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Abstract

Alternative splicing of pre-mRNA is an essential post- and co-transcriptional mechanism of gene
expression regulation that produces multiple mature mRNA transcripts from a single gene. Genetic
mutations that affect splicing underlie numerous devastating diseases. The complexity of splicing
regulation allows for multiple therapeutic approaches to correct disease-associated mis-splicing
events. In this review, we first highlight recent findings from therapeutic strategies that have used
splice switching antisense oligonucleotides and small molecules that bind directly to RNA.
Second, we summarize different genetic and chemical approaches to target components of the
spliceosome to correct splicing defects in pathological conditions. Finally, we present an overview
of compounds that target kinases and accessory pathways that intersect with the splicing
machinery. Advancements in the understanding of disease-specific defects caused by mis-
regulation of alternative splicing will certainly increase the development of therapeutic options for
the clinic.
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1. Introduction

The initial product of gene transcription is an immature pre-mRNA that contains non-coding
intronic sequences interspersed between coding exonic sequences. The maturation of mMRNA
requires removal of intronic sequences and splicing together of adjacent exons prior to
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translation into protein. This process is termed constitutive splicing and occurs at every
intron-exon boundary [1]. In the late 1970’s and early 1980’s several groups unexpectedly
observed multiple species of MRNAs that contained non-intervening sequences from a
single gene [2-4]. The most plausible explanation suggested that a previously unknown pre-
MRNA processing step exists that functions to excise specific exons and splice together non-
adjacent exons. This process, now ubiquitously known as alternative splicing, is an
important evolutionarily conserved mechanism that increases proteome complexity from a
limited genome.

Constitutive splicing relies on the recognition of exon boundaries and is controlled by the
spliceosome, a complex ribonucleoprotein molecular machine. The spliceosome is
composed of over 150 proteins, in addition to the catalytic five small-nuclear
ribonucleoproteins (sSnRNPs) U1, U2, U4, U5, and U6. Consensus sequences in the pre-
MRNA ensure that spliceosome assembly occurs properly. The branch point sequence along
with the 5” and 3’ splice sites (5’SS and 3’SS, respectively) are the core sequences necessary
for spliceosome recognition and assembly. The branch point sequence is located 18-40
nucleotides upstream of the 3’SS followed by a polypyrimidine tract [5]. Assembly of the
molecular machinery occurs through a series of reactions, the first is the recognition of the
5’SS by the U1 snRNP creating the early complex. The prespliceosomal complex is
subsequently formed by recognition of the U2 snRNP onto the branch point sequence. The
final step is completed through the recruitment and exchange of the tri-snRNP U4/U6-U5 to
excise the intron and ligate remaining exonic sequences through transesterification reactions
(Fig. 1A).

Alternative splicing reactions occur in a manner similar to constitutive splicing; however,
several factors influence the regulation of splice site selection [6-8]. Alternatively spliced
exons often have weaker splice sites, i.e. different than the consensus sequences, and
therefore are not as well recognized by the spliceosome, compared to constitutive exons
[9,10]. Additionally, other sequences inherent to the pre-mRNA (cis-regulatory elements)
recruit trans-acting RNA binding proteins (RBPs) and splicing factors in a sequence specific
manner [11-14]. The c/s-regulatory elements are classically grouped by their location and
regulatory function. Regulation of splicing can occur through RBPs bound to splice
enhancing motifs found within an intron or exon (ISE and ESE, respectively). This stabilizes
the formation of the spliceosome and promotes the recognition and retention of an exon
(Fig. 1B). Contrastingly, RBPs bound to splice silencing motifs within an intron or exon
(1SS and ESS, respectively) prevents spliceosomal formation and promotes removal of an
exon [9,15-17] (Fig. 1C). Expression patterns of RBPs differ by tissue type and
developmental stage (Fig. 1D). Furthermore, numerous RBPs are rich in serine and
threonine residues, making them attractive targets for phosphorylation. Phosphorylation of
RBPs can alter their subcellular localization, splice site specificity, stability, or their ability
to interact with the spliceosome and other accessory proteins [18] (Fig. 1D).

The contribution of c/s-regulatory elements, RBPs, and splicing factors in deciding splice
site selection does not fully explain the regulatory mechanisms governing alternative
splicing [6]. This suggests that there must be other post- and/or co-transcriptional
mechanisms that explain the regulation. Indeed, RNA secondary structure impacts the ability
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of RBPs to bind mRNA and cooperate in alternative splicing regulation [19-23]. Removal of
introns and alternative exons has also been observed prior to polyadenylation of an mMRNA
[24], suggesting that transcriptional kinetics plays an important role in regulating alternative
splicing. In support of this, RNA polymerase Il pausing alters splice site selection [25] and
chromatin architecture and histone modifications are also major players in alternative
splicing regulation [6,26—28]. Current models of alternative splicing suggest that each of
these layers of regulation likely act in concert (Fig. 1E).

While the physiological significance of alternative splice forms remain understudied, it is
known that harmful human diseases can result when alternative splicing is misregulated [29]
due to: (i) alterations in #frans-acting factors in diseases such as myotonic dystrophy, and
amyotrophic lateral sclerosis (ALS) or (ii) mutations in c/s-elements that regulate splicing in
diseases such as Hutchinson-Gilford syndrome, and retina pigmentosa. It has been
previously shown that 303 genes and 370 diseases are associated with the disruption of
alternative splicing and that 2,337 splicing mutations are linked to diseases [30]. One of the
most well described alternative splicing-linked diseases associated with altered #rans-acting
factors is myotonic dystrophy, a multisystemic disorder resulting in muscle weakness and
loss, cardiac defects, and neurological features. Myotonic dystrophies are partially caused by
the deregulation of the RBPs muscleblind like splicing regulator 1 (MBNL1) and CUGBP
Elav-like family member 1 (CELF1) [31,32]. The RBP TDP-43 (TDPBP) is the major
disease related protein in ALS [33]. In motor neurons of humans with ALS, TDP-43 is
hyperphosphorylated and ubiquitinated. This results in TDP-43 being inappropriately
redistributed from the nucleus to the cytoplasm [33]. Splicing alterations are also observed
in ALS-linked mutations in TDP-43 [34]. On the other hand, when genetic mutations in c/s-
elements cause the mis-activation of splice sites, diseases such as Hutchinson-Gilford
progeria syndrome are seen [35]. Similarly, retinitis pigmentosa, a common cause of
blindness from retinal degradation, has been linked to mutations in the splice sites involved
in pre-mRNA processing [36].

