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Abstract
In metazoans, alternative splicing of genes is essential for regulating gene expression and
contributing to functional complexity. Computational predictions, comparative genomics, and
transcriptome profiling of normal and diseased tissues indicate an unexpectedly high fraction of
diseases are caused by mutations that alter splicing. Mutations in cis elements cause mis-splicing
of genes that alter gene function and contribute to disease pathology. Mutations of core
spliceosomal factors are associated with hematolymphoid neoplasias, retinitis pigmentosa, and
microcephalic osteodysplastic primordial dwarfism type 1 (MOPD1). Mutations in the trans
regulatory factors that control alternative splicing are associated with autism spectrum disorder,
amyotrophic lateral sclerosis (ALS), and various cancers. In addition to discussing the disorders
caused by these mutations, this review summarizes therapeutic approaches that have emerged to
correct splicing of individual genes or target the splicing machinery.
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Splicing and regulation of gene expression
The removal of introns from pre-mRNAs is a precise process required for expression of the
majority of human genes. Pre-mRNA splicing and its regulation require a complex array of
cis elements (the splicing code) embedded in pre-mRNAs and trans factors that bind to these
elements. The core of the splicing code for the majority of introns is comprised of short
sequences located at the intron-exon junctions including the 5′ and 3′ splice sites and the
branch point. These elements are recognized by the spliceosome, which is composed of five
small nuclear ribonucleoproteins (snRNPs) – U1, U2, U4, U5, and U6 – and approximately
150 proteins. The precision of splicing is achieved in part by step-wise assembly of snRNPs
on individual introns resulting in two sequential trans-esterification reactions that join the
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exons while spliceosome components are recycled for additional rounds of splicing (Figure
1) [1].

In addition to the core cis-acting elements, other sequences within exons (exonic splicing
enhancers, ESEs, and exonic splicing silencers, ESSs) and introns (intronic splicing
enhancers, ISEs, and intronic splicing silencers, ISSs) are critical for correct recognition of
exons and modulation of splicing outcomes (Figure 2a). The cross-exon communication
between the factors that bind to these elements allow the exon to be recognized as a unit
(exon definition) prior to intron removal [2].

Although the majority of human introns are of the U2 type, which have the consensus
sequences GURAGU and YAG at the 5′ and 3′ ends, respectively, approximately 800 so-
called minor or U12 type introns contain different consensus 5′ and 3′ splice sites. U12
introns are spliced by the same mechanism as U2 introns but use a different and homologous
set of snRNPs (U11, U12, U4atac, and U6atac that replace U1, U2, U4, and U6,
respectively) [3]. By contrast, U5 snRNP and many auxiliary factors are shared between
major (U2-type) and minor (U12-type) spliceosomes ([4] and Figure 1).

Alternative splicing allows expression of multiple mRNA isoforms from an individual gene,
which often encode protein isoforms of different functionality [5]. A growing number of
studies demonstrate that alternative splicing is utilized to adjust gene output in accordance
with physiological requirements, and more than 90% of human intron-containing genes
undergo alternative splicing, likely affecting all aspects of biology [6]. In this review, we
discuss the different outcomes of mutations in splicing cis elements and the splicing
machinery that underlie human diseases. We also discuss therapeutic approaches that target
splicing to reverse or circumvent pathological processes.

Cis-acting mutations affecting splicing of individual genes
Current estimates of disease causing single nucleotide polymorphisms (SNPs) from the
Human Genome Mutation Database (HGMD) predict that 15% of mutations are located
within splice sites and more than 20% of missense mutations lie within predicted splicing
elements, such that more than one third of the disease-causing SNPs have the potential to
disrupt splicing [7, 8]. These estimates do not include mutations that are present in the
intronic cis elements separate from the consensus splice sites that can also affect splicing
efficiency, particularly the ratio of alternative splicing patterns. A comprehensive list of
splicing associated diseases can be found in the databases of aberrantly spliced 3′ and 5′
splices sites (http://www.dbass.org.uk/) [9].

Mutations that cause altered splicing of disease-associated genes
Depending on the location of the disease-associated splicing mutation, various outcomes can
be predicted. A large number of reviews illustrate the roles of cis acting mutations [10–12],
and a summary of four mechanistic categories is presented below and in Figure 2.

