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Intron recognition by the spliceosome mainly depends on conserved intronic sequences such as 5’ splice
sites, 3’ splice sites, and branch sites. Therefore, even substitution of just a single nucleotide in a 5" or 3’ splice
site abolishes the splicing at the mutated site and leads to cryptic splice site usage. A number of disease-
causative mutations have been found in 5’ and 3’ splice sites, but the genes with these mutations still maintain
the correct protein-coding sequence, so recovery of splicing at the mutated splice site may produce a normal
protein. Mutations in the spliceosome components have been shown to change the balance between the confor-
mational transition and disassembly of the spliceosome, which affects the decision about whether the reaction
of the incorporated substrate will proceed. In addition, the lower disassembly rate caused by such mutations
induces splicing of the mutated splice site. We hypothesized that small compounds targeting the spliceosome
may include a compound mimicking the effect of those mutations. Thus, we screened a small-compound li-
brary and identified a compound, BAY61-3606, that changed the cellular small nuclear ribonucleoprotein
composition and also showed activity of enhancing splicing at the mutated 3’ splice site of the reporter gene,
as well as splicing at the suboptimal 3’ splice site of endogenous cassette exons. These results indicate that
further analysis of the mechanism of action of BAY61-3606 could enable modulation of the fidelity of splicing.
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INTRODUCTION

Pre-mRNA splicing is a reaction catalyzed by the spliceo-
some, which removes an intron followed by exon ligation to pro-
duce mature mRNA. The spliceosome is assembled on an intron
by the deposition of a subcomplex called small nuclear ribo-
nucleoprotein (snRNP) with extensive conformational changes.
Five different snRNPs are required for spliceosome formation,
each of which contains one of Ul, U2, U4, US, and U6 snRNA
bound with specific proteins.® During spliceosome assembly
on the substrate pre-mRNA, the intron region must be selected
accurately to avoid the formation of aberrant transcripts.

Recognition of the intron by the spliceosome mainly de-
pends on the conserved short nucleotide sequences called
the 5" splice site and the 3’ splice site, which are located at
both ends of introns; most introns start with the sequence
GU and end with AG. In addition to the 5" and 3’ splice sites,
the branch site sequence (BS) upstream of the 3’ splice site
containing the adenine nucleotide forming the lariat struc-
ture also plays important roles. In addition, the pyrimidine
stretch between the branch site and the 3’ splice site helps
recognition of these splice sites. A mutation substituting only
a single nucleotide of the 5" or 3’ splice site almost completely
abolishes splicing at the site and often induces splicing at a
cryptic splice site, indicating the stringent fidelity of this pro-
cess. Actually, many human disease-associated mutations have
been found in four invariant nucleotides (positions: +1, +2,
—1, —2) of the 5" and 3’ splice sites,” but genes with those
mutations still maintain the correct protein-coding sequence.
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Rescuing splicing defects is a potential therapeutic approach,
although no strategies have yet been developed due to the lack
of a sufficient understanding of the fidelity mechanism.

At the beginning of spliceosome assembly, Ul snRNP
recognizes the 5" splice site through base pairing interaction
of Ul snRNA with that site. As for the BS and the 3’ splice
site, following SF1 binding to the BS, the SF3B complex in
the U2 snRNP interacts with the BS cooperating with the
heterodimer of U2AF65 and U2AF35. U2AF65 and U2AF35
bind to the pyrimidine stretch and AG of the 3’ splice site,
respectively. Subsequent conformational change of U2 snRNP
including the release of SF1 is required to progress to the next
step. Mutations of SF3BI1, U2A35, and other related factors
found in myelodysplastic syndrome® alter the preference of
BS and the 3’ splice site.®™ Disease-causative mutations dif-
ferently affect the function of mutated proteins, such as by
altering the binding preference to the nucleotide or by affect-
ing the protein—protein interaction''®; however, the overall
mechanism can be interpreted as the change of equilibrium of
the conformational transition of U2 snRNP.

Even after the substrate sequence passes the recognition
step described above, if the candidate sequence is mutated,
several later steps can also abort the reaction to discard the
aberrant substrate.'” This rejection mechanism is carried out
kinetically by balancing between the assembly and disassem-
bly of the spliceosome. The assembly pathway of the spliceo-
some involves many ATPases to accelerate remodeling of the
complex and their functional defects are often accompanied
by increased splicing at the aberrant splice site.'">? Therefore,
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these ATPases are thought to be bi-functional, acting not only
for remodeling of the complex, but also for disassembly of the
spliceosome to discard the aberrant substrate. It is inferred
that impaired disassembly prolongs retention of the aber-
rant substrate in the spliceosome, resulting in proceeding to
the next step of the splicing reaction. In addition to ATPase
mutants, mutations in structural proteins such as Prp8, which
surrounds the RNA core of the spliceosome, as well as a
mutant of skylp kinase, which phosphorylates the splicing fac-
tors, also decrease the fidelity of splice site recognition.?' %
This means that factors affecting the stability of the spliceo-
some could change the balance between the conformational
transition and the disassembly, resulting in alteration of the
fidelity of splicing. Small compounds altering this balance
would be able to modulate this fidelity. Spliceostatin A and
pladienolide B, compounds targeting SF3BI1, have been shown
to alter the branch site selection,”*® but these compounds do
not enhance the splicing at the mutated 3’ splice site.