As the understanding of the mechanisms behind alternative splicing become clearer,
promising new therapeutics are being designed to combat human diseases. Here we review
the current knowledge on approaches to correct mis-splicing associated with specific
diseases. First, we briefly describe several classes of molecules that bind directly to RNA to
re-direct alternative splicing. Next, we describe how dysregulation of the spliceosome
contributes to disease and the strategies using small molecules and genetic methods being
utilized to correct the splicing defects. We then discuss the development of small molecules
that correct inappropriate activity of kinases that regulate alternative splicing reactions.
Lastly, we summarize several non-canonical pathways that have been shown to intersect
with alternative splicing and the compounds that alter their activity.

RNA binding molecules

2.1. Splice-switching oligonucleotides

Several groups have utilized antisense oligonucleotides (ASOs) to therapeutically
manipulate alternative splicing. ASOs are small and synthetically made molecules that bind
through Watson-Crick base-pairing to a complementary pre-mRNA sequence [37]. ASOs
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can act in several manners which primarily depend on the location of their binding.
Endogenous mRNAs can be targeted for RNase degradation after a RNA-DNA hybrid is
created by ASO binding [38]. ASOs can also be used to drive alternative splicing reactions
by binding to well characterized intronic or exonic splicing enhancers or silencers in
pathologies where aberrant splicing is the underlying cause of the disease. This class of
ASOs is known as splice-switching oligonucleotides (SSOs). A recent review in 2016
comprehensively characterized the approaches to therapeutically target alternative splicing
using SSOs [39]. We will highlight a few of the latest findings after that review and will
focus on spinal muscle atrophy (SMA) and Duchenne’s muscular dystrophy as SSOs
therapies for these diseases have made significant progress in clinical trials.

SMA is a genetic disease that in severe cases is fatal within the first two years after birth
[40]. The root cause of SMA stems from a marked reduction in survival motor protein
(SMN) expression which also correlates with disease severity [41]. Humans have two highly
homologous genes, SMNI and SMNZ, that encode for an identical SMN protein [40,42,43].
However, in SMA two different mechanisms account for reduced SMN protein expression.
First, humans with SMA have homozygous loss of SMNZ which results in reduced SMN
protein expression [40,44] (Fig. 2A, top). Furthermore, SMNZ2is unable to compensate for
the loss of SMN/I due to a cytosine to thymine transition at the +6 position (C6T) in exon 7
[43,45]. This transition is sufficient to reduce the inclusion of exon 7 [43,45] and thus, the
SMN protein generated from SAMNZis shorter and less functional than the one generated
from the SMNI gene [46-48]. The C6T transition in exon 7 of the SMNZ2 gene creates a
novel ESS which promotes binding of heterogeneous nuclear ribonucleoprotein-Al
(HNRNPAL), a known splicing repressor [49]. Binding of HNRNPAL to the ESS in SMNZ2
exon 7 prevents proper formation of the U2 snRNP complex and promotes splicing of exon
7 [49] (Fig. 2A, bottorm). One therapeutic strategy to treat SMA is to target frans-acting
splicing activators and repressors of SMNZexon 7. A few studies have accomplished this /in
vitro [50-52] and at least 40 RBPs have been implicated in splicing of exon 7 of the SMNZ2
gene [53]. While those studies provided crucial information about the molecular
mechanisms contributing to SMA development and progression, targeting frans-acting
factors has not been an effective strategy in treating SMA. Another approach is to target c/s-
regulatory elements within the SMN.2 pre-mRNA to promote exon 7 inclusion. This was first
successfully achieved in 2001 using SSOs directed against the 3’SS of exon 8 [54].
Numerous studies since then have been focused on targeting other cis-regulatory elements
using SSOs and have generated successful therapies for SMA. Most notably is the discovery
of the intronic splicing silencer N1 (ISS-N1) element in intron 7 downstream of the 5’SS of
SMN2 exon 7 [55]. SMNZexon 7 inclusion is promoted when ISS-N1 is deleted and in the
presence of ASOs targeted against this element [55]. These findings led to the development
of a highly specific ASO based therapy aiming to promote SMN2 exon 7 inclusion. In late
2016, the United States Food and Drug Administration (FDA) approved Spinraza
(nusinersen), an 18-mer SSO that promotes retention of SMNA2exon 7 and increased SMN
protein expression, for the treatment of SMA in humans [56,57]. The complex mechanism of
action of 1ISS-N1-targeting SSOs is thoroughly described by Singh et a/. [58]. Briefly,
binding of Spinraza to 1SS-N1 induces secondary structural changes in SMA/Z pre-mRNA
which blocks HNRNPAZ1/A2 binding sites and thus prevents removal of SMA/Zexon 7
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[58,59] (Fig. 2B). Additional structural rearrangements increase the accessibility of binding
sites for TIA1 cytotoxic granule associated RNA binding protein (TIA1) which in turn
increase U1 recruitment and exon 7 retention [58]. The phosphate linkages and 2’-hydroxyl
groups of the ribofuranosyl rings of Spinraza have been chemically modified to
phosphorothioate linkages and 2’-O-2-methoxyethyl groups, respectively [39,60,61].
Modifications to SSOs at the 2’-position in the sugar moiety provide resistance against
RNase-H degradation [39] and are common in SSOs to extend their biological availability.
Spinraza is the first and only FDA approved therapy for humans suffering from SMA.

