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Abstract

Mutations in splicing factor genes (SF3B1, SRSF2, U2AF1 and ZRSR2) are frequently found
in patients with myelodysplastic syndromes (MDS), suggesting that aberrant spliceosome
function plays a key role in the pathogenesis of MDS. Splicing factor mutations have been
shown to result in aberrant splicing of many downstream target genes. Recent functional
studies have begun to characterize the splicing dysfunction in MDS, identifying some key
aberrantly spliced genes that are implicated in disease pathophysiology. These findings have
led to the development of therapeutic strategies using splicing-modulating agents and rapid
progress is being made in this field. Splicing inhibitors are promising agents that exploit the
preferential sensitivity of splicing factor-mutant cells to these compounds. Here, we review
the known target genes associated with splicing factor mutations in MDS, and discuss the
potential of splicing-modulating therapies for these disorders.
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1. Introduction

The myelodysplastic syndromes (MDS) are a heterogeneous group of myeloid malignancies,
characterized by ineffective hematopoiesis leading to peripheral blood cytopenias (Heaney
and Golde, 1999; Jhanwar, 2015; Pellagatti and Boultwood, 2015; Tefferi and Vardiman,
2009). MDS patients show increasing numbers of malignant myeloid blasts in the bone
marrow during the course of the disease. Up to 40% of MDS cases will progress to acute
myeloid leukemia (AML) (Heaney and Golde, 1999; Jhanwar, 2015; Pellagatti and
Boultwood, 2015; Tefferi and Vardiman, 2009). The incidence of MDS is similar to that of
de novo AML, with approximately 4-5 new cases per 100,000 per year. The incidence
increases markedly with age, reaching 30-60 per 100,000 per year in people >70 years old
(Howlader et al.; Ma, 2012). MDS patient survival and time to AML evolution are variable;
the median overall survival ranges from 0.8 to 8.8 years for very high-risk and very low-risk
MDS patients respectively, according to the revised International Prognostic Scoring System
(Greenberg et al., 2012).

There are few effective treatments for MDS (Blum, 2016; Chamseddine et al., 2016; Fenaux
et al., 2009; List et al., 2006; Steensma, 2015). Existing treatments include erythropoiesis-
stimulating agents (such as erythropoietin) and lenalidomide for low-risk MDS, and DNA
hypomethylating agents (such as azacitidine and decitabine) and traditional chemotherapy for
high-risk MDS (Santini, 2017). Allogeneic hematopoietic stem cell transplantation is the only
curative option for MDS (de Witte et al., 2017), however few patients are eligible for this
treatment. More effective and targeted treatments are clearly needed for MDS.

Next-generation sequencing-based studies have identified several mutated genes in MDS,
illuminating the complex mutational landscape of this disorder (Graubert et al., 2011,
Haferlach et al., 2014; Makishima et al., 2012; Papaemmanuil et al., 2013; Walter et al.,
2013; Yoshida et al., 2011). Mutations in genes involved in pre-mRNA splicing (SF3Bl1,
SRSF2, U2AF1 and ZRSR2) are the most frequent, occurring in more than half of MDS
patients (Haferlach et al., 2014; Papaemmanuil et al., 2013). Splicing factor mutations in
MDS are typically mutually exclusive and are heterozygous in nature (Damm et al., 2012b;
Haferlach et al., 2014; Papaemmanuil et al., 2013; Yoshida et al., 2011). SF3B1, SRSF2 and
U2AF1 mutations are considered to be change-of-function/neomorphic or gain-of-function
due to the presence of hotspots and the absence of frameshift or nonsense variants, while
ZRSR2 mutations are distributed across the entire length of the coding region and are loss-of-
function (Papaemmanuil et al., 2011; Yip et al., 2016; Yoshida et al., 2011). These mutations
are strongly associated with the MDS phenotype and have a much lower prevalence in other
hematological malignancies, including de novo AML (Damm et al., 2012a; Haferlach et al.,
2014; Hou et al., 2016; Papaemmanuil et al., 2013; Rose et al., 2015; Yoshida et al., 2011).
Other commonly mutated genes in MDS are involved in DNA methylation (TET2, DNMT3A,
IDH1 and IDH2) and chromatin modification (ASXL1 and EZH2) (Haferlach et al., 2014,
Jhanwar, 2015; Papaemmanuil et al., 2013; Pellagatti and Boultwood, 2015).

Splicing factor mutations are considered to be founder mutations in MDS (Mian et al., 2015;
Mian et al., 2013). Several studies, including some involving the analysis of serial bone
marrow samples, have shown that mutations in splicing factors and epigenetic regulators are
typically early events in MDS, while mutations in transcriptional regulators and signal
transduction genes are typically late events and are associated with disease evolution
(Haferlach et al., 2014; Mossner et al., 2016; Papaemmanuil et al., 2013; Pellagatti et al.,
2016).



Pre-mRNA splicing is a fundamental process required for the expression of most genes
(Boultwood et al., 2014; Hoskins and Moore, 2012; Pan et al., 2008). This process is carried
out by the major spliceosome, a complex of five small nuclear ribonucleoproteins (ShnRNPS) -
Ul, U2, U4, U5 and U6 - and many associated proteins. The formation of the active
spliceosome involves an ordered assembly of distinct factors on the pre-mRNA substrate,
with the step-wise formation of complexes designated as E, A, B and C (Hoskins and Moore,
2012; Matera and Wang, 2014). The splicing factors that are most frequently mutated in
MDS - SF3B1, U2AF1, SRSF2 and ZRSR2 (Haferlach et al., 2014; Papaemmanuil et al.,
2013) - form part of the E/A splicing complex that coordinates 3’ splice site recognition
during pre-mRNA splicing (Yoshida et al., 2011). It has been shown that mutations of these
splicing factors result in aberrant 3’ splice site recognition (Pellagatti and Boultwood, 2017;
Yoshida et al., 2011), leading to the generation of aberrantly spliced mRNA transcripts in
patients with myeloid malignancies with these mutations (Colla et al., 2015; Dolatshad et al.,
2015; Dolatshad et al., 2016; Kim et al., 2015; Madan et al., 2015; Pellagatti and Boultwood,
2017; Shirai et al., 2015; Shirai et al., 2017; Yip et al., 2017).

This review describes the most common mutated splicing factor genes in MDS, discussing
their role in MDS pathogenesis and highlighting some of the key aberrantly spliced target
genes that have been identified. We also discuss the progress and applicability of splicing-
modulating agents as potential new treatments for MDS patients harboring splicing factor
mutations.