Constitutive exon skipping or intron retention—Mutations that interfere with exon
definition by reducing 5′ or 3′ splice site strength or disrupting enhancer elements most
commonly result in exon skipping (Figure 2a)[11]. Less frequently, splice site mutations
result in intron retention (Figure 2a) [13]. Both effects most often result in gene loss of
function either by generating a non-functional protein or by introducing a premature
termination codon targeting the mRNA for degradation by non-sense mediated decay
(NMD) [14].
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Altered inclusion:exclusion ratio of alternative exons—Mutations in silencers (ISS
or ESS) or enhancer (ESE or ISE) elements will lead to increased or decreased exon
inclusion, respectively (Figure 2b) [15]. Unlike constitutive exons, alternative exons are
included or skipped to produce ratios of natural mRNA isoforms that are often regulated in a
cell-specific manner. Mutations that affect either the basal level of alternative exon
recognition or the binding site of a specific RNA binding protein that regulates exon usage
will alter the normal ratio of alternatively spliced RNAs, potentially producing an aberrant
biological effect. A well-known example is Frontotemporal Dementia and Parkinsonism
linked to chromosome 17 (FTDP-17) in which mutations in exon 10 of the MAPT gene
disrupt the ratio of tau protein isoforms [16].

Activation of cryptic splice sites or pseudoexons—Mutations that activate a cryptic
splice site (a sequence not normally used for splicing) or induce splicing of an intronic
segment, referred to as a pseudoexon, result in inclusion of additional sequence in a spliced
mRNA (Figure 2c) [17]. The result is often disruption of the reading frame. Examples of
many such disease-causing mutations have been reviewed previously [17, 18].

SVA retrotransposon mediated aberrant splicing—Hominid-specific transposable
elements include SVA sequences: composite noncoding SINE (short interspersed
sequence)–VNTR (variable number of tandem repeat)–Alu sequences. SVA-mediated
inclusion of intronic sequences or pathogenic exonization via activation of cryptic splice site
of the host gene has been associated with various diseases [19]. One well characterized
example is Fukuyama muscular dystrophy (FCMD) in which an SVA insertion in the 3′
untranslated region (UTR) of the fukutin gene results in inclusion of a new exon from the
SVA sequence encoding an altered C-terminus and a nonfunctional protein because of
mislocalization (Figure 2d) [20].

Trans-acting mutations affecting the splicing machinery
While there are a large and growing number of examples of cis-acting splicing mutations
that cause disease, the examples of trans-acting splicing mutations have been relatively
limited. The paucity of trans-acting mutations suggested that mutations within the basal
splicing machinery are lethal during embryonic development, if not at the level of individual
cells [6]. However, there has been a recent increase in reports of disease-causing mutations
within the splicing trans-acting machinery including components of the spliceosome as well
as non-spliceosomal components required for regulating alternative splicing.

Mutations in the major and minor core spliceosome components
Hypomorphic mutations in the core spliceosomal components PRPF3, PRPF8, PRPF31, and
SNRNP200 are associated with autosomal dominant retinitis pigmentosa, a disease
characterized by progressive retinal degeneration. These factors are important for
assembling the U4/U6.U5 tri-snRNP of the major spliceosome (Figure 1). PRPF8 and
PRPF31 are also components of minor spliceosomes (Figure 1). The specificity of the
pathological effects indicates a unique functional requirement in the retina [16, 21], but the
disrupted splicing event(s) that are directly responsible for disease remain to be definitively
identified.

Two independent studies recently identified several mutations in the gene encoding the
U4atac snRNA as a cause of microcephalic osteodysplastic primordial dwarfism type I
(MOPD1), also known as Taybi-Linder syndrome (TALS) [22, 23]. U4atac snRNA is the
RNA component of the minor spliceosome snRNP (Figure 1). MOPD1 is a multisystemic
disease with general growth retardation, abnormal bone morphology, severe brain
malformation, and mortality by three years of age. Most of the U4atac mutations affect a
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conserved stem-loop structure important for association of the 15.5K protein that nucleates
binding of proteins required for catalysis of the splicing trans-esterification reactions [24].
Most of the minor, but none of the major, spliceosome introns tested in MOPD1 fibroblasts
showed reduced splicing efficiency and increased intron retention [23]. These results are
consistent with the predicted loss of function specifically of the minor spliceosome.

