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The spliceosome protein, SF3B1, is associated with U2
snRNP during early spliceosome assembly for pre-mRNA
splicing. Frequent somatic mutations in SF3B1 observed in
cancer necessitates the characterization of its role in identi-
fying the branchpoint adenosine of introns. Remarkably, SF3B1
is the target of three distinct natural product drugs, each
identified by their potent anti-tumor properties. Structural
studies indicate that SF3B1 conformational flexibility is func-
tionally important, and suggest that drug binding blocks the
transition to a closed state of SF3B1 required for the next stage
of spliceosome assembly. This model is confounded, however,
by the antagonistic property of an inactive herboxidiene
analog. In this study, we established an assay for evaluating the
thermostability of SF3B1 present in the nuclear extract prep-
arations employed for in vitro splicing studies, to investigate
inhibitor interactions with SF3B1 in a functional context. We
show that both active and antagonistic analogs of natural
product inhibitors affect SF3B1 thermostability, consistent
with binding alone being insufficient to impair SF3B1 function.
Surprisingly, SF3B1 thermostability differs among nuclear
extract preparations, likely reflecting its conformational status.
We also investigated a synthetic SF3B1 ligand, WX-02-23, and
found that it increases SF3B1 thermostability and interferes
with in vitro splicing by a mechanism that strongly resembles
the activity of natural product inhibitors. We propose that
altered SF3B1 thermostability can serve as an indicator of in-
hibitor binding to complement functional assays of their gen-
eral effect on splicing. It may also provide a means to
investigate the factors that influence SF3B1 conformation.

Splicing factor 3B (SF3B) is a multiprotein complex that
functions with the U2 small nuclear ribonucleoprotein (U2
snRNP) to recognize the branchpoint adenosine of introns
during pre-messenger RNA splicing (1). This recognition
event is important because the adenosine directly participates
in splicing chemistry and influences the choice of the 30 splice
that defines the intron-exon boundary. The largest SF3B
* For correspondence: Melissa S. Jurica, mjurica@ucsc.edu.
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protein, SF3B1, frequently acquires specific somatic mutations
in a variety of cancers (2–5), which lead to altered selection of
branchpoints and 30 splice site usage in several gene transcripts
(6, 7). Efforts to link SF3B1 mutation to oncogenesis are
ongoing. For example, the most frequently occurring SF3B1
mutation, SF3B1K700E, contributes to MYC hyperactivation via
aberrant splicing of protein phosphatase 2A (PP2A) subunit
PPP2R5A (8).

SF3B1 is also the target of three distinct families of natural
products first identified for their potent cytotoxicity and anti-
tumor activity, and exemplified by pladienolide B, herbox-
idiene, and spliceostatin A (SSA) (9–14). The compounds,
collectively known as SF3B1 inhibitors, interfere with U2
snRNP’s engagement with the intron during spliceosome as-
sembly (15–18). SF3B1 inhibitors have garnered much interest
for their potential as cancer therapeutics due to their potent
toxicity to cancer cells and capacity to reduce tumor volumes
in patient-derived xenografts (9, 10, 14). Furthermore, cells
carrying SF3B1 cancer mutations exhibit even higher sensi-
tivity to the compounds (19, 20). Pladienolide B analog H3B-
8800 is currently in clinical trials (20), https://clinicaltrials.
gov/ct2/show/NCT02841540. While a significant clinical
response has not been reported, some results for patients with
myelodysplastic syndrome (MDS) appear to be promising (21).
A better understanding of how the different inhibitors impact
SF3B1 function is needed to support their further development
for clinical use.

Recent structural studies provide some clues to the SF3B1
inhibitor mechanism. The large HEAT-repeat domain of
SF3B1 has a conformationally flexible C-shape that appears to
mediate the role of the protein in branchpoint recognition and
inhibitor action (22). Prior to engaging with an intron, the
domain is observed with an open conformation (23). After
intron engagement, the domain closes so that SF3B1 essen-
tially clamps the duplex formed by U2 snRNA and intron base
pairing (24–26). The closed conformation also sandwiches the
branchpoint adenosine of the intron in a space between SF3B1
HEAT-repeats 15 and 16, a state that appears to be required as
a signal for further spliceosome assembly. Structures of a
minimalized SF3B complex bound to the pladienolide B analog
J. Biol. Chem. (2025) 301(2) 108135 1
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Impact of splicing inhibitors on SF3B1 thermostability
E7107 and an SSA-stalled spliceosome display SF3B1 in the
open conformation. The diene functionality common among
the different inhibitor structures is situated in a tunnel-like
cavity between SF3B1 HEAT-repeat 15 and a partner protein
PHF5A (27–29). For SF3B1 closing, residues that contribute to
the drug cavity must move to contact the intron branchpoint
adenosine. The inhibitors are proposed to interfere with
splicing by both steric blocking of the branchpoint adenosine
binding site and stabilization of the open conformation.