2. SF3B1

SF3B1 has been shown to stabilize the U2 snRNP to the branch point sequence during pre-
MRNA splicing (Gao et al., 2008; Gozani et al., 1996). Approximately 20-28% of MDS cases
and 19% of MDS/MPN patients harbor SF3B1 mutations (Haferlach et al., 2014; Malcovati
et al.,, 2011; Papaemmanuil et al., 2011; Papaemmanuil et al., 2013). The prevalence is
considerably higher in MDS cases with ring sideroblasts (MDS-RS), with Malcovati et al.
showing that SF3B1 mutations positively predict the ring sideroblast (RS) phenotype in
~98% of cases (Malcovati et al., 2011). This strong correlative evidence suggests a causative
link between SF3B1 mutations and a commonly reported dysplastic feature in MDS. An
important recent study by Mortera-Blanco et al. showed that NSG mice transplanted with
hematopoietic stem cells (HSCs) from SF3B1 mutant MDS-RS patients develop the
characteristic ring sideroblasts phenotype (Mortera-Blanco et al., 2017).

Most studies have shown that SF3B1 mutations are predictive of better MDS patient survival
and a reduced risk of AML transformation (Malcovati et al., 2015; Malcovati et al., 2011;
Papaemmanuil et al., 2011), however some other studies have not made this observation
(Damm et al., 2012b; Kang et al., 2015; Lin et al., 2014; Patnaik et al., 2012; Thol et al.,
2012). Variables such as age, SF3B1 mutation burden, presence of co-mutations (such as
DNMT3A mutations) and different treatment regimens among various cohorts likely account
for these differences (Kang et al., 2015; Lin et al., 2014; Malcovati et al., 2015).

SF3B1 mutations in hematological malignancies typically occur in the highly conserved C-
terminal domain, between the fourth and eighth HEAT domain repeats (Hahn and Scott,
2011; Papaemmanuil et al., 2013). Approximately half of these missense mutations occur at
amino acid residue K700, although there are other nearby hotspots (R625, H662 and K666)
that are suspected to have a similar functional impact due to their close spatial proximity
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(Papaemmanuil et al., 2013; Quesada et al., 2011). A number of studies have shown that
SF3B1 mutations result in aberrant splicing of target genes via cryptic 3’ splice site usage
(Darman et al., 2015; DeBoever et al., 2015; Dolatshad et al., 2015; Dolatshad et al., 2016).
Aberrant 3’ splice site usage can give rise to premature termination codons in the mRNA,
resulting in transcript degradation by nonsense-mediated decay (NMD) and consequent gene
down-regulation (Brogna and Wen, 2009; Dolatshad et al., 2016). Most recently, Kesarwani
et al. suggested that the SF3B1X7%°F mutant protein is able to access cryptic 3’ splice sites that
are typically protected by intronic secondary structures from recognition by wildtype SF3B1,
making them available for nucleophilic attack during the splicing process (Kesarwani et al.,
2017).

Several studies have identified dysregulated gene isoforms and aberrantly spliced target
genes in SF3B1 mutant MDS using RNA-seq (Darman et al., 2015; Dolatshad et al., 2015;
Dolatshad et al., 2016; Makishima et al., 2012; Obeng et al., 2016; Visconte et al., 2015;
Visconte et al., 2012). The functional characterization of specific target genes of mutant
SF3BL1 is an active area of research.

2.1 SF3B1 target genes
2.1.1 ABCB7

The mitochondrial iron exporter ABCB7, a well-recognized candidate gene for MDS with the
RS phenotype (Boultwood et al., 2008; Nikpour et al., 2013; Pellagatti and Boultwood,
2017), is the most studied target gene that has been shown to be aberrantly spliced in SF3B1
mutant MDS (Dolatshad et al., 2016).

Marked down-regulation of ABCB7 in MDS-RS patients was first reported several years ago
(Boultwood et al., 2008). This study highlighted a strong relationship between an increasing
percentage of ring sideroblasts and decreasing ABCB7 expression levels (Boultwood et al.,
2008). Intriguingly, hereditary X-linked sideroblastic anemia and ataxia is caused by partial
loss-of-function missense mutations of ABCB7 (Allikmets et al., 1999; Bekri et al., 2000;
Pondarre et al., 2007). Elegant functional studies subsequently implicated ABCB?7 in the
phenotype of acquired sideroblastic anemia (RARS) (Nikpour et al., 2013). The integration of
mutation and gene expression data in MDS CD34" cells showed a strong association between
the presence of SF3B1 mutations and ABCB7 down-regulation (Gerstung et al., 2015), thus
suggesting a three-way interconnection among SF3B1 mutation, ABCB7 down-regulation and
the presence of ring sideroblasts. More recently, Dolatshad et al. showed that down-
regulation of ABCB7 in SF3B1 mutant MDS is due to the usage of a cryptic 3' splice site that
causes retention of a 21bp intronic region leading to mRNA degradation by NMD (Dolatshad
et al., 2016). Similar findings have recently been described by others in MDS patients with
SF3B1 mutations (Malcovati and Cazzola, 2016).

Collectively, these studies support a model in which ABCB7 down-regulation, resulting from
aberrant splicing due to SF3B1 mutations, underlies the increased mitochondrial iron
accumulation observed in MDS patients with RS (Boultwood et al., 2008; Dolatshad et al.,
2016; Gerstung et al., 2015; Nikpour et al., 2013). It is important to note that the cryptic 3’
splice site identified in the ABCB7 gene is not conserved in mice (Mupo et al., 2017; Obeng
et al., 2016), offering a potential explanation for to the lack of ring sideroblasts in Sf3b1K70E/*
knock-in as well as Sf3b1*~ mice (Matsunawa et al., 2014; Mupo et al., 2017; Obeng et al.,
2016; Wang et al., 2014).



2.1.2 Other SF3BL target genes

An early study by Visconte et al. investigated differential exon usage (indicative of
alternative splicing) in bone marrow mononuclear cells of SF3B1 mutant MDS patient
samples compared to healthy controls and showed differential exon usage in the MDS and/or
hematopoiesis-related genes ASXL1, CBL, EZH1 and RUNX3 (Visconte et al., 2012).

Several studies have identified cryptic splicing events of genes involved in iron homeostasis
and/or hemoglobin biosynthesis in SF3B1 mutant MDS (Conte et al., 2015; Dolatshad et al.,
2016; Jin et al., 2017; Visconte et al., 2015). A study by Visconte et al. that focused on the
cellular iron phenotypes of SF3B1 mutant patients with RARS with thrombocytosis (RARS-
T), identified a splice variant of SLC25A37 that contained a retained intron and was up-
regulated in bone marrow mononuclear cells of SF3B1 mutant RARS-T patients compared to
wildtype patients and healthy controls (Visconte et al., 2015). SLC25A37 has been suggested
to play a role in mitochondrial iron delivery in erythroid cells (Paradkar et al., 2009), and its
differential splicing in SF3B1 mutant RARS-T cells may contribute to the RS phenotype in
these patients (Visconte et al., 2015). In another study, Conte et al. identified cryptic splicing
events in the mitochondrial transporter TMEM14C and the a-globin transcription factor
TFCP2, both involved in the regulation of erythroid gene expression and hemoglobin
biosynthesis (Bosé et al., 2006; Conte et al., 2015; Yien et al., 2014), in CD34" cells from
SF3B1 mutant RARS patients (Bose et al., 2006; Conte et al., 2015; Yien et al., 2014).

