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The identification of potent spliceosome modulators that demonstrate antitumor activity indicates that
this complex may be a target for drug development. Several natural products have been demonstrated to
bind to the SF3b1 subunit of this macromolecule and these agents modulate alternative RNA splicing. In
this article we describe their biological properties, discuss the validity of the spliceosome as a therapeutic
target, and propose that alteration of alternative splicing represents a viable approach for inducing

tumor-selective cytotoxicity.

Splicing of pre-mRNA into mature mRNAs by the removal of
intronic sequences is an essential process for the generation of
high-fidelity transcripts and enables for the production of appro-
priately encoded proteins [1-4]. The spliceosome, a complex
macromolecular structure containing numerous proteins and
RNA molecules, coordinates the multiple cleavage and rejoining
events required for completion of the splicing cycle. An absolute
requirement for this process is a series of domains present within
the pre-mRNA that direct the catalytic machinery towards the
correct ribonucleotides. In mammalian cells, this is achieved by a
series of signal sequences, including a 5’ splice site, branch point
sequence, polypyrimidine tract, and 3’ splice site (Fig. 1) [2]. It is
well documented that point mutations within these sequences can
result in the loss of splicing fidelity and/or the usage of novel
‘cryptic’ splice sites [5]. Recent work has also shown that pre-
mRNA splicing patterns can be linked to histone modifications,
the transcription machinery, and non-coding RNAs [6]. Because of
this complexity, and the relatively focused scope of this review, the
reader is directed to recent review articles that describe this process
in much greater detail and with excellent clarity [2,6].
Alternative splicing occurs as a result of modulation of the
above processes. Recent evidence indicates that up to 95% of all
mammalian exonic genes are alternatively spliced [7]. This process
is beneficial because it results in the generation of many unique
proteins with differing function and therefore increases the diver-
sity that can be generated from each transcript. However, if this
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process is compromised, the resulting changes in splicing can lead
to various disease states. Point mutations within splice sites that
result in loss of the wild-type protein, and potentially the genera-
tion of proteins with alternative new functions, contribute to a
spectrum of human diseases (e.g. the NFI gene for neurofibroma-
tosis [8] and the ATM gene for ataxia-telangiectasia) [9]. In addi-
tion, it is not only the presence of the different transcripts, but also
the levels and/or ratios of the different mRNA isoforms that are
important. One such example has recently been documented with
the MAPT gene. This gene encodes a microtubule-associated pro-
tein Tau that can be alternatively spliced to yield six variants [10].
Mutations in this gene alter mRNA splicing and consequently the
cellular levels of the different Tau isoforms, which results in
neurodegeneration and fronto-temporal dementia. It has been
demonstrated that the ratio of the Tau proteins is important for
cell survival, implying that this process is essential for neuronal
cell homeostasis [10].

The above examples clearly demonstrate that the maintenance
of high-fidelity mRNA splicing is important, because the transla-
tion of potentially thousands of mis-spliced mRNAs into proteins
with aberrant function could be disastrous. Due to the complexity
of the genomic structure of mammalian genes, it could be antici-
pated that splicing errors might occur with sufficient frequency to
be problematic. It is therefore not surprising that eukaryotes have
evolved a protective mechanism, nonsense-mediated decay
(NMD) to deal with such abnormal events, which can target
and eliminate many inappropriately spliced mRNAs. Briefly,
NMD can recognize premature termination codons in a positional
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An overview of the pre-mRNA splicing process (left panel, adapted from Kramer [60]). The structure and function of proteins involved in mammalian pre-mRNA
splicing [60] and a representation of the SF3b subunit (right panel, adapted from Kotake et al. [20]). The target for FR901464, pladienolide B, E7107, spliceostatin

and sudemycin is the SF3b subunit. Abbreviation: BP: Branch point.

context in relation to the exon and/or exon junctions within the
transcript and if necessary, initiate a program that results in
uncapping of the mRNA and subsequent degradation by an exo-
nuclease. NMD has also been the subject of several recent reviews,
so the details of this process will not be covered here [11].