Whole genome or exome sequencing of tumor and matched normal tissues in myeloid
neoplastic syndrome (MDS), acute myeloid leukemia (AML), chronic myelomonocytic
leukemia (CMML), and chronic lymphocytic leukemia (CLL) patients, along with targeted
sequencing of candidate genes, identified a high percentage of recurrent somatic mutations
in genes encoding spliceosome components [25–30]. Multiple independent somatic
mutations were identified in the genes encoding U2AF1, ZRSR2, SF3B1, and SRSF2.
U2AF1 is exclusively required for splicing of U2 introns, whereas ZRSR2 is required for
splicing of both U2 and U12 introns [31, 32]. SF3B1 and SRSF2 are expected to participate
in the splicing of both U2 and U12 introns (Figure 1). SF3B1 mutations strongly correlate
with refractory anemia with ring sideroblasts (RARS), a distinct type of low-risk MDS,
however studies differ regarding the prognostic relevance of these mutations in this subtype
[25, 33]. Similarly, the relevance of mutations in U2AF1, SRSF2, and ZRSR2 in predicting
disease progression or treatment outcomes for various neoplasias needs further studies.
Nevertheless, spliceosomal mutations in these neoplasms may provide valuable prognostic
markers as well as bring new insight into the complex biology of cancer initiation and
progression.

Misregulation of trans factors by microsatellite expansion mutations
Myotonic dystrophy (DM) is the best characterized example of a disease in which RNA
transcribed from a microsatellite expansion causes disease. DM type 1 (DM1) is caused by
expanded CTG repeats in the 3′ UTR of the dystrophia myotonica-protein kinase (DMPK)
gene, and DM type 2 (DM2) is caused by expanded CCTG repeats within intron 1 of the
zinc finger protein 9 (ZNF9) gene. In both diseases, pathogenesis is due to expression of
toxic RNA containing the expanded repeats, resulting in an RNA gain of function [34]. The
expanded CUG or CCUG RNAs accumulate in nuclear foci and form double-stranded RNA
structures that sequester muscleblind-like (MBNL) splicing regulators, resulting in a loss of
MBNL function. RNA containing expanded CUG repeats also increases the stability of
CUG-BP and ETR-3-like factor 1 (CELF1) because of increased phosphorylation resulting
from activation of protein kinase C [35]. Alterations of these trans factors manifest in
various ways in different DM tissues. Altered splicing of chloride channel protein (Clcn1),
Bin1, ryanodine receptor 1 (RyR1), myotubularin-related 1 gene (Mtmr1), sarcoplasmic/
endoplasmic reticulum Ca2+-ATPase (SERCA) 1 or 2, and insulin rector (IR) in skeletal
muscle are proposed to contribute to myotonia, muscle weakness, impaired calcium
homeostasis, and insulin resistance [36–43]. Altered splicing of cardiac troponin T in heart
and tau in brain is thought to contribute to cardiac and brain abnormalities, respectively [44,
45]. CELF and MBNL function in other aspects of mRNA processing and translation, such
that their altered function is likely to contribute to disease pathology by multiple
mechanisms. For example, increased levels of CELF1 in DM1 is associated with translation
of a dominant negative isoform of a transcription factor CCAAT/enhancer-binding protein β
(C/EBP β)[46]. An RNA gain of function mechanism has also been proposed to explain
pathogenic effects in other expansion diseases such as spinocerebellar ataxia type 8 (SCA8),
SCA10, SCA12, fragile X tremor ataxia syndrome (FXTAS), and more recently in
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) [47–52]. A
GGGGCC hexanucleotide expansion in the noncoding region of the C9ORF72 gene
accounts for 23–50% of familial ALS, 21% of sporadic ALS, and 11% of familial FTD [51,
52]. RNA containing the GGGGCC expansion was detected in nuclear foci in neurons from
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patients carrying the mutation, suggesting an RNA gain-of-function mechanism in ALS-
FTD [52].

RBFOX1 is associated with autism spectrum disorder (ASD)
The approximately fifty RNA binding proteins shown to regulate alternative splicing are a
small fraction of the more than 650 RNA binding proteins encoded by the human genome
[5, 53], and a growing number of alternative splicing regulators has been linked with various
human diseases. Cytogenetic and association studies identified the conserved splicing
regulator Rbfox1 as an autism-associated gene [54, 55]. Expression of the three Rbfox genes
is enriched in brain, heart, and skeletal muscle, and RNA-Seq analysis of brain cortex tissue
from three individuals with ASD showed significantly reduced expression (~6 fold) of
Rbfox1 compared with three control samples [56]. RNA-Seq also identified 36 alternative
splice events that are altered in ASD samples and which are predicted to be Rbfox targets
based on enrichment of the Rbfox binding motif near the alternatively spliced exons. Four of
these events were previously shown to be directly regulated by Rbfox1 (ATP5C1, ATP2B1,
GRIN1, and MEF2C), and also changed in ASD patients consistent with loss of Rbfox1
function [56, 57]. The genes that exhibited aberrant alternative splicing in ASD brains are
associated with synaptic functions, synaptogenesis, and actin cytoskeletal organization,
consistent with a role in neuronal connectivity in the cortex [56].

