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Coherence between Cellular Responses and in Vitro Splicing
Inhibition for the Anti-tumor Drug Pladienolide B and Its
Analogs*□S
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Background: Pladienolide B is a complex natural product that potently inhibits pre-mRNA splicing.
Results: The same molecular features of pladienolide B are required for the drug’s effects on cell growth, morphology, and
splicing.
Conclusion: Simplified synthesis and modification of active pladienolide B is possible.
Significance: Pladienolide B analogs can be used to study the relationship between splicing and cancer cell function.

Pladienolide B (PB) is a potent cancer cell growth inhibitor
that targets the SF3B1 subunit of the spliceosome. There is con-
siderable interest in the compound as a potential chemothera-
peutic, as well as a tool to study SF3B1 function in splicing and
cancer development. The molecular structure of PB, a bacterial
natural product, contains a 12-member macrolide ring with an
extended epoxide-containing side chain. Using a novel concise
enantioselective synthesis, we created a series of PB structural
analogs and the structurally related compound herboxidiene.
We show that two methyl groups in the PB side chain, as well as
a feature of the macrolide ring shared with herboxidiene, are
required for splicing inhibition in vitro. Unexpectedly, we find
that the epoxy group contributes only modestly to PB potency
and is not absolutely necessary for activity. The orientations of
at least two chiral centers off the macrolide ring have no effect
on PB activity. Importantly, the ability of analogs to inhibit
splicing in vitro directly correlated with their effects in a series
of cellular assays. Those effects likely arise from inhibition of
some, but not all, endogenous splicing events in cells, as previ-
ously reported for the structurally distinct SF3B1 inhibitor
spliceostatin A. Together, our data support the idea that the
impact of PB on cells is derived from its ability to impair the
function of SF3B1 in splicing and also demonstrate that simpli-
fication of the PB scaffold is feasible.

An essential step in expression of human genes is
pre-mRNA splicing, the process by which intron sequences
are removed from gene transcripts to create functional
mRNA for protein translation. Splicing is facilitated and reg-
ulated by the spliceosome, a highly dynamic macromolecular
complex that assembles de novo at each intron from five
small nuclear ribonucleoproteins (snRNPs)3 and dozens of
additional proteins. Increasing evidence connects mutations in
components of the spliceosome to various types of cancer and
points to the splicing machinery as a target for new anticancer
drugs. A recent example is the core spliceosome component
SF3B1 and myelodysplastic syndrome, a heterogeneous group
of diseases caused by abnormal proliferation of hematopoietic
stem cells. Whole exome sequencing showed that 75% of an
myelodysplastic syndrome subtype had mutations in SF3B1,
which cluster in a particular region of the protein (1–3). SF3B1
mutations are also present in cancers of several other tissues
(4 – 6).

Interestingly, SF3B1 is also the target of pladienolide B (PB),
a natural product with potent cytotoxicity and antitumor activ-
ity both in cancer cell lines and mouse xenograft models (7–9).
In cell culture, mutation of a single amino acid in SF3B1 confers
resistance to PB, making it likely that its cytotoxicity is directly
related to SF3B1 function (9), although how these activities are
connected to splicing inhibition is not known. Two other nat-
ural products, herboxidiene (GEX1A) and FR901464 (and the
related molecules spliceostatin A (SSA) and meayamycin), also
interact with SF3B1 and have similar cytotoxic effects (10 –12).
In vitro studies indicate that both PB and FR901464 analogs
SSA and meayamycin interfere with the role of SF3B1 in stabi-
lizing the addition of U2 snRNP to the spliceosome and identi-
fying the intron branch point sequence (13–16). However, it
has been difficult to use structure activity relationship studies
to define the precise mechanism by which these compounds
interact with SF3B1 because of their complex structures.
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Novel concise enantioselective syntheses (17, 18) have now
opened the door to systematic structure activity relationship
studies for PB and herboxidiene. In this study, we identify struc-
tural features of PB that are responsible for inhibition of human
in vitro splicing. We find that the same features are responsible
for a wide ranging set of phenotypic effects in cells, eliminating
the hypothesis that splicing inhibition and cellular phenotypes
arise from different parts of the same molecule and further
underscoring the link between inhibition of the spliceosome
and the cellular response to PB. There are also several positions
in the molecule that can be modified with no change in activity.
Our data point toward more straightforward synthetic path-
ways and modifications in PB, which will be key to dissecting
the function of its target SFB1 in the spliceosome and studying
the relationship between splicing pathways and cancer cell
growth. They may also lead to structurally less complex new PB
analogs that are better tuned to selectively target cancer cell
growth and increase the therapeutic potential of the drug.