Previously, we found that two flavones, luteolin and api-
genin, have such activity to enhance the usage of the mutated
3’ splice site within a splicing reporter gene.?” Recently, these
compounds were also shown to be effective for genes contain-
ing disease-associated mutations.” However, the mechanism
of action of luteolin on splicing remains unknown and gener-
ally flavones have a broad range of targets, so it is difficult
to use flavones as tools for further analysis to elucidate the
mechanism maintaining the fidelity of splicing.”*” Against
this background, to identify novel small compounds that
relax the fidelity of splicing, as the first screening, we used
the split luciferase assay that detects the cellular snRNP lev-
els,” instead of the splicing reporter,”” which was expected
to concentrate compounds directly targeting the spliceosome.
Following second screening of the collection of compounds
using the splicing reporter gene, the compound BAY61-3606
was identified. It altered the cellular snRNP composition and
also enhanced the splicing at the mutated 3’ splice site in the
reporter gene, as well as the inclusion of endogenous cassette
exons with the weak 3’ splice site.

MATERIALS AND METHODS

Cell Culture and Reagents The 293T cell line and its
derivative cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum. For
transient reporter expression, cells were transfected with the
reporter plasmids (Fig. 1) using Lipofectamine 2000 reagent
(ThermoFisher, Waltham, MA, U.S.A)), in accordance with
the manufacturer’s instruction. To establish the 293T cell line
stably expressing a reporter gene pair (pSplit-Osp-ON-Prp6
and pSplit-Myc-OC-Prp4), reporter plasmids and pRNA-HI-
tet-Hygro, a plasmid coding hygromycin resistant gene,
were co-transfected followed by selection for hygromycin B
resistance. Small compounds used in this study (Supplemen-
tary Table 1) were purchased and the compound library was
provided by the Drug Discovery Initiative of the University
of Tokyo. Plasmid vectors of the split luciferase were already
reported.’” To make the stable transfectant of the reporter pair
of Prp6 and Prp4, plasmids expressing the reporter proteins
were modified to exchange the tag peptide from FLAG-tag
to One-STrEP tag II and Myc-tag, respectively. A minigene
reporter, pFD-Luc-Py-AT, for the splicing assay has already
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been reported.>”

Split Luciferase Assay The cells expressing the split
luciferase reporter were lysed in SL buffer [20mM N-(2-
hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES)-
KOH (pH 7.9), 150mMNaCl, 1.5mMMgCl,, and 0.5% Triton
X-100] supplemented with protease inhibitors (1 mM p-ABSF,
2 ug/mL leupeptin, 5ug/mL pepstatin A, 10 ug/mL aprotinin).
After centrifugation at 11100 X g for 1 min, an aliquot of the
supernatant was mixed with 100uL of luciferase substrate
solution (Steady-Glo Luciferase Assay System; Promega,
Madison, WI, U.S.A.), and luminescence was immediately
detected using Lumat LB9507 (Berthold Technologies, Baden-
Wurttemberg, Germany). To calibrate the transfection effi-
ciency, pActin-f-gal, a plasmid encoding f-galactosidase, was
co-transfected with the reporters. The f-galactosidase activ-
ity was measured as absorbance at 450nm by reacting with
ONPG and was used to correct the luciferase activity. For
in vitro assay, reporter proteins were synthesized using TnT
Coupled Reticulocyte Lysate Systems (Promega) in 30 4L and
synthesized proteins were mixed at 2.5 uL each and incubated
for 15min on ice. The luciferase activities of these mixtures
were immediately measured after addition of the luciferase
substrate Steady-Glo.

Glycerol Gradient Analysis Whole-cell lysate prepared
as described above was loaded onto 10-40% glycerol gradi-
ents in SL buffer. Samples were centrifuged in 11 mL gradi-
ents at 4°C for 15h at 37000rpm in an SW4I1 rotor. Fractions
were collected from the top of the gradient manually and ali-
quots (20uL) were used to detect luminescence using Lumat
LB9507 (Fig. 2). Proteins in the remaining half of a fraction
were precipitated by adding 2 volumes of cold acetone and
precipitates were suspended in 100 uL of Laemmli buffer for
sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis (PAGE).