Duchenne’s muscular dystrophy is a severe neuromuscular disease caused by mutations in
the DMD gene. These mutations perturb the normal reading frame and cause premature stop
codons in the mRNA which result in truncated, reduced, or non-functional dystrophin
protein [39,62-64]. Dystrophin links the myofibrillar cytoskeleton to the surrounding
extracellular matrix [62]. Thus, altered dystrophin levels disrupt structural components
necessary for normal muscle architecture. The pathology of Duchenne’s muscular dystrophy
is characterized by progressive muscle weakness and atrophy, inflammation,
cardiomyopathies, and an early death [62,65]. Numerous mutations in the DMD gene occur
between exons 45 and 63 [62]. SSO targeted therapies have focused on promoting exon
skipping in this region which restores the open reading frame and produces partially
functional dystrophin proteins [62] (Fig. 2C). Targeting exon 51 was selected as a candidate
because the frameshift induced by its skipping produces a longer, more functional
dystrophin protein compared to transcripts containing exon 51. Furthermore, this strategy
has the potential to have clinical benefit for the largest subpopulation (~13%) of all
Duchenne’s muscular dystrophy patients [37,62,63,66—68]. In 2016, the FDA approved the
use of eteplirsen (exondys 51), a 30-mer phosphomorpholidate oligonucleotide
(morpholino), for the treatment of Duchenne’s muscular dystrophy [63,67,69]. Approval
was granted based on findings demonstrating that eteplirsen increases the percentage of
muscle fibers expressing the dystrophin protein in humans with mutations within exon 51
[70,71]. There were no FDA approved therapies for Duchenne’s muscular dystrophy until
this point in time.

Kyndrisa (also known as drisapersen, PRO051, and GSK2402968), sponsored by BioMarin,
is another SSO related to eteplirsen and targets a similar region within exon 51 [39]. Phase-
Il trials demonstrated improvements in a six-minute walk test in boys with Duchenne’s
muscular dystrophy that received injections of kyndrisa (clinicaltrials.gov codes and ).
Kyndrisa progressed to Phase-I11 randomized, double blind, placebo-controlled study with
larger enrollments and longer study timelines (). Though the treatments were well tolerated
by the patients, the results failed to show any significant benefit on walking ability compared
to placebo, likely due to increased variation in the data [72] and thus regulatory approval
was not given to kyndrisa. Interestingly, a post-foc analysis of the data from the 48-week
Phase-I11 trial showed improvements in six-minute walking distance in a subpopulation of
the patients that have baseline six-minute walking distances of 300-400 meters [72]. This
suggests that kyndrisa may in fact be efficacious in Duchenne’s muscular dystrophy patients
with a less severe disease progression. Though initially rejected for approval, we are
currently unaware of whether or not kyndrisa is being pursued any further as an SSO therapy
for Duchenne’s muscular dystrophy after these findings were published.
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Kyndrisa and exondys 51 target a similar sequence in the DMD gene to promote exon 51
skipping, however kyndrisa is a 20-mer nucleotide and is shortened at the 5” and 3’ ends by
eight and two nucleotides, respectively, compared to exondys 51 [39]. Additionally, kyndrisa
is modified to be a 2’-O-methyl (2’OMe) phosphorothioate oligonucleotide and is not a
morpholino like exondys 51 [39,68]. Other SSO-mediated therapies that promote exon
skipping between exons 45-63 of the DMD gene have also progressed to clinical trials. The
PRO044 compound targets DMD exon 44 and entered several clinical trials (, , and ),
however its sponsor BioMarin stopped pursuing SSOs for the treatment of Duchenne’s
muscular dystrophy when kyndrisa failed to obtain FDA approval. Sarepta Therapeutics is
currently recruiting for the ESSENCE trial () of two morpholinos, SRP-4045 and SRP-4053
(also known as casimersen and golodirsen, respectively), that target exons 45 and 53,
respectively. Results have not been posted for the ESSENCE trial as it is estimated to be
completed in May 2023.

In summary, even though SSOs can target similar sequences in the genome, as in the case of
exondys 51 and kyndrisa, subtle differences in the SSO chemistries may underlie the
differing outcomes observed in their clinical trials [68] (Fig. 2D). Similarly, even a single
nucleotide difference in an ASO target can significantly impact a splicing outcome. The
cytosine residue at the 10t position of SMNZ2intron 7 is the first residue of 1SS-N1 and is
necessary for the ASO-induced inclusion of exon 7 [73]. An identically sized ASO that
starts at the eleventh residue of SMN2 intron 7 produces an opposite effect on SMN2
splicing [73]. These studies highlighted the challenges faced when optimizing SSO-based
therapeutics and the importance in understanding how minor chemical modifications to
SSOs and target sequences can alter their pharmacologic properties. Ongoing studies with
SSO-targeted therapies are laying the groundwork to optimize future therapies in diseases
that could benefit from corrected splicing patterns.

2.2. Small molecules

Though SSOs are showing promising results in treating SMA, Duchenne’s muscular
dystrophy, and other diseases, there is always a need to develop drugs with improved clinical
outcomes and pharmacologic traits. While fewer examples exist, recent advances in high-
throughput drug screening are identifying small molecules that directly bind RNA to
modulate alternative splicing decisions; several of which have shown promising efficacy
thus far. Initial /n vitro screens identified the antineoplastic antibiotic aclarubicin
(aclacinomycin A) as a potential candidate. Treatment of cells with aclarubicin induced
retention of SMNZ2exon 7 and increased SMN protein expression [74]. The mechanism of
aclarubcin-induced SMNZ splicing was never fully elucidated because it was found to be
toxic and not likely useful in the clinic. Several other classes of compounds have been
identified as potential candidates to promote retention of SMA/2exon 7 [75]. Among them,
three orally available compounds, SMN-C1, SMN-C2, and SMN-C3 were shown to be
potent within the nanomolar range, to increase SMN protein expression, and to prevent the
neuromuscular pathology classically observed in a mouse model of SMA [75]. These results
suggested that SMN-C1, SMN-C2, and SMN-C3 may have a therapeutic benefit in humans
with SMA. Several academic and pharmaceutical laboratories have developed other small
molecules to target exon 7 of SMNZ2since the initial study identifying SMN-C compounds.
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Subsequent fine tuning of side chains to optimize the pharmacokinetic and
pharmacodymanic properties have led to favorable outcomes in achieving optimal potency
and safety [76—80]. Notably, two small molecules have progressed to clinical trials. First,
LMIQ70 (also known as NVS-SM1 and branaplan) is currently sponsored by Novartis for
treating Type 1 SMA (). In preclinical models of SMA, LMI070 showed beneficial outcomes
in survival and SMN protein expression [76,80]. Studies using analogs of LMI070 revealed
that their mechanism of action is via sequence-selective binding to RNA to induce
stabilization of a double-stranded RNA structure [76]. In the presence of LMI070 analogs
the U1 snRNP complex has enhanced affinity for the 5’SS of SMN2exon 7 (Fig. 2E, /efi).
This promotes the inclusion of SMN2exon 7 and the production of full length SMN protein
[76,80].