Whether and how SF3B1 conformation is regulated is not
currently known. Working under the assumption that inhibi-
tor binding depends on the open conformation, we concluded
that higher temperature and an ATP-dependent activity in-
fluence accessibility of the binding pocket, suggesting the
“ground state” is closed (30). In the context of U2 snRNP,
interactions with U2 snRNA as well as the proteins HTATSF1
and RNA-dependent ATPase DDX46, the human ortholog of
yeast Prp5p, appear to stabilize the open conformation of
SF3B1 (23). One possibility is that the open conformation
represents an activated state of U2 snRNP necessary for intron
binding. Similarly, SF3B1 closing may be regulated by DDX46,
which has a role in determining the fidelity of branch helix
formation (31, 32).

Through structure-function analysis of the SF3B1 inhibitor
herboxidiene, we showed that a carboxymethyl substitution at
a position predicted to interact with charged residues in
HEAT-repeat 15 results in an inactive analog (iHB) with no
effect on splicing. Surprisingly, the iHB analog antagonizes the
splicing inhibitory activity of the parent compound, pladie-
nolide B and SSA, which suggests that antagonism is mediated
by competitive binding to SF3B1 (16, 30). This supposition
conflicts with the steric model of SF3B1 inhibitor action posed
above because the apparent binding of the iHB analog does not
interfere with SF3B1 function. Instead, we hypothesize that the
signal allowing for SF3B1 closure over an intron may be
impaired by a key drug interaction that is lacking with iHB.
One caveat to our model, however, is that we used completion
of splicing as an indirect measure of inhibitor binding.

In searching for a more direct measurement of SF3B1 in-
teractions with different analogs, we considered other reported
strategies using isolated SF3B complex (20, 33). However,
because SF3B1 interactions with RNA and proteins in U2
snRNP impact the conformation of the protein and binding
pocket, we were concerned that an important context for drug
interactions would be missing. Unfortunately, the biogenesis of
U2 snRNP is complex, and it cannot be reconstituted. We
therefore turned to the cellular thermal shift assay (CETSA)
developed to provide information about drug binding to a
target protein in cells (34, 35). We aimed to evaluate splicing
inhibitor interactions with native SF3B1 in the nuclear extract
employed for most studies of splicing and spliceosome func-
tion (36). Employing a dot blot strategy to compare the
amount of soluble SF3B1 after exposing nuclear extract to
increasing temperatures, we show that SF3B1 inhibitors induce
a small, but consistent increase in SF3B1 thermostability in
HeLa nuclear extracts that supports in vitro splicing. Sur-
prisingly, we find that SF3B1 in some extract preparations is
2 J. Biol. Chem. (2025) 301(2) 108135
significantly less thermostable, and the subsequent stabilizing
impact of inhibitors is much greater. Low SF3B1 thermosta-
bility correlates with poor splicing activity in the extract, and
we speculate that it may reflect SF3B1 functional interactions
with U2 snRNP. The iHB analog also increases SF3B1 ther-
mostability, which is consistent with competitive binding
mediating the antagonism of active inhibitors. Finally, we used
the assay to investigate a synthetic ligand reported to cova-
lently target SF3B1 on a cysteine in HEAT-repeat 16 adjacent
to the drug binding pocket (37). Despite a very different
chemical structure, this compound also increases SF3B1
thermostability and interferes with the assembly of the spli-
ceosome on an intron like the natural product inhibitors.
Together our results indicate the SF3B1 thermal shift assay is a
useful complement to functional splicing assays for investi-
gating drug interaction with SF3B1 and for exploring condi-
tions that impact SF3B1 conformation and function in splicing.
Results

Impact of an SSA analog on the thermostability of SF3B1 in
nuclear extract

To determine the thermostability profile of SF3B1 in the
HeLa cell nuclear extract commonly used for in vitro splicing
analysis and the potential impact of SF3B1 inhibitors, we
incubated 5 mM SSA analog SSA-917 with nuclear extract.
This concentration is �50-fold higher than its IC50 for splicing
inhibition. Aliquots of the mixture were then exposed to a
range of increasing temperatures, and then centrifuged to
remove denatured proteins. We initially used western blots to
assess the amount of soluble SF3B1 (Fig. 1B). As expected, the
predominant SF3B1 band showed decreased intensity with
increasing temperature (Fig. 1A). In the SSA-917 treated
extract, the amount of SF3B1 appeared to be higher relative to
the DMSO control at intermediate temperatures, consistent
with drug binding providing a measure of stabilization with
heat denaturation. A non-linear regression to relative band
intensities from replicate samples and blots was used to
determine the temperature where half of the total SF3B1 is
denatured (Tm) (Fig. 1C). The value for SSA-917 treatment
was slightly higher (53.1 vs 54.5 �C) than with DMSO, but a
95% confidence interval could not be determined, and we
could therefore not test for statistical significance.

