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Despite intensive research, there are very few reagents with which to modulate and dissect the mRNA splicing pathway. Here, we
describe a novel approach to identify such tools, based on detection of the exon junction complex (EJC), a unique molecular sig-
nature that splicing leaves on mRNAs. We developed a high-throughput, splicing-dependent EJC immunoprecipitation (EJIPT)
assay to quantitate mRNAs spliced from biotin-tagged pre-mRNAs in cell extracts, using antibodies to EJC components Y14 and
eukaryotic translation initiation factor 4aIII (eIF4AIII). Deploying EJIPT we performed high-throughput screening (HTS) in
conjunction with secondary assays to identify splicing inhibitors. We describe the identification of 1,4-naphthoquinones and
1,4-heterocyclic quinones with known anticancer activity as potent and selective splicing inhibitors. Interestingly, and unlike
previously described small molecules, most of which target early steps, our inhibitors represented by the benzothiazole-4,7-di-
one, BN82685, block the second of two trans-esterification reactions in splicing, preventing the release of intron lariat and liga-
tion of exons. We show that BN82685 inhibits activated spliceosomes’ elaborate structural rearrangements that are required for
second-step catalysis, allowing definition of spliceosomes stalled in midcatalysis. EJIPT provides a platform for characterization
and discovery of splicing and EJC modulators.

Splicing of pre-mRNA is an essential step in gene expression
that is mediated by a modular, multi-small nuclear RNP

(multi-snRNP) complex called the spliceosome, a myriad of RNA
binding proteins, and various enzymes that regulate their activity
(20, 53, 60). The intricacy and importance of this process have
been underscored by recent evidence indicating that 94% of genes
undergo alternative splicing and that an estimated 15% of genet-
ically inherited disorders arise from mutations in either cis- or
trans-acting elements required for splicing (7, 14, 30, 58, 63). Sim-
ilar to their use to study other cellular processes including tran-
scription and translation, small molecules provide a powerful tool
to dissect the splicing process and study its regulation (18, 59).
Reporter constructs, including a recently developed system that
rapidly responds to splicing modulation to minimize compound
toxicity, have been used to identify effectors of alternative and consti-
tutive splicing (45, 54, 65). Serendipitously, phenotypic screens of
anticancer reagents in tumor cells have also identified splicing inhib-
itors, spliceostatin A and pladienolide-B (21, 29). Additional splicing
modifiers have been identified from in vitro chemical screens based
on the known dependence of splicing on the phosphorylation status
of serine-arginine-rich (SR) splicing factors, for example, by measur-
ing effects on the kinase activity of the Clk/Sty proteins, SRPK, or
spliceosome-associated enzymes like topoisomerase I (16, 42, 46, 52,
57). More recently, the effect of protein acetylation/deacetylation in-
hibitors on in vitro splicing was examined and shown to block the
splicing process at various stages (31). Despite these advances, very
few potent and selective splicing inhibitors are available, largely due to
the lack of suitable high-throughput in vitro assays that could be used
for systematic discovery of splicing modulators.

Splicing leaves in its wake a unique molecular signature in the
form of the exon junction complex (EJC) that assembles �20 to
24 nucleotides (nt) upstream of splice junctions (25, 27, 34). Four
proteins comprise the core of the EJC, including eukaryotic trans-
lation initiation factor 4A III (eIF4AIII), which directly binds the
mRNA, Y14, Magoh, and MLN51. These proteins remain bound
at their original positions after export to the cytoplasm, commu-

nicating the splicing “history” of the mRNA and determining its
export, localization, and translation efficiency, as well as mediat-
ing turnover of mRNAs that contain premature termination
codons by nonsense-mediated decay (15, 35, 40). Based on this
unique splicing-dependent assembly of EJCs, we have developed a
rapid and sensitive high-throughput assay that measures the interac-
tion of eIF4AIII or Y14 with spliced mRNA to provide a quantifica-
tion of EJC formation and splicing. In addition to capturing known
splicing modifiers in our screen, we describe the identification of 1,4-
naphthoquinones and 1,4-heterocyclic quinones as potent and selec-
tive splicing inhibitors. We further show that this class of compounds,
previously known also for their cancer-inhibitory activity, blocks
splicing at a discrete step during catalysis, defining a spliceosome
pathway intermediate.

