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ABSTRACT: While recognized as a therapeutic target, the
spliceosome may offer a robust vector to improve established
therapeutics against other protein targets. Here, we describe how
modulating the spliceosome using small molecule splice modu-
lators (SPLMs) can prime a cell for sensitivity to a target-specific
drug. Using the cell cycle regulators aurora kinase and polo-like
kinase as models, this study demonstrates how the combination of
SPLM treatment in conjunction with kinase inhibition offers
synergy for antitumor activity using reduced, sublethal levels of
SPLM and kinase inhibitors. This concept of splice-modulated
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drug attenuation suggests a possible approach to enhance therapeutic agents that have shown limited applicability due to high

toxicity or low efficacy.

plicing is an essential eukaryotic biological process that is

frequently misregulated in cancer.' Since their discovery in
the early 1990s, splice-modulating polyketide natural products
FD-895" (1a, Figure 1), pladienolide B’ (1b, Figure S1),
herboxidiene® (1c, Figure S1), and FR901464° (1d, Figure S1)
have been proposed as new anticancer therapeutics and used to
investigate the impact of spliceosome inhibition in healthy or
tumor cells.”” These small molecule splice modulators
(SPLMs) share a common mode of action (MOA) by
targeting the splicing factor 3b (SF3B) unit of the human
spliceosome, leading to splicing inhibition and changes in
alternative splicing patterns.*”'" Many tumors depend on
aberrant use of splicing machinery for expansion and
metastasis, but interruption of splicing by SPLMs limits the
expression of genes necessary for tumor survival, ultimately
resulting in apoptotic cell death.'' Because SPLMs regulate the
splicing of several genes that are overexpressed in cancer, they
have been identified for their potential in anticancer
therapy.”'*~'* To date, two SPLMs have entered clinical
trials, including the most recent entrance of H3B-8800"° (1f,
Figure S1) for acute myeloid leukemia (AML) and E-7107'°
(le, Figure S1) against solid tumors. Recent efforts in
medicinal chemistry, RNA biology, and structural biology
have allowed for better understanding of SPLM activity and
enhanced pharmaceutical access to SPLMs.'”'*

Despite recent progress toward the development of
anticancer chemotherapeutics, desensitization, chemoresist-
ance, and patient relapse remain challenges in the field.
Advances in combination therapy indicate that splice
modulators could serve as a potential way to overcome these
issues. For instance, studies led by Misteli et al. suggest that
splicing modulation can be used to combat vemurafenib-
resistance.'” More recently, studies led by Yamano et al. have

© 2020 American Chemical Society

7 ACS Publications 669

shown that FR901464 (1d, Figure S1), the natural product
precursor to spliceostatin A, synerglstlcally improved efficacy
of the PARP1 inhibitor olaparib.”’ These studies suggest that
splice modulatory combination therapy may offer a new
approach to overcome many of the challenges associated with
protein-targeting chemotherapeutics.

To date, SPLMs have been found to interfere with the
splicing of specific RNAs® by targeting the branch point
adenosme binding pocket defined by the PHFS5A—SF3b
complex,”’ ultimately downregulating expression of encoded
proteins. The timing of this effect was demonstrated by
examlnng the splice modulation of cell cycle regulatory
proteins.””*> We reasoned that SPLMs could likewise sensitize
tumor cells to cell cycle inhibitors, leading to synergistic
antitumor effects (Figure 1). Here we describe these synergy
studies to determine whether pretreatment of cancer cells with
SPLMs followed by administration of established kinase
inhibitors could play a role in enhancing chemotherapeutics.

B RESULTS AND DISCUSSION

Over the past decade, our laboratory has been exploring the
multilevel effects of SPLMs upon the normal course of
splicing.” We have found that SPLMs regulate splicing at two
levels: directly, through interactions with the SF3b subunit
within the spliceosome;'”'® and indirectly, by altering the
expression of spliceosomal proteins, which in turn modifies the
splicing of subsequent transcripts.”> As SPLMs such as FD-895
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Figure 1. Concept of splice synergy of cell cycle inhibitors.
Pretreatment of tumor cells with a SPLM such as FD-895 (la)
induces alternate splicing of a RNA associated with a cell cycle
response. Rendered unproductive, the resulting mis-spliced RNA is no
longer translated into protein leading to net loss in the levels of the
given cell cycle regulatory protein. Ultimately, this results in a
synergistic enhancement of inhibitors of that cell cycle protein, as
demonstrated by AURK inhibitors 2a, 2b or a PLK-1 inhibitor 3a.