Western Blotting and Antibodies Proteins were separat-
ed on an 8 or 12% polyacrylamide gel and subjected to West-
ern blotting with respective antibodies. Each antibody was
further reacted with IRDye 800-conjugated secondary anti-
bodies (Rockland, Philadelphia, PA, U.S.A)) or Alexa Fluor
680-conjugated secondary antibodies (Molecular Probes,
Eugene, OR, U.S.A)) for visualization by an IR imaging sys-
tem (Odyssey; LI-COR, Lincoln, NE, U.S.A.). The antibodies
used were mouse monoclonal anti-DYKDDDDK (Wako Pure
Chemical Corporation, Osaka, Japan), mouse monoclonal anti-
Myc (9E10; Santa Cruz Biotechnology, Dallas, TX, U.S.A.),
mouse monoclonal anti-Actin (c4; Merck/Millipore, Burl-
ington, MA, U.S.A.), mouse monoclonal anti-Prp8 (2834cla;
Abcam, Cambridge, U.K.), mouse monoclonal anti-StrepTag
II (71590; Novagen, U.S.A.), rabbit polyclonal anti-SART3
(A301-522A; Bethyl Laboratories, U.S.A., rat monoclonal
anti-Prp3 antibodies,*” rat polyclonal anti-Prp6 serum, and rat
monoclonal anti-Prp6. Rat anti-Prp6 antibodies were obtained
by immunizing rats with recombinant human Prp6 (1-398a.a.)
in adjuvant and serum and lymph nodes were collected 2
weeks later. The cells from lymph nodes were fused to the
mouse myeloma cell line X63/Ag8-653 and positive clones
were selected. All animal experiments were carried out in ac-
cordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, and the protocols were
approved by the Committee for Animal Research at Hokkaido
University (Permit No. 08-0468).
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(a) The working model of the split luciferase reporter to detect the cellular snRNP level. Expected reporter pairs that reconstitute the luciferase activity only within the
snRNP. (b) Schematic structure of the luciferase fragment-fused proteins expressed from the reporter vector library. (c) Reconstituted luciferase activities of cells tran-
siently transfected with reporter vector pairs as indicated in the left panel. Luciferase activities are presented as fold change relative to cells transfected with empty vec-
tors. #1-5 indicate the reporter pairs that were further tested in vitro. (d) Reconstituted luciferase activities of reporter proteins synthesized in vitro. #1-5 on the right side
of bars are the same as in (c). (¢) Summary of screening of the reporter pairs. Reporter pairs with no luminescence in vitro are expected to behave as snRNP reporters.

Screening of Compound Library Detailed methods for
the compound screening using a split luciferase reporter will
be described elsewhere (in preparation). In brief, the day be-
fore the screening, approximately 6 X 10* 293T reporter cells
were seeded manually in white-wall 96-well plates. Library
compounds were diluted to 20uM with medium in other
plates and half of the medium of the cell plates was replaced
with medium containing compounds (final concentration:
10uM) and the plates were incubated for 4h at 37°C. After
incubation, cells were lysed in BN buffer [20mM Hepes-
KOH (pH 7.4), 2MKCL, 0.5M 6-aminohexanoic acid, 0.5%
Triton-X100, 10% glycerol]. Lysed cells were mixed with the
substrate solution (Steady-Glo; Promega) and the lumines-
cence was measured using a multimode plate reader (EnSpire;
PerkinElmer, Inc., Waltham, MA, U.S.A.). Hit compounds
were obtained based on the fold change of luciferase activity
compared with the average activity of surrounding wells as

control and the compounds yielding over a 25% increase or
decrease were considered as hit compounds (Fig. 3). Hit com-
pounds were further tested twice in the same assay to confirm
the reproducibility. To handle the large number of plates, we
used Hornet-HTS (Wako Pure Chemical Corporation), a pro-
grammable automatic pipetting machine.

Minigene Reporter Assay The 293T cells were trans-
fected with pFD-Luc-Py-AT in six-well plates and 24h
later small compounds were added to the culture. After
incubation for another 24h, cells were lysed in RNAiso
(TaKaRa, Shiga, Japan) to extract total RNA for RT-PCR;
alternatively, cells were lysed in SL buffer to measure
the luciferase activity. To detect splicing isoforms by RT-
PCR, RNAiso (TaKaRa) and ReverTra Ace RT Master Mix
(TOYOBO, Osaka, Japan) were used for RNA extraction
and reverse transcription, respectively. ExTaq (TaKaRa)
was used for PCR. Primers were ex17-up (sense primer): 5'-
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Confirmation of Incorporation of the Reporter Activity into a Large Complex

Whole-cell lysates of reporter protein pairs, Prp31-Prp4 (a) and Prp6-Prp4 (b, c), were fractioned by 10-40% glycerol density gradient centrifugation. Experiments
were performed by transient transfection (a, b) or stable introduction (c) of reporter vectors. Luciferase activity of each fraction was calculated as the proportion relative
to the sum of luminescence of all fractions. Lower panels are of Western blotting of the reporter and marker proteins of snRNPs. (d) Response of the reporter cell line to
compounds known to inhibit or modulate splicing. Mean luciferase activities of three independent experiments are presented as bars. Each set of data is plotted as dots and
error bars indicating standard deviation (S.D.) (*p <0.05, **p <0.01, n =3, Bonferroni/Dunnett test). No differences in protein expression were observed for both reporter

proteins and endogenous counterparts (lower panels).