MATERIALS AND METHODS
Chemical compounds. Screening was performed on the compounds
contained in the Library of Pharmacologically Active Compounds (LOPAC;
Sigma/RBI), Natural Product Collection (MicroSource), and the Kinase/
Phosphatase Inhibitor (BioMol) libraries. Additional compounds were
purchased from commercial resources: NSC95397, NSC663284, 2-chloro-
methyl-3-methyl-1,4-naphthoquinone, 2,3-bis(methylthio)-1,4-naphtho-
quinone, and menadione were from Sigma; benzothiazole-4,7-dione
(BN82685) was from Calbiochem; okadaic acid and calyculin A were from
BioMol. Compound 5 (Cpd5) and PM-20 were kind gifts of Brian Carr
(Thomas Jefferson University, Philadelphia, PA). Control (5=-CCTCTTA
CCTCAGTTACAATTTATA-3=) and U2 (5=-TGATAAGAACAGATACT
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ACACTTGA-3=) antisense morpholinos (AMO) were synthesized by
Gene Tools, LLC.

In vitro transcription of 32P- and biotin-labeled pre-mRNA.
[32P]UTP-labeled pre-mRNAs of an adenovirus type 2 construct with a
deletion of intervening sequence (Ad2), CDC14-15, and IgM C3-C4 were
prepared according to the Riboprobe Combination SP6/T7 system (Pro-
mega). Megascript T7 or SP6 kits (Ambion) were used to generate large
amounts of biotin-labeled pre-mRNAs. The ratio of biotin-16-UTP
(Roche) to cold UTP was 1:14 (final concentration, 350 �M) to incorpo-
rate approximately three biotin molecules per spliced Ad2 mRNA. Pre-
mRNAs were gel purified, phenol-chloroform extracted, ethanol precip-
itated, and resuspended in nuclease-free water.

Preparation of splicing extracts, in vitro splicing, RNA isolation,
and 32P quantification of gel bands. Whole-cell splicing extracts from
HEK 293T cells were prepared, and in vitro splicing reactions of 32P-
labeled Ad2 and CDC14-15 pre-mRNAs were performed as described
previously (24). HeLa nuclear extracts were purchased from Computer
Cell Culture Centre (Mons, Belgium) and used for splicing of IgM C3-C4
pre-mRNA. Radiolabeled RNA for gels was purified using TRIzol reagent
(Invitrogen). RNA for Northern dot blots was purified from 96-well plates
on a KingFisher 96 magnetic particle processor (Thermo Lab Systems)
using nucleic acid-binding magnetic beads, according to instructions of
the MagMAX-96 Total RNA Isolation kit (Ambion). Radiolabeled band
intensities were quantified on a Typhoon Trio phosphorimager (Amer-
sham) using ImageQuant software.

High-throughput in vitro splicing assay in 384-well plates. A Beck-
man Coulter Biomek FX robot was used to assemble 20-�l splicing reac-
tion mixtures consisting of 1� SP buffer (0.5 mM ATP, 20 mM creatine
phosphate, 1.6 mM MgCl2), 80 �g of whole-cell splicing extract, 40 nM
biotin-labeled Ad2�IVS pre-mRNA, 1 U/�l of RNasin RNase inhibitor
(Promega), and 20 �M each individual compound (final concentration,
1% dimethyl sulfoxide [DMSO]). After 1.5 h at 30°C, reaction mixtures
were diluted with 40 �l of HNT buffer (20 mM HEPES-KOH, pH 7.9, 150
mM NaCl, 0.5% Triton X-100), and 50 �l was transferred to black-well
NeutrAvidin-coated plates (Pierce) for a 1-h incubation at room temper-
ature. Samples were aspirated using an ELx405 microplate washer (Bio-
Tek), and 40 �l of primary anti-eIF4AIII (3F1) antibody (11) diluted
1:350 in HNT buffer with 1 �g/ml bovine serum albumin (BSA) was
added to each well of the plate using a Thermo Multidrop and incubated
for 1 h at room temperature. Plates were washed in six cycles with HNT
buffer on the ELx405, and then a horseradish peroxidase (HRP)-conju-
gated anti-mouse IgG secondary antibody (Jackson Immunologicals) di-
luted 1:10,000 in HNT buffer was added and incubated for 1 h. After a
final series of identical washes, 50 �l of Super Signal ELISA (enzyme-
linked immunosorbent assay) Fempto chemiluminescent substrate
(Pierce) was added, and luminescence signals were measured on a Perkin
Elmer Envision reader.

