which genome-wide
changes in AS have been directly linked to alter-
ations in the function of specific splicing factors.13,21,22

Myotonic dystrophy (DM) is a multisystemic disor-
der with muscular, cardiac, and neurologic defects
that is caused at least in part by the deregulation
of two AS factors, MBNL1 and CELF1 (also known
as CUGBP1). These altered activities are not due
to mutations in the MBNL1 or CELF1 genes them-
selves, but from a toxic RNA gain of function due to
microsatellite expansions present in transcripts from
other genomic loci. DM1 is caused by expansion of
CTG repeats in the 3′ UTR of the dystrophia myoton-
ica protein kinase (DMPK) gene, whereas DM2 is
caused by expansion of CCTG repeats in the intron
1 of CCHC-type zinc finger, nucleic acid-binding pro-
tein (CNBP, also known as ZNF9). CUG repeat RNAs
were shown to form nuclear aggregates and transgenic
mice harboring CTG repeats inserted into the skeletal
𝛼-actin 3′ UTR (HSALR) form nuclear foci and hall-
mark symptoms of DM1 such as myotonia.23 These
and other findings fueled the hypothesis that it was
the RNA producing the disease by interfering with the
function of one or more RNA-binding proteins. The
identification of numerous changes in AS in DM1 ulti-
mately led to the discovery that MBNL1 binds to the
CUG repeats, which sequester it and inhibit its avail-
ability to regulate AS. Splicing factors of the MBNL
family (MBNL1, MBNL2, and MBNL3) were shown
to bind to CUG repeats and colocalize with nuclear
aggregates. Further evidence supporting the role of
MBNL proteins in DM1 was provided by Mbnl1 KO
mice that exhibited myotonia and the demonstration
that overexpression of Mbnl1 could reverse myotonia
in the HSALR DM1 model.24,25 Furthermore, changes
in splicing in muscle of Mbnl1 KO mice recapitu-
lated changes in AS observed in patients with DM1.
While Mbnl1 KO mice did not demonstrate neurologic
deficits, a more recent study showed that the Mbnl2
KO mice display features of DM1 neurologic disease
and show changes in splicing that are also observed in
brains of human DM1 patients.26 These data suggest
that sequestration and inhibition of both Mbnl1 and
2 functions contribute to DM1 pathogenesis albeit in
a tissue-specific manner.

Another splicing factor involved in regulating
AS in DM1 is CELF1.27 Interestingly, while a poten-
tial role for CELF1 in DM1 was based on its binding
to CUG repeat elements, in contrast to sequestration
and loss of function as determined for MBNL1, its
expression and activity were paradoxically elevated.

MBNL1 and CELF1 have antagonistic functions in the
regulation of AS of overlapping target exons, where
MBNL1 promotes adult splice forms and CELF1 pro-
motes a fetal splicing program in muscle. The elevation
of CELF1 activity in DM1 was shown to be due to
aberrant PKC activation and CELF1 hyperphospho-
rylation as well as downregulation of miR-23a/b that
normally repress CELF1 protein expression in adult
cardiac tissue.28,29 Additional evidence for CELF1 in
mediating splicing transitions in DM1 is that mice
that overexpress it in skeletal muscle reproduce defects
observed in DM1 tissue.30 The compound effect of
MBNL1/2 sequestration and CELF1 activation is to
promote an embryonic-like splicing pattern of a large
set of AS targets in diseased tissues.31 The CCTG
repeats that cause DM2 also sequester MBNL1 lead-
ing to similar yet less severe symptoms as in DM1;
the role of CELF1 in DM2 is still emerging.13 While
some of the pathophysiologic changes associated with
DM1 can be attributed to specific splicing events (e.g.,
AS of the chloride channel CLCN1 causes myotonia
and AS of the insulin receptor contributes to insulin
resistance), the degree to which most components of
genome-wide programs of AS disrupted in DM1 or
DM2 contribute to disease remains to be determined.