Natural product spliccosome modulators

Recently, three bacterial natural products, pladienolides [12-14],
FR901464 [15-17], and herboxidiene [18,19] (Fig. 2), have all
been shown to modulate the function of the spliceosome (Fig. 1)
[20-22]. Since pladienolide B and FR901464 are structurally
distinct, and derived from distantly related bacterial genera
(Streptomyces and Pseudomonas, respectively), convergent evolu-
tion has led to divergent prokaryotes producing spliceosome
modulators that share a common pharmacophore. The recent
discovery that herboxidiene (which shows structural similarity
to the Streptomyces-derived pladienolide) also targets SF3b [22],
suggests that splicing modulation may be a relatively common
mechanism by which bacteria compete with eukaryotes. Bio-
chemical studies have identified the spliceosomal SF3b subunit

[which includes the SF3bl protein (Fig. 1: right panel)] as the
target of these modulators.

A derivative of pladienolide b (E7107), demonstrated dramatic,
selective antitumor activity in human tumor xenograft models,
without significant reported toxicity. E7107 subsequently rapidly
progressed to the point where it entered Phase I clinical
trials in 2007 [20]. However these studies are currently suspended
(Clinicaltrials.gov: http://www.clinicaltrials.gov/ct2/show/
record/NCT00459823?term=FE+7107&rank=1) although the rea-
sons for this have not been reported. While pladienolide deriva-
tives appear to be promising candidates for further drug
development owing to their excellent in vivo efficacy in animal
models and low toxicity, their highly complex structures (e.g. ten
chiral centers and a macrolactone ring) do not lend themselves
well to standard medicinal chemistry manipulations, or to prac-
tical total analog synthesis on a production scale. For these rea-
sons, it will be extremely challenging to develop facile synthetic
approaches that could enable for cost-effective production of
sufficient quantities of these compounds for widespread distribu-
tion to patients with cancer.
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FR901464: R=H
Spliceostatin: R= OMe
Meayamycin: R= Me

Sudemycins:
C1: R’= CH(CHg),, X=CHoy;
E: R’= CH(CHy),, X=0;
Fq: R’'= N(CHj3),, X=0

Pladienolide B: R= CH3, R’=H
E7107: R= 4-cycloheptylpiperazin-1-yl, R”=OH

Herboxidiene (GEX1A)
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FIGURE 2

The molecular structures of FR901464, spliceostatin A, meamycin, the
sudemycins, pladienolide B, E7107 and herboxidiene (GEX1A).

Synthetic spliccosome modulators

Following the discovery that SF3b was the target for pladienolide
and FR901464 [20,21], new opportunities in the design of totally
synthetic specific modulators of splicing arose [20,21]. The first
synthetic compounds of this class were active analogs of FR901464
and were reported before the identification of the mode of action
of these drugs. The groundbreaking work of the Jacobsen group
described the first total synthesis of FR901464 [23] and subse-
quently, important structure-activity relationship (SAR) data
[24]. This was followed by several novel approaches to the total
synthesis that also reported the generation of several novel analogs
[25-29]. Just before the identification of the target of FR901464,
workers reported the synthesis of an analog of this compound
(meayamycin) that was more stable and more cytotoxic than the
parent molecule [29]. This group has also provided a substantial
amount of information on the overall SAR of FR901464, the
mechanism of action, and its in vivo activity [30,31].

Because the natural products and their analogs are highly
complex (containing 7-10 stereocenters!), and require elaborate
synthetic schemes, there has been a significant need for more
elegant scaffolds that would give much more drug-like chemical
matter exhibiting the same pharmacophore. The first such set of

‘concise’ active molecules was designed and prepared by the Webb
group [32,33] and named the sudemycins [34]. These molecules
were designed using a hypothetical consensus pharmacophore
model that was derived from known SAR [24,29] and molecular
overlays of FR901464 and pladienolide B [32,33]. The sudemycins
are analogs of FR901464 in which six of the nine stereocenters
have been symmetrized, and include modifications that dramati-
cally improved their chemical stability [33]. This class of com-
pounds can be readily generated in multi-gram quantities using
relatively facile medicinal chemistry approaches. Importantly, the
elegant nature of the sudemycin scaffold has enabled SAR devel-
opment for numerous new modifications, including some that
were beyond what was readily approachable with FR901464
[32,33].