A second small molecule that binds SMAZ2 pre-mRNA to modulate splicing and SMN
protein expression is risdiplam (also known as RG7916 and RO7034067). Risdiplam is
currently sponsored by Roche in the FIREFISH, SUNFISH, and JEWLEFISH clinical trials
(, ,and , respectively) to study the efficacy of the drug in infants and adults with either type
1, 2, or 3 SMA. The structure of risdiplam has not been disclosed; however, the previously
identified compounds SMN-C2 and SMN-C3 are closely related analogs of RG7916 [75,81].
A proposed model of SMN-C mechanism of action suggests that exon 7 inclusion is
increased when the splicing modifier binds to two sites present within SMAZexon 7 [82]. In
the presence of various SMN-C compounds, HNRNPG disassociates from the pre-mRNA
allowing the U1 snRNP complex to promote the inclusion of exon 7 [82] (Fig. 2E, middle).
Extending those studies, Wang et al. demonstrated that SMN-C2 and SMN-C3 bind to an
AGGAAG motif located at the +24 to +29 region of SMN2exon 7 [81] inducing
conformational changes in the pre-mRNA. These conformational changes displace
HNRNPG and promote pre-mRNA recognition by the Far-upstream element binding
protein-1 (FUBP1) and the KH-type splicing regulatory protein (KHSRP) [81] (Fig. 2E,
right). Interestingly, the ESE in exon 7 contains an AGGAAG motif and provides
complimentary support to each of the aforementioned mechanistic studies on SMN-C
compounds.

3. Therapeutically targeting the spliceosome in cancer

Several cancers result from point mutations within genes encoding members of the
spliceosome. The subcomplex splicing factor-3B (SF3B) is located within the U2 snRNP
and contains seven subunits, one of them being SF3B1 [83]. SF3B contributes to the
activation of the first catalytic step of the splicing reaction and nuclear retention of pre-
mRNA for normal gene expression [84] and is involved in RNA splice site selection [85].
One of the most prevalent mutations in alternative splicing-associated cancers occurs within
the SF3B1 gene, specifically within the HEAT (Huntingtin, EF3, PP2A, and TOR1) domains
of this protein [86]. SF3B1 mutations result in breast [87] and lung [88] cancers, as well as
chronic myelomonocytic [86] and lymphocytic [89] leukemias. Taken together, this evidence
suggests that targeting components of the spliceosome and, specifically those within the
SF3B subcomplex, may be a viable option as a therapeutic strategy.
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3.1. Small molecules targeting SF3B

Since 1996 when the initial inhibitor of SF3B was developed, the list of small molecules
used to target the SF3B spliceosomal subcomplex has grown significantly. The first reported
small molecule was FR901464, a natural product harvested from the fermentation broth of
pseudomonas [90]. FR901464 causes cell cycle arrest and, thus, halted proliferation of
cancerous cells in mouse models of solid tumors and leukemias [84]. /n vitro treatment of
HelL a cells with FR901464 or its methylated derivative, spliceostatin A, increased the
presence of unspliced pre-mRNAs out of the nucleus [84]. This is consistent with the role of
SF3B in nuclear retention of pre-mRNAs [84]. For example, FR901464 treatment produced
unspliced cyclin-dependent kinase inhibitor 1B (CDKN1B, also known as p27) pre-mRNA
with a premature termination codon that produces a truncated protein named p27* [84]. It is
thought that p27* inhibits cancer cell growth by reducing the activity of the cyclin-
dependent protein kinases (CDK). Additionally, p27* may stabilize endogenous p27 which
also reduces CDK activity and arrests the cell cycle [84].

As spliceostatin A and FR901464 grew in popularity as therapeutic compounds that target
the SF3B complex, numerous other molecules were designed as anti-tumor drugs.
Sudemycins are a class of compounds that maintain the FR901464 pharmacophore but are
less structurally complex [91]. Current studies are disclosing the functional differences
between these compounds and demonstrate that there are variable alternative splicing
patterns triggered by spliceostatin A and sudemycin K [92]. While spliceostatin A modulates
intron retention, sudemycins strongly influence exon skipping [92]. The variability in
alternative splicing observed between compounds suggests that sensitivity to molecular
targets result in differences in splicing modulation.

Despite the continued development of antitumor compounds targeting the SF3B complex,
there are still only a few orally available drugs in the clinics. Seiler et a/. have identified an
orally-available small molecule H3B-8800 that directly interacts with the SF3B complex
[93]. H3B-8800 is a potent inhibitor of canonical and aberrant splicing caused by mutations
in the SF3B1 gene and can Kill tumor cells harboring this mutation [93]. The Phase-I clinical
trial using H3B-8800 has begun and is expected to be completed by the end of 2019 (). It is
hopeful that this compound will be the first SF3B1 inhibitor to be clinically used.

The number of SF3B inhibitors is growing; however, the downstream effects of these
compounds remain to be elucidated. The use of SF3B inhibitors results in altered mMRNA
biogenesis and accumulation of unspliced mRNA within nuclear speckles [94]. The resulting
nuclear speckles predominantly contain the spliceosome components which were unused
and are located proximal to the transcription sites [94]. Compounds that target SF3B1 also
activate an alternative export pathway such that intron-containing pre-mRNAs bypass
splicing and are transported into the cytoplasm from the nuclear speckle [95]. Under normal
conditions, unspliced mRNA is degraded by a standard nonsense-mediated pathway initiated
by recognition of the exon junction complex. However, the exon junction complex is unable
to stably form around the unspliced mMRNA upon treatment with SF3B1 inhibitors [95].
Therefore, SF3B1 inhibitors trigger an alternate non-sense mediated mRNA decay pathway
independent of the exon junction complex.
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In summary, several cancers are associated with mis-splicing induced by mutations in the
SF3B1 gene. Small molecule inhibitors that target the SF3B spliceosomal subcomplex are
currently showing beneficial effects on killing tumorigenic cells and reducing cancer cell
proliferative capacity (Fig. 3). The most well-characterized small molecules include
spliceostatin A (FR901464) and sudemycins; however, similar and clinically relevant
compounds are currently under development. While no compounds have made it through
Phase-I of clinical trials, it is hopeful that continuing studies will build upon this knowledge
and will lead to the development of targeted therapies to inhibit SF3B activity.