A similar RNA gain of function phenomenon has
also been invoked to link AS with disease phenotypes
of the neurologic disease fragile X-associated tremor
ataxia syndrome (FXTAS). Microsatellite expansions
of >200 CGG repeats in the 5′ UTR of the FMR1 gene
were initially associated with the more severe fragile X
syndrome (FXS) that lead to methylation-dependent
gene silencing. However, it was later shown that
intermediate levels of the same expansions in FMR1
(5–200) lead to later onset FXTAS characterized by
ataxia, tremor, Parkinsonism, and cerebral atrophy.32

In contrast to FXS, these repeats lead to elevated
expression of FMR transcripts that form intranu-
clear inclusions.33 These observations suggested that
FXTAS may arise from an RNA gain-of-function
mechanism similar to that for DM. While a number
of proteins were identified that are present in these
intranuclear inclusion or that bind to CGG repeats,
a potential role of alterations in AS was suggested
based on a study that showed rapid association of
the splicing factor Sam68 with inclusions formed in
vitro, followed by Mbnl1 and HnRNPG.34 Splicing of
two Sam68 target exons in ATP11B and SMN2 was
shown to be altered in brain samples from FXTAS
patients. These findings suggested that changes in AS
due to Sam68 AS may underlie FXTAS pathophysiol-
ogy. However, further evidence is needed to support
this model, including a larger-scale analysis of AS in
FXTAS brain and a more direct link to altered function
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of Sam68 or other potential AS factors that might be
altered.

AMYOTROPHIC LATERAL SCLEROSIS
(ALS)

ALS is an adult-onset neurodegenerative syndrome
leading to paralysis and death within 1–5 years of
diagnosis; while the majority of cases are sporadic,
∼10% of ALS is dominantly inherited.35,36 A semi-
nal finding was that the RNA-binding protein TDP-43
(TARDBP) is a major component of cytoplasmic inclu-
sions in motor neurons of ALS patients, as well as
affected neurons in patients with frontotemporal lobar
degeneration (FTLD).37 These inclusions are present
in most ALS/FTLD patients and TDP-43 mutations
are found in about 5% of all cases (familial and spo-
radic combined).38,39 TDP-43 is predominantly local-
ized to the nucleus under normal conditions, where
it is involved in RNA processing, including AS, and
neurons with cytoplasmic aggregates showed deple-
tion of nuclear TDP-43.37 This suggests that while
TDP-43 may play a role in ALS pathogenesis owing
to its involvement in ubiquitinylated cytoplasmic toxic
protein aggregates, ALS disease manifestations may
also be a consequence of a loss of its nuclear local-
ization and function in RNA processing. Recent stud-
ies using CLIP-Seq, splicing sensitive microarrays, and
RNA-Seq identified numerous TDP-43-regulated AS
events, including direct targets, in the brain. Anti-
sense oligo-mediated depletion of TDP-43 in mouse
brain or in vitro knockdown of TDP-43 in a neu-
roblastoma cell line induced splicing switches of an
array of transcripts, which included genes involved
in neuronal function or neurological disease, such as
Mef2D, Sortillin, tau, BIM, AP2, and parkin.16,40,41

Splicing switches involving several TDP-43 target
exons were also observed in spinal cords from ALS
patients relative to controls.42 Evidence linking these
TDP-43-regulated AS programs to ALS arise from
mouse models, where either transgenic expression
of ALS-associated TDP-43 mutants (Q331K and
M337V) or TDP-43 depletion in mice, which both
induced changes in AS of TDP-43 target exons, led
to neurodegeneration and ALS-like phenotypes in the
absence of cytoplasmic inclusions.42,43 These data sug-
gest that the loss of TDP-43 nuclear functions, includ-
ing its role of AS, is a contributing factor in ALS.

Further evidence suggesting roles of AS in ALS
came from the discovery of mutations in another RNA
binding Protein (RBP) and splicing factor, FUS/TLS,
that have been associated with ∼4% of familial ALS
cases; similar to TDP-43, the role of FUS in ALS
pathogenesis involves cytoplasmic inclusion bodies

and a proposed loss of nuclear function.39,44,45 Trans-
genic mice expressing an ALS-associated FUS-mutant
(R521C) displayed profound motor defects and
altered splicing, including multiple retained introns.46

CLIP-seq for FUS- and ASO-mediated knockdown in
mouse brain followed by splicing sensitive microar-
rays revealed mostly unique splicing changes relative
to TDP-43 knockdown with some overlapping tar-
gets, such as Ndrg2, Tia1, and Kcnd3.47 As both
TDP-43 and FUS mutations can lead to ALS, one
could reason that the common target transcripts of
the two factors should be at the forefront of future
investigations aimed at further characterizing the
molecular mechanisms involved in this disease.