GCTGTACAAGTCCGGACTC-3" and pFD-as-IRDI (labeled,
antisense primer): 5'-GCCCAGCTTCACAGTAGTG-3"-IRDS800.
PCR products separated in 2% agarose were scanned and
quantified using Odyssey (LI-COR). Because the upper band
is produced by splicing at the noncanonical 3’ splice site,*”
the proportion of upper band intensity relative to the sum of
the upper and lower bands was calculated for comparison.
To detect splicing efficiency by the reporter activity, whole-
cell lysate was transferred to a black-wall plate to measure
GFP fluorescence using Glomax (Promega). Then, cell lysates
were further transferred to a white-wall plate and luciferase
substrate solution, Steady-Glo (Promega), was added to detect
the luciferase activity using Glomax. After subtraction of the
average counts of empty wells as a background signal, relative
luciferase activity was calculated as the ratio of the luciferase
luminescence to GFP fluorescence. To test the dose response,
a stable transfectant of 293T cells with pFD-Luc-Py-AT was
used. The cell line was selected by hygromycin resistance
after co-transfection with pFD-Luc-Py-AT and pRNA-HI-tet-
Hygro.

IP-RT-qPCR Antibodies used for immunoprecipitation
were absorbed on Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology) in advance and the buffer was exchanged to
SL buffer. Cells in a 10cm dish treated for 4h with a small

compound were lysed in SL buffer, followed by centrifugation
at 11100 X g, after which the supernatant was collected. Anti-
bodies on beads were reacted with the supernatant by rotat-
ing for 1h at 4°C. After extensive washing with SL buffer,
RNA was extracted using RNAiso and 2 uL (one-fifth) of the
purified RNA from the 10cm dish was used as a template for
reaction in a 10 4L volume at RT. ReverIra Ace qPCR RT kit
(TOYOBO) and SYBR Premix Ex Taq II (TaKaRa) were used
in line with the manufacturers’ instructions for reverse tran-
scription and qPCR, respectively. Quantitative PCR was car-
ried out using MiniOpticon (Bio-Rad, Hercules, CA, U.S.A.).
The relative amount of snRNA in the precipitate was calcu-
lated using input snRNA as a standard (Fig. 4). Primers used
were as follows. Reverse primers were also used for reverse
transcription.

U4 snRNA Forward: 5-GCGCGATTATTGCTAATTGAAA-3’
U4 snRNA Reverse: 5'-AAAAATTGCCAATGCCGACTA-3’
US snRNA Forward: 5'-GGTTTCTCTTCAGATCGCATAAAT
C-3'

U5 snRNA Reverse: 5'-CTCAAAAAATTGGGTTAAGACTCA
GA-3'

U6 snRNA Forward: 5'-GCTTCGGCAGCACATATACTAAAA
T-3'

U6 snRNA Reverse: 5-ACGAATTTGCGTGTCATCCTT-3’
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(b) Schematic of the minigene splicing reporter. The 3’ splice site of the second intron is mutated from AG to AT. This mutation leads to downstream cryptic splice site
usage, as indicated by dotted lines. Reporter protein translated from the isoform from the cryptic site lacks luciferase activity while retaining GFP fluorescence, allowing
detection of the efficiency of the splicing at the mutated 3" splice site by both RT-PCR and luciferase activity corrected by GFP fluorescence. (c) The results of the second
screening using the minigene splicing reporter. Lower panel is a representative gel image; bands were obtained by RT-PCR using the labeled primer. The upper band is the
isoform from the mutated 3’ splice site. Bars show the mean proportion of upper bands relative to total spliced transcripts from three technical replicates. Raw values of
technical replicates are overlaid as dots. (c) ECs, of BAY61-3606’s splicing modulatory activity was calculated from the dose-response curve. Splicing change was detected
by the luciferase activity corrected by GFP fluorescence. Dots indicate values from two independent experiments and each value is the mean of three technical replicates.

Splicing Analysis of Whole Transcriptome Total RNA
extracted from 293T cells treated with dimethyl sulfoxide
(DMSO) or BAY61-3606 for 4h was used for library prepa-
ration for RNA-seq using a Ribo-zero Gold ribosomal RNA
(rRNA) Removal Kit (Illumina, San Diego, CA, U.S.A)) and
TruSeq RNA Sample Preparation v2 (Illumina), in accordance
with the manufacturer’s instructions. Single-end sequencing
reads obtained by HiSeq2500 (Illumina) were mapped to hg38
by STAR (ver. 2.5.3a).>® The resulting Bam files were used

as input for tMATS (ver. 3.2.5).**7% Values of the inclusion
level difference from significantly altered splicing isoforms
were used to make boxplots, as shown in Fig. 5a. To com-
pare the splice site scores, the required lengths of sequences
around the splice site for MaxEnt analysis were obtained using
bedtools based on the bed files of the cassette, upstream and
downstream exons that were separated into four groups by
combining with data on the response to BAY61-3606, and the
direction of splicing change. Obtained fasta files were used
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Fig. 4. (a) Schematic Model of the Spliceosome Assembly Pathway