3.2. Genetically targeting the spliceosome

Overexpression of human oncogenes drives pro-tumorigenic functions within susceptible
cells, increasing total RNA and protein production [96,97]. This increase in RNA levels
leads to oncogenic stress on the spliceosome for greater mMRNA processing. Therefore, it is
no surprise that inhibition of the spliceosome within tumorigenic cells leads to global defects
in RNA processing and cellular dysfunction.

In the previous section, we described therapeutics that have direct interactions with the U2
snRNP (i.e. SF3B). Here we focus on indirect therapeutics to genetically target the
spliceosome. The bud31 homolog protein (BUD31) is a core spliceosomal component and is
responsible for the catalytic activity and assembly of the spliceosome through interactions
with SF3B [98]. BUD31 was identified as a lethal gene in cancerous cells and has been
utilized as an antitumor target because its deletion induces apoptosis and halts proliferation
within tumorigenic cells [99].

Similar to the discovery of BUD31, several studies implicated the ubiquitin-specific
peptidase 39 (USP39) as a genetic anticancer target [100,101]. USP39 is an integral part of
pre-mRNA splicing catalysis, specifically by recruiting the tri-snRNP U4/U6-U5. Depletion
of USP39 by lentiviral short hairpin RNASs results in cell cycle arrest and apoptosis within
tumorigenic cells /n vitro[100,101] and /n vivo [101].

Overall, genetically targeting the spliceosome is a therapeutic option for cancer treatment.
While these types of therapies remain to be used in the clinical setting, they are a candidate
against pharmacologic inhibitors.

4. Targeting kinases and phosphatases involved in splicing

Post-translational modifications of proteins are an effective method to fine tune cellular
processes. Protein phosphorylation is quite possibly the most well studied post-translational
modification. Environmental cues and disease states trigger changes in intracellular
signaling pathways which results in activation or suppression of protein kinases. These
signaling cascades can intersect with RBPs involved in splice site selection and, furthermore,
several kinases known to phosphorylate RBPs are dysregulated in diseases [102,103].
Recent work has focused on understanding context and disease specific RBP
phosphorylation. The hope behind these studies is to develop targeted therapies to modulate
alternative splicing by acting on the kinases and phosphatases that regulate RBP activity.
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4.1. Serine-arginine protein kinase family (SRPKs)

The serine/arginine (SR) proteins are an important family of RBPs involved in splice site
recognition and contain amino acid residues that are substrates for a number of kinases
[104,105]. The serine-arginine protein kinase family (SRPK) specifically targets serine
residues located within arginine rich motifs [106]. In a viral model known to hijack a cell’s
RNA processing machinery SRp75 phosphorylation was increased by 20-fold compared to
controls [107]. This evidence suggested that targeting SRPKs could have therapeutic benefit
as antivirals. The group screened a chemical library for SPRK-selective inhibitors and
identified an isonicotinamide compound, SRPIN340, that acts as an ATP competitive
inhibitor to attenuate kinase activity [107]. SRPIN340 reduced SR protein phosphorylation
and inhibited viral propagation without adverse toxicity when given orally to rats at very
high doses (2,000 mg/kg) [107].

Elevated SPRK levels are also observed in several cancers. Addition of SRPIN340 caused
inconsistent effects on splicing in several /n vitro models of lymphoid and myeloid leukemia
with elevated SRPK levels [102,105]. However, in multiple models of leukemia, SRIPN340
uniformly induced significant cell death and reduced phosphorylation of the SPRK
substrates known as SR splice factor-2 (SRSF2), SRSF4, SRSF5, and SRSF6 [105]. Many
solid tumors, including melanoma, rely on the pro-angiogenic effects of the vascular
endothelial growth factor (VEGF) for tumor progression. SRSF1 drives VEGF splice form
expression toward a pro-angiogenic splice form [102]. SRPIN340 treatment /n vivo reduced
melanoma tumor size and the expression of the pro-angiogenic VEGF splice form [102].
Lastly, SPHINX, an isonicotinamide analog of SRPIN340, also reduced the expression of
the pro-angiogenic VEGF splice forms and SRSF1 phosphorylation in a model of age-
related macular degeneration [108].

These studies provide promising evidence that SRPKs can be effectively targeted in several
diseases. It is possible that in diseases for which there is no therapeutic benefit of SRPK
inhibition, like HIV [107], there are more dominant mechanisms that contribute to the
pathology. Additionally, other disease-related mechanisms may exist to overcome SPRK
inhibition. Further investigation is certainly needed to thoroughly understand the
mechanisms by which mis-regulation of SRPKSs contribute to mis-splicing and furthermore,
if correcting mis-splicing can improve disease outcomes.

4.2. CDC2-like family of kinases (CLKS)

Members of the SR protein family are also substrates of the CDC2-like family of kinases
(CLKs). Several CLK inhibitors have been identified and found to elicit effects on splicing.
The first CLK inhibitor to be discovered was the cell permeable benzothiazole, TG003
[109], which is an ATP competitive inhibitor with selective potency toward CLK1, CLK2,
and CLK4. TG003 affects splicing through the reduction of phosphorylation of several SR
proteins, including the splicing factor SRSF1 (also known as SF2/ASF) [109]. TG003 has
also been used to restore the reading frame of the dystrophin protein induced by a point
mutation in exon 31 of the DMD gene. The point mutation generates a premature stop codon
and reduced dystrophin protein expression [110]. SRSF9 (also known as SRp30c) is thought
to be involved in the recognition of DMD exon 31 for splice selection [110], suggesting that
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the mutation in exon 31 disrupts an ESE or creates an ESS. Interestingly, addition of TG003
induced exon 31 skipping in muscles of humans with Duchenne’s muscular dystrophy
carrying the mutation in exon 31 [110]. It is not clear yet whether or not TG003 restored
dystrophin protein expression to a functional level.