Dolatshad et al. identified differentially expressed genes at the transcript and/or exon level in
bone marrow CD34" cells from SF3B1 mutant MDS patients compared to splicing factor
wildtype MDS patients and to healthy controls (Dolatshad et al., 2015). Many of the
dysregulated genes identified, including ASXL1, CBL, ALAS2 and SLC25A37, are involved in
cellular processes/pathways that are relevant to the known MDS and RARS pathophysiology.
Furthermore, some of the aberrantly spliced target genes (CRNDE, TMEM14C and UQCC1)
found in this study were previously reported in other cancers harboring SF3B1 mutations
(Furney et al., 2013; Maguire et al., 2015).

In a subsequent study, Dolatshad et al. used an alternative bioinformatic approach that can
identify aberrant/cryptic splicing events, and showed aberrant splicing in key target genes,
including ABCC5 and SEPTS6, in bone marrow CD34" cells of SF3B1 mutant MDS patients
(Dolatshad et al., 2016). Cryptic splicing events were also identified in TMEM14C, ENOSF1,
DYNLL1 and HINT2. Interestingly, aberrant splicing of these genes has been reported in
association with SF3B1 mutations in other cancers (Ferreira et al., 2014; Furney et al., 2013;
Maguire et al., 2015), indicating that there are downstream target genes common to multiple
SF3B1 mutant malignancies. Gene ontology analysis showed an enrichment of RNA
processing/splicing categories, pointing towards an exacerbation of aberrant pre-mRNA
splicing in SF3B1 mutant MDS (Dolatshad et al., 2015).

Obeng et al. compared the aberrant splicing events identified in the myeloid progenitor cells
from a Sf3b1*K70E Kknock-in mouse model with those identified in bone marrow
mononuclear cells from MDS patients harboring SF3B1 mutations (Obeng et al., 2016). This
study showed that mutant SF3B1 causes aberrant 3’ splice site selection in both human and
mouse cells, however very few aberrantly spliced target genes were common to both data
sets, including TOR1AIP2, BAZ2B and SERBP1 (Obeng et al., 2016). It was concluded that
the lack of overlapping target genes between the data sets was due to poor conservation of
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intronic sequences between species, highlighting a key limitation of using non-xenograft
mouse models in this context.

3. SRSF2

SRSF2 is a member of the serine/arginine (SR)-rich family of pre-mRNA splicing factors.
During splicing, SRSF2 promotes exon recognition by binding mRNA exonic splicing
enhancer (ESE) motifs through its RNA recognition motif domain (RRM). This promotes
splice site usage by facilitating the binding of U2AF and U1 snRNP to the upstream 3’ splice
site and to the downstream 5’ splice site respectively (Chen and Manley, 2009; Graveley and
Maniatis, 1998; Liu et al., 2000; Schaal and Maniatis, 1999).

Mutations in SRSF2 occur in ~15% of MDS patients and are more frequent (40-50% of
cases) in chronic myelomonocytic leukemia (CMML) (Haferlach et al., 2014; Meggendorfer
et al., 2012; Papaemmanuil et al., 2013; Patnaik et al., 2013). These mutations predominantly
occur at the P95 codon which is in close proximity to the RRM domain of the protein
(Meggendorfer et al., 2012; Patnaik et al., 2013). MDS patients harboring SRSF2 mutations
typically have poorer overall survival and an increased risk of AML transformation compared
to patients with wildtype SRSF2 (Patnaik et al., 2013; Thol et al., 2012; Wu et al., 2012).

During pre-mRNA splicing, SRSF2 has been shown to recognize the binding motifs CCNG
and GGNG within exons (Kim et al., 2015; Komeno et al., 2015; Zhang et al., 2015a). Using
Srsf2P%H* knock-in mice, Kim et al. showed that the mutant Srsf2 has an altered affinity to
these motifs, with a preference towards CCNG recognition (Kim et al., 2015). This finding
has been subsequently validated in mutant SRSF2°*"* K562 cells generated using
CRISPR/Cas9 gene editing, and in MDS-L cells with exogenous expression of mutant
SRSF2P%H (Komeno et al., 2015; Zhang et al., 2015a).

3.1 SRSF2 target genes
3.1.1 EZH2

The study by Kim et al. is the most comprehensive to date that has investigated the aberrantly
spliced genes associated with SRSF2 mutations (Kim et al., 2015). Using RNA-seq,
overlapping aberrantly spliced genes were identified between HSCs and myeloid progenitors
from the knock-in SRSF2P%H* mice, and primary samples from CMML and AML patients
(Kim et al., 2015). Several of the overlapping target genes identified have a known role in
hematological malignancies. Inactivating mutations of the histone methyltransferase gene
EZH2 are commonly observed in myeloid disorders (Ernst et al., 2010). Interestingly, SRSF2
mutations promoted the inclusion of a “poison exon” in the mMRNA of EZH2, which
introduces an in-frame stop-codon that triggers NMD. This finding was pertinent to the
observations that loss of Ezh2 in mice can promote myeloid malignancies, including MDS
(Mochizuki-Kashio et al., 2015; Sashida et al., 2014), and that EZH2 and SRSF2 mutations
typically occur in a mutually exclusive manner in MDS (Bejar et al., 2012; Haferlach et al.,
2014; Papaemmanuil et al., 2013). Collectively these findings suggest that SRSF2 mutations
may contribute to MDS pathogenesis by down-regulating EZH2. A subsequent study by
Zhang et al. showed a subtle increase of EZH2 poison exon inclusion (~5%) in
CRISPR/Cas9-generated mutant SRSF2P%"* K562 cells (Zhang et al., 2015a).



3.1.2 Other SRSF2 target genes

Other target genes found to be differentially spliced by Kim et al. in SRSF2 mutant cells
include BCOR (a recurrently mutated gene in MDS and AML), IKAROS (an important stem
cell renewal gene) and CASP8 (an apoptosis regulator) (Kim et al., 2015). Other target genes
identified by Zhang et al. in SRSF2”®"* K562 cells include the tumor suppressor ARMC10
and the tyrosine kinase FYN (Zhang et al., 2015a).

