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ABSTRACT: The spliceosome has been shown to be a
promising target for the development of new anticancer
therapeutics. Synthetic and chemical biological efforts directed
toward the development of natural product-based splice
modulators (SPLMs) have shown that the potency of these
compounds derives from their ability to selectively affect the
alternate splicing of apoptotic genes in tumor cells. However,
questions remain regarding the mechanistic understanding of
splice modulation as well as the selectivity with which SPLMs
impact certain genes.

he spliceosome is a complex molecular machine

comprising five small nuclear RNAs (snRNAs) and a
number of associated proteins and cofactors that excise introns
from pre-RNA to form mature RNA." Proper function of the
spliceosome is essential to the life of higher organisms,” and
aberrant splicing is known to play a role in cancer, including
clear-cell renal cell carcinoma, lung cancer, acute myeloid
leukemia (AML), and chronic myeloid leukemia (CML).” For
these reasons, the spliceosome has been identified as a
promising target for the design of next generation cancer
therapeutics. Herein, we highlight recent efforts to drug the
spliceosome through the advance of medicinally chemically
optimized splice modulators (SPLMs).

Three classes of natural products have been shown to target
the SE3B component of the spliceosome (Figure 1)," the
first of which includes the 12-membered macrolide, FD-895
(1a, Figure 1). SPLMs belonging to this class have been
referred to as the pladienolides. Their structures consist of a
central diene that joins a macrolide core with an acyclic side
chain unit (Figure 1). The second class of SF3B-targeting
SPLMs resembles 1a, differing in the ring linked to the side
chain moiety. This difference is illustrated in the structure of
spliceostatin A (2), which features a six-membered ring. The
third class, illustrated with herboxidiene (3), contains a six-
membered core like the spliceostatins and a tail that shares
similarities to that contained in the pladienolides.

To date, two compounds, E7107 (4)” and H3B-8800 (5),*
have been explored as potential therapeutics in clinical trials
(Figure 2), and a third, 17S-FD-895 (1b, Figure 1) is currently
approaching IND filing. All three compounds are derived from
the common 12-membered core macrolide observed in 1la—1c.
The first, E7107 (4), launched by Eisai Co. Ltd. was evaluated
in Phase I trials for application to solid tumors. However, the
trials were halted due to patient vision loss caused by
presumed side or off-target effects.”
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Figure 1. Maps of the structure—activity relationship (SAR) data
derived from cytotoxicity analyses (tumor cell Glg, values) on
synthetic or semisynthetic derived SPLMs displayed with FD-895
(1a), 17S-FD-895 (1b), cyclopropane lc, spliceostatin A (2), and
herboxidiene (3). Chemical modifications either enhance (blue) or

attenuate (orange) activity.

Since the initiation of these trials, natural product semi-
syntheses and total syntheses carried out by research groups
across the world have revealed many of the key SARs within
the three classes of natural products. As illustrated in Figure 1,
only a few modifications have been found to enhance their
antitumor activity." Based in part on these findings, H3
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Figure 2. Clinical leads. Structures of analogs that entered (red) or
are ongoing (green) clinical trials.

Biomedicine advanced an orally active analogue H3B-8800 (5)
in which the pladienolide side chain, a region that mapped
favorably for optimization (Figure 1), has been replaced with a
pyridyl moiety (Figure 2). Through a series of rigorous
preclinical analyses, this material has been systematically tested
for the treatment of patients with myelodysplastic syndromes,
AML, and CML.?