EXPERIMENTAL PROCEDURES

Synthesis of PB Structural Analogs—The synthesis of PB
structural analogs will be described elsewhere (see supplemen-
tal materials for NMR, FTIR, and mass spectrometry analysis of
compounds).4

In Vitro Splicing Reactions—Pre-mRNA substrate was
derived from the adenovirus major late transcript. A [32P]UTP
body-labeled G(5�)ppp(5�)G-capped substrate was generated
by T7 run-off transcription followed by gel purification.
Nuclear extract was prepared as previously described (19) from
HeLa cells grown in DMEM/F-12 1:1 and 5% (v/v) newborn calf
serum. For splicing reactions, 10 nM pre-mRNA substrate was
incubated with 60 mM potassium glutamate, 2 mM magnesium
acetate, 2 mM ATP, 5 mM creatine phosphate, 0.05 mg ml�1

tRNA, and 50% (v/v) HeLa nuclear extract at 30 °C.
Denaturing Gel Analysis—RNA was extracted from in vitro

splicing reaction and separated on a 15% (v/v) denaturing poly-
acrylamide gel. 32P-Labeled RNA species were visualized by
phosphorimaging and quantified with ImageQuant software
(Molecular Dynamics). Splicing efficiency is the amount of
mRNA relative to total RNA and normalized to a dimethyl sulf-
oxide (DMSO) control reaction. IC50 values for inhibitors are
the concentrations of inhibitor that cause 50% decrease of splic-
ing efficiency, which were derived from averaged plots of splic-
ing efficiency versus compound concentration from 3– 6 inde-
pendent assays.

Native Gel Analysis—Splicing reactions were set up as
described above and incubated 30 °C for 4 –30 min. Time point
samples were kept on ice until all samples were ready for anal-
ysis. 10 �l of splicing reactions were mixed with 10 �l of native
gel loading buffer (20 mM Trizma base, 20 mM glycine, 25% (v/v)
glycerol, 0.1% (w/v) cyan blue, 0.1% (w/v) bromphenol blue, 1
mg ml�1 heparin sulfate) and incubated at room temperature
for 5 min before loading onto a 2.1% (w/v) low melting temper-
ature agarose gel. Gels were run at 72 V for 3.5 h, dried onto
Whatman paper, and exposed to phosphorimaging screens,

which were digitized with a Typhoon Scanner (Molecular
Dynamics).

Cytological Profiling—For the cytological profiling data,
HeLa cells were treated with 2 nM to 67 �M of PB, PB analogs, or
herboxidiene for �20 h, followed by staining, automated imag-
ing, and processing as described by Schulze et al. (22).

Immunostaining—1 � 105 HeLa cells were cultured with
0.01–1 �M of drug for 4 h in chamber slides, acetone-fixed, and
blocked with 1% BSA. The cells were then DAPI-stained, incu-
bated with anti-SC35 (1:500; BD Biosciences), and labeled with
Alexa Fluor®568-conjugated anti-mouse IgG (1:500; Invitro-
gen). Images were acquired with a Leica EPI fluorescence
microscope.

Relative speckle sizes were obtained in an unbiased manner by
importing cell images into ImageJ and running a script that used
the auto default threshold algorithm and “analyze particles” rou-
tine to select DAPI-stained nuclei in the blue channel. For each
nucleus, the script then used the auto MaxEntropy threshold and
“analyze particles” routine to select speckles in the red channel and
calculate the speckle area. The distribution of speckle sizes from 20
to 40 nuclei from each condition was plotted with the Acula.com
box plot generator and compares to DMSO control by a nonpara-
metric Mann-Whitney U value test.