Because of the large number of samples that need to be
analyzed in parallel, ideally on the same blot, we turned to dot
blotting to analyze both experimental and technical replicates
on the same blot and to add another temperature point. First,
we established that serial dilution of nuclear extract applied
directly to a membrane resulted in a linear decrease of SF3B1
immunosignal (Fig. 1D-left). SF3B1 immunosignal of 45
identical samples across a dot blot exhibits a 10.4% coefficient
of variation (Fig. 1D). Relative dot blot intensities of the same
samples analyzed by Western blot yields a similar denaturation
profile, and, with an extra temperature point and technical
replicate, we were able to determine that the small difference
in Tm value for SSA-917 (54.6) and DMSO (53.4) has statistical
significance (p = 0.0073).
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Figure 1. A SSA analog increases SF3B1 thermostability in nuclear extract. A, SF3B1 interactions and conformation differ significantly between cryo-EM
models of 17S U2 snRNP (6Y50), SSA-inhibited spliceosome (7ONB), and A-complex spliceosome (6G9O). B, the chemical structure of SSA-917, which lacks
the C1 methyl and O-methyl groups of SSA (shown in gray), next to representative Western blot probed with anti-SF3B1 and anti-HDAC1. Gels were loaded
with the soluble fraction of HeLa nuclear extract first incubated with 5 mM SSA-917 or carrier DMSO and then exposed to the indicated temperature. Anti-
HDAC1 signal serves as a loading control. C, relative anti-SF3B1 band intensity vs temperature of heat treatment for replicate samples with replicate blots.
The data are fit to a non-linear regression model to derive Tm values (*complete confidence interval could not be determined). D, the left graph shows
relative anti-SF3B1 dot blot signal vs. triplicate samples of serially diluted nuclear extract fit to linear regression. The right graph shows the distribution of the
anti-SF3B1 signal for identical samples loaded on a single dot blot (n = 45) relative to the average signal with the associated coefficient of variance. E,
relative anti-SF3B1 dot blot signal of the same replicate samples shown in (B) vs temperature of heat treatment. Data from triplicate dot blot measurements
are fit to a non-linear regression model to derive Tm values, which were compared using the extra sum-of-squares F-test to determine significance. A portion
of the dot blot is shown to the right. SSA, spliceostatin A.

Impact of splicing inhibitors on SF3B1 thermostability
An unknown factor affects SF3B1 thermostability in some
nuclear extract preparations

Nuclear extracts are prepared in batches from liter-scale
cultures of HeLa extracts and exhibit batch to batch
variability in terms of 260/280 UV absorbance levels and
in vitro splicing efficiency, including cases of completely
“dead” extract. The extract used for Figure 1 (NE-1), exhibits
relatively good splicing efficiency and higher UV absorbance.
J. Biol. Chem. (2025) 301(2) 108135 3
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To determine if the effect of SSA on SF3B1 is consistent
across nuclear extracts preparation, we repeated the experi-
ment with two additional nuclear extract preparations (NE-2
and NE-3). With NE-2, SSA increased the Tm of SF3B1
thermodenaturation by a little over 1 �C, with a thermosta-
bility profile like NE-1 (Fig. 2A). In contrast, NE-3 exhibited a
very different pattern of SF3B1 thermostability. First, in the
absence of inhibitor, the Tm of SF3B1 thermodenaturation is
�3 �C lower than NE-1 and NE-2. Second, the effect of SSA-
917 is much more pronounced with a thermostability profile
that cannot be fit by linear regression (Fig. 2B). To compare
A

C

Figure 2. SSA overcomes extract intrinsic factors affecting SF3B1 thermost
different nuclear extract preparation (NE-2 and NE-3) prepared and analyzed th
value could not be determined from the curve fit. One sample replicate from t
anti-SF3B1 dot intensities for soluble fractions of different nuclear extract prepa
temperatures. SSA, spliceostatin A.
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the behavior of additional extracts, we examined tempera-
tures near the inflection points of the SF3B1 thermodenatu-
ration curve. Figure 2C shows relative dot intensities at 40, 50
and 54 �C for NE-2, NE-3 and three additional extract
preparations. Both NE-2 and NE-4 exhibit relatively high
amounts of SF3B1 at 54 �C in DMSO, which increases slightly
with SSA-917 treatment. In contrast, only a small amount of
SF3B1 remains soluble at 54 �C with NE-3, NE-5, NE-6
(55 �C for NE-6) in DMSO. Strikingly, SSA-917 treatment
significantly increases the portion of soluble SF3B1 to
approximately the same level.
B