Ninety-six-well magnetic bead assay. Ten-microliter splicing reac-
tion mixtures consisting of 1� SP buffer, 40 �g of extract, 20 nM biotin
pre-mRNA, and 1 U/�l of RNasin were assembled on ice in 96-well plates
with or without drug and incubated for 1.5 h. All steps were performed at
30°C in an Eppendorf tabletop shaker set at 750 rpm. Prior to splicing,
antibodies were immobilized on protein A magnetic beads (Invitrogen)
for �1 h at 4°C in 1� phosphate-buffered saline (PBS)– 0.1% NP-40, and
then beads were extensively washed. Immunoprecipitation (IP) reaction
mixtures (100 �l) consisting of 8.6 �l of bead suspension, primary anti-
body (0.7 �l of 4C4, 4F4, and 4B10; 1.7 �l for 3F1), and 0.2 U/�l of RNasin
in HNT buffer were added to each well, and IPs were carried out for 1 h.
Beads were washed five times with 200 �l of HNT buffer on a KingFisher
apparatus. Biotinylated RNA/protein complexes bound to antibodies
were then reacted with 120 �l of an avidin-HRP conjugate (1:25,000 in
HNT buffer; Pierce) for another hour. Following five more automated
washes (200 �l of HNT) on the KingFisher, 150 �l of Super Signal ELISA
Fempto chemiluminescent substrate was added to beads. Samples were
transferred to Costar black assay plates for reading of luminescence.

Northern blot analysis. For dot blots, RNA from drug-treated (40
�M) or untreated splicing reaction mixtures was diluted with SSC buffer
having a final concentration of 0.9 M NaCl plus 0.09 M sodium citrate
6 �) and transferred along with known amounts of pre-mRNA and
mRNA in separate wells to a nylon N� Hybond membrane under vac-
uum using an S&S Minifold dot blot system. Membranes were UV cross-
linked and baked for 1 h at 75°C. mRNA and pre-mRNA were detected
with 3= digoxigenin (DIG) end-labeled oligonucleotide probes comple-
mentary to the Ad2 exon 1-exon 2 junction (5=-CAACCGCGAGCCCAA
CAGCTG) or the exon 1-intron border (5=-GAGAGGGAGTACTCCTC
CCAACAGCTGGCC). Membranes were prehybridized for �3 h in DIG
granules and hybridized overnight with 300 pmol of probe at 42°C. Wash
and detection procedures were performed as described in the DIG chemi-
luminescence kit (Roche). Filters were exposed to X-ray film, and scanned
images were quantified in Photoshop.

For snRNAs and the Ad2 pre-mRNA/mRNA shown in Fig. 7A, RNA
from streptavidin-biotin precipitates was eluted from magnetic beads
(Dynabeads M-280; Invitrogen) and purified with TRIzol. RNA was re-
solved on 8% urea-PAGE gels, transferred to a nylon membrane, UV
cross-linked, and probed with �-32P-labeled oligonucleotides overnight
at 40°C with OligoHyb buffer (Ambion). Membranes were stripped by
boiling in 10 mM Tris, pH 7.5, with 0.1% SDS and reprobed. Antisense
probe sequences (5= to 3=) are as follows: U1, GCACATCCGGAGTGCA
ATG; U2, TCGGATAGAGGACGTATCAGATATTA; U4, CCAGTGCCG
ACTATATTGCAAGT; U5, CTCAAAAAATTGGGTTAAGACTCAGA;
U6, ACGAATTTGCGTGTCATCCTT; Ad2 exon 2, GACGGGTTTCCG
ATCCAAGAGT (detects both mRNA and pre-mRNA).