CLKs are also important contributors to splicing regulation during cell cycle progression
[111]. Of the alternative splicing events observed during cell cycle, 94% are blocked by
either TG0O03 or another CLK inhibitor, KH-CB19. Interestingly, only 65% of the splicing
events during cell cycle progression were blocked by both TG003 and KH-CB19 [111]. This
suggests that there is a significant overlap in the inhibition of CLKs by TG-003 and KH-
CB19, but also that there is likely some degree of differential selectivity toward CLK family
members and SR protein phosphorylation between those two molecules. Consistent with this
hypothesis, KH-CB19 co-crystalized with the ATP binding site of several CLKs, reduced SR
protein phosphorylation, and selectively inhibited CLK1 and CLK4 with reduced affinity for
CLK2 and CLK3 [112]. Another series of small molecules (Cpdl, Cpd2, Cpd3) developed
as CLK inhibitors reduced SR protein phosphorylation and induced concomitant large scale
changes in alternative splicing of genes involved in growth and survival [113].

Two analogs of the CDK inhibitors named CGP-74514A and aminopurvalanol A have
selectivity for CLKs and potency in the nanomolar range while reducing off target inhibition
of CDKs [103]. Lastly, two other compounds, leucettine L41 and T-025, were initially
identified as CLK specific inhibitors that modulate alternative splicing through reductions in
SR protein phosphorylation [114,115]. Both molecules co-crystalize with the ATP binding
pocket of CLKSs, however upon further investigation they were found to be effective
inhibitors of dual-specificity, tyrosine phosphorylation regulated kinases (DYRKS) with
potencies in the low nanomolar range [114,115].

To our knowledge, SRPKs and CLKs are currently the only kinases to which small
molecules have been specifically developed to re-direct splicing decisions in diseases. The
SRPK and CLK families of proteins are not particularly large, however they do have
overlapping substrates and are quite promiscuous in their cellular functions [106,116]. This
presents a significant challenge in developing targeted therapies against kinases involved in
alternative splicing. Therefore, future studies should focus on understanding the substrate
specificity of each of the SRPK and CLK family members and which splicing events are
under their control. This will help develop more effective inhibitors and will narrow the
window of off-target effects on splicing.

4.3. Protein phosphatases

Shi et al. [117] provided the first direct evidence of the role that protein phosphatases play in
phosphorylation-dephosphorylation cycles during splicing regulation. Authors have
demonstrated that the U2 and U5 snRNP spliceosomal components are substrates of protein
phosphatase 1 (PP1) and PP2A [117]. Furthermore, dephosphorylation of U2 and U5 by PP1
and PP2A causes structural rearrangements in the spliceosome. This is essential for the
transition from the first to the second catalytic step in pre-mRNA splicing that generates a
lariat intron and ligates exons when the phosphate in the 3’SS is ‘attacked’ by the 3’
hydroxyl group of the 5" exon [117,118].

Biochim Biophys Acta Gene Regul Mech. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Black et al.

Page 12

Targeting protein phosphatases may also have applicability to human diseases of mis-
splicing. For example, the transformer-2-beta homolog 1 (TRA2B, also known as splicing
factor serine/arginine-rich 10 (SFRS10)) is a member of the SR protein family and promotes
retention of exon 7 of SMNZ2by binding to an AG-rich ESE in exon 7 [50]. The RNA
recognition motif of TRA2B interacts with PP1 [119]. Increasing PP1 expression reduces
the inclusion of TRA2B dependent exons, including SMAN/2exon 7. Similarly, PP1 inhibitors
such as tautomycin and cantharidin promote SMN.2exon 7 accumulation in fibroblasts from
children with type | SMA and also increase SMN protein expression in the spinal cord and
liver of transgenic mice that contain human SMN2[119]. In a related study, Zhang et al.
synthesized analogs of cantharidin in an effort to identify novel compounds to modulate
alternative splicing and promote SMNZ2exon 7 retention [120]. Five novels compounds,
isocantharidin and pseudocantharidins A-D, increased the inclusion of SMNZ2exon 7 and
expression of SMN protein in fibroblasts isolated from a patient with type | SMA [120].
Though each of the compounds elicited similar effects on SMN2 pre-mRNA splicing and
SMN protein expression, their ability to modulate the activity of PP1 and PP2A differed.
Isocantharidin and pseudocantharidin A reduced the activity of PP1 and PP2A whereas
pseudocantharidin D had no effect on their activity. Intriguingly, pseudocantharidin B and
pseudocantharidin C increased PP2A activity and had no effect on PP1 [120]. Activation of
PP2A with pseudocantharidin B and pseudocantharidin C induced the dephosphorylation of
threonine-33 on TRA2B and promoted SMNZ2exon 7 inclusion. The precise mechanism of
how phosphorylation of TRA2B controls splice site selection and how these five cantharidin
analogs elicit positive effects on SMN2 exon 7 inclusion is still unknown.

High-throughput screens have identified other phosphatase inhibitors belonging to a group
of 1,4-naphthoquinones that inhibit pre-mRNA splicing [121,122]. Formation of the
catalytic spliceosome is inhibited in the presence of naphthoquinones, such as NSC659999
and NSC95397 [122]. Additional effects on splicing may also occur because
naphthoquinones generate reactive oxygen species that can oxidize and indirectly inactivate
PP2A [122]. These studies provide clear data supporting the role of phosphatases in the
regulation of alternative splicing. Overall, the activity of several kinases involved in splicing
reactions is antagonized by protein phosphatases and, thus, the functional role of
phosphatases can aid in the understanding of splicing mechanisms.