ability. A and B, relative anti-SF3B1 dot blot signal for the soluble fraction of
e same as described for Figure 1E. For NE-3 treated with 5 mM SSA-917, a Tm
he correlating dot blot is shown below the graph. C, comparison of relative
rations treated with DMSO or 5 mM SSA-917 and incubated at the indicated
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The molecular basis of this differential thermostability of
SF3B1 is not clear at this point. NE-1, NE-2, and NE-4 have
relatively high 260/280 nm UV absorbance and exhibit
better splicing efficiency. NE-3 and NE-5 have lower 260/
280 nm UV absorbance and exhibit little to no splicing
efficiency, while NE-6 has intermediate 260/280 nm UV
absorbance and slightly better splicing. Although we
adjusted NE concentration to achieve similar UV absor-
bance for the extracts tested (for example NE-1 and NE-2
were tested at 50%, and NE-3 tested at 95% extract) over-
all protein/nucleic acid levels have the potential to affect
thermostability. We therefore compared thermostability
profiles of dilutions of NE-1 and NE-3 with and without
SSA treatment. Each dilution of NE-1 slightly increases the
Tm of SF3B1 with DMSO, but SSA treatment still provides a
small boost in thermostability (Fig. 3A). NE-3 dilution
decreased the Tm of SF3B1 in DMSO, but SSA treatment
still greatly increases soluble SF3B1 in a pattern that cannot
be fit by linear regression. These results, summarized in
Figure 3B, show that protein/nucleic acid concentration is a
relevant factor, but it does not account for the unusual
thermostability of SF3B1 in NE-3.

There is a correlation between splicing efficiency and
SF3B1 thermostability in that all extracts with lower SF3B1
thermostability have poor or no splicing capacity. However,
the corollary does not hold. We tested four additional ex-
tracts, two with good splicing efficiency and two with
splicing activity. The amount of soluble SF3B1 remaining
after heating 40, 50 and 55 �C were very similar to each
other and NE-1 (Fig. 3C).
A

B C

Figure 3. The concentration of nuclear extract does not account for differe
soluble fraction of dilutions of NE-1 and NE-3 prepared and analyzed the same
the extract dilutions tested. C, comparison of SF3B1 thermostability among e
Modulation of SF3B1 stability by other natural product
scaffolds

One goal of developing an SF3B1 thermostability assay was
to compare the effect of inhibitors and analogs on splicing
efficiency with a complementary assessment of the interactions
between the compounds and SF3B1 in nuclear extract. We
therefore next used the assay with pladienolide B, herbox-
idiene, and a herboxidiene analog (iHB) that antagonizes the
effect of active compounds (16, 30) (Fig. 4A). To more readily
compare their ability to affect SF3B1 thermostability in
different extracts we again analyzed the soluble fraction of
after heating to 40, 50 and 54 �C. With NE-2, pladienolide B
treatment produced a very small increase in soluble SF3B1
levels at 54 �C, while the effect of herboxidiene was not sta-
tistically significant (Fig. 4C). In NE-3, however, both com-
pounds strongly increased SF3B1 thermostability at 50 and
54 �C (Fig. 4, B and C). These results suggest that similar in-
teractions between SF3B1 and the three different natural
product scaffolds are responsible for the increased SF3B1
thermostability. Notably, iHB also affects SF3B1 thermosta-
bility in NE-3 and NE-5 (Fig. 4, B and C). This result lends
further support to our hypothesis that antagonism by iHB is
mediated by competitive binding to SF3B1.
WX-02-23 shifts SF3B1 thermostability and inhibits pre-mRNA
splicing in vitro

The Cravatt group reported a synthetic chemical ligand
(WX-02-23) that covalently attaches to SF3B1 through
cysteine 1111 and an inactive/non-competitive enantiomer
ntial thermostability of SF3B1. A, relative anti-SF3B1 dot blot signal for the
as described in Figure 1E. B, comparison of UV absorbance and Tm values for
xtracts with robust or poor splicing activity.

J. Biol. Chem. (2025) 301(2) 108135 5
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Figure 4. SF3B1 thermostability is affected by structurally distinct inhibitors and an inactive antagonist. A, the chemical structures of pladienolide B
(PB) and herboxidiene (HB). The conversion of HB’s C1 carboxyl to carboxymethyl yields the inactive antagonist iHB. B, representative dot blot showing anti-
SF3B1 signal for the soluble fraction of NE-3 treated with 5 mM PB, 5 mM HB or 100 mM iHB and then heated at different temperatures. C, comparison of
relative anti-SF3B1 dot intensities for soluble fractions of different nuclear extract preparations incubated with same concentration of the indicated
compound as in B and then heated to 40, 50 or 54 �C. For NE-2, only PB treatment produced a significant increase in the amount of soluble SF3B1 at 54 �C
(p = 0.0004).

Impact of splicing inhibitors on SF3B1 thermostability
(WX-02-43) (37) (Fig. 5A). In SF3B1, cysteine 1111 faces into
the binding channel of the natural product splicing inhibitors,
and pladienolide B was shown to compete with WX-02 to 23’s
interaction with SF3B1. Although the compound can influence
splicing in cells, the question of its effect on SF3B1 function
was not fully answered.