Monitoring Endogenous Splicing Changes by Semiquantita-
tive RT-PCR—HeLa cells were treated for 4 h with DMSO or
0.01–1 �M drug. Total RNA was isolated from 1–2 � 106 HeLa
cells with TRI reagent LS (Molecular Research Center, Inc.)
according to the manufacturer’s instructions. After DNase
treatment, 1 �g of total RNA was reverse-transcribed by
MMLV reverse transcriptase in a 20-�l reaction. 10-�l PCRs
were performed with a reaction mixture containing 1 �l of the
RT reaction, 200 �M dNTPs, 0.2 �M of each forward and reverse
primer, �1 unit Taq polymerase, and 1� Taq buffer. PCR con-
ditions were 2 min at 94 °C followed by 30 cycles of 30 s at 94 °C,
30 s at 55– 60 °C, 1 min at 60 °C, and a final elongation of 10 min
at 68 °C. PCR products were separated on a 6% native polyacryl-
amide gel, stained with ethidium bromide, imaged, and quanti-
fied using the Quantity One software (Bio-Rad).

Primer sequences are as follows: RBM5ex17: forward, 5�-
CGGCTGTAGTGCCCAGAGT-3�, and reverse, 5�-TTGCG-
AGTTGGGTCATAAT-3�, 58 °C annealing temperature (13);
CCNA2: forward, 5�-AACTTCAGCTTGTGGGCACT-3�, and
reverse, 5�-AAAGGCAGCTCCAGCAATAA-3�, 60 °C anneal-
ing temperature; SF3A1: forward, 5�-CCAAATTCCAGGAA-
CGTG-3�, and reverse, 5�-AGCTCCTCTGGCGTGGTG-3�,
55 °C annealing temperature (20); U6: forward, 5�-CGCTTCG-
GCAGCACATATAC-3�, and reverse, 5�-GAATTTGCGTGT-
CATCCTT-3�, 60 °C annealing temperature (21).

RESULTS

Synthesis of PB Structural Analogs—Although it is estab-
lished that PB targets the spliceosomal core protein SF3B1 and
inhibits pre-mRNA splicing, the structural elements of PB
responsible for this biological activity are unknown. PB is struc-
turally complex with multiple stereocenters, and the design of
less complex PB structural variants is of interest for several
reasons, including enabling the creation of probes for studying
spliceosome function. To probe the structural elements of PB

4 A. K. Ghosh, D. D. Anderson, K. A. Effenberger, and M. S. Jurica, manuscript in
preparation.
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that are dispensable for splicing inhibition, we utilized our
recent total synthesis of PB (1) (17) and herboxidiene (10) (17,
18) to synthesize a number of key analogs as depicted in Table 1
and in the supplemental materials. The details of the synthesis
will be described elsewhere.4 We first synthesized C3-hydroxyl
epimer (2) and C10-C11 anti-diastereomer (3). Furthermore,
we synthesized PB analogs where specific functional groups
were deleted from the side chain of PB. These analogs include
preparation of C18-C19 desoxy PB (4), C18-C19 desoxy PB
containing C10-C11 anti-diastereomer (5), C16, C20-dides-
methyl PB (6), C16, C20-didesmethyl with C10-C11 anti-di-
astereomer PB (8), and their combination with C21-hydroxyl
epimer (7, 9). All test compounds were purified by HPLC to
�95% purity. Notably, the synthetic pathway for the desoxy
compounds, which have a distinct retention time, would not
allow for formation of epoxide.

Structural Requirements for PB Splicing Inhibition in Vitro—
To test the effects of the PB analogs on splicing inhibition, we

added the compounds to in vitro splicing reactions containing a
synthetic pre-mRNA substrate, ATP, and nuclear extract from
HeLa cells. The reaction is monitored by denaturing PAGE to
separate the substrate and product mRNA, and splicing effi-
ciency is quantified as the percentage of pre-mRNA converted
to mRNA. In this system, DMSO alone has no effect on splicing
(Fig. 1A, lane 1), whereas PB (1) inhibits splicing with an IC50 of
0.1 �M (Fig. 1, A, lanes 2–7, and B). Herboxidiene (10) also
inhibits splicing in this system with the same IC50 (Fig. 1, B and
C, lanes 29 –34). The PB analogs showed different potencies,
allowing us to classify several PB molecular features with
respect to their contribution to in vitro splicing inhibition.