Bl 2536 (3a)

Polo-like kinase
(PLK) inhibitor

(1a, Figure 1) target the splicing process and result in aberrant
splicing within tumor cells, we suspected that pretreatment of
cells with 1a could decrease the expression of cell cycle RNA,
thereby decreasing cellular levels of a target protein for a
specific inhibitor. Cell cycle RNA is only expressed at certain
times in the cell cycle, such as the onset of mitosis, so FD-895
(1a) can be applied at this time for optimal regulation of cell
cycle RNA. Therefore, tumor cells pretreated with 1a would be
more sensitive to inhibitors of a targeted protein, as its levels
would be reduced by mis-splicing of its precursor RNA. In this
way, we hoped to achieve reduction of target protein levels,
ultimately enhancing the efficacy of tumor cell death (Figure
1).

Using cell cycle regulation as a model, we sought to evaluate
the effect of FD-895 (la) treatment on the expression of
critical cell cycle regulators (Figure 1). Using RNA-seq data
previously collected on cancer cells treated with FD-895,° we
identified the oncogenic kinases aurora kinase A (AURKA),
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aurora kinase B (AURKB), and polo-like kinase 1 (PLK-1) as
likely targets for SPLM modulation.”* These proteins are
established chemotherapeutic targets. AURKA and AURKB
regulate chromatin segregation during cell division. PLK-1
promotes centrosome development while activating the
anaphase-promoting complex. A schematic representation of
their role in the cell cycle has been provided in Figure $2.>*2°
Despite much progress toward the development of cell cycle-
inhibiting chemotherapeutics, the concentrations required for
in vivo efficacy often lead to off-target activity.

We screened the cytotoxicity of FD-895 (1a) alone or in
combination with the AURK inhibitors danusertib (2a)*’ or
PF-03814735 (2b).** Consistent with the literature, the Gl
values were observed at 0.8 + 0.1 nM for 1a*’ (Figure 2a,d),
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Figure 2. Synergistic reduction in tumor cell viability. HCT-116,
HeLa, or Caov3 cells were treated with FD-895 (1a) for 24 h, washed
with PBS to remove 1la, and then treated with cell cycle inhibitors:
(a—c) PF-03814735 (2a), (d—f) danusertib (2b), or (g—i) BI 2536
(3a) for 72 h. Analysis of tumor cell viability showed that
pretreatment with 1 nM 1a led to an antagonistic reduction in cell
viability, whereas treatment with 5 nM 1a led to synergistic reductions
in cell viability. Experiments were conducted in triplicate with Gl
values reported for each experiment. Statistical analyses and
confidence limits are provided in Tables S2 and S3.

4.2 + 0.4 uM for 2a”” (Figure 2a), and 2.1 + 0.2 uM for 2b°*
(Figure 2d) in HCT-116 colorectal carcinoma cells. Com-
parable activities were observed in Caov3 ovarian adenocarci-
noma or HeLa cervical adenocarcinoma cells with GI;, values
at 2.0 + 0.1 nM for 1a (Caov3, Figure 2b), 3.7 + 0.4 nM for la
(HeLa, Figure 2c), 5.5 + 0.5 uM for 2a (Caov3, Figure 2b),
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10.1 & 1.0 uM for 2a (HeLa, Figure 2c), 6.0 + 0.6 uM for 2b
(Caov3, Figure 2e), and 19.5 + 2.0 uM for 2b (HeLa, Figure
2f). Pretreatment of either cell line with 1 nM 1a or S nM la
was found to significantly decrease the associated Gls, values
for each inhibitor (Figure 2a—f). Treatments with 1 nM 1a led
to reductions up to 10-fold reduction in cell cycle inhibitor
Gl values, whereas 5 nM 1a led to reduction by up to 90 000-
fold. At 1 nM 1la, the combination of la and the AURK
inhibitors 2a and 2b was found to be antagonistic.
Interestingly, in cells treated with S nM 1a, the combination
was synergistic for both 2a and 2b. Similar trends were
observed for combination treatment in Caov3 (Figure 2b,e)
and HeLa (Figure 2¢,f) cells, indicating that this effect was not
cell line specific.