Antibodies against Prp6 and SATR3 are shown as “Y” shapes to indicate which complexes are captured by each antibody. (b) RT-qPCR of U4, U5, and U6 snRNA
in the immunoprecipitates by Prp6 or SART3 antibodies. Normal IgG was used as a control. Bars and dots represent mean and each count of three independent experi-
ments. Error bars indicate S.D. (n=23). (c) Western blotting confirming immunoprecipitation of Prp6 and SART3 antibodies both in the presence and in the absence of
BAY61-3606. (e, f) Comparison of U4, U5, and U6 snRNA levels in the immunoprecipitates by Prp6 or SART3 antibodies in the presence of BAY61-3606. Bars and dots
represent mean and each count of three independent experiments. Error bars indicate S.D. (**p<0.01, n =3, Student’s t-test). (g) Comparison of U4, U5, and U6 snRNA
levels in the immunoprecipitates by Prp6 antibodies in the presence of compounds decreasing the Prp6—-Prp4 snRNP reporter activity. Bars represent mean of three inde-

pendent experiments. Error bars indicate S.D. (n = 3).

as input for MaxEnt analysis®” (http:/hollywood.mit.edu/
burgelab/maxent/Xmaxentscan_scoreseq.html) and the result
files containing splice site scores were plotted using R.
Statistics Quantified data shown in Figs. 2 and 4 were
obtained from three independent experiments. Amount of
snRNA recovered by immunoprecipitation was normalized
using the standard curve prepared by using diluted total RNA.
In addition, to compare changes of U4, U5, and U6 snRNA
on a uniform basis, relative amount of recovered snRNA was
normalized by the average of DMSO-treated samples. For sta-

tistical analysis, Bonferroni/Dunnett test was used as shown
in Fig. 2d for multiple comparisons among multiple samples
and Student’s t-test was used in Fig. 4e. The significance of
differences of predicted scores for splice sites affected by
BAY61-3606 was analyzed by Wilcoxon rank sum test with
Bonferroni correction.

RESULTS

Previously, we developed two types of genetic reporter to
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AS patterns are classified into five types as indicated on the left (SE: skipped exon, MXE: mutually exclusive exon, AS5SS: alternative 5'ss usage, A3SS: alternative
3'ss usage, RI: retained intron). Isoforms produced by each AS were divided into two types with the labels pl: upper isoforms and p2: lower isoforms. The middle table
shows which isoforms (pl or p2) increased significantly. The right panel shows the distribution of significant AS events as a box plot. The x-axis indicates the levels of AS
change between DMSO and BAY61-3606 treatment (maximum = 1.0) and all events are overlaid as dots. (c) Sashimi plot of representative BAY61-3606-induced alternative
splicing. (d) Predicted scores of the 5" and 3’ splice site signals calculated by MaxEnt are indicated as box plots. Splice site sequences were grouped by their responses
to BAY61-3606 treatment and the direction of splicing change (inclusion down: pl was increased, inclusion up: p2 was increased). Events without significant change were
also grouped similarly. ***p <0.001 by Wilcoxon rank sum test with Bonferroni correction.

test the activities of compounds related to the spliceosome.
One is a minigene reporter containing a mutation in the 3’
splice site, which allows measurement of the activity inducing
splicing at the mutated splice site.”” Using this reporter, we
manually screened a small set of compounds, which resulted
in the identification of flavones such as luteolin and apigenin
as compounds that relax the fidelity of 3’ splice site selection.
However, flavones are not suitable for use as tools for study-
ing the fidelity mechanism of splicing because they have many
biological effects via various target proteins.”” Meanwhile, we
also developed the split luciferase reporter, which reflects the

cellular U5 snRNP level.’" This reporter was successfully ap-
plied to compound library screening in an automated manner
(in preparation). Next, we planned to screen a larger com-
pound library first using this split luciferase reporter, which
would establish a collection of compounds that potentially
target the spliceosome. In addition, the second screening of
the collection using the minigene reporter could lead to the
identification of compounds that alter the fidelity of splice site
selection via the spliceosome.

Towards this aim, we attempted to develop a novel type
of snRNP reporter because our previous reporter is specific
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to free US snRNP, which is located far from spliceosome as-
sembly. Thus, the compounds selected by this reporter are not
necessarily related to the fidelity of splice site selection, which
may cause a lower hit rate. We assumed that, if a reporter
detecting more complex snRNPs on the path to spliceosome
assembly, such as U4/U6.US5 tri-snRNP or precatalytic B com-
plex (“pre-B complex” in Fig. 4a), were applied, it would be
more suitable for compound screening to identify small mol-
ecules that modulate the fidelity of splicing.