Biology of spliccosome modulators

The spliceosome modulators (pladienolide B, E7107, FR901464,
meayamycin, spliceostatin A, and the sudemycins) are all potent
cytotoxic agents, exhibiting ICs, values in the nM range against a
panel of human tumor cell lines [14,15,20,21,29,34]. Interestingly,
the latter drug is considerably less toxic to normal cells in culture.
For example, sudemycin F1 is 5- to 15-fold less cytotoxic towards
normal human myoblasts as compared to a rhabdomyosarcoma
cell line [34]. In addition, normal human foreskin fibroblasts are
one of the most resistant cell types that have been evaluated to
date [33].

Preclinical studies using the spliceosome modulators indicate
that these compounds demonstrate potent antitumor activity,
with remarkably little toxicity. Indeed, complete regressions were
observed in a human lung tumor xenograft model following five
daily doses of E7107. Additionally, the sudemycins have demon-
strated modest activity in lymphoma models, with no detectable
systemic damage to normal tissues [33]. One hypothetical
mechanism that could account for the selective antitumor activity
these compounds is based on could be that these compounds
potently modulate alternate splicing in tumor cells [34,35].
Furthermore, one can speculate that the selective toxicity induced
by these small molecules might result from differences in the
capacity of tumor, versus normal, cells to respond appropriately
to changes in mRNA splicing. This would result in an irreversible
disruption in the balance of the ‘splicing program’ of susceptible
cells [36]. If this hypothesis (Fig. 3) is correct, this would enable the
development of novel anticancer agents by targeting an, as yet,
relatively unexplored area. Due to the limited efficacy and ther-
apeutic scope of current chemotherapeutic drugs it would be
important to validate this new class of tumor vulnerability (mRNA
splicing and/or NMD) for small molecule modulator design.

Modulation of pre-mRNA splicing

Both biochemical and molecular analyses suggest the involvement
of the SF3b spliceosomal subunit in RNA splice site selection. This
has been further strengthened by recent reports that indicate that
spliceostatin A (a derivative of FR901464) [35], E7107 [37], and the
sudemycins [34] can modulate alternative splicing in mammalian
cells. This has been observed both in vitro and in vivo, and can result
in almost complete loss of the full-length mRNA for certain genes
(e.g. MDM2 in thabdomyosarcoma cells). Because these changes
can be identified in drug-treated human tumor xenografts, this
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FIGURE 3

Hypothetical schematic that may account for the tumor-selective toxicity seen with modulators of alternative splicing. Abbreviation: NMD, nonsense-mediated

decay.

suggests that alteration of gene splicing may represent a suitable
marker for spliccosome modulator exposure. The advantage of
using the latter approach is that because it is a PCR-based assay, the
sensitivity is such that even very minor changes in the pattern of
mRNA expression can be observed. Hence, this may be used in
combination with traditional pharmacokinetic methods to eval-
uate exposure of tumor cells to drug. Furthermore, in clinical trials
with such agents, it should be possible to determine the effects of
the drugs on splicing in readily available normal cells (e.g. per-
ipheral blood lymphocytes), and potentially, biopsied tumor tis-
sue. Again, similar to that seen in the preclinical experiments, this
may provide not only a measure of drug exposure, but may also
enable for dose adjustment to ensure tumor penetration.

Mechanism of selective action of spliceosome
modulators

Recently, two articles have undertaken a detailed examination of
the mechanism of modulation of alternative gene splicing
afforded by spliceostatin A [35] and E7107 [37]. It has been shown
that these drugs act by preventing binding of the U2 snRNA to the
pre-mRNA, thereby altering the conformation of the branch point
sequence. This leads to non-productive base-paring and the inap-
propriate selection of 3’ splice acceptor sites within the unspliced
transcript, resulting in the generation of alternatively spliced
mRNAs [35]. Due to the differential base pairing of ribonucleotides
within the drug and/or spliceosome complex, apparent selectivity
for aberrant alternative splicing occurs. Hence, as detailed above,
treatment of tumor cells with sudemycins results in a modulation
in the splicing pattern for MDM2 due to alternative splice site
selection afforded by the SF3b1/U2 snRNA subunit. This would
indicate that the exon and/or intron boundaries for this gene
likely contain nucleotide sequences at the branch points that
are more susceptible to alternative splicing. A comparison of these
sequences with other splice junctions may enable for a more
detailed description of the panels of genes that might be affected

by spliceosome modulators. Because genome-wide bioinformatics
approaches have recently identified parameters for branch point
use in transcripts, the validity of these hypotheses can be readily
tested [38].