With all the C16-C20 didesmethyl compounds (6 –9),
absence of a pair of methyl groups flanking an epoxy moiety
resulted in a loss of splicing inhibition, indicating that one or
both methyl groups are key to splicing inhibition by PB (Fig. 1,
C, lanes 1–28, and D). Removal of the epoxy group (desoxy 4, 5)
reduces splicing inhibition by more than 5-fold, indicating that
the epoxy group contributes to splicing inhibition by PB but is
not absolutely required (Fig. 1, A, lanes 20 –31, and B). Epimer-
ization of the hydroxyl group at C3 in the ring (2), as well as of
the C10-C11 linkage between the “arm” and macrolide ring (3),
has no significant effect on splicing inhibition (Fig. 1, A, lanes
8 –19, and B), which means that the conformation of these
stereocenters does not contribute to splicing inhibition by PB.

In addition to assaying splicing chemistry, we also tested the
effect of the compounds on spliceosome assembly. Spliceosome
assemble on intron substrates via an ordered series of interme-
diate complexes. A subset of these complexes (H/E, A, B, and C)
can be visualized by native gel analysis of the same in vitro
splicing reactions described above. H/E and A complexes form
as early intermediates that convert to B and then to C complex,
at which point the splicing reaction is catalyzed. As before,
DMSO alone has no effect, and spliceosomes assemble over
time in the normal progression from H/E3 A3 B3 C com-
plex (Fig. 2A, lanes 2–5). With increasing concentrations of PB
(1) (Fig. 2A, lanes 6 –11) or herboxidiene (10) (Fig. 2B, lanes
29 –34), spliceosome assembly appears to halt before B and C
complex formation at a pre-mRNA-containing complex that
migrates near the position of the early intermediate known as A
complex. This A-like complex is indistinguishable from the one
that forms in the presence of SSA under the same experimental
conditions (14). Because the amount of the complex does not
increase commensurate with the loss of higher order com-
plexes, the results are consistent with a model in which drug
treatment results with a less stable A complex that is not able to
proceed to the next assembly step (13–15).

With the PB analogs, the effects on spliceosome assembly
directly correspond to the effects on mRNA production. The
didesmethyl compounds (6 –9), which do not inhibit splicing,
also do not interfere with spliceosome assembly (Fig. 2B, lanes
1–28). C3 and C10-C11 epimers (2, 3) give a block at an A-like
complex at the same concentrations as PB (Fig. 2A, lanes
12–23). With the compounds lacking the epoxide (4, 5), the
block at the A-like complex is not complete, and a small amount
of higher order assembly still occurs (Fig. 2A, lanes 24 –37),
which correlates with the decrease, but not complete loss, of
splicing chemistry in their presence. The similar effects of

TABLE 1
Chemical structure of compounds tested in this study
IC50 refers to the concentration required to reduce in vitro splicing by half compared
to DMSO control and is based on the averaged values of 3– 6 individual experi-
ments. *, The IC50 for SSA was obtained from Ref. 14.
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active analogs and PB indicate that they are likely inhibiting
splicing assembly by the same mechanism: interference with
U2 snRNA branch site recognition/progression of the A com-
plex intermediate (15).

Cellular Changes Produced by PB and Analogs Correlate with
Splicing Inhibition—We hypothesized that the effect of PB in
cells is a function of its ability to inhibit pre-mRNA splicing. To
address this subject, we used a cytological profiling assay to
monitor the effect of PB and analogs on HeLa cells (22). In the
assay, HeLa cells cultured in 384-well plates were treated with
test compounds in a range from nanomolar to micromolar con-
centration or with DMSO alone for 20 h and then stained with
fluorescent probes targeting actin (phalloidin), tubulin (�-tub),
total DNA (Hoechst), newly synthesized DNA (EdU), and phos-
phohistone H3 (�-pHH3). The cells were imaged through auto-
mated microscopy, and a phenotypic profile for each com-
pound was created using an algorithm that measured 244
cellular features based on the staining patterns, which provides
information pertaining to cell number, cytoskeletal structure,
nuclear size and morphology, DNA replication, and mitosis
(22). The profiles were compared by cluster analysis and plotted
as differences in feature value relative to DMSO treatment ver-
sus compound concentration.