TDP-43 in ALS
The most common cellular feature of ALS and frontotemporal lobar degeneration (FTLD) is
ubiquitin positive cytoplasmic inclusion bodies in neurons and astroglia, with TAR DNA
binding protein-43 (TDP-43) as one of the main components [58]. More than 40 mutations
in TDP-43 have been identified, accounting for about 5% of inherited cases of ALS [59].
Genome-wide identification of in vivo binding sites of TDP-43 using in vivo crosslinking
and immunoprecipitation (CLIP) identified hundreds of intronic binding sites, and exons
proximal to these binding sites underwent splicing changes in TDP-43 knockdown in mouse
brain striatum and the human neuroblastoma cell line SH-SY5Y [60, 61]. These splicing
events include genes involved in neuronal function and neurodegenerative disease such as
MEF2D, sortilin, tau, BIM, AP2, parkin, huntingtin, and ataxin; each of which could
contribute to disease pathology [60, 61]. Splicing was also altered for BIM in a postmortem
brain from FTLD patients, encoding the proapoptotic isoform that is consistent with
neuronal apoptosis and neuronal degeneration [60]. However, whether these events directly
contribute to disease due to altered regulation of TDP-43 remains to be demonstrated. In
addition to TDP-43, mutations in the structurally similar RNA-binding proteins FUS and
TAF15 have been identified as a genetic cause of ALS, suggesting a misregulated RNA
processing pathway and altered gene splicing may be a common feature in these
neuropathies [59, 62, 63]. Identification of in vivo binding sites and direct RNA targets of
TDP-43, FUS, and TAF15 in disease relevant model systems have implications not only in
ALS but also for other neurodegenerative diseases where TDP-43 inclusions are also found,
such as Alzheimer’s and Huntington’s Disease [58].

Splicing trans regulatory factors in cancer
Initiation, progression, and metastasis of cancer require a complex interplay of cell–cell
signaling, epigenetics, transcriptional and post-transcriptional mechanisms, and
environmental factors [64–66]. Altered expression or localization of several RNA binding
proteins such as SRSF1, hnRNPA1, hnRNP H, TIA-1/TIAR, Sam68, RBM5, HuR, SON,
and RBM10 have been linked with various cancers [67, 68]. Here, we focus on specific
aspects of tumor biology that are explained by misregulation of trans-acting splicing
regulators. Additional aspects of splicing in cancer have been reviewed elsewhere [68–70].
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A metabolic switch from oxidative phosphorylation to aerobic glycolysis is beneficial for
the pathological proliferation of cancerous cells, and is known as the Warburg effect [71]. A
key molecular change associated with the metabolic switch is generation of the pyruvate
kinase M2 isoform in tumors that is determined by alternative splicing of the PKM gene
[72]. Transcriptional upregulation of splicing regulators hnRNPA1, hnRNPA2, and PTB1 by
the oncogenic transcriptional factor c-myc coordinates the alternative splicing of the
pyruvate kinase gene to generate PKM2 in human gliomas [73]. High expression of the
PKM2 isoform is almost universal in cancer in contrast to the lower fraction that
overexpress c-myc; the mechanism of PKM2 expression in cancers that do not overexpress
c-myc will be of particular interest.

SRSF1, a member of the SR family of proteins, is upregulated in multiple cancers and has
been demonstrated to be an oncogene based on overexpression studies [74, 75]. SRSF1
target genes are involved in tumor initiation, survival, and tumor progression.
Overexpression of SRSF1 promotes production of the Bin1 isoform lacking the domain
required for tumor suppressor activity, whereas the isoforms of the MNK2 and S6K1
kinases produced in SRSF1 overexpressing cells have proliferative and antiapoptotic effects
[74]. Overexpression of SRSF1 also induces alternative splicing of the RON tyrosine kinase
receptor to produce a constitutively active isoform that imparts enhanced cell mobility and
cell invasion properties characteristic of aggressive tumor cells [76]. In addition, a global
siRNA screen to identify splicing regulators of the apoptosis regulatory genes Bcl-x and
Mcl1 identified SRSF1 as a critical driver for coordinated regulation of the Bcl-2 family,
suggesting a role for SRSF1 in cancer cell survival [77].

Increased expression of hnRNPH in glioblastoma multiforme (GBM) is thought to impart
tumor survival by promoting the antiapoptotic, rather than the apoptotic, isoform (IG20) of
the MADD gene [78]. Increased expression of hnRNPH is also associated with generation of
the constitutively active isoform of RON in GBM potentially enhancing cell migration [78].