A more recent discovery that also suggests a
role of altered RNA processing, including splicing,
has been the identification of GGGGCC expansions
in the first intron of the C9ORF72 gene in ALS
patients.48,49 These RNAs form nuclear foci and sev-
eral RNA-binding proteins have been identified that
colocalize with these foci and/or bind to GGGCC
repeat RNA.22 These observations have suggested
that a toxic RNA gain of function similar to that
observed in DM1 and DM2 might lead to large-scale
changes in RNA processing. Among RBPs associated
with these foci is the well-described splicing factor
hnRNP H suggesting that sequestration of hnRNP H
or other splicing regulators may cause changes in splic-
ing that account for ALS.50 However, further studies
are needed to determine whether there are changes in
splicing of targets of hnRNP H or other splicing fac-
tors in patient tissues with these expansions. Finally,
it must be emphasized that while a loss of function
of RNA-binding proteins, including those that func-
tion as AS regulators, is implicated in neurogenera-
tive disorders associated with nuclear or cytoplasmic
aggregates, the precise pathogenesis of these disor-
ders remains unclear. It is certainly possible that a
toxic gain of function of these aggregates plays a more
direct role in these diseases and/or that both mecha-
nisms together contribute to disease severity. In addi-
tion, repeat-associated non-ATG (RAN) translation of
GGGGCC repeats has been proposed to yield pep-
tides that form nuclear and cytoplasmic aggregates
in the brains of patients with C9ORF72-associated
ALS/FTLD.51,52 Further studies are clearly needed to
resolve the roles of the different proposed disease
mechanisms in these neurodegenerative diseases.

DILATED CARDIOMYOPATHY (DCM)
AND RBM20

Dilated cardiomyopathy (DCM) is associated with
substantial cardiac morbidity and mortality and has
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FIGURE 3 | RBM20 regulates Titin alternative splicing. (a) RBM20 promotes the skipping of large cassettes of tandem exons in the Titin
pre-mRNA via multiple binding sites. This results in the expression of shorter Titin isoforms, N2B and N2BA in normal heart, that are stiffer and thus
require more force to stretch. (b) Loss of RBM20 function by deletion or from mutations in RBM20 that are associated with human dilated
cardiomyopathy impede its ability to repress the tandem exons in the middle tandem Ig segment and the PEVK (rich in proline, glutamic acid, valine,
and lysine residues) region. As a result larger Titin isoforms (N2BA-G) are produced that are more compliant and distensible. Green boxes indicate
regions with tandem Ig-like repeats.

a strong genetic basis. In a remarkable convergence
of genetic studies, mutations in the sarcomeric pro-
teins Titin and the RBP RBM20 have been shown to
cause familial DCM.53–56 While several mutations in
the Titin gene itself have been linked to DCM, it was
also known that Titin transcripts undergo complex
AS that undergoes developmental transitions from
fetal to adult heart.57 Furthermore, changes in the
ratios of these isoforms have been observed in patients
with congestive heart failure and DCM. 53 Intrigu-
ingly, a spontaneous rat mutant strain was identi-
fied in which there was a switch toward larger Titin
splice isoforms (N2BA-G) that were more similar to
fetal isoforms than the shorter N2BA and N2B iso-
forms observed in adult heart.58 Positional cloning
identified a deletion of nearly the entire Rbm20 gene
and it was shown that Rbm20 was a direct regula-
tor of Titin AS.59 This study complemented work that
identified mutations in RBM20 as a cause of human
DCM and suggested that larger-scale disruptions in
RBM20-regulated AS are likely to play a role in car-
diac disease pathogenesis. These authors showed that
a human DCM patient with an RBM20 mutation
also showed a switch toward expression of a larger
Titin isoform. The mechanism by which these larger
Titin isoforms might contribute to cardiomyopathy