Treatment of HeLa cells with PB (1) results in a distinct pro-
file relative to DMSO even at low nanomolar concentrations
(Fig. 3A). The profile is primarily a result of decreases in signal
for features associated with DNA synthesis and mitosis and an
increase signal for features corresponding to nuclear size and
shape. The C3 and C10–11 epimer compounds (2, 3) give the
same strong profile as PB, which is consistent with its nearly iden-
tical inhibition of splicing chemistry and spliceosome assembly in
vitro (Fig. 3A). At higher concentrations (��100 nM), the desoxy
compounds (4, 5) also give a very similar profile, but they show
little change relative to DMSO at lower concentrations (Fig. 3A).
This result is consistent with the desoxy compounds behaving in a
manner similar to PB but with lower potency. The cytological pro-
file of herboxidiene (10) strongly resembles that of PB (Fig. 3A).
The subtle differences in the herboxidiene profile are likely due to
assay variability rather than to a significantly different response.
Notably, treatment with the didesmethyl compounds (6–9) even
at the highest concentration of 67 �M yields few minimal pheno-
typic differences in HeLa cells in the assay (Fig. 3A), consistent
with the inability of these analogs to inhibit in vitro splicing and
spliceosome assembly. This result suggests that the PB scaffold
does not have strong off target effects, and is consistent with PB
selectivity for SF3B1.

FIGURE 1. Impact of PB analogs on in vitro splicing. A, denaturing gel analysis of RNA isolated from splicing reactions incubated with the indicated
concentrations of dimethyl sulfoxide (DMSO), PB, PB analogs (epimer, desoxy, and didesmethyl), and herboxidiene (herb). Identities of bands are schematized
to the left as (from top to bottom) lariat intermediate, pre-mRNA, mRNA, and 5� exon intermediate. The free lariat is indicated by an asterisk. B, quantification of
normalized splicing efficiency versus inhibitor concentration for the splicing reactions shown in A and C.
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We also compared the PB (1) profile with that of SSA (11),
and they are nearly indistinguishable (Fig. 3A). Because SSA is a
splicing inhibitor with the same molecular target in the spliceo-
some, this result further strengthens the hypothesis that the
changes in HeLa cells are due to the ability of PB to inhibit
splicing through SF3B1. Remarkably, PB/SSA profiles do not
cluster with those produced by compounds that cause cell
death or apoptosis, which shows distinctly different changes in
the measured parameters (Fig. 3B) (22). Instead, they most
closely cluster with profiles of compounds that cause a G1 cell
cycle arrest (Fig. 3B), consistent with previous studies showing
that PB and SSA arrest cell cycle progression during the G1
phase and the G2/M transition (7, 10, 23). The result may reflect
a higher sensitivity of intron(s) in gene(s) required for cell cycle
progression with inhibition of SF3B1 by PB, which has been
reported for SSA (13).

Nuclear Speckle Morphology Changes with PB Treatment—In
addition to the automated cytological profiling, we also exam-
ined the morphology of nuclear speckles in HeLa cells treated
4 h with PB or analogs (Fig. 4A). Nuclear speckles are cellular
bodies that contain transcription and pre-mRNA processing
components (24). Knockdown of PB target SF3B1 causes a
“mega-speckles” phenotype in which the speckles coalesce into
large bodies (25). PB treatment of cells also induces formation
of mega-speckles (8). Using immunofluorescence of SFRS2
(also called SC35), a common speckle marker, we observed
mega-speckles in cells treated with PB (1) from 0.01 to 1 �M,
which were absent in DMSO-treated control cells (Fig. 4, A and
B). In line with the cytological profiling data, treatment with a
didesmethyl compound (6) does not cause mega-speckles to
form, and treatment with a desoxy (4) compound results in an
intermediate phenotype, with fewer mega-speckles present rel-

ative to the same concentration of PB (Fig. 4, A and B). This
result underscores the correlation between in vitro splicing
inhibition and the cellular response to the drugs, i.e., the molec-
ular features that are responsible for loss of splicing and block in
spliceosome assembly are required in the same degree for
changes in HeLa cell appearance. Mega-speckles also appear in
cells treated with herboxidiene (10), but higher concentration
of the drug is required (Fig. 4A).