Overall, these examples emphasize the importance of moderating alternative splicing events
by tight and coordinated control of trans regulatory factors.

Therapeutic approaches in splicing diseases
The recent realization that a large fraction of disease-causing mutations affects splicing has
driven several therapeutic approaches to correct aberrant splicing [21, 79–81]. Two
particularly robust approaches are the use of modified antisense oligos (ASOs) targeted to
specific RNA sequences to redirect splicing and small molecules identified by large-scale
screens or strategic chemical design.

Splicing redirection using ASOs
To redirect splicing, an ASO is targeted to bind specific complementary 15–20 nucleotide
regions of the pre-mRNA and sterically blocking interactions of the splicing machinery
(Figure 3). ASOs directed to splice sites or enhancer elements will induce exon skipping,
whereas ASOs directed to splicing silencer elements will enhance exon inclusion. The
effectiveness of ASOs has been demonstrated in clinical trials for Duchenne muscular
dystrophy (DMD), which is caused by partial or complete loss of dystrophin function. A
large fraction of DMD mutations are genomic deletions such that splicing of the remaining
exons produce out of frame mRNAs. ASOs are used to induce skipping of specific exons to
restore the reading frame or remove exons containing mutations (Figure 3a) [82, 83]. In two
independent phase II clinical trials, systemic administration of different ASOs targeting
exon 51 restored the dystrophin reading frame from the mutant gene and increased the
number of dystrophin-positive fibers [84, 85]. While no significant improvement in muscle
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function was observed, these initial results are encouraging as both ASOs were well
tolerated without significant side effects, supporting the efficacy and safety of ASO as
splicing redirecting therapy.

Spinal Muscular Atrophy (SMA) is a motor neuron disease caused by loss of function of the
survival motor neuron gene 1 (SMN1). A paralogue in humans, SMN2, contains a silent
mutation in exon 7 that leads to exon skipping to produce a truncated, unstable SMN protein
that does not rescue the loss of SMN1. Residual expression of full length SMN2 to various
levels results in different classes of SMA severity. In general, SMN1 deficiency results in
progressive loss of motor neurons leading to paralysis, skeletal muscle atrophy, and
mortality. A major treatment strategy for SMA has focused on increasing expression of full-
length SMN protein using a variety of approaches, including use of an ASO targeting an ISS
to promote inclusion of SMN2 exon 7. An extensive systematic analysis of tiled ASOs
targeting the intron adjacent to SMN2 exon 7 identified specific ASOs that dramatically
promoted exon 7 inclusion (Figure 3b) [86, 87]. Using a mouse model for SMA, a single
intracerebroventricular (ICV) injection of one ASO (ASO-10-27) targeting this region
showed dose-dependent increased exon 7 inclusion, SMN protein synthesis, and number of
motor neurons as well as improved muscle physiology, motor function, and increased
survival [86]. Importantly, systemic delivery of ASO-10-27 in neonatal SMA mice increased
SMN levels in peripheral tissues (liver, heart, muscle, and kidney) as well as in the central
nervous system (spinal cord and brain) and resulted in increased skeletal muscle function
and a remarkable increase in survival from 10 days to more than 500 days [88]. The
restoration of SMN protein in CNS and the dramatic increase in survival as a result of
systemic ASO delivery indicates the importance of peripheral restoration of SMN [88]. In
addition, the incomplete blood–brain barrier in neonates along with retrograde transport of
ASO is thought to provide sufficient ASO for partial rescue of SMN expression in brain [88,
89]. The effectiveness of ASO-10-27 (ISIS-SMNRx) in mouse models has led to FDA
approval for its use in clinical trials in human patients which are currently in progress
(ClinicalTrial.gov Identifier: NCT01494701).

The use of a cryptic 5′ splice site in exon 11 of the LMNA1 gene due to a silent mutation
leads to production of a mutant protein, progerin, and is the primary cause of Hutchinson-
Gilford progeria syndrome (HGPS) [90]. Mice containing a knock-in of the analogous
mutation recapitulate misplicing, production of progerin as well as many associated
molecular and clinical features of HGPS including shortened life-span, reduced body
weight, abnormally shaped nuclei, and bone and cardiovascular abnormalities [91]. Systemic
administration of a combination of ASOs targeting the exon 10 5′ splice site and the cryptic
5′ splice site in exon 11 reduced use of the cryptic splice site and produced significant
improvement in life-span (155 to 190 days) and body-weight consistent with the observed
reduced expression of progerin in most tissues (Figure 3c) [91].