To determine whether WX-02-23 interferes with U2
snRNP’s engagement with an intron in a way that reduces
spliceosome assembly and subsequent catalysis of splicing
chemistry, we tested its effect in the in vitro splicing system.
Inclusion of WX-02-23 results in loss of both first and
second step splicing products with an IC50 of �5 mM, while
WX-02-43 has no effect (Fig. 4B). Notably, an A-like com-
plex similar to that induced by SSA-917 accumulates in the
presence of WX-02-23, with no further complex formation
(Fig. 4C). Together, these results are consistent with the idea
6 J. Biol. Chem. (2025) 301(2) 108135
that molecules with very different structures nonetheless
interfere with SF3B1’s role in spliceosome assembly in the
same manner.

Next, we used the dot blot assay to test whether WX-02-23
also influences SF3B1 thermostability (Fig. 5B).While the impact
of WX-02-23 does not reach statistical significance in NE-6 like
SSA-917, the compound robustly increased the amount of sol-
uble SF3B1 in NE-3 at 50 and 54 �C. This result further supports
themodel that ligation ofWX-02-23 to SF3B1mimics binding of
the natural product splicing inhibitors. As expected, WX-02-43
had no effect on SF3B1 thermostability in NE-6. It did increase
the amount of soluble SF3B1 in NE-1 at 50 �C, suggesting that it
although it does not react with cysteine 1111, it may interact with
SF3B1 to some extent.

WX-02-23 was shown to stabilize the association of DDX42
with SF3B1, which invited the suggestion that the compound



Figure 5. The synthetic covalent ligand WX-02-23 interferes also affects SF3B1 thermostability and interferes with spliceosome assembly after
intron engagement. A, chemical structures of WX-02-23, which covalently binds to SF3B1, and the inactive enantiomer WX-02-43. B, comparison of relative
anti-SF3B1 dot intensities for soluble fractions of different nuclear extract preparations treated with 200 mM WX-02-23, 200 mM inactive enantiomer WX-02 -
23, or 2 mM SSA-917 and heated to the indicated temperatures. For NE-2, only SSA-917 treatment produced a significant increase in the amount of soluble
SF3B1 at 50 and 54 �C. C, Left: Representative denaturing gel image of radiolabeled RNA isolated after in vitro splicing reactions with increasing WX-02-23 or
WX-02-43 concentrations (0.2–200 mM), DMSO or 2 mM SSA-917 as a control for full inhibition. RNA band identities illustrated to the left are (from the top)
lariat intron intermediate, pre-mRNA substrate, spliced mRNA, lariat intron, and 50 exon intermediate. Right: Splicing efficiency normalized to DMSO control
vs. WX-02-23 (orange) or WX-02-43 (brown) concentration is determined by the intensity of the mRNA band relative to combined intensity of all RNA
species. The WX-02-23 data fit to a non-linear regression model in orange yields an IC50 value of 5.2 mM (90% CI: 3.1–8.6). D, native gel analysis of in vitro
spliceosome assembly with a radiolabeled RNA substrate at the indicated time points in the presence of 200 mM WX-02-23, 200 mM WX-02-43, DMSO or
2 mM SSA analog. Labels at the left show the position of spliceosome complex bands as assembly proceeds from E/H - > A - > B - > C. Both WX-02-23 and
the SSA-analog halt assembly with an accumulation of an A-like complex between U2 snRNP and the RNA. In all assays, the inactive enantiomer WX-02-43
has no effect. SSA, spliceostatin A.

Impact of splicing inhibitors on SF3B1 thermostability

J. Biol. Chem. (2025) 301(2) 108135 7



Impact of splicing inhibitors on SF3B1 thermostability
might also have an impact on DDX42 thermostability.
Furthermore, if they share a similar mechanism of action, the
natural product derived SF3B1 inhibitors would have the same
effect. We investigated the possibility with SSA-917 and WX-
02-23. By western blots, we do not observe a significant change
in the amount of DDX42 in the soluble fractions of NE-3 and
NE-4 with SSA-917 at temperatures near an estimated Tm

near 51 �C (Fig. 6A). Likewise, WX-02-23 has no effect in NE-3
(Fig. 6B). This result comes with the caveat that we were not
able to use HDAC-1 as a loading control because both WX-02-
23 and WX-02-43 differentially affected the protein’s migra-
tion, potentially reflecting their reactive propensities. Because
our DDX42 antibody detects a significant non-specific band,
dot blotting was not possible. Coincidentally, the non-specific
bands migrate at the same position as SF3B1 and its thermo-
stability differs with the inhibitors. A sequence alignment of
the DDX42 antigen (amino acids 888–938) identifies a 39
residue stretch within the intrinsically disordered N-terminal
domain of SF3B1 that may be similar enough to be recognized
(Fig. 6).
Discussion

SF3B1 thermostability and natural product splicing inhibitors

In this study, we developed a thermal shift assay to eval-
uate spliceosome inhibitor interactions with SF3B1 in the
A

B

C

Figure 6. SF3B1 inhibitors have no detected impact on the thermostabilit
with SSA-917 (S) or DMSO (D) as described in Figure 1B. Blots were probed w
except using WX-02-23 (WX2) WX-02-43 (WX4) and anti-HDAC1 as an attempte
SF3B1 that may explain the �155 kD non-specific band identified by the DDX4
spliceostatin A.
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context of the HeLa cell nuclear extract that is used to study
splicing and spliceosome assembly in vitro (36, 38). Dot
blotting, which enabled comparison of replicate measures on
the same immunoblot, was critical to observing the small
but consistent increase in SF3B1 thermostability in the
presence of the splicing inhibitor SSA-917. While the assay
does not provide quantitative binding data, we suggest that it
can serve as a useful stand-in for assessing binding and
complement the functionally relevant test for inhibition of
splicing chemistry that is downstream of SF3B1’s role in
spliceosome assembly.