was proposed to involve increased compliance or elas-
ticity of the sarcomeres as the larger isoforms include
addition exons in the ‘spring’ region of the protein that
is one determinant of myocardial stiffness (Figure 3).
Subsequent RNA-Seq analysis of cardiac tissue from
WT and Rbm20−/− rats and from patients with DCM
with or without RBM20 mutation identified 30 addi-
tional Rbm20-regulated AS events that were shared
between rats and humans. Importantly, the genes com-
prising this splicing network were enriched for those
encoding proteins with important cardiac functions as
well as being enriched for terms linked to heart fail-
ure and cardiomyopathy. Among the genes that are a
part of the RBM20 splicing network was Lim domain
binding 3 (LDB3) that also has been shown to be
mutated in patients with DCM. These observations
illustrate and support the concept that components of
splicing regulatory networks directed by specific splic-
ing factors that are linked to physiologic processes
and human diseases are themselves highly likely to be
involved in those functions and disease pathophysi-
ology. It will therefore be of interest to determine if
mutations in other RBM20 targets also become linked
to DCM or other cardiovascular diseases. The fact that
RBM20 is predominantly expressed in striated muscle
further suggests that it regulates coordinate programs
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of AS that fine tune gene expression programs that are
important for the maintenance of cardiac and skeletal
functions. Subsequent studies confirmed that many if
not most of the RBM20-regulated AS events represent
direct targets, and also that it functions primarily as a
repressor of exon and intron splicing.60,61

A recent study of RBM24, another RBP pref-
erentially expressed in striated muscle, showed that
mouse embryos in which Rbm24 was ablated died
during embryogenesis with numerous cardiac malfor-
mations and defective sarcomere formation.62 It was
shown that RBM24 also functions as a regulator of
AS events in the heart. Numerous RBM24 splicing
targets encode proteins that are important for cardiac
development and sarcomerogenesis. Furthermore, sev-
eral RBM24 targets, such as Abcc9 and Slc25a3 have
also been shown to be mutated in human patients with
cardiomyopathy. Hence, it will be of interest to deter-
mine if future studies identify mutations in RBM24 or
other RBM24 target genes that may lead to cardiomy-
opathies or other cardiac or muscular diseases. Of
note, there was only one shared alternatively spliced
target between RBM20 and RBM24 suggesting that
they coordinate separate but integrated programs of
AS that are important for cardiac development and
function.

AUTISM SPECTRUM DISORDER (ASD)
AND RBFOX1

Several recent studies have drawn a link between
genomic structural defects, SNPs, and alterations
in the expression of RBFOX1 (also known as
A2BP1) and autism spectrum disorder (ASD) and
other neurological disorders. RBFOX1 is a para-
log of RBFOX2 with more restricted expression in
the nervous system, heart, and muscle. Together
with neural-specific RBFOX3, all three paralogs
have a single highly conserved RNA recognition
motif (RRM) that mediates high affinity binding to
(U)GCAUG sequence motifs and they have some
overlapping AS targets in the nervous system.63,64 A
set of RBFOX1/RBFOX2-predicted targets, including
some that were validated, were shown to be enriched
for genes with important neuromuscular functions
suggesting that changes in splicing of some targets
might impact neurological and muscular diseases.65

Mice with nervous system-specific knockout (KO)
of Rbfox1 showed no gross anatomic or structural
brain abnormalities, but were more prone to spon-
taneous seizures and mice with either homozygous
or heterozygous KO had enhanced susceptibility to
induced seizures that was attributed to altered synap-
tic function and increased excitability of neurons.63