Finally, because PB (1) gave cytological profiles similar to cell
cycle inhibitors (Fig. 3B), we also looked at speckle morphology
in cells treated with the cell cycle inhibitors etoposide (topo-
isomerase II inhibitor) and genistein (tyrosine kinase inhibitor).
Although the overall appearance of treated cells changed with
respect to DMSO, the compounds did not cause formation of
mega-speckles (Fig. 4C). This result indicates that mega-speck-
les do not form simply in response to cell cycle inhibition, but to
another effect of PB treatment.

Impact of PB Modifications on Splicing in Cells—To further
corroborate the relationship between the cellular phenotype
produced by PB and its impact on splicing, we used RT-PCR to
examine splicing of three genes in HeLa cells treated with
increasing concentrations of the drug. As a control for RNA
isolation and RT-PCR activity, we also examined the intron-less
U6 mRNA, which was not affected by treatment with any of
the compounds, even at the highest concentration of 1 �M

(Fig. 5D). For the genes RBM5 and CCNA2, we designed
primers to assay for skipping of selected exons that exhibited
alternative splicing changes in cells treated with SSA (13)
(Fig. 5, A and B). We see similar changes in exon skipping
with PB (1) treatment: increased skipping of exon 16 in
RMB5 and increased skipping of exon 5 in CCNA2. How-
ever, the effect does not directly correlate with the amount of

FIGURE 2. Native gel analysis of spliceosome assembly. A and B, the results shown are from time course analysis of splicing reactions in HeLa nuclear
extract (NE) in 1% DMSO or 30-min time points of splicing reactions with the indicated concentrations of PB, PB analogs (epimer, desoxy, and
didesmethyl), and herboxidiene (herb). The identities of complexes are denoted with assembly occurring in the following order: H/E3 A3 B3 C.
DMSO, dimethyl sulfoxide.

Pladienolide B Structure Activity Relationship in Splicing Inhibition

1942 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 4 • JANUARY 24, 2014



the drug, in that the highest concentration of PB resulted in
a smaller change in exon skipping relative to lower concen-
trations. A desoxy compound (4) also increased exon skip-
ping in both genes, but higher amounts of the drug were
required to obtain the same magnitude of change. A dides-
methyl compound (6), which was inactive in all previous
assays, did not affect CCNA2 splicing. Surprisingly, it did
alter RBM5 splicing, although the increase in exon 16 skip-
ping was not as large as with PB or the desoxy compound.
This result suggests that the didesmethyl compound still
affects SF3B1 at some level and that the effect can impact

certain splicing events. We did not detect splicing changes
for either gene in cells treated with herboxidiene (10) (data
not shown).

Notably, not all splicing events appear affected by PB treat-
ment. For example, we did not detect a decrease in splicing of
the intron between exons 6 and 7 of SF3A1 in cells treated with
any of the compounds (Fig. 5C), which had previously been
observed upon knockdown of the spliceosome proteins in the
SF3A complex of the U2 snRNP (20). Together these results
show that in cells PB and analogs do not affect every intron at
the same level and that changes in splicing of endogenous tran-

FIGURE 3. Cellular effects of PB and analogs. A, cytological profiles of HeLa cells treated with increasing concentrations of PB, PB analogs (epimer, desoxy, and
didesmethyl), and herboxidiene (herb) (2 nM to 67 �M) and SSA (0.02 nM to 0.67 �M). Each row represents a different drug condition, whereas columns indicate the
change in different cell parameters relative to DMSO treatment. Blue represents an increase in the parameter, yellow represents a decrease, and black indicates no
difference. Color intensity indicates the magnitude of the difference. Features associated with DNA synthesis (EdU), mitosis (pHH3), and nuclear size/shape are
highlighted. B, cluster analysis of cytological profiles of SF3B1 inhibitors with those produced by compounds with known molecular targets/cellular effects.
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scripts with drug treatment are likely modulated by more than
SF3B1 activity alone. Splicing consensus sequences, particu-
larly the branch point signal, probably play a role, as has been

shown for SSA (13). Additionally, indirect effects through splic-
ing of other factors and differential compound stability or cel-
lular uptake may also come into play. Still, there is a general