To find such reporter protein pairs that reconstitute the
luciferase activity within a larger snRNP complex like tri-
snRNP, we prepared a reporter protein library consisting of
core components of tri-snRNP that were expected to ensure
the efficient incorporation of the reporter protein into tri-
snRNP. We screened this reporter protein library by the lu-
ciferase activity of the cells that were transiently transfected
with pairs of reporter vectors, as indicated in Fig. 1b. On
the basis of the luciferase activity, five sets of reporter vec-
tors were selected and subjected to further testing of whether
the reporter proteins synthesized in vitro also reconstitute
the luciferase activity without adding any other components,
which could rule out the possibility that the reporter proteins
reconstitute the luciferase activity by their direct interaction.
As shown in Figs. Ic and d, gene pairs of Prp31-Prp4 and
Prp6—Prp4 showed no luciferase activity by the synthesized
proteins, suggesting that they only reconstitute the luciferase
in the cellular environment, hopefully within the snRNP.

Next, we attempted to determine the size of the cellular
complexes involving Prp31-Prp4 and Prp6—Prp4 reporter pro-
teins. We performed glycerol gradient sedimentation analysis
using whole-cell lysates from the cells transiently transfected
with these reporters. As expected, both reporters showed lu-
ciferase activity in the heavier fractions, whereas reporter pro-
teins were mostly detected in the lighter fractions (Figs. 2a,
b). Notably, the positions of the peak fraction of the luciferase
activity from these two reporter pairs differed. The Prp31—
Prp4 pair showed the peak fraction at fraction#10, which
overlapped with the peak fraction of Prp8 and Prp3 proteins
used as markers of U5 and U4/U6 snRNP, respectively. In
addition, a small peak was also seen between fractions#14
and#15. In contrast, the Prp6—Prp4 pair showed the main peak
at fraction#15 and a small peak at fraction#10 (Figs. 2a, b).
These differences suggest that the Prp6—Prp4 reporter activ-
ity mostly reflects U4/U6.US tri-snRNP or the larger complex
including tri-snRNP, while the Prp31-Prp4 reporter activity
would reflect the U4/U6 or U5 snRNPs. Thus, we established
a stable cell line expressing the Prp6—Prp4 reporter proteins
for compound screening. The established cell line was also ex-
amined by gradient analysis (Fig. 2c), which further clarified
whether the reporter complex contained other snRNP proteins
by immunoprecipitation of the reporter proteins (data not
shown). Before applying the reporter to the compound screen-
ing, we tested whether the reporter activity is responsible for
the small-compound-mediated perturbation of splicing. The
reporter cells were treated with isoginkgetin, NSC663284, and
TGO003, which were reported to affect splicing, and the super-
natant of whole-cell lysate was used to detect the luciferase
activity.®®*? As shown below the histogram, no compounds
altered the expression levels of the reporter proteins and their
endogenous counterpart; however, isoginkgetin significantly
reduced the luciferase activity and NSC663284 slightly re-
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duced it. Because isoginkgetin has been shown to prevent
precatalytic B complex formation by reducing tri-snRNP,**)
the significant reduction of Prp6—Prp4 reporter activity is in
agreement with the reporter complex reflecting the amount of
tri-snRNP. Even if this were not the case, the reporter showed
high responsiveness to the perturbation of spliceosome as-
sembly, so we concluded that our reporter is suitable for com-
pound screening.

Theoretically, our reporter can detect both increases and
decreases of reporter activity, but our screening of 2607 com-
pounds acquired only compounds that decreased the reporter
activity. Five compounds remained after three rounds of re-
producibility testing and their activities were also confirmed
by commercially available compounds. We also tested whether
there is a compound that affects the splicing fidelity using
the minigene reporter. As shown in Fig. 3b, RT-PCR-based
detection of splicing change of the reporter gene showed that
camptothecin and BAY61-3606 exerted activity to increase
splicing at the mutated 3’ splice site. In addition, such splic-
ing modulatory activity of BAY61-3606 was not detected for
the wild-type reporter (data not shown). Because BAY61-3606
showed a stronger effect and is known as a multiple kinase
inhibitor specific for Syk kinase? as well as several MAP
kinases and cyclin-dependent kinases,*” we were interested in
the mechanism by which BAY61-3606 affects splicing. Other
Syk kinase inhibitors did not show any activity on splicing
similar to BAY61-3606 (data not shown), so we concluded
that the target of BAY61-3606 related to splicing is not Syk
kinase. First, to determine the effective concentration and
EC,, of BAY61-3606 in the splicing assay, dose response was
examined. As splicing change of the minigene reporter can
be detected by the isoform-specific production of luciferase,
we made a stable cell line expressing the minigene reporter
to detect the splicing change by the luciferase activity. Using
this splicing reporter cell line, BAY61-3606 was shown to be
highly effective over 5uM, as shown in Fig. 3b.