As indicated above, the details of the mechanism of selective
tumor cytotoxicity remain elusive. It would be presumed that
modulation of RNA splicing would be a highly deleterious event
in all cells, potentially resulting in the loss of critical proteins and
the expression of variants with aberrant function. Indeed, in
studies using the sudemycins, aberrantly spliced mRNAs encoding
proteins involved in the apoptotic cascade, in addition to the
regulation of p53, have been demonstrated [34]. Furthermore, in
spliceostatin A-treated cells, changes in the splicing of a series of
cell cycle control genes have been observed [21]. In normal cells,
these events apparently do not significantly perturb the processes
involved in damage response (and/or are modulated by events in
other intersecting pathways) [34]. However, in tumor cells, such a
change in the levels of the proteins appears to have catastrophic
consequences, resulting in the initiation of apoptosis. Potentially,
the cytotoxicity of these compounds in tumor cells may result
from an alteration in the pattern of expressed transcripts. Since
with sudemycin, this includes changes in the splice variant
mRNAs that encode proteins involved in apoptosis (e.g. caspases
2 and9), it is conceivable that the panel of alternatively expressed
proteins in these cells contributes to cytotoxicity.

Recent studies have indicated that spliceostatin A can modulate
angiogenesis by inhibiting a wide variety of genes, including
VEGF, as well as a those involved in cell proliferation, angiogen-
esis, and antiapoptosis [39]. Although the authors did not con-
clude that these changes were directly responsible for biological
activity following drug exposure, one can speculate that modula-
tion of mRNA expression may account for the effects observed for
spliceostatin A. However, in these studies, the authors did not
describe the presence of alternative transcripts, and it is unclear
whether their assays were designed to enable for identification of
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such mRNAs [39]. Hence, it is possible that the dramatic changes in
gene expression that they observed were due to inappropriately
spliced RNAs produced by spliceostatin A treatment. Because
recent articles have demonstrated that the effects of spliceosome
modulators on alternative splicing tends to occur in a subset of
mRNAs [35], a detailed examination of the change in ratios of the
different transcripts present in these cells should be highly infor-
mative.

A detailed genome-wide analysis of alternative mRNA splicing
in medulloblastoma has demonstrated that many of the genes that
are inappropriately spliced in these tumors were also alternatively
spliced and expressed in normal cerebellar tissue [40]. However,
the ratio of these transcripts was significantly different in tumors,
suggesting that it is not the actual presence of the mRNA molecule
itself that is important, but rather the levels of the message and
presumably the encoded protein. If indeed this represents a global
phenomenon, then the spliceosome modulators would alter the
ratios of the various transcripts in tumor cells, potentially perturb-
ing proteome expression in a detrimental fashion (Fig. 3). Whether
this is sufficient to account for the antitumor activity of these
compounds is unclear, but these results suggest that both tran-
scriptome sequencing and proteomic analyses of both normal and
tumor cells exposed to spliceosome modulators may elucidate key
patterns and/or profiles of transcript expression that may correlate
with drug response. These studies provide additional weight that
the spliceosome may represent a valid target that could be
exploited for anticancer drug development.

The mechanism behind the tumor-selective toxicity of the
agents that act at SF3b remains an important question; several
testable hypothesis can be proposed to guide future work in
this area. One possibility is that the drugs are more efficiently

transported into the sensitive tumor lines, or possibly the mole-
cules are more efficiently subjected to efflux by resistant tumors
and normal cells. Another possibility is that some very sensitive
lines may possess tumor suppressors that have been modified by
aberrant splicing [41] and that drug treatment may functionally
reverse this defect, which then can lead to selective cytotoxicity.
Because normal cells maintain appropriate levels of tumor sup-
pressor proteins this would explain the relative resistance of
normal cell lines. This hypothesis is consistent with recent pub-
lished observations including results related to the modulation of
splicing of p27 and MDM-2 [21,34,42,43], but hypothetically
many other tumor suppressor genes could also be involved, with
their importance dependent on the type of tumor line under
evaluation.