FIGURE 4. Changes in nuclear speckle morphology. A, SFRS2 (SC35) immunofluorescence (magenta) over DAPI stain (blue) of HeLa cells treated with DMSO
or 0.1–1 �M of the indicated compounds for 4 h. B, box plots of relative speckle size from 20 – 40 nuclei images for cells treated with DMSO or 1 �M of the
indicated compounds. Nonparametric Mann-Whitney U value tests show that differences between treatment and DMSO treatment are highly significant for PB
(**, p � 0.001) and moderately significant (*, p � 0.05) for the desoxy compound. C, immunofluorescence images as described in A of cells treated with DMSO
or 0.67– 67 �M of the indicated cell cycle inhibitor. herb, herboxidiene; DMSO, dimethyl sulfoxide.
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trend that cellular splicing events appear to be most sensitive to
the strongest in vitro splicing inhibitors.

DISCUSSION

PB exhibits a remarkable combination of both antitumor
activity and splicing inhibition, which gives it potential as lead
compound for a new class of anticancer drug. PB is a member of
a family of several pladienolide natural products from Strepto-
myces platensis, all of which share a complex macrolide ring
structure (7, 26). The other family members and a handful of
synthetic analogs have varying effects on cell growth and splic-
ing, which provides some clues as to which molecular features
of PB may be important for activity (7, 8, 27–29). In this study,
we used an expanded series of PB analogs to directly test the
requirement of PB features for in vitro splicing inhibition and
effects in cells and identified both dispensable and indispens-
able functional groups.

Our results clearly show that one or both of the methyl
groups at C16 and C20 are key to inhibition of splicing and most
effects of PB on cells. This finding is in line with previous
reports of compounds created on a simplified PB scaffold that
lacked these methyl groups and that had �10,000-fold less
activity in splicing and cell growth (28). Although we have not
yet evaluated each position independently, previous studies
suggest that both of them contribute to PB activity. The pres-
ence of an additional hydroxyl group at C20 in pladienolide F
results in an �10-fold drop in cytotoxicity (7). Similarly, addi-
tion of a hydroxyl group at the position equivalent to C16 in the
herboxidiene analog GEX1Q2 lowers activity in cell growth
assays considerably (30). In the context of loss of the acetyl
group at C7, the presence of an additional hydroxyl group at
C16 in pladienolide E or at C20 in pladienolide G has a drastic
effect on activity. Absence of the acetyl group at C7 alone in
pladienolide A reduces cell growth inhibition by �250-fold rel-
ative to PB, but this reduction is further exacerbated �1,000-
fold with pladienolide E and �50,000-fold with pladienolide G

(7). However, it is notable that a hydroxyl group is also present
at C16 in two other PB analogs (pladienolide D and E7107), both of
which mimic the effects of PB on splicing and cells with similar
potencies (8, 15). Also, isomerization of the C16-C17 bond in the
context of FD-895, another related natural product with an addi-
tional hydroxyl group at C17 (31), has limited effect on the cyto-
toxicity of the compound (29, 32). More studies focusing on each
position independently will be required to clear up the contribu-
tion of functional groups to PB activity at these sites.

Some feature(s) of the macrolide ring distal to the arm link-
age appears to contribute to the effects of PB on spliceosome
assembly and thus splicing inhibition. As noted above, absence
of the acetyl group at C7 in pladienolide A reduces activity (7).
Combined loss of side groups at C3, C7 and C10 abrogates
bioactivity completely (29). Interestingly, herboxidiene, which
has a less complex ring structure but maintains an acetyl group,
inhibits splicing in vitro to the same extent as PB. Its cytological
profile is very similar to PB, and the slight differences can be
attributed to assay variability and clustering parameters. Nota-
bly, herboxidiene is less potent in cellular splicing assays and in
impacting nuclear speckles. More work will be needed to deter-
mine whether differences between PB and herboxidiene change
activity toward SF3B1 or instead alter its uptake or stability in
cells. Notably, our results with the C3 epimers show that at least
the stereochemistry at this position in the macrolide ring is not
important for splicing inhibition.