4. U2AF1

U2AF1 is a member of the SR protein family and a subunit of the U2 snRNP that is
responsible for the recognition of the AG dinucleotide in pre-mRNA 3’ splice sites (Ruskin et
al., 1988; Wu et al., 1999). U2AF1 mutations occur in approximately 7-11% of MDS patients
(Haferlach et al., 2014; Papaemmanuil et al., 2013; Thol et al., 2012; Yoshida et al., 2011).
U2AF1 mutations affect almost exclusively one of two codons, S34 and Q157, which are
located in separate conserved zinc finger domains (Graubert et al., 2011; Haferlach et al.,
2014; Hou et al., 2016; Papaemmanuil et al., 2013; Przychodzen et al., 2013). Some studies
have shown an association of U2AF1 mutations with shorter MDS patient survival (Bejar et
al., 2012; Makishima et al., 2012; Wu et al., 2016; Wu et al., 2013) and also an association
with an increased risk of AML transformation (Graubert et al., 2011; Thol et al., 2012;
Walter et al., 2013).

U2AF1 S34 and Q157 mutations have both been shown to affect exon splicing, but differ in
their effect on the 3’ splice site recognition by U2AF1. Specifically, S34 mutants tend to
promote exon inclusion when a cytosine or adenosine is present at the -3 position flanking the
3’ splice site AG dinucleotide (Brooks et al., 2014; llagan et al., 2015; Okeyo-Owuor et al.,
2015; Przychodzen et al., 2013; Yip et al., 2017). In contrast, Q157 mutants affect
recognition at the +1 position flanking the 3’ splice site AG dinucleotide, promoting exon
inclusion when a guanine is present at this position (llagan et al., 2015).

4.1 U2AF1 target genes
4.1.1 H2AFY and STRAP

A recent study by Yip et al. showed that expression of U2AF15%F in normal human
hematopoietic progenitors impairs erythroid differentiation and skews granulomonocytic
differentiation towards granulocytes (Yip et al., 2017). RNA-seq of erythroid and
granulomonocytic colonies revealed that U2AF1534 altered mRNA splicing of many target
genes in a lineage-specific manner. Functional experiments showed that the introduction of
the isoform changes identified in the target genes H2AFY (encoding an H2A histone variant)
and STRAP (encoding serine/threonine kinase receptor-associated protein) recapitulated the
phenotypes associated with U2AF15%F expression in erythroid and granulomonocytic cells,
suggesting a causal link. Importantly, isoform modulation of H2AFY and STRAP was able to
rescue the erythroid differentiation defect in U2AF15%F MDS cells in vitro (Yip et al., 2017).

4.1.2 ATG7
A model for the pathogenic role of U2AF15%F mutations in MDS and other cancers has been

proposed by Park et al. (Park et al., 2016). This study showed that stable expression of
U2AF1%%%F in the murine bone marrow Ba/F3 cell line results in aberrant selection of



alternative distal cleavage and polyadenylation (CP) sites during mRNA processing (~40% of
altered processing events). The consequence of this aberrant process is the generation of
mRNAs with altered 3" untranslated regions (UTRs) that may affect transcript regulation by
other factors such as miRNAs (Di Giammartino et al., 2011).

Aberrant CP usage in the pre-mRNA of Atg7 was highlighted as an important finding (Park et
al., 2016). ATG7 plays an important role in autophagy, and is critical for HSC maintenance
(Gomez-Puerto et al., 2016; Mortensen et al., 2011). Atg7 deficient mice have mitochondria
dysfunction and impaired hematopoiesis, and develop an MDS-like syndrome (Gongalves et
al., 2015; Komatsu et al., 2005; Mortensen et al., 2011; Waulfert et al., 2008). Aberrant CP
usage in the Atg7 mRNA was shown by Park et al. to result in a longer isoform with an
alternative 3’ UTR and reduced protein expression (Park et al., 2016). Importantly, increased
use of the ATG7 distal CP site was seen in primary bone marrow cells of U2AF1 mutant MDS
and AML patients (Park et al., 2016). Cells expressing U2AF1534 showed defective
autophagy associated with mitochondrial dysfunction and increased production of reactive
oxygen species, resulting in genomic instability and an increased rate of mutations (Park et
al., 2016). This study shed light onto the mechanisms by which U2AF1 mutations could
promote disease transformation in myeloid malignancy.

4.1.3 Other U2AF1 target genes

Shirai et al. identified several target genes that are differentially spliced in both an inducible
transgenic U2AF15%*F mouse model that displays some MDS-like phenotypes, and in primary
AML patient samples (Shirai et al., 2015). Overlapping aberrantly spliced target genes
include genes known to be mutated in MDS and other cancers (GNAS, BCOR, KDM6A and
PICALM) (Bejar et al., 2011; Borel et al., 2012; Haferlach et al., 2014; Zhang et al., 2015b)
and genes involved in stem cell biology (H2AFY and MED24) (Chia et al., 2010; Gaspar-
Maia et al., 2013; Zhang et al., 2015a). Other studies have reported aberrant splicing of
H2AFY, GNAS, PICALM and STRAP in K562 cells expressing U2AF15% and in U2AF1
mutant lung adenocarcinoma samples (Brooks et al., 2014; Ilagan et al., 2015; Przychodzen
et al., 2013). Similar to SF3B1 mutations, the target genes of mutant U2AF1 have shown an
enrichment of RNA splicing and processing genes (Dolatshad et al., 2015; Shirai et al., 2015;
Yip et al., 2017), suggesting these mutations may further disrupt RNA splicing.

5. ZRSR2

The ZRSR2 gene is located on the X chromosome and encodes a subunit of the major U2 and
minor U12 spliceosome (Madan et al., 2015; Shen et al., 2010). The minor spliceosome
carries out splicing of U12-type introns (Madan et al., 2015; Shen et al., 2010; Tronchere et
al., 1997) that represent only ~0.5% of all human introns (Turunen et al., 2013). ZRSR2
mutations occur in 3-11% of MDS patients, and almost exclusively in males (Damm et al.,
2012a; Haferlach et al., 2014; Papaemmanuil et al., 2013; Yoshida et al., 2011). ZRSR2
mutations may be associated with a higher risk of AML transformation in low-risk MDS
(IPSS-low or intermediate-1 subgroups), and with a poorer survival with higher AML
transformation risk in MDS patients harboring co-mutations of TET2 (Damm et al., 2012a).

ZRSR2 has been shown to be critical for the normal function of the minor U12 spliceosome
(Madan et al., 2015; Shen et al., 2010). In a study by Madan et al., experiments including
ZRSR2 knock-down in human leukemia cells and RNA-seq analysis of bone marrow cells



from ZRSR2 mutant MDS patients, demonstrated that ZRSR2 mutations primarily cause
aberrant retention of Ul2-type introns, with U2-type intron splicing largely unaffected
(Madan et al., 2015).

5.1 ZRSR2 target genes

The target genes of ZRSR2 mutations in MDS have been investigated in only one study to
date. Using gene ontology analysis, Madan et al. identified E2F transcription factors
(including E2F1, E2F2, E2F3, E2F4 and E2F6) and several genes involved in the
MAPK/ERK pathway (including MAPK1, MAPKS3, RAS and RAF) as aberrantly spliced in
ZRSR2 mutant MDS samples (Madan et al., 2015). Interestingly, MAPK/ERK signaling has
been implicated in MDS and AML pathogenesis (Madan et al., 2015; Steelman et al., 2011).