We then explored the effects of 1a in combination with the
PLK-1 inhibitor BI 2536 (3a) (Figure 2g—i). In accordance
with the literature, the G5, values were 0.5 + 0.1 nM for 1a>®
and 160 + 50 nM for 32%° in HCT-116 cells. Comparable
activities were observed in Coav3 or HeLa cells with GIg,
values observed at 2.1 + 0.2 nM for 1a (Caov3, Figure 2h), 4.0
+ 0.4 nM for la (HeLa, Figure 2i), 259 + 3 nM for 3a
(Caov3, Figure 2h), and 13.2 + 1 uM for 3a (HeLa, Figure 2i).
Pretreatment of either cell line with 1 nM 1a or 5 nM 1a was
found to decrease the associated Gly, values for 3a (Figure
2g—i); 1 nM 1a led to reductions in cell cycle inhibitor Gl
values by a factor of up to 200-fold, whereas S nM 1a led to
reduction by a factor of up to 60 000-fold. At 1 nM 1a, the
combination of 1a and 3a was found to be antagonistic, but at
the slightly higher concentration of 5 nM 1la this combination
was synergistic for 3a. Once again, similar trends were
observed in HeLa and Caov3 cell lines.

To further investigate the synergistic relationship between
1a and the AURK inhibitors, we investigated the effects of FD-
895 (1a) treatment on AURK gene expression at the RNA and
protein level. We treated HCT-116 cells with 1a and found
that nanomolar concentrations could diminish the levels of
AURKA (Figure 3a) and AURKB (Figure 3b) RNA. As
depicted in Figure 3, SPLM 1la was found to decrease the
expression of AURKA (Figure 3d) and AURKB (Figure 3e),
inducing exon skipping in AURKA and AURKB (Figure S3),
likely introducing a premature termination codon (PTC) and
leading to nonsense mediated decay (NMD). These reductions
in AURKA and AURKB RNA also translated to decreases in
AURKA and AURKB protein (Figure 3c,d).

This observation was not limited to AURK alone. Similarly,
SPLM 1la diminished PLK-1 RNA levels (Figure 4a). Previous
studies have found that 1a induces utilization of an alternative
S’ splice site, introducing a PTC and leading to nonsense
mediated decay (NMD) of PLK-1.>> Complete loss of PLK-1
was observed at treatments >20 nM la. Interestingly,
treatment with <10 nM la resulted in an increase in PLK-1
protein (clearly evident at 2.5 nM in Figure 4b,c), presumably
through feedback regulation. However, cells treated with >20
nM la underwent a loss in PLK-1 expression as expected from
modulated splicing of its incipient PLK-1. We were able to
confirm that this decreases in PLK-1 correlated with a
reduction in PLK-1 protein (Figure 4e).

We also analyzed the effects of combination treatment on
AURK protein expression. Because 2a inhibits AURK
activation by blocking the kinase’s ATP binding site, AURK
phosphorylation levels were used to assess the efficacy of this
cell cycle inhibitor. Synchronized HCT-116 cells were treated
with 1la, 2a, or a combination of la and 2a, and then
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Figure 3. Demonstration of synergistic splice modulation of AURKA
and AURKB. HCT-116 cells were treated with SPLM 1a for 24 h and
then expression of (a) AURKA RNA, (b) AURKB RNA, or (c, d)
AURKA protein was analyzed. (e—g) For combination studies,
synchronized HCT-116 cells were treated with 5 nM or 10 nM 1a for
6 or 24 h, 200 nM 2a for 24 h, or a combination of 1a and 2a.
Treatment efficacy was assessed by visualizing pAURKA and
PAURKB levels by western blotting. pAURK values were expressed
relative to the reference gene cofilin. The “+” sign above bars indicates
synergy. Experiments were conducted in biological triplicate. Statistics
were calculated using a standard one-way ANVOA; p-values were
represented so that * signifies p < 0.05, ** signifies p < 0.01, ***
signifies p < 0.001, and **** signifies p < 0.0001.