Compounds derived from three distinct natural product
scaffolds (SSA, pladienolide B and herboxidiene) modulate
SF3B1 thermostability, which is consistent with a shared
pharmacophore and mechanism of action for splicing inhibi-
tion. The magnitude of their effect similarly depended on the
nuclear extract tested, but SSA and its analog SSA-917
consistently increased SF3B1 thermostability at a given tem-
perature by the highest magnitude. The difference may be due
to the slightly higher potency of SSA for in vitro splicing in-
hibition, where SSA’s IC50 value is 0.07 mM versus 0.09 and
0.23 mM for pladienolide B and herboxidiene, respectively,
although we tested the compounds at concentrations much
higher than their IC50 values for splicing inhibition and suffi-
cient to yield no detectable spliced products (39). The com-
pounds share a diene functionality making similar contacts
y of DDX42. A, Western analysis of two nuclear extract preparations treated
ith anti-DDX42 and anti-SF3B4 as a loading control. B, as described in (A),
d loading control. C, similarity between the DDX42 antigen and a region of
2 antibody that exhibits differential thermostability with the inhibitors. SSA,
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within the SF3B1 binding site, but their interactions with
SF3B1 outside the pocket differ (27–29). For example, SSA has
a unique covalent interaction with cysteine 26 of PHF5A that
may further influence SF3B1 thermostability (28). The shared
aliphatic tail of pladienolide B and herboxidiene contact a
completely different surface of SF3B1, with no evidence of
covalent linkage. Future examination of the structure activity
relationship of different inhibitor contacts relative to SF3B1
thermostability has the potential to explain how different an-
alogs could yield different splicing outcomes in cells in
conjunction with the wide variability of introns. Indeed, mul-
tiple analogs of SSA have been reported to differentially alter
certain splicing events (40).

While employing different nuclear extract preparations in
our studies, we discovered that SF3B1 thermostability is also
affected by a yet to be identified factor. In some extracts,
SF3B1 thermostability is on its own much lower and the
impact of inhibitor addition is more profound. Although
overall protein/nucleic acid concentration can explain some of
the effect, other factors must contribute. One correlation we
see relates to the proficiency of the extract for splicing. The
SF3B1 in extracts with good splicing efficiency exhibits higher
thermostability, while extracts with low SF3B1 thermostability
have little to no splicing activity. The corollary of high SF3B1
stability tracking with high splicing efficiency does not hold.
This may be expected because dozens of spliceosome com-
ponents must all be functional to promote splicing, not just
SF3B1. The complexity of nuclear extract presents many
challenges to teasing out the factors that impact splicing effi-
ciency. SF3B1 thermostability may represent a handhold for
characterizing the specific factors that modulate its
contributions.

SF3B1 thermostability is likely influenced by its interactions
with other components of U2 snRNP and/or the conformation
of the large HEAT-repeat domain. We know that the in-
teractions vary among extracts based on, for example, the
proportion of SF3B1 in complexes that differentially migrate in
glycerol gradients (41, 42). Our group also reported evidence
for both temperature and an ATP-dependent factor affecting
inhibitor interactions with SF3B1, which we hypothesized
modulate the probability of it adopting an open vs. closed
conformation (30). With these observations in mind, it is
tempting to speculate that SF3B1 is more thermostable when
functionally associated with U2 snRNP in an open confor-
mation. In this case, inhibitor binding can only provide a small
degree of additional stabilization. In contrast, SF3B1 that is not
associated with U2 snRNP may be less thermostable as it
fluctuates between open and closed states. By supporting the
open state, inhibitor binding to the disassociated SF3B1 would
therefore has a larger impact on overall thermostability. We
are actively working to test this hypothesis.

One aim of this study is to understand the paradoxical
behavior of iHB, which has no effect on in vitro splicing effi-
ciency, but antagonizes all three natural product splicing in-
hibitors (16, 30). For example, 5 mM iHB rescues 50% of
splicing that is completely inhibited with 1 mM SSA. The in-
crease in SF3B1 thermostability with iHB is consistent with its
binding in the same pocket in SF3B1, regardless of the altered
carboxyl group of herboxidiene. The results further implicate
interactions between the carboxyl group and residues at the
hinge of SF3B1 as being critical to inhibitor mechanism. Other
SF3B1 inhibitor analogs also have been shown to have antag-
onistic properties (43), and thermostability could similarly
prove valuable for investigating their mechanism of action.