Because BAY61-3606 was identified by the split luciferase
reporter that detects changes of the cellular snRNP level, we
next tested whether BAY61-3606 truly affected endogenous
snRNP levels. Towards this aim, we employed an approach
of detecting snRNA by RT-qPCR from immunopurified
snRNP particles. Although many antibodies against snRNP
proteins were not suitable to precipitate snRNAs (data not
shown), our newly developed anti-Prp6 monoclonal antibody
and commercially available anti-SART3 antibody specifically
precipitate corresponding snRNAs (Fig. 4b). Prp6 is a con-
stitutive component of U5 snRNP, so it is predicted to bind
US snRNP as well as the U4/U6.U5 tri-snRNP and the prec-
atalytic B complex. Based on Prp6 being released during the
conversion of precatalytic B complex to the Bact complex, the
complexes expected in the particles immunopurified by Prp6
antibody are indicated in the cartoon (Fig. 4a). As expected,
Prp6 antibody highly accumulated U5 snRNA compared
with U4 and U6 (Fig. 4b). In addition, the efficiency of co-
precipitation of U4 snRNA with Prp6 was slightly higher
than that of U6 snRNA. As U4 snRNA is released from the
precatalytic B complex at a similar timing to Prp6, the dif-
ference of positions of each snRNA in the spliceosome may
cause the difference of co-precipitation efficiency. SART3 is a
recycling factor of U6 snRNA that assists the re-annealing of
U6 snRNA with U4 snRNA via binding free U6 snRNA after
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splicing catalysis,***9 so it strongly interacts with U6 snRNP
and U4/U6 snRNP. Indeed, in the particles immunopurified
by the SART3 antibody, U6 snRNA was the most abundant
and U5 snRNA was present at a much lower level than U4 and
U6 snRNA (Fig. 4b). Next, we tested whether BAY61-3606
alters the snRNA composition. First, total levels of snRNA
in the presence or absence of BAY61-3606 were detected by
Northern blotting and RT-qPCR (Supplementary Fig. 1). In-
terestingly, RT-qPCR showed that expression of U5 snRNA
was increased up to 1.5-fold in the presence of BAY61-3606,
although it was not clear in Northern blotting. Then, we com-
pared the abundance of snRNA in the antibody-purified par-
ticles and found that co-precipitation of U4 snRNA with the
Prp6 antibody was significantly increased in the presence of
BAY61-3606. No such significant changes were found in other
conditions (Figs. 4e, f). Furthermore, as shown in Supplemen-
tary Fig. 2, in the condition where Prp8 was knocked down
and both tri-snRNP and U5 snRNP were reduced, ON-Prp6
and OC-Prp4 reporter proteins showed luciferase activity
outside of the original distribution, suggesting the formation
of an aberrant complex involving both reporter proteins.
However, in the case of BAY61-3606 treatment, the luciferase
activity was decreased but the peak position was not changed
(Supplementary Fig. 3). This suggests that the increased Prp6-
U4 snRNA complex may not contain Prp4 and the normal
tri-snRNP involving both Prp6 and Prp4 was decreased. In
addition, we further tested whether other hit compounds also
show similar activity in the same experiment using Prp6 anti-
body. Strikingly, isoginkgetin showed reductions of U4 and
U6 snRNA compared with US snRNA and the pattern clearly
differed from that of BAY61-3606. This isoginkgetin-induced
reduction of tri-snRNP was shown in a previous study,*” vali-
dating our method. Other compounds also showed some slight
trends of change, but we have not tested them further.
BAY61-3606 has been suggested to modulate the snRNP
composition by an unknown mechanism and this perturbation
may be related to increased splicing at the mutated 3’ splice
site of the minigene reporter. Thus, we became interested in
its effect on splicing of the whole transcriptome and performed
RNA-seq analysis of cells treated with BAY61-3606. Triplicate
RNA samples for both DMSO and BAY61-3606 treatment
were prepared and mapped sequence reads were analyzed by
tMATS, a program to detect the splicing pattern changes.**®
As shown in Fig. 5a, alternative splicing was classified into
five classes in this program. Each alternative splicing event
produces two mutually exclusive isoforms, as indicated in the
schematic image (Fig. 5a left columns). The total number of
significant changes of alternative splicing detected by tMATS
is about 2300 events; half of those are changes of exon skip-
ping. In addition, BAY61-3606 mainly increased the inclusion
of cassette exons and representative changes of exon inclu-
sion are presented in Fig. Sb. A decrease of retained introns
was also found in the presence of BAY61-3606. To investigate
which type of cassette exons were upregulated for inclu-
sion, both 5’ and 3’ splice site sequences were collected and
the scores predicted by the MaxEnt algorithm?®” were plot-
ted (Figs. 5c, d). Comparison of the predicted scores clearly
indicates two characteristic features of the splice sites of the
BAY61-3606-responsive cassette exons. The 5’ splice site of
the BAY61-3606-responsive cassette exons showed significant-
ly better scores than the non-responsive cassette exons, which
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was also true for the 5’ splice site of the upstream exons. In-
terestingly, the 5’ splice site of the cassette exons of increased
inclusions by BAY61-3606 showed weaker scores than other 5’
splice sites of the upstream exons or the cassette exons show-
ing BAY61-3606-responsive decreased inclusions. In addition
to the 5’ splice site, the 3’ splice site also showed a significant
feature. Cassette exons that responded to BAY61-3606 contain
a significantly weaker 3’ splice site than all other 3’ splice
sites. These characteristic features indicate that the BAY6I-
3606-responsive cassette exons are normally skipped by their
weakness of the 3’ splice site and, if the 3’ splice site recogni-
tion is shifted to a more sensitive state to detect the subopti-
mal site, those exons can be included, which may be related to
the results obtained by the minigene reporter assay.