Alternatively, changes in the cellular response to stress elicited
by the presence of aberrant proteins encoded by the alternative
spliced RNAs may be more prominent in tumor versus normal
cells. For example, the unfolded protein response (UPR) may be
initiated as a consequence of these events. Because UPR is known
to downregulate mTOR signaling [44], in normal cells, this would
likely result in transient inhibition of protein translation and cell
growth, and potentially, the initiation of specific repair processes.
However, as many tumors are known to have constitutive activa-
tion of the mTOR pathway (by mutation of key enzymes within
the signaling cascade [45,46]), catastrophic failure may occur in
response to spliceosome modulators due to the loss of crucial
cellular components thereby resulting in cytotoxicity. Hence,
apparent tumor selectivity would be observed. Finally, the simple
loss of proteins crucial for cell growth (e.g. DNA polymerases, key
metabolic enzymes, among others) by the disruption of RNA
splicing, may also result in the inhibition of mTOR signaling,
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FIGURE 4
The spectrum of mutations that have been identified in SF3B1, either in clinical samples, or in cell lines exposed to high concentrations of pladienolide [48,50-
55,59,61]. The N-terminal domain (NTD) is indicated, and the numbered boxes represent the HEAT repeats within the protein. Mutations identified in MDS and
cancer are indicated in gold and green text (purple for common to both), respectively. The R1074H mutation (marked in red) has been identified in pladienolide
resistant cells and expression in a sensitive line confers resistance to this drug. Since this likely encompasses the binding site for the spliceosome modulators, this
suggests that tumors expressing the mutant SF3B1 isoforms would be susceptible to treatment with such agents. Abbreviation: MDS, myelodysplastic syndromes.
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the effects of which would be more pronounced in tumor cells.
Clearly, numerous potential mechanisms could be envisaged for
apparent tumor selectivity and elucidating these events will be
highly informative with regard to future drug design.

Consequently, we advocate that any future studies detailing the
cellular response to spliceosome modulators should include exten-
sive molecular and proteomic analyses, in an attempt to correlate
results from these experiments with cytotoxicity. Such studies will
enable for a more complete understanding of the role of alter-
native splicing in cancer biology, and potentially elucidate novel
spliceosomal protein targets and processes for therapeutic inter-
vention.

Oncogenic mutations in SF3b1
Beginning in the year 2011, a remarkable convergence of inde-
pendent lines of genomic research led to a series of publications
reporting the association of defined ‘hotspot’ mutations in SF3b1
with several tumor types [47-57]. In one study, transcriptome
sequencing identified somatically acquired point mutations in
nine patients diagnosed with myelodysplasia [51]. Targeted re-
sequencing of this gene was also explored by this group in a larger
sample of 2087 patients. Surprisingly, these SF3b1 mutations were
identified in 20% of all patients with myelodysplastic syndromes
(MDS) [51]. These workers noted that these mutations were asso-
ciated with the downregulation of significant parts of key gene
networks that include some core mitochondrial pathways. These
authors also reported mutations in SF3bl in numerous other
cancers, including acute myeloid leukemia, primary myelofibrosis,
chronic myelomonocytic leukemia, breast cancer, chronic lym-
phocytic leukemia (CLL) and multiple myeloma [51]. Fig. 4
demonstrates the spectrum of mutations identified in SF3bl in
both MDS and tumor samples. Similarly, the evaluation of the
transcriptomes of samples obtained from patients with fludara-
bine-refractory CLL, identified recurrent mutations at some of the
same ‘hotspots’ found in MDS and noted that these were mutually
exclusive with pS3 mutations [53]. Furthermore, recent reports
indicate that recurrent mutations in the U2AF1 splicing factor are
associated with another MDS patient population [48,58], suggest-
ing that alterations in spliceosome-associated proteins likely con-
tribute to the pathogenesis of this disease.

Overall, these results suggest that SF3b1 mutations could affect
a large total number of patients, across a broad array of tumor
types. It is clear that such changes provide a selective advantage
for tumor cells, although it is likely that additional cooperative
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