A new SF3B1 splicing inhibitor

Finally, our investigation of WX-02-23 shows that a covalent
ligand modifying SF3B1 near the natural product binding
pocket inhibits in vitro spliceosome assembly at the same stage
and similarly increases SF3B1 thermostability. Together these
results highlight the critical nature of the region for SF3B1’s
role in splicing, and its drugability. Proteomic interaction
studies showed that WX-02-23 increases SF3B1 interactions
with the protein DDX42 (37). DDX42 was initially identified as
a component of the free SF3B complex, but not the U2 snRNP,
and proposed to regulate SF3B in addition to the snRNP (44).
If stabilizing DDX42 interactions with SF3B1 interferes with
U2 snRNP assembly, the spliceosome A-complex would not
assemble in the presence of WX-02-23. The drug might also be
predicted to affect DDX42 thermostability. Our results show
that WX-02-23 does not block U2 snRNP’s interaction with an
intron, but it halts further assembly similar to the natural
product SF3B1 inhibitors. We also see no impact of WX-02-23
or SSA-917 on DDX42 thermostability, which does not sup-
port a change in DDX42 interactions with SF3B1, although it
also does not rule it out. How interactions with DDX42
impinge on SF3B1 function at this stage is not clear, but a
recent cryo-EM model shows it bound to U2 snRNP
concomitantly with SF3B in a manner that is both similar to
and mutually exclusive of the homologous RNA-dependent
ATPase DDX46 (45). The Cravatt group reported that
DDX42 preferentially crosslinks to the branch point region of
introns, which in combination with our spliceosome assembly
data, raises the possibility that it functions as a paralog of
DDX46.

Method

SF3B1 inhibitors

Synthesis and characterization of SSA, pladienolide B, her-
boxidiene analogs, WX-02-23 and WX-02-43 were previously
reported (37, 46–49). Synthesis and characterization of SSA-
917 will be reported separately. All compounds are stored at
10 to 50 mM in DMSO and diluted in water prior to use.

HeLa nuclear extract preparation

HeLa nuclear extract was prepared as previously described
(50) from HeLa S3 cells cultivated in DMEM/F-12 medium
and 5% (v/v) newborn calf serum. Briefly, cells grown in sus-
pension were harvested by centrifugation and washed twice
with cold PBS and twice with 10 mM Tris pH 7.9, 10 mM KCl,
1.5 mM MgCl2, 0.5 mM DTT, supplemented with cOmplete
Protease Inhibitor Cocktail (469313200, Roche). The cells were
swelled in 2X volume of the same buffer for 10 min and the
J. Biol. Chem. (2025) 301(2) 108135 9
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plasma membrane disrupted with a glass dounce homogenizer.
Nuclei were pelleted and resuspended in 0.5X volume 20 mM
Tris pH 7.9, 0.02 M KCl, 1.5 mMMgCl2, 25% glycerol, 0.5 mM
DTT supplemented with cOmplete Protease Inhibitor Cock-
tail. To precipitate chromatin, 0.5X volume of 20 mM Tris pH
7.9, 1.2 M KCl, 1.5 mMMgCl2, 25% glycerol, and 0.5 mM DTT
supplemented with cOmplete Protease Inhibitor Cocktail was
added dropwise with stirring. After centrifugation, the soluble
fraction was dialyzed into NE Buffer (20 mM Tris pH 7.9,
0.1 M KCl, 0.2 mM EDTA, 20% glycerol, and 0.5 mM DTT).
Precipitated material was removed by centrifugation, and ali-
quots of the extract were flash frozen on dry ice and stored
at −70 �C.

Thermal shift assay

HeLa nuclear extract diluted in NE Buffer was incubated
with drug or DMSO for 10 min at 30 �C and then transferred
into PCR tubes in 10 ml aliquots. The tubes were heated in a
thermal cycler for 3 min at temperatures ranging from 40 to 65
�C, cooled at room temperature for 3 min, and then placed on
ice. The samples were diluted to a final volume of 50 to 100 ml
with NE Buffer and transferred to 1.7 ml microfuge tubes.
Insoluble protein was pelleted by centrifugation at 17,000g for
30 min at 4 �C. Supernatant containing soluble protein was
transferred to tubes or a 96-well plate and aliquots were
analyzed by blotting immediately or stored at −20 �C.