phosphorylated AURKA (pAURKA) and phosphorylated
AURKB (pAURKB) levels were examined by western blotting
(Figure 3e—g). Although all treatments were found to reduce
expression of PAURK to some extent, combination treatment
most successfully decreased pAURK levels. In fact, in some
treatment conditions, la and 2a were found to act synergisti-
cally to reduce pAURKA and pAURKB protein levels (Figure
3).

The effects of combination treatment were also evaluated for
PLK-1 protein. Because 3a inhibits PLK-1 activation by
targeting its ATP binding site, phosphorylated PLK-1 (pPLK-
1) protein levels were used to measure efficacy of this inhibitor.
Synchronized HCT-116 cells were treated with 1a, 3a, or a
combination of la and 3a, followed by evaluating pPLK-1
levels by western blotting (Figure 3e). All treatments
successfully reduced pPLK-1 expression, but combination
treatment was found to be particularly effective in reducing
pPLK-1. Synergy between la and 3a was observed for all
conditions tested (Figure 4).

Interestingly, our studies suggest that SPLM response can be
attenuated by exploring the structure activity relationships
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Figure 4. Demonstration of synergistic splice modulation of PLK-1.
HCT-116 cells were treated with SPLM 1a for 24 h and then
expression of (a) PLK-1 RNA or (b, c) PLK-1 protein was analyzed.
(d, e) For combination studies, synchronized HCT-116 cells were
treated with S nM or 10 nM 1a for 6 or 24 h, 2 uM 3a for 24 h, or a
combination of la and 3a. Treatment efficacy was assessed by
visualizing PLK-1 levels via Western blotting. The “+” sign above bars
indicates synergy. Experiments were conducted in biological triplicate.
Statistics were calculated using a standard one-way ANVOA; p-values
were represented so that * signifies p < 0.05, ** signifies p < 0.01, ***
signifies p < 0.001, and **** signifies p < 0.0001.

(SARs) within the SPLM. As shown in Figure S4, different
SPLMs target AURK and PLK-1 to a different extent. These
studies suggest the need to tailor the gene selectivity of splice
modulation. While early evidence (Figure S4) suggest the
potential to use medicinal chemical methods to encourage the
mis-splicing of genes of therapeutic interest, the scope and
potential of this interplay will require significant systems and
gene-specific studies before the global regulatory network is
revealed. While it is clear that SPLMs can play a role as tools to
reduce the levels of a given target within a cell, and hence
increase therapeutic potency, the development of methods that
selectively engage splice modulation within a tumor cell would
have profound implications, suggesting a means to specifically
activate and target cells with a high-degree of cell specificity.