SVA insertion-mediated altered splicing of the fukutin gene is responsible for production of
altered fukutin protein product associated with FCMD. Transfection of three ASOs targeting
the aberrant 3′ splice site, a predicted ESE within the SVA transposon sequence, and a
predicted ISE near the 5′ splice site of exon 10 in cell lines derived from FCMD patients
restored normal fukutin production and function (Figure 3d) [20]. Furthermore, intravenous
delivery as well as local injection of this cocktail in skeletal muscle of the knock-in mouse
model restored normal fukutin function supporting the use of an ASO cocktail as a
therapeutic strategy for FCMD [20].

Alternative splice site usage within exon 23 of signal transducer and activator of
transcription 3 (STAT3) generates an isoform (STAT3β) that lacks the C-terminal
transactivation domain and is proposed to have a dominant negative effect associated with
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induction of apoptosis and cell cycle arrest in tumors [92, 93]. In a xenograft mouse model
using implantation of MDA-MD-435s cells, intratumor injection of ASOs targeting the 3′
splice site and an ESE that causes exon 23 skipping showed tumor regression consistent
with switching from normal STAT3α to antitumorigenic STAT3β isoform [94]. These
results support the idea that splicing redirection of an endogenous key molecule to induce
apoptosis or cell cycle arrest can be used for personalized cancer therapy combined with
traditional cancer therapy. A database of such alternative splicing events with
antitumorigenic effects on specific tumor type will be of tremendous value for such
approaches.

Disruption of RNA-protein interaction in myotonic dystrophy
One of the primary pathogenic effects of the expanded repeat RNA in myotonic dystrophy is
a trans-dominant effect on RNA binding proteins that regulate alternative splicing.
Strategies using ASOs, small molecules, and small peptides have been devised to disrupt
interactions between repeat-containing RNA and MBNL and restore MBNL protein function
(Figure 4a) [95–97]. Similar strategies have been applied for other diseases caused by
repeat-containing RNA including Huntington’s disease and spinocerebellar ataxias [98, 99].

One particularly effective approach is an ASO targeted to the expanded CUG repeats
expressed in DM1 cells to block binding of MBNL1. A 25 nucleotide CAG repeat
morpholino oligonucleotide (CAG25) was shown to prevent binding of MBNL1 to
expanded CUG repeat RNA in vitro, prevent MBNL1 sequestration in vivo, correct
misregulated splicing and increase translocation of repeat-containing RNA to the cytoplasm
in a DM1 mouse model [100]. A second ASO containing seven CAG repeats (CAG)7 with
2′-OMe chemistry was shown to reduce CUG repeat containing RNA in cultured
immortalized myoblasts from a DM1 mouse model as well as in skeletal muscle from a
second mouse model [101]. In a third example, ASOs modified to promote RNase H-
mediated degradation resulted in the loss of CUG repeat containing RNA in skeletal muscle
tissue correlating with mild rescue of misregulated splicing [95]. These results provide a
strong foundation for the use of ASOs to reduce the levels of toxic CUG repeat containing
RNA below a pathogenic threshold.

A screen for D-amino acid containing hexapeptides that disrupt foci formation in a
Drosophila model of DM1 identified a peptide (ABP1) that binds to double stranded CUG
repeat RNA and changes its structure to single stranded RNA in turn releasing MBNL. This
peptide reduced foci formation and rescued MBNL distribution and splicing changes
associated with loss of function of MBNL in both Drosophila and mouse DM1 models [97].