DISCUSSION

Here, we showed the results of our screening to identify a
novel splicing-modulating compound. Although the spliceo-
some is recognized as a potential target for novel therapeutics
to various diseases,**™*” small compounds that modulate the
spliceosome are still limited. The group of compounds that
is growing the most is natural products targeting SF3B1.4-D
These compounds affect splicing via interfering with the con-
formational transition of U2 snRNP required for entering into
the precatalytic B complex, which results in massive change
of splicing patterns in vivo. This is thus expected to counteract
abnormally proliferating cells in cancer and MDS containing
mutations in splicing factors.***” However, if the aim of using
splicing modulators is to restore aberrant splicing, compounds
with a milder effect on the spliceosome are required. There-
fore, we attempted to develop an assay aimed at collecting
compounds that have weaker activities on the spliceosome,
which partially alter the splicing pattern rather than inhibiting
splicing altogether.

Although the principle of using a split luciferase-based
reporter to detect the cellular snRNP levels was already re-
ported in our previous study,’” here we extended the applica-
tion to other snRNP complexes and showed that the developed
Prp6—Prp4 reporter was able to respond to known splicing
modulators. Although it remains unclear which assembly in-
termediate of the spliceosome is detected by this reporter, the
response of the Prp6—Prp4 reporter to isoginkgetin suggests
that the luciferase activity is related to tri-snRNP because
isoginkgetin has been shown to reduce tri-snRNP.* In addi-
tion, when U5 snRNP was reduced by Prp8 knockdown, the
reporter showed a different peak of the luciferase activity in
the lighter fraction (Supplementary Fig. 2b), suggesting that
if both reporter proteins can be involved in the intermedi-
ate complex in the appropriate conformation, the reporter
can reconstitute the luciferase activity. In contrast, although
BAY61-3606 decreased Prp6—Prp4 reporter activity similarly
to isoginkgetin, it decreased only U4 snRNA in the immuno-
purified Prp6 particles, suggesting that the modes of action
of these two compounds differ. Sedimentation analysis of the
split luciferase activity (Supplementary Fig. 3) showed that
BAY61-3606 just leads to a reduction of the luciferase activity
in peak fractions, without a change of distribution, suggest-
ing that Prp6 particle containing U4 snRNA may not contain
Prp4.

As for the mechanism of action of BAY61-3606, although it
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increased co-precipitation of U4 snRNA in the Prp6—antibody
particles, there is no complex consisting of U5 snRNP and
U4 snRNA. One possible explanation of this observation is
the delayed release of Prp6 and U4 snRNP. At this activation
step of the spliceosome, large compositional and structural
changes occur and the step is considered as a commitment
for determining the splice site to use. This transition step has
been shown to be regulated by post-translational modifica-
tions such as phosphorylation of Prp31 and Prp6 by PRP4
kinase.”® Since BAY61-3606 is a multiple kinase inhibitor, it
is possible that inhibition of phosphorylation including these
proteins causes the delayed release of Prp6 and U4 snRNP,
which may result in the increase of their interaction. Alterna-
tively, treatment of BAY61-3606 may simply induce formation
of the aberrant complex of Prp6 and U4 snRNA, which is
not formed in the normal assembly pathway of the spliceo-
some. This is shown in cases with the addition of a dominant
negative Prp28 mutant®® or a small compound cp028.> A
similar phenomenon could have been triggered by the kinase-
inhibitory activity of BAY61-3606. Clearly more studies are
required to elucidate the mechanism by which BAY61-3606
affects snRNPs.

Our analysis showed that, in the presence of BAY61-3606,
the mutated 3’ splice site in the minigene reporter as well as
cassette exons with a weaker 3’ splice site was more efficiently
spliced than in the control condition, which suggests that
BAY61-3606-mediated snRNP modulation relaxes the fidel-
ity of the 3’ splice site selection. Interestingly, the cassette
exons that responded to BAY61-3606 have better 5" splice sites
than the non-responsive cassette exons, which means that the
mechanism of exon skipping of these cassette exons under
normal conditions depends on the weakness of the 3’ splice
site. GO analysis of genes with these cassette exons revealed
that splicing factors were the second largest group of genes
with enrichment. It is thus possible that the 3" splice sites of
these cassette exons may be evolutionarily adapted to autono-
mously regulate splicing factors by sensing the condition of
the spliceosome.

Our study shows the possibility of obtaining small com-
pounds that modulate the fidelity of splicing via targeting
the spliceosome, which may lead to a strategy for recovering
splicing at mutated 3’ splice sites. However, further studies
are needed to elucidate the detailed mechanisms by which
BAY61-3606 alters splicing.
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