Spliceosomal complex analysis by native gels. Splicing reactions and
native gel electrophoresis were performed essentially as described previ-
ously (28). Briefly, 10-�l reaction mixtures (with or without 20 �M
BN82685) containing 6,000 cpm of radiolabeled Ad2�IVS pre-mRNA
were incubated at 30°C and stopped at the indicated time points with a
5-mg/ml final concentration of heparin. Samples in native gel loading
buffer (10% glycerol, 0.1% xylene cyanol) were placed on ice, resolved on
3.5% (80:1, acrylamide-bisacrylamide) gels run with 0.5� Tris-borate-
EDTA (TBE) buffer at 10 mA in 4°C, dried under vacuum, and then
autoradiographed at �80°C with an intensifying screen. For Sephadex
G-50 nick column fractionations shown in Fig. 6B, 10-�l reaction mix-
tures were diluted to 100 �l with 0.5� TBE buffer and eluted with 1.2 ml
of 0.5� TBE buffer. One-drop (�50-�l) fractions were collected, and
Cerenkov counts were measured on a TriCarb 2900TR liquid scintillation
analyzer (Perkin Elmer). RNA was isolated by phenol-chloroform extrac-
tion followed by ethanol precipitation and then resolved by urea-PAGE.

Spliceosome association in vitro. Ninety-minute in vitro splicing re-
actions were performed with biotin-labeled Ad2 pre-mRNA with either
DMSO or 20 �M BN82685; reactions were stopped with heparin (5 mg/
ml), and reaction mixtures were then incubated with M-280 streptavidin-
coated magnetic beads for 1 h at 4°C in IP buffer (50 mM Tris-HCl, pH
7.6, 2 mM MgCl2, 0.5 mM dithiothreitol [DTT], and 0.05% NP-40) with
100 mM NaCl. Reaction mixtures were then not treated or treated with
RNase A for 15 min at 30°C, followed by five washes of 500 �l of IP buffer
with 150 mM NaCl. Beads were resuspended in 1� sample buffer, and
proteins were resolved by SDS-PAGE, followed by Western blotting using
LiCor detection and quantification with the indicated antisera: mouse
anti-Sm (Y12; 1:200), goat anti-U1-70K (where U1-70K represents a U1-
associated protein with a molecular weight of 70,000) (dilution, 1:200;
Santa Cruz), rat anti-U1C (1:1,000; Cosmo Bio Co.), mouse anti-SAP155
(1:1,500; Millipore), goat anti-SAP130 (1:1,000; Abcam), rabbit anti-
PRP8 (1:200; Santa Cruz), goat anti-PRP6 (1:200; Santa Cruz), rabbit
anti-U5-116K (1:1500; Proteintech), rabbit anti-LSm4 (1:1,000; Protein-
tech), rabbit anti-PRPF3 (1:1,000; Proteintech), mouse anti-SRp20 (1:
500; Zymed), and mouse anti-U2AF65 (1:1,500).

Mass spectrometry. Proteins isolated from streptavidin bead precip-
itates shown in Fig. 7B (90-min splicing reactions of 40 nM biotin-labeled
Ad2 pre-mRNA) were separated by a short run on 12% SDS-PAGE. Each

Berg et al.

1272 mcb.asm.org Molecular and Cellular Biology

 on M
ay 16, 2012 by U

N
IV

E
R

S
IT

Y
 O

F
 P

E
N

N
S

Y
LV

A
N

IA
 LIB

R
A

R
Y

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org
http://mcb.asm.org/


sample lane was cut into four gel slices, and proteins were eluted and
trypsinized for analysis by nano-liquid chromatography (nanoLC)/nano-
spray/linear trap quadrupole (LTQ) mass spectrometry at the Proteomics
Core facility of the University of Pennsylvania School of Medicine. The
results were analyzed by Scaffold, version 3.2, software. The threshold for
protein identification was set at �95% and, for peptides, at �99%. Three
independent streptavidin precipitation and mass spectrometry experi-
ments were performed, along with a technical replicate of the third run.
The average and standard deviations of the spectrum count ratio for each
protein identified were calculated.