6. Splicing inhibitors

The splicing factor mutations found in myeloid malignancies are typically heterozygous, and
only rare cases with co-mutation of two splicing factors have been reported (Papaemmanuil
et al., 2013). This indicates that homozygous splicing factor mutations are likely to be lethal
to the cell and that cells harboring splicing factor mutations cannot tolerate further
perturbation of normal pre-mRNA splicing. Indeed recent studies have demonstrated that the
survival of splicing factor mutant cells depends on presence of the wildtype allele (Lee et al.,
2016; Zhou et al., 2015). Cells harboring heterozygous splicing factor mutations may
therefore be more susceptible to splicing inhibition than wildtype cells.

The assembly of the spliceosome is a complex process that involves over 100 proteins that
potentially could be therapeutically targeted with small molecules (Hochleitner et al., 2005;
Jurica and Moore, 2003). The best characterized small molecule splicing inhibitors target the
SF3b complex. These inhibitors can be grouped in to three generalized families that are based
on founding compounds that have structural distinctions: FR901464, pladienolide and
herboxidiene (Mizui et al., 2004; Nakajima et al., 1996a; Nakajima et al., 1996b; Sakai et al.,
2004a; Sakai et al.,, 2002b). Analogues of these compounds have been identified or
synthesized to improve chemical stability, scalability and therapeutic suitability. A list of
relevant splicing inhibitors is provided in Table 1, and selected examples are discussed in this
section.

6.1 FR901464 family

FR901464 was extracted from Pseudomonas bacteria and was shown to have anti-tumor
effects in xenograft mice (Nakajima et al., 1996a; Nakajima et al., 1996b). However, it was
only a decade later that FR901464 and its methylated derivative, Spliceostatin A (SSA), were
identified as splicing inhibitors (Kaida et al., 2007). A study by Corrionero et al. performed
using SSA elucidated the mechanism of these compounds as splicing inhibitors, showing that
they prevent the SF3b subcomplex from binding the pre-mRNA, thus preventing the
recruitment of U2 snRNP to the 5’ of the branch point, and influencing splicing fidelity by
causing inaccurate 3’ splice site selection (Corrionero et al., 2011). Meayamycins,
Sudemycins and Thailanstatins are analogous compounds that belong to the FR901464
family of splicing inhibitors (Albert et al., 2009; Fan et al., 2011; Liu et al., 2013a).
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6.2 Pladienolide and herboxidiene families

Pladienolides and herboxidiene-based polyketide inhibitors are structurally similar, having
originally been isolated from Streptomyces sp. bacteria (Mizui et al., 2004; Sakai et al.,
2004a; Sakai et al., 2004b; Sakai et al., 2002a; Sakai et al., 2002b). The pladienolides include
pladienolide B, pladienolide D, FD-895 and E7107 (Kanada et al., 2007; Seki-Asano et al.,
1994; Villa et al., 2012). The herboxidiene types include GEX1A (herboxidiene), GEX1Q1-5
and 18-deoxyherboxidiene (RQN-18690A). Each of these inhibitor types are believed to be
functionally similar to FR901464 and SSA, targeting SF3b and modulating splicing function
(Effenberger et al., 2016).

6.3 Interaction of splicing inhibitors with the SF3b subcomplex

The mechanism by which splicing inhibitors interact and target SF3B1 within the SF3b
subcomplex is incompletely understood. Recently, Teng et al. used site-directed mutagenesis
and X-ray crystallography to show that the SF3b members, PHF5A and SF3B1, form a
binding pocket that is targeted by splicing inhibitors (Teng et al., 2017). Furthermore, they
obtained resistant clones of a human colon cancer cell line, HCT116, by respectively treating
in vitro cultures with a sustained concentration of the splicing inhibitors GEX1A or E7107.
This identified that PHF5AY?¢, SF3B1K1071 SF3B1RY7 and SF3B1V197® are key residues for
the binding and efficacy of tested splicing inhibitors (GEX1A, E7107, SSA and Sudemycin
D6). Mutations in these residues have not been reported in MDS or chronic lymphocytic
leukemia (CLL) patients (Haferlach et al., 2014; Hahn and Scott, 2011; Papaemmanuil et al.,
2013; Quesada et al., 2011).

6.4 Therapeutic potential of splicing inhibitors

Splicing inhibitors are typically effective at inhibiting cancer cell growth at nanomolar
concentrations (Hasegawa et al., 2011; Kaida et al., 2007; Kotake et al., 2007; Lagisetti et al.,
2013). Several studies have shown that normal cells have greater resistance to splicing
inhibitors compared to cancer cells in vitro (Lagisetti et al., 2009; Larrayoz et al., 2016;
Xargay-Torrent et al., 2015). Furthermore, doses of splicing inhibitors that kill tumor cells in
mouse xenografts have minimal toxicities on the host animal (Kashyap et al., 2015; Lagisetti
et al., 2009; Mizui et al., 2004; Nakajima et al., 1996a; Xargay-Torrent et al., 2015).
Collectively, these findings support the evaluation of splicing inhibitors in clinical studies in
patients with hematological malignancies with splicing factor mutations.

6.4.1 E7107

Pre-clinical studies involving the splicing inhibitor E7107 (a synthetic derivative of
pladienolide D) have showed potential therapeutic applicability for treating myeloid
malignancies harboring splicing factor mutations (Lee et al., 2016; Obeng et al., 2016) . An
important study by Lee et al. showed that secondary leukemic Srsf2P%H* mice (transformed
by MLL/AF9 over-expression) treated with E7107 exhibited a greatly reduced leukemic
burden and longer survival compared to leukemic Srsf2** mice (Lee et al., 2016). Similarly,
mice xenografted with SRSF2 mutant AML patient samples and treated with E7107 showed a
significant reduction in leukemic burden compared to mice xenografted with splicing factor
wildtype AML samples (Lee et al., 2016).
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E7107 also showed efficacy against Sf3b1l mutant cells in vivo. Using mice competitively
engrafted with host mouse and either Sf3b1K7%%* or Sf3bl1** hematopoietic stem and
progenitor cells (HSPCs), Obeng et al. showed that E7107 treatment reduced the percentage
of chimerism in Sf3b1K7%%%* put not Sf3b1** engrafted mice (Obeng et al., 2016).