Recent structural studies have revealed the molecular details
of the SPLM binding pocket.” "' These structures, key
advances brought forward by the Pena laboratory,"” demon-
strate that pladienolide B binds to the branch point adenine
(BPA) binding pocket of SF3B. Recently, co-crystal structures
of 1a (Figure 3a—c) and 1c (Figure 3d—f) with the SF3B core
were determined, confirming the same binding motif as
pladienolide B. As depicted in Figure 3, two distinct pockets
that accommodate either the side chain or macrolide ring
define the SPLM binding cavity.'”'" The side chains of la
(Figure 3b) and 1c (Figure 3e) occupy a hydrophobic pocket
in which the diene moieties interact with Y36 (PHFSA), while
their alkyl termini form a hydrophobic contact with F1153
(SF3B1). This region of the binding pocket is relatively plastic
in terms of its structure, as demonstrated by V1110’s ability to
reposition itself in response to different ligands, as evidenced
by comparing the structure of epoxide in 1a-SF3B versus
cyclopropane in 1¢-SF3B. In contrast, the contacts between the
macrolide rings of 1a (Figure 3c) and 1c (Figure 3f) and SF3B
are largely polar in nature, with residues R38 (PHFSA) or
K1071 (SF3B1) forming hydrogen bonds with the core.

Ongoing studies have found that RNA splicing is altered in
cancer cells, and the ability of SPLMs to regulate aberrant
splicing in tumors makes them attractive clinical candidates.*”°
While these data were influential in guiding the indications
clinically evaluated for E7107 (4)” and H3B-8800 (5),° the
intricate complexity associated with RNA splicing has made it
challenging to understand the comprehensive antitumor mode
of action (MOA) of SPLMs.* As shown in Figure 4, natural
and small molecule-induced splice modulation can occur
through multiple and often parallel pathways, yielding different
gene products that can influence cell phenotypes. While
systems-wide tools such as RNA-seq analyses'” can be used to
gather a global perspective of the effects of SPLMs in cells, the
fact that these cells are often not synchronized and hence
represent a population of cells in disparate stages of cell life
further complicates efforts to decipher the discrete mechanistic
responses to specific modulated splicing events.”
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Figure 3. Co-crystal structures of (a—c) FD-895 (1la) and (d—f)
cyclopropane 1lc within the SF3B core. (a,d) Side chains of residues
within 6 A of the SPLM (yellow) are labeled in gray corresponding to
SE3B1 (blue labels) and PHFSA (black labels). (be) “Connelly”
surfaces of the SPLM binding site showing side chains of 1a and 1c
occupying a pocket formed at the interface between SF3B1 (blue),
PHFSA (cyan), and SF3B3 (green). (c,f) “Connelly” surfaces in the
SPLM binding site depicting the macrolides of 1a and lc positioned
at the other end of this tunnel.

The development of predictive models that reveal the links
between the genetic, temporal, and cellular selectivity of splice
modulation is a critical next step for future clinical translation
of SPLMs. Such models play a key role in the development of
validation assays that can be used to guide lead identification.
Such assays also provide the tools to identify the specific
cellular responses associated with SPLM activity, thereby
facilitating the design of leads with minimal off-target splicing
effects. Most critically, the information provided by these
models can offer a therapeutic tool that may one day allow
physicians to predict the efficacy of a given therapeutic on a
patient-by-patient basis. The fusion of molecular and cellular
biological data with home-accessible biomarker development
should play a role in the broader implementation of SPLM-
based and related RNA modulatory therapies as commercially
viable cancer treatments.

Ongoing clinical and translational processes are focused on
the advance of synthetic methods to evaluate analogs of the
naturally occurring SPLMs. It is likely that computer-based
drug discovery (CADD) approaches will identify alternate core
and side chain motifs that reproduce the interactions between
SPLMs and SF3B, as revealed by X-ray crystal structures such
as 1c:SF3b (Figure 3a) and 1d-SF3b (Figure 3b). This,
complemented with new screening tools, opens a new window
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Figure 4. Types of RNA splicing: (a) constitutive, (b) mutually
exclusive, (c) exon skipping (ES), or (d) intron retention (IR). (e)
Schematic representation of SPLM-induced alternate splicing (AS). In
this example, two IR products bearing intron2 (top) and intron3
(bottom) can arise from the same pre-mRNA.

toward the future clinical translation of splice modulators. The
key to this advance lies in the unique balance between
medicinal chemistry and chemical biology to provide a robust
forum to advance the central principals of drug discovery.
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