RESULTS
A high-throughput splicing-dependent assay measuring EJC
binding to mRNA. A hallmark of pre-mRNA splicing is the as-
sembly of EJCs upstream of the splice junction. As shown previ-
ously (11, 25, 27) and illustrated in Fig. S1 in the supplemental
material using radiolabeled pre-mRNA substrate and denaturing
RNA gels, monoclonal antibodies to the EJC components, such as
eIF4AIII and Y14, specifically immunoprecipitate mRNAs gener-
ated by splicing, in contrast to an antibody against hnRNP C1/C2
proteins, which predominantly immunoprecipitates intron-con-
taining RNA species. We used this unique splicing-dependent as-
sociation of eIF4AIII and Y14 with spliced mRNA to establish a
high-throughput assay in a scheme similar to that previously de-
vised for measuring Sm core assembly on snRNAs (61). The assay,
termed EJIPT, for EJC immunoprecipitation, uses tagged pre-
mRNAs and EJC antibodies to readily quantify mRNAs produced
by splicing and/or EJC formation in vitro (Fig. 1). Splicing reac-
tion mixtures containing extract, biotin-labeled pre-mRNA sub-
strate, ATP, and various compounds were incubated in 384-well
plates for 90 min and then transferred to a NeutrAvidin-coated
plate to capture the RNAs. Anti-eIF4AIII or -Y14 antibody was
then added to detect the EJC-containing mRNP formed as a result
of splicing. The EJC antibody was then reacted with an HRP-

conjugated secondary antibody. Automated washing was per-
formed after each antibody incubation step, followed by the
addition of an HRP substrate for enzymatic amplification and
detection of chemiluminescence signals with a plate reader.

In contrast to the time-consuming and labor-intensive 32P-
based method, the EJIPT assay rapidly and accurately recapitu-
lated the results of splicing gels, as quantifications of the effect of
known conditions that inhibit splicing (U2 snRNA antisense mor-
pholino oligonucleotide and okadaic acid) (41) closely mirrored
the levels of inhibition seen on the gels (compare Fig. 2A and B).
The assay has a signal-to-background ratio between 8 (for no
RNA) (in Fig. S2C in the supplemental material, compare 40 nM
to 0 nM pre-mRNA) and 15 (for no extract) (Fig. 2B, compare
Control to no extract), a coefficient of variation (CV) of 10%, and
a screening window coefficient (Z= factor) value of 0.655. Only
background levels of nonspecific binding were obtained without
ATP, with AMP-PNP, with mRNA of the same sequence not gen-
erated by splicing, or with a control antibody (SP2/0) used for
immunoprecipitation instead of anti-EJC antibodies (see Fig. S2A
in the supplemental material). These findings demonstrate that
EJIPT is a stable and robust assay suitable for high-throughput
screening (HTS). We further established several secondary assays
to validate and characterize hits from the primary screen as de-
scribed below.

Identification of a novel splicing inhibitor. We used HEK
293T whole-cell splicing extracts and the commonly used Ad2
pre-mRNA substrate (23, 24) to screen a collection of 2,100 anno-
tated bioactive compounds at 20 �M concentrations. Other bio-
tin-labeled pre-mRNA minigenes as well as HeLa nuclear extracts
could be readily substituted in the EJIPT assay (see below). The
EJIPT HTS was performed with eIF4AIII antibody (3F1) (11) be-
cause, among core EJC proteins, eIF4AIII directly binds RNA (4,
51), and 3F1 produced more consistent signals in the 384-well