The same study used splicing sensitive microarrays to
define alterations in AS in Rbfox1 KO neurons and
identified numerous targets that encode proteins with
functions in synaptic transmission, including several
that are directly linked to epilepsy. However, because
of a compensatory upregulation of Rbfox2 in Rbfox1
null brains, many shared Rbfox1/Rbfox2 targets with
roles in synaptic transmission and nervous system
development may have eluded detection in this study.
Another study used short-hairpin RNAs (shRNAs)
to knockdown RBFOX1 in differentiated primary
human neural progenitor cells and RNA-Seq to fur-
ther define changes in splicing and total expression
with RBFOX1 downregulation.66 Genes with changes
in splicing were enriched for functions in neuronal
development and synaptic functions. In addition,
this study showed that genes downregulated at the
total transcript level with RBFOX1 knockdown were
also enriched for neuronal development and synapse
function, although it was not clear whether these
changes represented indirect changes in transcription
or were due to altered mRNA stability. More direct
links between RBFOX1 and human disease arose from
studies that identified translocations that disrupted the
RBFOX1 gene in several patients with epilepsy, mental
retardation, and/or autism.67,68 Copy number varia-
tions (CNVs) in RBFOX1 have also been identified in
ASD cohorts presumed to cause happloinsufficiency.
However, the same CNVs were also observed in
unaffected relatives suggesting that potential relations
to disease include other genetic or environmental
contributions.69,70 Structural disruptions in RBFOX1
have further been associated with epilepsy, develop-
mental delay, and schizophrenia.69 Further evidence
suggesting an association of RBFOX1 with ASD
came from a study that used microarray to examine
expression differences between post-mortem brain
samples from a set of autistic and control brains.71

This study showed that RBFOX1 was a hub in a gene
coexpression network that was underexpressed in
autistic versus control brain cortex. Using a subset
of autistic and control brains, RNA-Seq analysis
showed large-scale differences in splicing between
these brain samples, involving numerous examples
of known RBFOX AS target genes, including many
examples of genes with synaptic functions. A more
recent study used HITS-CLIP to define genome-wide
binding sites in mouse brain for RBFOX1, RBFOX2,
and RBFOX3.64 Coupled with datasets of AS targets
identified by KO or RNA interference, integrative
modeling was used to define direct RBFOX target
transcripts and regulatory networks. Substantial
overlap was observed for conserved RBFOX target
genes and genes with differences in AS in autistic
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versus control brains. Interestingly, it was observed
that autistic brains also showed lower expression
of RBFOX2 and RBFOX3, suggesting that more
profound changes in splicing of overlapping RBFOX
targets may result from decreases in the expression
of all three paralogs. Many RBFOX targets were
present in databases of candidate autism suscepti-
bility genes, suggesting that other RBFOX targets
may also include genes associated with autism and
other neurologic disorders. While further evidence
supporting direct links between RBFOX1 expression
and AS with autism are needed, these studies suggest
that global alterations in splicing in the brain that
impact neural development and synaptic function
may impact autism, epilepsy, as well as other diseases
due to defective neurobiology.

Cancer
Alternative pre-mRNA splicing in cancer leads to the
aberrant expression of transcripts that can contribute
to tumor cell survival, proliferation, invasion, and
metastasis. There is a wealth of literature describing
specific examples of alterations in splicing that can
promote cancer progression. For example, the AS of
FAS exon 6 produces a dominant negative protein
that inhibits FAS-mediated cell death and alternative
5′ splice sites of exon 2 in the BCL-X gene lead to
two isoforms that oppositely regulate apoptosis.72,73

The multifaceted roles of aberrant or AS in can-
cer have been the subject of several comprehensive
reviews.74–78 We will therefore limit our discussion in
this section to a few well-characterized examples of
splicing factors that regulate AS in cancer as well as
those involved in the epithelial to mesenchymal tran-
sition (EMT). However, it bears mention that AS has
been shown to impact all of the processes described
as ‘hallmarks of cancer’ including cell proliferation,
resistance to cell death, angiogenesis, immune system
evasion, resistance to growth suppressors, and tissue
invasion and metastasis.