To date, two parallel phase I clinical trials, NCT00459823 and NCT00499499, have been
performed to evaluate the safety of E7107 treatment in patients with various
advanced/metastatic solid tumors (total n=66 patients) (Eskens et al., 2013; Hong et al.,
2014). However, these trials were suspended when 2/26 patients from the NCT00499499 trial
developed severe vision loss that was deemed to be probably related to the E7107 treatment.
Similarly, in the NCT00459823 trial, 1/40 patients had vision issues that improved once
treatment was stopped and following high-dose corticosteroid treatment. These results
highlights the importance of future clinical trials for evaluating the safety and potential
therapeutic efficacy of other splicing inhibitors (Lee and Abdel-Wahab, 2016).

6.4.2 Sudemycins

Sudemycins have shown encouraging potential for therapeutic application in splicing factor
mutant hematological malignancies (Lee and Abdel-Wahab, 2016; Shirai et al., 2017;
Xargay-Torrent et al., 2015). Xargay-Torrent et al. showed that cultured peripheral blood
cells from CLL patients were significantly more sensitive to cytotoxicity when treated with
sudemycins, compared to cells from healthy controls. This sensitivity was significantly
increased in cultured CLL samples harboring splicing factor mutations, including SF3B1
mutations (Xargay-Torrent et al., 2015). It was suggested that sudemycin may in part induce
cytotoxicity in CLL cells by switching the splicing of MCL1, promoting the expression of a
shorter pro-apoptotic isoform (Xargay-Torrent et al., 2015).

Most recently, Shirai et al. showed that treatment of human cord blood CD34" cells with
sudemycin D6 in vitro resulted in 1,030 differentially expressed genes and, more strikingly,
18,833 dysregulated splicing events (Shirai et al., 2017). This strongly suggests that
sudemycins predominantly modify rather than inhibit splicing function. In this study, the
leukemia cell lines K562 and OCI-AML3 with induced over-expression of U2AF1S3%F
showed a greater sensitivity to sudemycin D6 compared to experimental controls (Shirai et
al., 2017). Interestingly, experiments in U2AF15%4F and U2AF1 wildtype transgenic mice,
showed that sudemycin D6 treatment affected splicing in both U2AF1 wildtype and mutant
cells, with effects seen in treated U2AF1 wildtype cells resembling those in untreated
U2AF153% cells (Shirai et al., 2017). This study suggests that the increased sensitivity of
mutant U2AF1 cells to sudemycin D6 treatment may be due to cumulative aberrant splicing
effects caused by drug treatment and mutant U2AF1 (Shirai et al., 2017).

Pathway analysis of dysregulated genes in U2AF15% transgenic mice treated with
sudemycin D6, identified an enrichment of genes associated with inflammatory signaling
pathways (Shirai et al., 2017). These pathways were also found to be enriched from the
analysis of dysregulated genes in Srsf2”%H mice treated with the splicing inhibitor E7107
(Lee et al., 2016), suggesting that splicing factor mutant-specific phenotypes observed in
mice treated with splicing inhibitors may be caused by an altered inflammatory response in
mutant cells (Shirai et al., 2017).
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6.4.3 FD-895 and pladienolide-B

The pladienolides FD-895 and pladienolide-B have shown efficacy on leukemic cells
(Kashyap et al., 2015). Kashyap et al. showed that pladienolide-B and the related compound
FD-895 induce apoptosis in CLL cells in vitro compared to normal lymphocytes. This
increase in apoptosis may be due to alternative splicing of MCL1 and BCL2L1, resulting in an
increased generation of pro-apoptotic isoforms of these genes (Kashyap et al., 2015).
Surprisingly, sensitivity to pladienolide-B and FD-895 was independent of SF3B1 mutations,
and was maintained in therapy-resistant TP53 mutant CLL cells co-cultured with protective
stromal cells in vitro (Kashyap et al., 2015).

6.4.4 H3B-8800

A novel, orally bioavailable splicing modulator, H3B-8800, has recently been identified
(Buonamici et al., 2016). This compound potently binds to SF3b complexes and modulates
splicing function. H3B-8800 showed preferential in vitro cell growth inhibition of isogenic
AML cell lines with knock-in of SF3B1X7%F or SRSF2”%H mutations compared to wildtype
counterparts. Furthermore, treatment with H3B-8800 inhibited tumor growth in mice
xenografted with SF3B1K7%F knock-in K562 cells and reduced the leukemic burden in mice
xenografted with CD34" cells from SRSF2 mutant CMML patients. Interestingly, RNA-seq
analysis of isogenic SF3B1X%F K562 cells treated with H3B-8800 showed that intron
retention occurred in several genes that encode spliceosome components, suggesting that the
preferential effect of H3B-8800 on splicing factor mutant cells is due to the dependency of
these cells on normal pre-mRNA splicing. This study demonstrated the therapeutic potential
of H3B-8800 in patients with myeloid malignancies with splicing factor mutations
(Buonamici et al., 2016). A phase I clinical trial (NCT02841540) aiming to explore the safety
of H3B-8800 in MDS, AML and CMML patients with splicing factor mutations is under way
(Steensma et al., 2017).

7. Oligonucleotide-based therapeutic approaches

As more studies identify and characterize the key aberrantly spliced genes associated with
splicing factor gene mutations in myeloid malignancy, strategies designed to target specific
MRNAs using oligonucleotide-based approaches have attracted interest. We discuss below
the potential use of oligonucleotides for targeting spliceosome components or splice variants
of interest.

7.1 Oligonucleotide-directed gene down-regulation

While the small molecule splicing inhibitors that are currently available target only specific
components of the splicing machinery, a large number of spliceosome components could be
potentially targeted through oligonucleotide-guided MRNA degradation using RNA
interference (RNAI) or antisense oligonucleotides (ASOs). The mechanism of RNAI has been
described in detail elsewhere (Wittrup and Lieberman, 2015), but briefly the antisense strand
of a double-stranded short interfering RNA (siRNA) with complementary sequence to a
MRNA of interest enters the RNA-induced silencing (RISC) complex where it induces
cleavage of the target MRNA. RNAi-mediated knockdown of SF3BL1 resulted in strikingly
reduced colony formation in bone marrow HSPCs from AML patients compared to HSPCs
from healthy controls (Crews et al., 2016). Alternatively, a reduction of gene expression can
be achieved using single-stranded ASOs that are often stabilized by chemical modifications
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to the backbone and to the nucleotides at each end of the molecule (“gapmers”) (Scotti and
Swanson, 2016). RNase H interacts with the duplex formed by an ASO and its
complementary target mRNA through the unmodified nucleotide sequence and subsequently
cleaves the mRNA.

Some clinical trials have been performed to investigate the effects of ASOs in hematological
malignancies. The ASO Cenersen targets the tumor suppressor TP53 (Caceres et al., 2013). It
has been postulated that intact TP53 functionality may - in the context of chemotherapy -
protect malignant cells, which can be overcome by Cenersen (Alachkar et al., 2012; Bishop et
al., 1996; Cortes et al., 2012). Indeed, small clinical trials have indicated that TP53 inhibition
by Cenersen in patients with AML and CLL had no specific toxicity and showed a trend
towards a synergistic effect with traditional chemotherapy (Bishop et al., 1996; Cortes et al.,
2012; Lanasa et al., 2012).