Absence of the epoxide at C18-C19 resulted in only a 10-fold
loss of splicing inhibition or cell activity. Because PB, herboxi-
diene, and FR901464 share an epoxy group, it was proposed to
be a required feature of a pharmacophore common to the com-
pounds (33). Based on that pharmacophore model, a set of com-
pounds termed sudomycins was synthesized on an FR901464-
like scaffold with an epoxide, and these compounds exhibit only
limited cytotoxicity and effects on splicing (33, 34). Our data
indicate that the epoxide contributes to PB activity but is not
absolutely required. Corroborating this observation, a recent

FIGURE 5. Splicing changes in cells treated with PB analogs. Semiquantitative RT-PCR analysis of RNA isolated from cells treated with increasing drug
concentrations for RBM5 exon 16 inclusion (A), CCNA2 exon 5 inclusion (B), SF3A1 intron 6 removal (C), and U6 snRNA (D). The positions of different cDNA
products and molecular weight markers are diagrammed at the right and left of each gel image. The percentage of exon skipping for RBM5 and CCNA2 is
indicated below each lane.
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report provides evidence that changing the epoxide of FD-985
to a cyclopropane does not drastically alter its cytotoxicity but
instead appears to stabilize the compound (29). Furthermore,
recent papers identified an analog of FR901464, termed spliceo-
statin B, and two members of the thailanstatin family of natural
products that resemble FR901464 and that do not contain the
epoxide (35, 36). All three compounds are considerably less
cytotoxic than their epoxide-containing counterparts. Thailan-
statins B and C were also shown to inhibit splicing of a reporter
gene but required �10-fold higher concentrations. These find-
ings parallel our results with the PB desoxy compounds.

PB exhibits a remarkable combination of both antitumor
activity and splicing inhibition, which gives it potential as lead
compound for a new class of anticancer drug (37, 38). Our cur-
rent structure-activity relationship studies demonstrate that
creating less complex PB analogs that retain bioactivity is quite
feasible. As it turns out, the C3-hydroxyl stereochemistry is not
critical to spliceosome inhibition, which indicates that the
hydroxyl group can be replaced with isosteric functionalities,
and even gem-dimethyl groups may be accommodated. Simi-
larly, C10-C11 stereochemistry is not critical to activity, and it
can be eliminated with the incorporation of gem-dimethyl
groups. Furthermore, C18-C19 desoxy PB (4, 5) retains good
potency, which indicates that stable PB analogs without labile
epoxide functionality can be developed (29). Finally, because
the activity of herboxidiene resembles PB in many aspects, the
macrolide ring of PB may also be simplified. Thus, the design of
structurally less complex and more stable PB analogs promises
to greatly facilitate medicinal chemistry efforts toward PB ana-
log development for further in-depth studies.

The cytostatic effect of PB along with the discovery of SF3B1
as its molecular target suggests a relationship between splicing
and cancer cell growth (8). The relationship is strengthened by
the observation that PB inhibits splicing of cell cycle genes (8)
and by the identification of an SF3B1 mutation that abrogate
the ability of PB to halt cell growth (9). Our data further under-
score the link by demonstrating that the ability of PB to inhibit
splicing in vitro is tied to its ability to impact a diverse set of
cellular phenotypes. However, it is important to note that
changes in cell growth do not correlate with a general inhibition
of splicing of all introns but are more likely to result from more
subtle changes in alternative splicing of a key set of transcripts.
This is evident from the differential effects that we observe in
cellular splicing for different genes and from the difference in
drug potency for in vitro versus in vivo effects, which also been
noted for SSA, another SF3B1 targeting drug (13, 39). Presum-
ably, our in vitro splicing substrate is not as dependent on
robust SF3B1 activity, and more drug is required to impact its
splicing, whereas certain splicing events in cells are very sensi-
tive. These sensitive events are likely to correlate with alterna-
tive splicing choices, and the cellular effect of PB analogs will
depend both on how many splicing events they modulate and
on how changes in isoform ratios of the affected genes impact
phenotype. So, even though the didesmethyl PB analogs affect
some splicing events in cells, the absence of an effect on cyto-
logical profiles and nuclear structure suggests off target effects
that would hamper development of PB as a potential cancer
drug will be limited. Ultimately, how the important features of

PB that we identified contribute to its activity is still an open
question. It may be that they affect its affinity for SF3B1, its
ability to interfere with SF3B1 function, or its stability in
extracts and cells. Future studies addressing these possibilities
will be key for understanding the mechanisms of PB splicing
inhibition and its chemotherapeutic promise.
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