5. Therapeutic potential to disrupt splicing through associated pathways

Numerous other kinases and phosphatases that are canonically involved in growth and
metabolism also regulate components of the splicing machinery. Furthermore, the
contribution of epigenetics to alternative splicing regulation is becoming more readily
apparent [6,8,123-125]. There is an abundance of compounds available to chemically alter
these pathways; however, they were not initially developed to modulate alternative splicing
decisions. Table 1 highlights a few of lesser well studied pathways and modifications
involved in splicing regulation and compounds to chemically alter their function. Several of
the compounds are in clinical trials, but none of them specifically investigate changes in
alternative splicing as an endpoint. Because less is known about the precise mechanisms of
how these post-translational signals regulate alternative splicing, we envision that future
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studies carefully interpret data generated using chemical inhibitors and consider their impact
on alternative splicing regulation.

An example of one such study used an AKT serine/threonine kinase (AKT) inhibitor to
demonstrate that control of the splicing machinery is intimately coupled to phosphorylation
events and epigenetic marks [126]. Data from a phosphoproteomic screen indicated that the
three AKT isoforms differentially affect proteins involved in RNA processing. One specific
RNA processing protein IWS1 (named “interacts with SUPT6H, CTD assembly factor 1) is
phosphorylated by AKT1 and AKT3, but not AKT2. Phosphorylation of IWS1 occurs when
it is part of a complex with the histone chaperone suppressor of Ty6 (SUPT6H) and Aly
proteins. Upon IWS1 phosphorylation, the histone methyltransferase SET-domain
containing 2 (SETD2) is recruited to the IWS1 protein complex and trimethylates histone 3
(H3) at the lysine 36 (H3K36me3). This methylation mark is recognized by the chromatin
adaptor protein MORF-related gene on chromosome 15 (MORFA4L1, also known as
MRG15). MORF4L1/MRG15 then provides a docking site for the polypyrimidine tract
binding protein-1 (PTBPL1) splicing factor where it promotes skipping of exon Il1b in the
fibroblast growth factor receptor 2 gene (FGFR-2) [126]. Splicing decisions are a complex
interplay between epigenetics and chromatin architecture and the signaling pathways that
regulate cellular localization and activation status of RNA processing factors.

In summary, post-translational modifications of proteins contribute significantly to
alternative splicing decisions. Additionally, this further increases the number of potential
therapeutic targets in diseases caused by mis-splicing. One concern in the field is the broad
number of splicing events under the control of phosphorylation signaling cascades or
epigenetic changes. While some compounds have shown efficacy in changing splicing
outcomes, it seems that many of them are merely just tools to examine the mechanisms of
alternative splicing regulation. As such, significant work is needed to overcome this hurdle
and to develop targeted compounds with the specificity to correct mis-splicing events while
limiting off-target effects.

6. Conclusion

Alternative splicing is intimately coupled to multiple mechanisms that act in concert. It is
evident that defects in any of these regulatory processes can be the foundation of disease
development or progression. As knowledge of alternative splicing regulation continues to
evolve it is likely that even more diseases will be associated with mis-splicing. The
complexity of regulation of splicing opens the possibility that it is permissive to multiple
avenues of therapeutic development. Indeed, in recent years significant milestones have been
achieved in the field and targeted therapeutics are being developed that effectively re-direct
alternative splicing with beneficial therapeutic outcomes.

There is no doubt that SSOs are currently showing the most promise in the clinical setting.
To our knowledge Spinraza and Exondys 51 are the only FDA approved drugs marketed to
alter disease-associated mis-splicing events. Several traits of SSOs make them attractive
molecules to redirect alternative splicing and may reduce the barriers for future
development. The precision with which SSOs base-pair to their target sequence reduces the
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chances of off-target binding. Likewise, because the target sequences in the genome are
known ahead of time, SSOs are generally easy to design for splicing events in other genes
[39,69]. SSOs are also quite stable and are synthetically prepared so they do not show
variability between batch preparations [69]. Determining the optimal chemical modifications
and routes of administration are important things to consider in SSO development because
minor changes in these can alter their pharmacologic efficacy [39]. Though SSOs may
currently have an advantage over other therapies in the clinic, the advent of new
technologies is shedding light on new ways to specifically target splicing modulation.

Disease-associated proteins have long been the major targets of drug development. However,
continued research in RNA biology, alternative splicing regulation, and improved
understanding of RNA secondary and tertiary structures now provide the ability to identify
small molecule ligands for specific RNA structures [69,127]. The Inforna 2.0 and selective
2’-hydroxyl acylation analyzed by primer extension and mutational profiling (SHAPE-MaP)
platforms combine chemo- and bioinformatics and are pioneering the recent advances in the
ability to identify small molecules that specifically target RNA structures [128,129].
SHAPE-MaP was designed to identify RNA motifs using algorithms to model RNA
structure based on massively parallel sequencing data generated from mutational profiles
and SHAPE reactivity data [129]. Data from SHAPE-MaP studies identified the RNA
binding mechanism of action behind the SMN-C compounds used to treat SMA. To our
knowledge this is the only small molecule that interacts directly with RNA structures to
induce conformational changes capable of modulating alternative splicing. Inforna 2.0 was
designed to identify specific interactions between RNA motifs and small molecules. First,
RNA motifs from a desired RNA target are mined from sequence information. Inforna then
generates a list of candidate molecules by comparing the previously generated RNA-motifs
to a database that contains all known RNA motif-small molecule interactions [128]. These
two platforms generate data that complement one another and have the potential to greatly
expand the number of druggable targets. For example, transcription factors are often
considered to be undruggable [127]. In the future, it may be possible to develop small
molecules that target and induce the degradation of mMRNAs that encode for transcription
factors. This may be a way to circumvent the previously thought undruggabliity of
transcription factors. We are certain that the utilization of technologies like SHAPE-MaP
and Inforna 2.0 [81,129] in splicing studies will greatly expand the list of druggable targets
in diseases associated with defects in splicing.
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Highlights
. Numerous diseases are associated with mis-splicing of pre-mRNA

. ASOs were the first FDA approved therapies to re-direct splicing

. RNA binding small molecules alter splicing and show promise in clinical
trials

. Genetic and chemical modification of the spliceosome are therapies for
cancer

. Ongoing splicing studies target epigenetics, accessory proteins, and RNA
structure
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Figure 1.