An ongoing phase | clinical trial (NCT01159028) is investigating the safety and anti-
leukemic properties of BP1001, an ASO that targets GRB2 (Growth factor receptor-bound
protein 2, an important protein for cancer cell signaling), in patients with MDS, AML and
chronic myeloid leukemia. BP1001 has been well tolerated, with more than half of evaluable
patients experiencing >50% reduction in peripheral or bone marrow blasts (Ohanian et al.,
2016).

7.2 Targeting aberrantly spliced transcripts with ASOs

Small molecule inhibitors of the spliceosome and oligonucleotide-guided degradation of
mMRNAs encoding spliceosome components do not allow for the modulation of specific
MRNA isoforms of interest. ASO-based approaches could be used to directly target
aberrantly spliced mRNA isoforms associated with splicing factor mutations in MDS. ASOs
can be designed to specifically bind regions that are unique to an aberrantly spliced mMRNA
isoform leading its degradation (Fig. 1A). This approach could be useful to reduce the
abundance of aberrantly spliced isoforms which confer a gain or change in protein function.
ASOs can also be used to modulate splicing by preventing the interaction of the spliceosome
or splicing regulatory factors with the pre-mRNA through steric hindrance, thus directing the
splicing machinery towards the generation of a specific isoform (Daguenet et al., 2015).
When used in this context, ASOs are termed splice-switching oligonucleotides (SSOs).

7.2.1 Modulation of aberrantly spliced target genes using SSOs

The aberrantly spliced genes identified in myeloid malignancy patients with splicing factor
mutations could be targeted using splicing modulation approaches. SSO-based strategies aim
to alter the balance between mMRNA isoforms and restore their normal relative abundance, or
to preferentially express specific isoforms, with potential therapeutic effects (Kole et al.,
2012). SSOs must be able to block their target sequence on the mRNA without inducing its
degradation. Similarly to the gapmers described above, SSOs are also stabilized by chemical
modification to the backbone but also to all nucleotides of the molecule in order to prevent
RNase H recruitment and subsequent cleavage of the mRNA (Evers et al., 2015; Scotti and
Swanson, 2016).

As described above, a key aberrantly spliced target gene associated with SRSF2 mutations is

EZH2. Increased inclusion of a “poison” exon in EZH2 leads to gene down-regulation (Kim
et al., 2015). SSOs designed to bind and mask exonic splicing enhancer (ESE) or intronic
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splicing enhancer (ISE) sequences can prevent the binding of splicing enhancers, hence
promoting exon skipping (Fig. 1B). This strategy could be used for splicing modulation of
EZH2 using SSOs. Interestingly, the first FDA approved SSO, Eteplirsen, used to treat
Duchenne muscular dystrophy (DMD), works through an exon skipping mechanism (Stein
and Castanotto, 2017). DMD results from disruption (mainly by deletions) of the open
reading frame of the dystrophin gene (Kole and Krieg, 2015; van Deutekom et al., 2007).
Eteplirsen induces skipping of exon 51 of the dystrophin gene, restoring the reading frame
and allowing expression of a shorter, but partially functional, dystrophin protein. Eteplirsen
treatment successfully increased dystrophin expression and improved six-minute walk
distance in DMD patients (Aartsma-Rus et al., 2003; Mendell et al., 2016; van Deutekom et
al., 2007). It should be noted that Eteplirsen is only suitable to treat ~13% of DMD patients,
dependent upon the location and the type of the disruption in the dystrophin gene (Goemans
etal., 2011).

Another aberrantly spliced target gene which is associated with SRSF2 mutations is BCOR.
Reduced expression of a frame-preserving exon has been identified in BCOR (Kim et al.,
2015). SSOs which bind intronic splicing silencers (ISS) and/or exonic splicing silencers
(ESS) can enhance exon inclusion (Fig. 1C), and this approach could be used for splicing
modulation of BCOR. Nusinersen, the second SSO licensed by the FDA, works through an
exon inclusion mechanism and is used for treatment of spinal muscular atrophy (SMA) (Stein
and Castanotto, 2017). SMA is a genetic condition caused by loss of SMN1 function resulting
in progressive motor neuron degeneration, which leads to paralysis and premature death (Hua
et al., 2007). Humans possess a SMN1 paralog, SMN2, which encodes the same protein
(SMN). However, SMN2 harbors a silent single base substitution in an ESE which reduces
exon 7 inclusion and generates an unstable mRNA isoform (Hua et al., 2007; Scotti and
Swanson, 2016). Nusinersen masks an ISS in an intron flanking exon 7 of SMN2, enhancing
exon 7 inclusion and resulting in increased levels of the SMN protein, and prolongs the
survival of SMA patients (Finkel et al., 2016; Hua et al., 2007; Scotti and Swanson, 2016).

SSOs can also be designed to block access to cryptic splice sites, preventing their recognition
by the splicing machinery and hence promoting the usage of the canonical splice site (Fig.
1D).

The use of SSO-based strategies to target key aberrantly spliced genes may be a novel
therapeutic approach for MDS with splicing factor mutations.

7.3 Challenges of ASO/SSO-based therapeutic strategies

A major challenge of using ASOs (including SSOs) therapeutically is their delivery to the
target tissues. When administered systemically, oligonucleotides accumulate in the liver and
kidneys and are excreted rapidly (Godfrey et al., 2017; Martin-Armas et al., 2006; McMahon
et al., 2002). Chemistry-dependent toxicities of ASOs can include hepatotoxicity,
nephrotoxicity, proinflammatory effects and, especially relevant to MDS, thrombocytopenia,
hence limiting the tolerated dose (Godfrey et al., 2017). The improvement of the delivery
systems for therapeutic ASOs is an area of active research (Juliano, 2016). Nanoparticle-
based delivery systems can avoid renal clearance if the particles are larger than the pore size
of the glomerular filtration barrier (Kanasty et al., 2013). One of the most efficient ways to
direct an ASO to its target cell is by conjugating the ASO or its carrier to a ligand (or
antibody) that binds to a cell surface protein that is frequently internalized (Juliano, 2016).
For example, transferrin-conjugated nanoparticles have been successfully used in vitro to
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deliver an ASO (targeting ribonucleotide reductase R2 subunit) to AML cell lines and to
primary AML patient cells, thereby sensitizing these cells to cytarabine (Jin et al., 2010). An
alternative delivery strategy is the use of adeno-associated viral vectors, however this
approach may limit the frequency of treatment due to the possibility of an immune response
(Godfrey et al., 2017).