SRSF1
In terms of splicing factors involved in cancer, SRSF1
is arguably the most extensively investigated. SRFS1
is amplified in different types of human tumors
and its overexpression has been shown to induce
transformation, indicating that it can function as a
proto-oncogene.79,80 It regulates the AS of numerous
transcripts that are relevant to cancer biology, such as
BIN1, MNK2, S6K1, BIM, BCL2L11, and RON.76,77

SRSF1 induces inclusion of exon 12a in the BIN1
transcript, an inhibitor of the proto-oncogene cMyc,
the resulting protein isoform lacks the ability to

interact with and suppress cMYC transcriptional
activity. cMYC can transcriptionally upregulate
SRSF1 expression, which represents a potential feed
forward mechanism of regulation. For S6K1, the
isoform that was induced by SRSF1 overexpression
was itself also shown to be oncogenic.78,79 SRSF1 also
regulates splicing of RON, a receptor tyrosine kinase
for the macrophage stimulating protein. Through
binding to exon 12 SRSF1 promotes skipping of
exon 11 of RON to produce a constitutively active
kinase, known as delta-RON, which can promote
in vitro cell motility and invasion.81 SRSF1 itself
was also shown to enhance cell motility suggesting
that it does so by inducing delta-RON expression.82

Taken together, these studies indicate that SRSF1 can
promote several steps of cancer progression through
coordinated changes in splicing. SRSF1 expression is
also regulated itself at the posttranscriptional level
by AS-and nonsense-mediated decay (NMD). The
splicing of a 3′ UTR intron, which is retained in
stable transcripts, turns the normally occurring stop
codon into a premature termination codon (PTC) that
induces NMD. ERK1/2-mediated phosphorylation of
the splicing factor SAM68 induces inclusion of the
intron and stabilization of SRSF1 mRNA.83

Lung Cancer [RBM10 and Quaking (QKI)]
A study using splicing sensitive microarrays identi-
fied increased inclusion of NUMB exon 9 as the most
common change in AS in lung tumors compared with
normal lung tissue.84 AS of NUMB exon 9 (also
referred to as exon 12) produces two protein iso-
forms with divergent functions in regulating the Notch
pathway. While isoforms that skip the exon lead to
inhibition of Notch signaling and decreased cell pro-
liferation, protein isoforms that include exon 9 are
less stable and is associated with Notch activation
and increased proliferation. Two recent studies have
shed light on splicing factors that regulate splicing of
NUMB exon 9 and are thereby implicated in lung can-
cer. Bechara et al. showed that RBM10 promotes skip-
ping of NUMB exon 9 leading to reduced Notch activ-
ity and decreased cell proliferation.85 Together with
observations of frequent RBM10 mutations in lung
tumors, this study suggested that a switch in NUMB
splicing due to decreased RBM10 function may con-
tribute to cancer progression. Zong et al. similarly
showed that QKI is downregulated in lung cancer and
that it also regulates splicing of the same NUMB exon,
providing another mechanism leading to increased cell
proliferation via the same splicing switch86 (Figure 4).
This group also showed that ectopic expression of QKI
in the lung tumor cell line A549, markedly suppressed
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FIGURE 4 | RBM10 and QKI regulate NUMB alternative splicing to suppress NOTCH signaling. (a) RBM10 and QKI bind to distinct cis-ISS
regulatory elements in the intron upstream of and at the 5′ end of exon 9 leading to exon skipping. The resulting NUMB-PRRS protein isoform lacking
the domain encoded by exon 9 is expressed at higher levels (due to an unknown mechanism) leading to suppression of NOTCH signaling through
ITCH-mediated ubiquitination and degradation of the NOTCH intracellular domain (NICD). (b) In the absence of functional RBM10 or QKI, exon 9 is
included leading to less expression of NUMB protein and enhanced transcriptional activation of NOTCH target genes (HES1, HEY1, and HEY2) and
increased cell proliferation.

tumors in a xenograft assay.86 It will be interesting
to test if the perturbation of the function or levels
of endogenous RBM10 or QKI can lead to enhanced
tumor growth in vivo. It is also worth noting that
these studies used a combination of splicing sensitive
microarrays, CLIP-Seq, and RNA-Seq to define global
programs of AS regulated by each splicing regulator. It
will thus also be of interest to identify other AS events
associated with a loss of either protein that might also
promote cancer development and progression.