Dot blots

Immobilon-FL 045 mm PVDF membrane (IPL00010, Milli-
pore) was activated with methanol and equilibrated in 10 mM
Tris pH 7.5, 150 mM NaCl, 0.05 Tween-20 (1X TBS-T). The
membrane was placed on two layers of damp Whatman 3 MM
filter paper (3030–392, Whatman) and assembled in a 96-well
Minifold I Dot Blot System (349–46321, Whatman). Soluble
protein fractions were loaded into wells by multichannel
pipette and vacuum applied to pull liquid through the mem-
brane. The wells were then rinsed with NE Buffer with vac-
uum. After a short drying time, the membrane was incubated
with agitation in 1X TBS-T with 1% non-fat dry milk for
1 hour at room temperature. Primary antibody (anti-SF3B1,
27684-1-AP, Proteintech, RRID:AB_2880946, 1:7000 dilution)
was added directly to the milk solution, and the membrane
incubated overnight at 4 �C with agitation. The blots were
washed with 1X TBS-T for 5 min three times, followed by
incubation with secondary antibody (IRDye 680RD Donkey
anti-Rabbit IgG, 926–68073, LICOR, RRID:AB_10954442,
1:15,0000 dilution) in 1X TBS-T with 1% non-fat dry milk for
1 h at room temperature. Antibody specificity was determined
by the manufacturer. The blots were washed again and imaged
with the Odyssey Infrared Imaging System (LI-COR Bio-
sciences). Dot blot images were quantified from using LI-COR
Image Studio Lite and relative intensities expressed as signal
divided by the average signal of the lowest temperature
treatment for the extract. Tm (IC50) values were determined by
nonlinear regression using the default [Inhibitor] vs. response
– Variable slope model with 1/Y2 weighting in GraphPad
10 J. Biol. Chem. (2025) 301(2) 108135
Prism version 10.3.1 for Mac, GraphPad Software, www.
graphpad.com. Curve fits were compared by the Extra sum
of squares F test to determine p-values for differences in Tm.

Western blot

Soluble protein samples were prepared in 5x Laemmli buffer
(62.5 mM Tris, 25% glycerol, 6.25% SDS, 0.1% bromophenol
blue, 5% beta-mercaptoethanol) and heated at 95 �C for 1 min
prior separation on 10% acrylamide gels for SDS-PAGE. Gels
were transferred to Immobilon-FL PVDF in 25 mM Tris,
192 mM glycine, 20% (v/v) methanol, 0.05% SDS with a Bio-
Rad Mini Trans-Blot Cell. The membranes were probed and
imaged as described for dot blots except that anti-HDAC1 (H-
51) rabbit polyclonal (SC-7872, Santa Cruz Biotech,
AB_2279709, 1:3000 dilution), anti-DDX42 rabbit polyclonal
A303–354A, Bethyl Laboratories, RRID:AB_10953655, 1:2000)
or anti-SF3B4 (G3) mouse monoclonal (sc-365571, Santa Cruz
Biotech, RRID:AB_10851485, 1:1000 dilution) was included as
primary antibody and, where appropriate, (IRDye 800C2
Donkey anti-mouse IgG, 925–32212, LICOR, RRI-
D:AB_2716622, 1:15,0000 dilution) included as secondary
antibody. Antibody specificity was determined by the manu-
facturer. Bands were quantified from with LI-COR Image
Studio Lite. SF3B1 signal for a given temperature was first
normalized to HDAC1 as a loading control, and relative in-
tensities expressed as signal divided by the average signal of
the lowest temperature treatment for the extract. Data were
plotted and analyzed as described for dot blots.

In vitro splicing assays

Radiolabeled pre-mRNA substrate (5–10 nM) was incu-
bated at 30 �C for 60 min in 40% HeLa cell nuclear extract
supplemented with 60 mM potassium glutamate, 2 mM
magnesium acetate, 2 mM ATP, 5 mM creatine phosphate,
0.1 mg/ml tRNA, and increasing concentrations of compounds
solved in DMSO or DMSO alone. The reactions were stopped
by addition of and the RNA isolated by extraction with 25:24:1
phenol:cholorform:isoamyl alcohol and ethanol precipitation.
RNA species were separated by denaturing polyacrylamide gel
electrophoresis and visualized by phosphorimaging (Typhoon,
Molecular Dynamics). Individual bands were quantified with
FIJI. Splicing efficiency is calculated as the amount of mRNA
relative to total RNA and normalized to a DMSO control re-
action. Values from three independent measurements were
graphed and IC50 values determined by nonlinear regression
using the default [Inhibitor] vs. response - Variable slope
model in GraphPad Prism version 10.3.1 for Mac, GraphPad
Software, www.graphpad.com.

Native gel analysis

Aliquots of in vitro splicing reactions were taken at different
time intervals and combined with one volume of native loading
buffer (20 mM Tris base, 20 mM glycine, 25% (v/v) glycerol,
0.05% (w/v) cyan blue, 0.05% (w/v) bromophenol blue, 1 mg/
ml heparin sulfate) for loading on a horizontal 2.1% (w/v) low-
melt agarose gel in 20 mM Tris, 20 mM glycine running buffer.

http://www.graphpad.com
http://www.graphpad.com
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Gels were run at 72 V for 3 h 50 min, vacuum-dried onto
Whatman 3 MM filter paper for 45 min at 65 �C, and visu-
alized by phosphorimaging (Typhoon, Molecular Dynamics).
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