Another important consideration is that many aberrantly spliced target genes have been
identified in the HSPCs of MDS patients with splicing factor gene mutations (Dolatshad et
al., 2016; Pellagatti et al., 2017; Shiozawa et al., 2015; Yip et al., 2017), and these isoforms
represent potential targets for SSO approaches. Our current understanding of the role played
by these isoforms in MDS pathophysiology is still limited, and efforts are being made to
determine which mutation-associated splicing events contribute to the MDS disease
phenotype. If only a single or few aberrant isoforms prove to be important, isoform
modulation with SSOs could represent a promising treatment strategy (Saez et al., 2017).
However, if a larger number of isoforms contribute to the MDS phenotype, the therapeutic
benefit of SSOs might be more limited.

8. Conclusions

Several studies have investigated the downstream target genes and affected pathways
associated with the most common splicing factor mutations in MDS. The use of RNA-seq
and ad hoc analysis pipelines has been critical for the identification of aberrantly spliced
MRNA isoforms in splicing factor mutant MDS patient samples, as well as in isogenic cell
lines and mouse models with these mutations. Extensive RNA-seq studies of HSCs from
large MDS patient cohorts are necessary to determine the full complement of aberrantly
spliced target genes associated with splicing factor mutations. The analysis of bone marrow
cell fractions (erythroid and myeloid precursors) is also required to further investigate
lineage-specific aberrant splicing in splicing factor mutant MDS.

The impact of the aberrantly spliced genes identified on hematopoiesis is being investigated,
and some functional studies have begun to illuminate the role played by aberrant mRNA
isoforms in MDS pathophysiology. Further functional studies are required to fully determine
how the aberrantly spliced target genes identified contribute to the MDS phenotype.

Recent pre-clinical studies have shown that splicing inhibitors may have therapeutic potential
in MDS and related myeloid malignancies with splicing factor mutations. This has led to
rapid clinical interest, with some compounds entering clinical trials. The use of SSOs to
modulate splicing of specific mutation-associated splicing events may represent a new
targeted therapeutic approach in the treatment of myeloid malignancies with splicing factor
mutations.

We await with great interest new developments in this fast moving field of research in the
oncoming years.
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Table 1. Characteristics of splicing inhibitors targeting the SF3b complex.

Inhibitors Origin Splicing inhibition properties Cellular effects Clinical Trials
FR901464 Isolated from Pseudomonas sp  Arrests spliceosome assembly Anticancer property. Causes cell cycle -
(FR901464 (Kaida et al., 2007). at complex A (Liu et al., arrest at G1 and G2/M phase (Kaida et
family) 2013a). al., 2007).
Spliceostatin A Methoxy and more stable form Destabilizes U2 snRNP-pre- Antitumor activity (Kaida et al., 2007). -
(FR901464 of FR901464 (Kaida et al., mRNA complexes and blocks
family) 2007; Liu et al., 2013a). subsequent spliceosome
assembly (Complex A to B)
(Bonnal et al., 2012).
Thailanstatin Natural and more stable Arrests spliceosome assembly  Strong antiproliferative activity in human -
(A,BandC) analogues of FR901464. at complex A (Liu et al., cancer cell lines (Martinez-Montiel et al.,
(FR901464 Isolated from Burkholderia 2013a). 2016).
family) thailandensis MSMB43 (Liu et
al., 2013a; Liu et al., 2013b).
Meayamycin Methylated, more stable Blocks assembly of complex A Meayamycin B inhibits the growth of -
(FR901464 synthetic analogue of (Albert et al., 2009). AML and ALL cell lines
family) FR901464 (Albert et al., 2009). (Wojtuszkiewicz et al., 2014).
E7107 Semisynthetic Blocks the interaction of U2 Induces apoptosis and cell cycle arrest at Phase I Clinical Trials
(Pladienolides) cycloheptylpiperazine- snRNP with the branch point in G1-G2-M. Strongly inhibits cell (NCT00459823 and
containing derivative of pre-mRNAs and stalls proliferation and has anti-cancer activity NCT00499499) to patients
Pladienolides B and D (Dehm, spliceosome assembly at (Eskens et al., 2013). Preferential with solid tumours.
2013). complex A (Dehm, 2013). sensitivity of SRSF2 mutant cells to However, the trials were
E7107 in vitro and in vivo (Lee et al., suspended due to vision loss
2016). in some patients (Hong et

al., 2014; Webb et al., 2013).
Induces apoptosis in CLL cells (Kashyap -

Pladienolide B Polyketide originally isolated  Stalls spliceosome assembly at

(Pladienolides) from Streptomyces platensis complex A (Eskens et al., etal., 2012).
(Eskens et al., 2013). 2013).
Sudemycins Chemically stable synthetic Sudemycin E causes Preferential sensitivity of U2AF1 mutant Sudemycin D6 is currently
(C1, D1, D6, E, compounds derived from dissociation of U2 snRNP and  cells to Sudemycin D6 in vitro and in vivo in Preclinical development
F1, F2, K) FR901464 and Pladienolide reduces its interaction with (Shirai et al., 2017). (Lagisetti et al., 2013; Shi et
(Fanetal., 2011). nucleosomes (Convertini et al., al., 2015).

2014).




Herboxidiene Polyketide natural product.
(GEX1A) Secondary metabolite of
bacteria. Originally isolated
from Streptomyces
chromofuscus strain A7847
(Lagisetti et al., 2014).

Aurrests spliceosome assembly
at complex A (Effenberger et
al., 2014; Effenberger et al.,
2017).

Cytotoxic to various human cancer cell
lines (Lagisetti et al., 2014). It also
possesses several biological activities,
including antiangiogenic and anti-
cholesterol activity (Jung et al., 2015).
Causes G1 and G2/M cell cycle arrest
(Sakai et al., 2002a).

Not described.

Preferential sensitivity of SF3B1 and
SRSF2 mutant cells to H3B-8800 in vitro
and in vivo (Buonamici et al., 2016).

Phase I clinical trial
(NCT02841540) in patients
with MDS, AML and
CMML (Buonamici et al.,

2016; Steensma et al., 2017).

H3B-8800 Orally bioavailable splicing
modulator (Buonamici et al.,
2016).
FD-895 Bioactive polyketide and

natural products of
Streptomyces sp (Eskens et al.,
2013).

Aurrests spliceosome assembly
at complex A (Effenberger et
al., 2017; Kashyap et al., 2012).

Same as Pladienolide B.
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Figure 1. Mechanisms of action of antisense oligonucleotides. A. Antisense oligonucleotide
(ASO) binds to a unique region in the spliced mRNA and directs RNase H-mediated
degradation. B. Splice-switching oligonucleotides (SSO) bind and block exonic splicing
enhancers (ESE) and/or intronic splicing enhancers (ISE) promoting exon skipping. C. SSO
bind and block exonic splicing silencers (ESS) and/or intronic splicing silencers (ISS)
promoting exon inclusion. D. SSO bind and block recognition of cryptic splice sites by the
splicing machinery.
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