B CONCLUSION

Nearly a decade ago, the concept of modulating the RNA
levels of proteins associated with cell cycle regulatory proteins
was su%§ested as a therapeutic option to treat diverse
cancers.”” Studies such as that led by Ashihara et al*
demonstrate the potential for RNA interference of PLK-1 as a
therapeutic approach for non-small cell lung cancers. Here, we
show how the small molecule la can be used in a
complementary approach to modulate the levels of properly
spliced cell cycle regulators AURKA, AURKB, and PLK-1
across a series of cell lines. This splice-induced loss resulted in
a reduction in AURKA, AURKB and PLK-1 protein,
attributing to a net improvement in efficacy of AURK
inhibitors 2a, 2b or PLK-1 inhibitor 3a, with marked
enhancements up to 90 000-fold (Figure 2).
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Overall, this study suggests the potential to engage small
molecule SPLM pretreatment as a therapeutic tool to edit the
levels of therapeutically targeted proteins by mis-splicing their
RNAs. Here, one can envision the use of cell-specific SPLMs
such as la for therapeutic intervention that begins with
application of a SPLM to downregulate the expression of a
chemotherapeutic target (i.e., AURKA, AURKB, or PLK-1) at
the RNA level, resulting in a net loss of a targeted protein,
followed by treatment with a target-selective inhibitor.
Comparable to RNAi and RNAsi approaches, synergistic
applications of SPLMs suggests an expanded potential for the
use of splice modulation as a strategy for drug enhancement.
SPLM combination therapy may be particularly useful for
enhancing clinical agents that suffer from off-target effects or
dose-limiting toxicity and could therefore allow for previously
abandoned lead molecules (therapeutics) to re-enter the clinic.
This suggestion was recently supported by studies in which
FR901462, the natural product precursor to spliceostatin A
(1d, Figure S1), synergistically improved efficacy of the PARP1
inhibitor olaparib.”” Ongoing studies are now focused on
exploring specificity of this SPLM combination therapy at a
systems-wide level, with the overall goal of validating this
strategy as mechanism-based approach to synergize chemo-
therapeutic treatment.

B METHODS

Compounds. FD-895 (1a) and 17S-FD-895 (1g) were prepared
by total synthesis.”® PF-03814735 (2a), danusertib (2b), and BI 2536
(3a) were purchased from Millipore-Sigma, Adipogen Corporation,
and Selleck Chemical, respectively. All oligonucleotides were
purchased by custom synthesis (Integrated DNA Technologies).
Unless stated otherwise, all reagents and media were purchased from
VWR or Fisher Scientific.

Cell Culture. The HCT-116 cell line was cultured in McCoy’s Sa
(Life Technologies) supplemented with 10% fetal bovine serum
(FBS), 2 mM 1-glutamine, and 100 U mL™" penicillin and 100 ug
mL™! streptomycin at 37 °C in an atmosphere of 5% CO,. Both the
HeLa and Caov3 cell lines were maintained in DMEM (Life
Technologies) supplemented with 10% FBS, 2 mM L-glutamine,
and 100 U mL™" penicillin and 100 g mL ™" streptomycin at 37 °C in
an atmosphere of 5% CO,.

Cellular Drug Treatments. Compounds were dissolved in
DMSO (MilliporeSigma). Cells were treated with 1a, 2a, 2b, or 3a
in media with >0.5% DMSO for 24—72 h.

Cell Viability Assays. HCT-116 cells were plated at 5 X 10> cells/
well in McCoy’s Sa containing 10% FBS. Cell were cultured for 24 h,
pretreated with 1a for 24 h, and then washed twice with 100 yL PBS.
Next, cells were treated with cell cycle inhibitors ranging from 0 to 10
4M 2a, 2b, or 3a for 72 h. Then, the cells were washed twice with 100
uL of PBS, and 100 yL of media was added to each well, followed by
20 uL of CellTiter Aqueous One Solution (Promega). After 2 h at 37
°C, absorbance readings were taken at 490 nm (test wavelength) and
690 nm (reference wavelength). Gy, values were calculated in Prism
(GraphPad) using >3 biological replicates.

Analysis of Drug Effects. CompuSyn (ComboSyn) was used to
analyze cytotoxic effects of the combination of 1a with 2a, 2b, or 3a.
The following equation was fitted to experimental data using
nonlinear regression:

D D
1= 2 + X
E 1/ma E 1/mb
GISO“(IOO—E) GISOb(loo—E)
CI X D, X Dy

+

E 1/2ma E 1/2mb
GISOEXGI”bx(wo—E) X(IOO—E)
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where D, is the concentration of drug A, D, is the concentration of
drug B, Gly, is the median effective drug concentration, E is the
fraction of cells surviving, and m is the slope parameter of the
individual drug’s concentration—effect curve. When the combination
index (CI) value >1, antagonism is indicated, meaning that the
observed efficacy is less than the expected additive effect. CI = 1
reflects additive effects, meaning the observed efficacy is within the
range of expected additive effects. CI < 1 indicates synergy, meaning
the observed efficacy is greater than the expected additive effects.”