EPITHELIAL TO MESENCHYMAL
TRANSITION (EMT)

Additional examples of AS factors and programs of
AS that impact cancer pathophysiology have arisen
from studies of the EMT. While both EMT and the
reverse process of mesenchymal to epithelial transition
(MET) are of fundamental importance in vertebrate
development, these processes can also be hijacked by
tumors to promote cancer progression, metastasis,
and therapeutic resistance.87,88 A classic view has been
that the acquisition of mesenchymal properties during

EMT by tumors of epithelial origin allows some tumor
cells to undergo tissue invasion and metastasis.87,89

On the other hand, recent data also implicates MET as
a mechanism that enables colonization of cancer cells
that escape the primary tumor at distant sites.90,91

Hence, it has been proposed that cells with general
features of epithelial–mesenchymal plasticity (EMP)
may be empowered to undergo reversible changes in
cell phenotype to complete the steps of metastasis.92,93

More recently, EMT has also been proposed to con-
tribute to the generation of CD44hi/CD24 low cancer
stem cells (CSCs) or tumor initiating cells (TICs) that
are also predictive of a poor response to conventional
cancer therapies.94–96 Studies using human breast
cancers, mouse breast cancer models, and breast
cancer cell lines defined a gene signature that defines
a ‘claudin-low’ cancer subtype that is associated with
decreased survival and higher recurrence or resistance
after chemotherapy in human patients.97,98 These
studies further showed that this signature was asso-
ciated with EMT markers as well as CD44hi/CD24
low cancer stem cell (CSC)/TIC characteristics. Taken
together, studies showing the association of EMT
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with metastasis, formation of CSC/TIC cells, and
drug resistance suggest an important need to better
understand it at a fundamental molecular level.

The molecular and cellular mechanisms that
account for epithelial–mesenchymal interconversions
have been a focus of intense investigation. However,
while transcriptional programs and signaling path-
ways associated with EMT have been well studied,
until recently, the roles of AS in EMT were largely
overlooked.87,88,99 Nonetheless, a splicing switch in
FGFR2 during EMT was described nearly 20 years
ago and hinted at a more global role of AS in EMT.
AS of FGFR2 mutually exclusive exons known as
exon IIIb and exon IIIc gives rise to receptor iso-
forms known as FGFR2-IIIb and FGFR2-IIIc that
are expressed in epithelial and mesenchymal cells,
respectively. These exons are located in a region
encoding the extracellular domains that determine
FGF ligand-binding specificities. As such, the exquisite
cell type-specific expression of these receptor isoforms
underlies paracrine epithelial–mesenchymal crosstalk
that is crucial during development.100 Initial work
from several groups identified a number of splicing
factors involved in the regulation of FGFR2 splicing,
yet most were expressed in both epithelial and mes-
enchymal cell types and thus the means by which cell
type-specific expression was achieved was wanting.
However, the discovery of the epithelial splicing regu-
latory proteins 1 and 2 (ESRP1 and ESRP2), being nec-
essary and sufficient for the expression of FGFR2-IIIb
in epithelial cells, opened new avenues of investigation
into the role AS plays in EMT.101 Subsequent studies
using splicing sensitive microarrays and RNA-Seq
defined genome-wide programs of AS regulated by
the ESRPs.102–104 Importantly, the ESRPs are among
the most highly downregulated transcripts in multiple
models of EMT; as a consequence, ESRP target tran-
scripts switch splicing from epithelial to mesenchymal
splice variants.105 Studies that used RNA-Seq to
directly define AS switches in one model system
of EMT confirmed ESRP inactivation and showed
substantial overlap in the EMT-associated splicing
switches with ESRP target transcripts.106 Our lab and
other groups subsequently showed overlap between
ESRP-regulated AS events in EMT and targets of
RBFOX2.102,106–109 For most shared targets, the
ESRPs and RBFOX2 promoted the opposite pattern
of splicing with RBFOX2 promoting mesenchymal
splicing. However, in many cases, RBFOX2 promoted
the expression of epithelial splice variants including
key targets associated with EMT, such as FGFR2
and ENAH. Although some studies have identified
modest increases in RBFOX2 expression in certain
EMT systems, it should be noted that its expression is