A screen of 25 molecules that bind to structured nucleic acids identified pentamidine and
Hoechst 33258 as having the ability to disrupt binding of MBNL1 to expanded CUG repeats
[102, 103]. Pentamidine partially rescued splicing of MBNL targets in a DM1 mouse model,
however the severe toxicity of pentamidine prevented the use of higher doses to achieve
full-rescue [103]. In a separate study, Hoechst 33258 was used to synthesize a pentamer that
binds specifically to CUG repeat RNA in nanomolar range and displayed 23-higher affinity
to CUG repeat RNA than MBNL1 in vitro [102]. A rational design approach was used to
produce a molecule that specifically recognizes the U-U mismatch in a CUG repeat RNA
structure and intercalates in double stranded RNA produced ligand 1, a compound that
inhibits the MBNL1 CUG RNA interaction in vitro [104]. Similar design principles and
further optimization can lead to discovery of small compounds that have the potential to
disrupt specific disease related RNA-protein interactions.
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Small molecules targeting splicing pathways
The small molecule approaches used to develop therapies for myotonic dystrophy are
specifically targeted to disrupt interactions of MBNL with repeat containing RNA, however
there are much broader applications of small molecules to reverse aberrant splicing. Given
that splicing is an essential step of gene expression, splicing inhibition provides a new mode
of action for antitumor drugs. Various antitumor drugs have been reported to inhibit
splicing: isoginkgetin, pladienolide B, herboxidiene (GEX1A) and spliceostatin A (SSA)
(Figure 4b) [105–108]. All four drugs have antitumorigenic effects on various human cancer
cell lines and mouse xenograft models [108–111]. Herboxidiene is structurally similar to
pladienolide B and both bind to SF3b components, which are constituents of the U2 snRNP,
and likely function by inhibiting U2 snRNP function [108]. Similar to pladienolide B and
herboxidiene, the SSA target protein is also a component of the SF3b complex, however,
instead of general splicing inhibition, SSA produced alternative splicing changes in cell
cycle genes [112]. Pladienolide B and SSA inhibit formation of complex A, and early steps
of spliceosome assembly (Figure 1), whereas isoginkgetin inhibits progression of complex A
to complex B [105]. The target protein of isoginkgetin is not yet known. The discovery of
these drugs has fuelled studies to synthesize more potent derivatives. Meayamycin, a
derivative of SSA is reported to be active at picomolar concentrations, 100-fold more potent
than the SSA [113]. Additionally, meayamycin treatment resulted in pronounced cell death
in the A549 human lung cancer cell line compared to the IMR-90 nontumorigenic lung
fibroblast cell line suggesting selectivity of meayamycin for transformed cells [113]. Further
studies with these compounds should identify dose-dependent effects on various types of
cancer.

A quest for small molecules that inhibited cryptic splicing of the LMNA1 gene to prevent
HGPS led to the discovery of compounds that modulate splicing by inhibiting cdc-2-like-
kinases (Clk) [114]. The Clk kinases phosphorylate SR proteins, and many of these
phosphorylation events are known to be required for SR activity and appropriate nuclear
localization [115, 116]. Similarly, a small molecule screen to identify drugs that can
modulate alternative splicing of BCL-X, HIPK3, and RON transcripts in a hepatocarcinoma
cell line identified amiloride as a potent inducer of splicing changes in these transcripts
[117]. Amiloride treated cells showed decreased levels of SRp20, and hypophosphorylation
of SR proteins, decreased phosphorylation of AKT, ERK1/2 kinases, and PP1 phosphatase,
as well as increased phosphorylation of p38 and JNK kinases (Figure 4b) [117]. Small
compounds that affect the activities of specific splicing factors can be useful for disrupting
cancer-associated splicing pathways and as potential therapeutic agents.

Concluding remarks and future perspectives
Pre-mRNA splicing is intimately connected with multiple aspects of gene expression.
Splicing is regulated by secondary structure of the pre-mRNA, noncoding RNAs, chromatin
modifications, RNA polymerase II elongation rate and various signaling pathways [118–
120]. Splicing also affects upstream events, such as chromatin modification, transcription
kinetics, and mRNA export and translation [119, 121]. The crosstalk between splicing and
the continuum of gene expression raises the possibility that disruption of splicing has a
determinative effect on other regulatory steps, and thereby causing or modifying a human
disease by indirect mechanisms.