Quantitative Real Time PCR (qPCR). Cells were treated with 1a,
2a, 2b, or 3a in 0.5% DMSO for 24 h. Untreated cells were
considered as a control. Total RNA was isolated using the mirVana
miRNA isolation kit (Life Technologies). A 1 ug sample of RNA was
subjected to DNasel from a TURBO DNA free kit (Life
Technologies). The cDNA was prepared by using SuperScript III
reverse transcriptase kit (Life Technologies). The amount of
unspliced RNA for different genes was determined using Power
SYBR Green PCR master mix (Applied Biosystems) by qPCR using
specific primers for each gene (Supplementary Table 1). qPCR using
2.5 uM of each primer was performed on S ng of the obtained cDNA.
gPCR conditions were as follows: 95 °C for 10 min for one cycle,
then 95 °C for 30 s, SS °C for 60 s, 72 °C for 60 s, for 40 cycles using
the MXPro. Quantification cycle (Cq) values were identified for each
sample, and then RNA levels were calculated using the 2724CT
method.>* GAPDH was used as a control for normalization.”’ At
least three biological replicates were conducted. Statistics were
calculated using a standard one-way ANVOA; p-values were
represented so that * signifies p < 0.05, ** signifies p < 0.01, ***
signifies p < 0.001, and **** signifies p < 0.0001.

Western Blot Analyses. Cells were synchronized using a double
thymidine block followed by treatment with 100 ng/mL nocodazole.
Then cells were treated with 1a, 2a, 2b, or 3a in 0.5% DMSO for 6—
24 h. Untreated cells were considered as a control. Cells were washed
twice with PBS and lysed with modified RIPA buffer (Cell Signaling
Technology) containing 1% of a human protease and phosphatase
inhibitor cocktail (Cell Signaling Technology) at 4 °C. The protein
content of the whole cell lysates was quantified using the Pierce BCA
Assay (Thermo Fisher). Lysates in sample buffer comprised of 720
mM 2-mercaptoethanol, 0.001% bromophenol blue, 2% SDS, 10%
glycerol, 80 mM Tris-HCI pH 6.8 were denatured at 95 °C for 5 min.
Total cellular proteins (20—S0 pg) were subjected to SDS PAGE
using a 4—20% Criterion precast gel (Bio-Rad) followed by transfer to
a 0.45 um polyvinylidene difluoride (PVDF) membrane (Millipore).
After blocking with 5% BSA for 1 h in 25 mL of Tris-buffered saline
with Tween 20 (TBST) composed of 20 mM Tris-HCl, 137 mM
NaCl, and 0.1% Tween-20 pH 7.6, the membrane was incubated with
a primary antibody overnight at 4 °C. The primary antibodies
included a rabbit anti-PLK-1 (4513, Cell Signaling Technology),
rabbit anti-phospho-PLK-1 (5472, Cell Signaling Technology), mouse
anti-AURKA (610938, BD), rabbit anti-phospho-AURK (2914, Cell
Signaling Technology), and mouse anti-cofilin (54532, Abcam). All
primary antibodies were used at a 1:1000 dilution in TBST containing
5% BSA. After washing three times with 25 mL of TBST, the
membranes were incubated with AP-labeled anti-rabbit (7054, Cell
Signaling Technology) or AP-labeled anti-mouse (S372B, Promega)
secondary antibodies with a dilution of 1:1000—7500 TBST
containing 5% BSA for 60 min at rt. The membranes were washed
three times with 25 mL of TBST, and protein—antibody complex
signals were detected using the BCIP/NBT substrate (83771,
Promega). Stained blots were then imaged on a conventional flatbed
scanner (1260, Epson). Band signal was quantified using ImageStudio
(LI-COR). At least three biological replicates were conducted.
Statistics were calculated using a standard one-way ANVOA; p-values
were represented so that * signifies p < 0.05, ** signifies p < 0.01, ***
signifies p < 0.001, and **** signifies p < 0.0001.
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