FIG 1 A high-throughput assay (EJIPT) utilizing EJC binding to spliced mRNAs to measure splicing in vitro. Splicing reaction mixtures containing biotin-
labeled pre-mRNA, 20 �M each compound, splicing extract, and 0.5 mM ATP are assembled by liquid handler in 384-well plates and incubated for 1.5 h at 30°C.
Reaction mixtures are then transferred to a NeutrAvidin-coated plate, which captures biotin-labeled RNAs/RNPs postsplicing. Anti-eIF4AIII (3F1) antibody is
added to detect splicing-dependent EJC formation on spliced mRNAs. Following a washing step, incubation with an HRP-conjugated anti-mouse IgG secondary
antibody, and then addition of chemiluminescent substrate, signals representing eIF4AIII/mRNA complexes are obtained by an automatic plate reader.

EJC Splicing Assay Identifies Catalysis Inhibitors
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assay format than the Y14 antibody (4C4) did. Anti-Y14 immu-
noprecipitates less pre-mRNA by comparison (see Fig. S1 in the
supplemental material) and was used for subsequent confirma-
tion experiments. The concentrations of biotin-labeled pre-
mRNA and extract were optimized to maximize signal intensity
while also ensuring that the signals were being detected in the
linear range (see Fig. S2B and C). Compounds showing a statisti-
cally significant effect of more than three times the standard devi-
ation (�3SD) were cherry picked for confirmation in a 96-well
magnetic bead assay, using anti-eIF4AIII or -Y14 antibody immo-
bilized on magnetic protein A beads to capture biotinylated
mRNA, followed by detection with avidin-HRP (see Materials
and Methods).

Twelve confirmed compounds were further validated by North-
ern dot blot assay, an EJC-independent modality that directly mea-
sures the levels of splicing products using specific oligonucleotide
probes for pre-mRNA and mRNA (Fig. 3A). A decreased ratio of
mRNA to pre-mRNA indicated that the compound inhibited splic-
ing, while those that did not likely affected EJC formation or its re-
tention on the mRNA (Fig. 3B); it is also possible that a compound’s
effect may be technical in nature, interfering with mRNA immobili-
zation or antibody detection. A control reaction mixture without
extract or with known splicing inhibitory conditions produced the
expected decrease in this ratio (Fig. 3A, row 5, and B, red bars).
Further testing of candidates that decreased the mRNA/pre-
mRNA ratio by �3SD (Fig. 3B, blue bars below red dotted line) on
splicing gels demonstrated that the dot blot assay reliably identi-
fied eight out of nine inhibitors (Fig. 3B and data not shown).

Among the validated effectors were the following: 5-iodo-
tubericidin (Fig. 3A and B, compound D1), a broad-spectrum
kinase inhibitor recently shown to decrease spliceosome assembly;
cantharidin/cantharidic acid (compounds B4 and D4), both pro-
tein phosphatase 1 (PP1)/PP2A inhibitors that are expected to
interfere with splicing; and cisplatin (compound B1) (36, 48, 50,
54). The identification of these known splicing inhibitors from the
screen, despite their relatively modest effects, demonstrated that
the EJIPT assay is sensitive and reliable.

The most potent splicing inhibitor we discovered was NSC95397
[2,3-bis (hydroxyethylthio)-1,4-naphthoquinone] (Fig. 3A and B,
compound B2). Its calculated in vitro 50% inhibitory concentration
(IC50) of 21 �M from the EJIPT dose-response assay is consistent
with the estimation from the splicing gel (Fig. 3C and D). At 20 �M,
while NSC95397 inhibited the association of both EJC components
(eIF4AIII and Y14) with mRNA by �50% in the EJIPT assay, it in-
creased the level of RNAs precipitated with hnRNP C1/C2 protein,
which was measured by employing an RNA-binding assay analogous
to the EJIPT assay using anti-hnRNP C1/C2 antibody instead of anti-
EJC (Fig. 3E). Since hnRNP C1/C2 preferentially binds to intronic
sequences (55), this indicates an accumulation of unspliced pre-mR-
NAs and further confirms that NSC95397 inhibits splicing.