not highly mesenchymal specific. These observations
suggest that the combinatorial regulation of AS in
the EMT involves roles of cell type-specific factors
as well more generally expressed factors. Additional
roles of several other more ubiquitously expressed
factors, such as SFRS1, MBNL1, PTB, Sam68, and
hnRNPA2/B1 have been proposed (reviewed in Ref
110). AS of CD44 has also been shown to play a key
role in EMT, where a switch toward the standard
(CD44s) isoform was shown to be obligate for com-
plete EMT in one model system.111 The ESRPs were
shown to be required for the expression of epithelial
CD44 splice variants in contrast to the mesenchymal
CD44s variant that skips a set of tandem variable
exons.101 A recent study showed that another ubiqui-
tously expressed splicing factor hnRNP M promoted
the expression of CD44s, but only when the ESRPs
were downregulated.112 While there was limited over-
lap between hnRNP M-regulated splicing events and
AS switches those previously shown to be involved in
EMT, its regulation of this key event clearly indicates
relevance to EMT. Interestingly, another epithelial
cell type-specific RNA-binding protein, RBM47, was
only recently shown to also be a splicing factor.113 It
will thus be of interest to investigate the intersection
of ESRP and RBM47 targets in promoting global
programs of splicing in epithelial cells that are lost
in EMT. A greater challenge will be to determine the
functional consequences of EMT-associated splicing
switches both at the level of individual genes as well
as how they collectively contribute to changes in cell
function and phenotype in EMT. The isoform-specific
differences in function of several gene products that
switch in EMT that impact these cell behaviors
have been characterized, such as CD44, ENAH,
p120-catenin, and Exo70 (EXOC7).105,110,114 Because
the transcriptional and AS splicing programs in EMT
have little overlap, it will be a high priority to identify
the roles of both transcriptional and posttranscrip-
tional events in EMT in order to identify key pathways
that can be modulated by future therapies.

CONCLUSIONS

In just a few years technological explosions have led
to massive new genome-scale information that has
the potential to provide greater insights into genetic
regulation that impacts embryonic development and
human pathology. AS represents one important layer
of gene expression whose impact on disease is now
gaining increased recognition, yet, we still have only
just begun to explore how global alterations of AS
affect disease pathophysiology. Armed with high
throughput sequencing technologies and improved
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splicing sensitive microarrays, it is now remarkably
feasible to identify genome-wide splicing regulatory
networks that differ between cell types as well as those
that are directed by specific splicing factors. However,
there remain many challenges in transforming this
information into a more meaningful understand-
ing of how AS affects pathways and processes that
impact human disease. One major task is to define
the functional consequences of AS and to dissect
out the contributions of specific changes in splicing
that impact disease processes. That is, it is important
to investigate how different splice variants produce
protein isoforms with differential activities and to
further probe how the gain or loss of either isoform
promotes disease. While detailed characterizations
of isoform-specific functions have been carried out
for a number of disease-relevant AS events, most
have not. Furthermore, whereas several examples of
specific splicing switches have been described that by
themselves appear to promote processes leading to
disease, it is more likely that the integrated changes in
the functions of numerous targets of splicing factors
contribute to human diseases that result from changes

in function of AS regulators. It is also increasingly
becoming apparent that most RNA-binding proteins
are multifunctional and regulate posttranscriptional
gene expression at several steps in the life cycle of
an RNA transcript. Just as many RBPs traditionally
considered to be, splicing regulators have now also
been shown to regulate cytoplasmic functions, such
as RNA localization, stability, and translation, the
opposite is also frequently true. While the focus of this
review has been on diseases associated with altered
functions of AS regulators, it is almost certainly the
case that some of the disease manifestations associated
with this altered activity reflects changes at other post-
transcriptional steps. It is also likely that the number
of currently known human splicing factors is likely a
fraction of the total proteins that function to regulate
splicing. As we expand our collection of AS regulators
and the programs of splicing that they control, it will
be important to further investigate the combinatorial
mechanisms by which they control AS in different cells
and tissues and how deregulated splicing can lead to
disease.
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