A clear understanding of disease causing events is important to develop individual therapies.
As diagnostic approaches become individualized through whole genome sequencing as well
as transcriptome and epigenetic profiling, it is likely that a large fraction of disease-causing
mutations and SNPs that predispose to disease or modulate disease severity will affect
splicing. ASOs, for example, provide a highly specific approach for targeting splicing
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modulation and are a promising approach for individualized treatment. Additional corrective
strategies such as trans splicing, ribozymes, and modified snRNA molecules have also
proved successful to varying degrees [83]. Currently, ASOs and small molecules show
promising results for splicing directed therapy, but with improved delivery systems other
strategies can also be applied to increase the therapeutic possibilities.
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Figure 1.
Spliceosome assembly and disease-associated mutations in spliceosome components. The
dashed lines and rectangles represent introns and exons, respectively. The left panel shows
the assembly of the major (U2 type) spliceosome. U1 and U2 snRNPs are recruited to the
consensus 5′ splice site (5′ SS) and branch point (A), respectively. The U2-auxiliary factor
heterodimer (U2AF2/U2AF1) interacts with the polypyrimidine track (Y) and 3′ splice site
(3′ SS), forming complex A. The U4/6 and U5 snRNPs join the assembling spliceosome
followed by remodeling of the complex leading to removal of the U1 and U4 snRNP and
formation of the catalytic complex (complex C). Two trans-esterification reactions join the
exons and release an intron lariat that is subsequently degraded and the spliceosome
components are recycled for subsequent rounds of splicing. The right panel shows the
assembly of the minor (U12 type) spliceosome, in which U1, U2, U4, and U6 are replaced
by homologous U11, U12, U4atac, and U6atac snRNPs, respectively. The red star indicates
the components that are mutated in neoplasias. The black star indicates the components that
are mutated in retinitis pigmentosa. The orange star indicates the mutation in U4atac that is
associated with MOPD1. Abbreviations: ESE, exonic splicing enhancers; ESS, exonic
splicing silencers.
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Figure 2.
Four mechanistic categories of altered gene function by splicing mutations. (a) The basic cis
elements of the splicing code are indicated: 5′ and 3′ splice sites (represented by GT and
AG), polypyrimidine tract (Y), branch point (A), and exonic and intronic enhancers (ESE
and ISE) and silencers (ESS and ISS). Mutations affecting splice sites, the polypyrimidine
tract, the branch point, or splicing enhancers lead to exon skipping or intron retention. (b)
Mutations in enhancer or silencer elements can change the ratio of isoforms containing
alternative exons. (c) Mutations within introns can lead to inclusion of intronic sequences
(indicated by red dashed rectangles) by creating a splice site/pseudoexon (indicated by
arrow) and/or by creating an enhancer element (indicated by asterisk), allowing recognition
of a cryptic splice site. The blue dashed lines indicate the normal splicing pattern, whereas
the red dashed lines indicate the splicing pattern caused by the mutation. (d) Insertion of
transposable elements (SVAs, represented by a brown rectangle) in the 3′ UTR of the
fukutin gene leads to the alternate use of splice sites producing a protein with a different
carboxy-terminal sequence (patterned brown rectangle). The green lines indicate the start
codon of both the normal and mutated fukutin whereas red lines indicate stop codons.
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Figure 3.
Use of antisense oligonucleotides for splicing correction therapy. The splicing patterns of
the mutated gene in the absence and presence of ASOs are indicated in the top and bottom
panels, respectively. The red lines with projections indicate the ASOs. (a) In DMD a
deletion of exon 50 (indicated by Δ exon 50) leads to disruption of the reading frame
resulting in loss of dystrophin function. ASO-induced skipping of exon 51 restores the
reading frame and partially rescues dystrophin function. (b) In SMA, loss of SMN protein
from the mutated SMN1 gene can be rescued by inducing inclusion of exon 7 of the SMN2
gene. The use of an ASO targeting an intronic splicing silencers leads to enhanced inclusion
of SMN2 exon 7. (c) In Hutchinson-Gilford progeria syndrome, a silent mutation in exon 11,
indicated by asterisk labeled c>t (G609G), leads to activation of a cryptic 5′ splice site
resulting in the production of a toxic protein, progerin. Combined administration of two
ASOs to block the 3′ splice site of exon 10 and the cryptic splice site inhibit progerin
production. (d) In FCMD, insertion of an SVA leads to activation of a cryptic 5′ splice site
in exon 9 and use of a 3′ splice site in the SVA segment. Combined administration of three
ASOs to block the aberrant 3′ splice site and a nearby ESE (shown together), and an ISE
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near the aberrant 5′ splice site promote use of correct 5′ and 3′ splice sites producing
fukutin protein.
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Figure 4.
(a) Small molecules disrupt aberrant RNA-protein interactions in myotonic dystrophy. Small
molecules and peptides have been used to disrupt the interaction between CUG repeat RNA
and MBNL. This results in rescue of MBNL splicing functions and reversal of some features
of myotonic dystrophy. (b) Several compounds inhibit splicing at various steps of splicing
assembly and have potential as antitumorigenic drugs. Meayamycin, a compound derived
from spliceostatin A, as well as Pladienolid B and Herboxidiene, bind to the SF3b complex
of the U2 snRNP and inhibit the formation of complex A. Isoginkgetin prevents the
formation of complex B. Amiloride inhibits Akt1 and Erk1 kinases which phosphorylate SR
proteins that are important for regulation of constitutive and alternative splicing. Similarly,
ML105 and ML106 were identified in a screen for correction of splicing of the LMNA
minigene. These compounds were found to inhibit cdc2-like kinases (Clk) that also
phosphorylate SR proteins.
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