Two additional experiments were carried out to examine the
selectivity of NSC95397 (Fig. 3E). In vitro transcription and trans-
lation (TNT) reactions of a luciferase plasmid in rabbit reticulo-
cyte lysates, followed by measurement of luciferase activity, were
used to identify general inhibitors of ATP synthesis/hydrolysis.
Replacing an anti-EJC antibody with anti-hnRNP A1 in the EJIPT

FIG 2 The analysis of in vitro splicing by the splicing gel method and by the EJIPT assay. (A) 32P-labeled Ad2 pre-mRNA was spliced in the presence of no drug
(Control), no extract, 10 �M control AMO, 10 �M U2 snRNA AMO, or 2.5 �M okadaic acid. RNAs after splicing were isolated and resolved on denaturing PAGE
gels. Identities of splicing intermediates are depicted to the right of the gels, and quantifications of the splicing efficiency (mRNA/pre-mRNA ratio) by
phosphorimaging from two independent experiments are shown below each lane. (B) The EJIPT assay was performed in 384-well microplates using biotin-
labeled Ad2 pre-mRNA spliced under the same conditions as described for panel A.
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assay was used to determine if a compound is a nonspecific inhib-
itor of RNA-protein interactions. At 20 �M, which is close to its
IC50 for splicing, NSC95397 had no effect in either of these assays,
suggesting that it is a selective splicing inhibitor in vitro (Fig. 3E).

Structure and activity probing of splicing inhibition by 1,4-
naphthoquinones and related compounds. NSC95397 is a
1,4-naphthoquinone previously described as a CDC25 dual-spec-
ificity phosphatase inhibitor (33). Several commercially available
compounds related to NSC95397 by structure or known to inhibit
CDC25 were also tested. As shown in Fig. 4 and Table 1, structur-
ally similar compounds, including the vitamin K analog, menadi-
one, other 1,4-naphthoquinones including Cpd5, and an ortho-
quinone (5169131) (10, 56), also inhibited splicing but less
potently than NSC95397, with IC50s in the 40 to 80 �M range. On
the other hand, BN82865 [5-(2-dimethylamino-ethylamino)-2-
methyl-benzothiazole-4,7-dione] and NSC663284 [6-chloro-

7(�2 morpholin-4yl ethylamino quinoline-5,8-dione], two het-
eroaryl 1,4-quinones with known CDC25 inhibitory activity (9,
32), were more potent than NSC95397, with IC50s of 7 and 10 �M,
respectively (Fig. 4 and Table 1). We also tested the effect of com-
pounds in the snRNP assembly assay, which measures the forma-
tion of Sm cores on U snRNAs, a key step in the biogenesis of the
major components of the spliceosome (61). This showed that un-
like NSC95397, which showed a dose-dependent inhibition on
snRNP assembly, BN82865 and NSC663284 had a negligible effect
(see Fig. S3 in the supplemental material), demonstrating that
they are more selective splicing inhibitors. Another CDC25 inhib-
itor with a maleimide moiety instead of 1,4-quinone, PM-20, (22),
had little or no effect on splicing (Fig. 4 and Table 1). These struc-
ture-activity relationship (SAR) studies suggest that the 1,4-
naptho- or 1,4-heteroaryl-quinone scaffold plays an important
role in splicing inhibition and that CDC25 inhibition does not