Regulation of constitutive and alternative splicing. A. Assembly of the spliceosome begins
with the recognition of the 5’splice site by the U1 snRNP. The pre-spliceosome complex is
formed by recognition of U2 snRNP onto the branch point sequence. The pre-catalytic
spliceosome is created by recruitment of the complex formed of snRNP of U4, U5 and U6.
The catalytic spliceosome is completed through dissociation of U4 and U1. The final step is
to excise the intronic regions and ligate remaining exonic sequences through
transesterification reactions. Adapted from Shi [154]. B-C. Binding of RNA binding
proteins (RBPs) to intronic or exonic splicing enhancers (ISE and ESE, respectively) or
silencers (1SS and ESS, respectively) promotes exon retention (B) and skipping (C),
respectively [155]. D. RBP expression is regulated in a tissue and developmental specific

Biochim Biophys Acta Gene Regul Mech. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Black et al.

Page 27

manner and post-translational modifications such as phosphorylation (shown as P in red)
impact their ability to recognize cis-regulatory elements [155]. E. Alternative splicing is
coupled to RNA polymerase 11 (RNAPII) Kinetics and epigenetic modifications through
adaptor proteins that concurrently recognize histone modifications and RBPs. Adapted from
Luco et al. [6].
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Figure 2.
RNA binding molecules that modulate alternative splicing. A. Patients with spinal muscular

atrophy (SMA) have reduced survival motor neuron (SMN) protein expression as a result of
a homozygous deletion of the survival motor neuron-1 gene (SMNI). SMNZ2gene is a
homolog of SMNI gene, however exon 7 is often skipped in SMNZwhich results in the
expression of a less functional SMN protein. The asterisk (*) indicates the presence of a
cytosine to thymine transition at the +6 position (C6T) in exon 7 of SMA/2B. SMN protein
expression can be restored in humans suffering of SMA using Spinraza. Spinraza is a splice
switching oligonucleotide (SSO) that binds to the intronic splicing silencer N1 element (ISS-
N1) in SMNZ2 (red portion of the intron between exon 7 and 8). Binding of Spinraza to ISS-
N1 promotes SMNZ2exon 7 retention by blocking the binding of a heterogeneous nuclear
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ribonucleoprotein (HNRNP) to the exonic splicing silencer (ESS) created by the C6T
mutation in exon 7. C. Mutations or deletions in the shown exons of the DMD gene are a
hallmark of Duchenne’s muscular dystrophy. This causes a frame shift and results in a non-
functional dystrophin protein. SSO therapies can induce targeted exonic skipping in this
region and realigns the reading frame to produce a more functional dystrophin protein. D.
Structural differences between exondys 51 and kyndrisa backbones. Diagrams are based on
backbones commonly used in antisense oligonucleotide therapies [39]. E. Proposed
mechanisms of action of SMA/Z2exon 7 retention by small molecules binding to RNA.
LMIQ70 binds the 5° splice site (5’SS) of exon 7 and increases the affinity of the U1
complex to the 5°SS (/ef?). Binding of SMN-C to two sites in exon 7 recruits the Ul
complex and prevents HNRNPG-mediated removal of exon 7 (rmiddle). Binding of SMN-C
to a single AGGAAG motif in SMNZ2exon 7 recruits far-upstream element binding protein-1
(FUBP1) and the KH-type splicing regulatory protein (KHSRP) to the exon while
preventing HNRNPG-mediated removal of exon 7 (righi). ex: exon.
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Figure 3.
Representation of normal cell conditions with canonical splicing, followed by cancerous

cells, and finally cancerous cells treated with SF3B1 inhibitors. Red regions represent mis-
splicing, such as intron retention or exon skipping. Cancerous cells depend on canonical
splicing patterns within the cell to continue replication, resulting in aberrant proteins. When
cancerous cells are exposed to SF3B1 inhibitors (such as sudemycins, spliceostatin A, or
H3B-8800), they do not contain sufficient canonical splicing products to continue
proliferation, therefore resulting in apoptosis.
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Table 1.

Signaling pathways and epigenetic marks associated with alternative splicing regulation along with the
respective compounds that alter their activity. It is important to note that not every study mentioned in this
table measured alternative splicing as an outcome.
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Target
selectivity

Compounds

Function

References to target
effects on splicing

mTOR

Rapamycin and analogs

(Sirolimus, everolimus, temsirolimus)

Torin

Inhibitor

[130,131]

AMPK

AICAR
metformin

Activator

Compound C
(dorsomorphin)

Inhibitor

[132,133]

JNK

SP600125
CC-401
JNK-IN-8

Inhibitor

[134,135]

GSK3

CHIR-99021
SB216763
CHIR-98014

Inhibitor

[136-138]

ERK

VTX-11e
SCH772984
XMD8-92
GDC-0994

Inhibitor

[139,140]

PKC

Enzastaurin
Sotrastaurin
Go 6983
Staurosporine
Quercetin

Inhibitor

[141,142]

PI3K / AKT

LY 294002
Rigosertib
Wortmannin

Inhibitor

[126,143-145]

AKT specific

A-443654
AR-42
AR-67

AZD5363

GSK6900693
GSK795

MK-2206

Perifosine

Tricirbine

STK38

BAPTA-AM

Activator

[18]

Protein
phosphatases

Okadaic acid
Tautomyinc
Microcystin-LR
Sodium orthovanadate
Sodium fluoride
Pseudocantharidins
NSC659999
NSC95397

Inhibitor

[89,121,122,146,147]

Histone acetylation

BA3
Anacardic acid
Garcinol
C646

Inhibit
acetyltransferase

[148-151]
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Target
selectivity

Compounds

Function

References to target
effects on splicing

SAHA
MS-275
Scriptad

Trichostatin A
DHC
Nicotine amide
Sirtinol
Splitomicin

Inhibit
deacetylase

Histone
methylation

Sudemycin E
EPZ5657
EPZ005687
BIX 01294
MM-012
3-deazaneplanocin

Inhibit
methyltransferase

GSK 4
0G-L002
JIB-04
Tranylcypromine

Inhibit
demethylase

[26-28,152,153]
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