FIG 3 Identification, validation, and selectivity of the hits from the EJIPT HTS. (A) RNA from splicing reactions was probed for pre-mRNA and mRNA by
Northern dot blot analysis. Column A samples (black box; rows 1 to 4) consist of DMSO controls. Samples in row 5 (red box, columns A to D) represent
splicing-inhibitory conditions, as follows: A, 5 mM AMP-PNP; B, no extract; C, 2.5 �M okadaic acid; D, 2.5 �M calyculin A. Row 6 samples represent a standard
curve of mRNA from 12.5 to 0.2 ng in 1:4 serial dilutions. Row 7 samples represent a standard curve of pre-mRNA from 29 to 0.4 ng in 1:4 serial dilutions. Samples
in columns B to D (rows 1 to 4) represent splicing reactions with candidate compounds at a 40 �M final concentration. (B) Ratios of mRNA to pre-mRNA from
the Northern dot blot assay in panel A were plotted for DMSO samples (gray), compounds (blue), and inhibitory controls (red). Compounds outside the range
of 3SD (red and green dotted lines) of the DMSO samples were tested on splicing gels, and percent splicing efficiencies are reported. (C) Dose-response curve of
NSC95397 (compound B2 in panels A and B) determined by the EJIPT assay using anti-Y14 (4C4) antibody. The IC50 is calculated from fitting the dose-response
data using Sigma Plot software. (D) 32P-labeled CDC14-15 pre-mRNA was spliced in the presence of DMSO or 20 or 80 �M NSC95397 and resolved on
denaturing PAGE gels. Identities of splicing intermediates are depicted to the right of gels. (E) Biotin-labeled Ad2 pre-mRNA was spliced in the presence of
DMSO or 20 �M NSC95397 and measured by the EJIPT assay with eIF4AIII (3F1) or Y14 (4C4) antibodies and the RNA-binding assays with hnRNP C1/C2 (4F4)
or hnRNP A1 (4B10) antibodies. The effect of the compound in the TNT assay is also reported. Results are expressed as percentages relative to DMSO (100%)
and are averages of three or more independent experiments. The error bars represent standard deviations of the repeats.
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account for the mechanism by which these compounds inhibit
splicing.

BN82685 arrests the spliceosome during catalysis. EJIPT was
used to investigate the effects of the most potent drug, BN82685,
on other pre-mRNAs and to probe for its mode of action. At 10
�M, BN82685 inhibited splicing of each of the pre-mRNAs tested
(Ad2, CDC14-15, or IgM C3-C4) by �50%, which closely re-
flected the levels of inhibition seen for this compound by gel elec-
trophoresis (Fig. 5A and 5B). In addition to decreasing mRNA
levels, BN82685 caused accumulation of lariat-exon 2 and exon 1
intermediates and decreased the intron lariat and debranched lar-
iat products, particularly evident for both Ad2 and CDC14-15
pre-mRNAs (Fig. 5B). Importantly, all of the 1,4-quinones that
inhibited splicing showed similar profiles when tested at concen-
trations close to their IC50s, whereby a modest accumulation
(�120 to 150%) of pre-mRNA indicated a block preceding cata-
lytic step I, but a much more pronounced effect (�250 to 350%)
was observed for the accumulation of lariat-exon 2 and exon 1
(Fig. 5C and Fig. 4). This suggests that this scaffold preferentially
inhibits splicing after the first and prior to the second catalytic
trans-esterification steps.

Analysis of splicing complex formation on Ad2 pre-mRNA at
different time points by native gel electrophoresis showed that
complexes H, E, A, and B (corresponding to early RNPs contain-

ing no snRNPs, U1 snRNP alone, U1 and U2 snRNPs, and all
five snRNPs, respectively) were unaffected; however, a slower-
migrating complex above complex B and below what appears to
be C (U2, U5, and U6 snRNPs) accumulated with BN82685 (Fig.
6A). This transitory intermediate (indicated by an arrow) was de-
tected even in DMSO samples at 20 min but failed to resolve over
time in BN82685. Using size exclusion columns to fractionate
splicing reactions and confirm the presence of this complex, we
observed similar elution profiles at 20 min for DMSO and
BN82685 (Fig. 6B). However, denaturing gels revealed that while
all splicing intermediates were already evident in DMSO at this
time point, only step I intermediates (lariat-exon 2 and exon 1)
were produced in BN82685 and in amounts similar to that of the
control (compare fractions 6 and 8 between samples). This indi-
cated that step I occurred with normal kinetics and that this inter-
mediate complex found in both samples is a form of complex C in
which catalysis is taking place. At 90 min, the elution profiles differ
between BN82685 and DMSO, likely reflecting that the spliceo-
somes have begun to disassemble in DMSO reactions while stall-
ing in BN82685 (Fig. 6B, fractions 8 and 10 form shoulder peaks
not seen in DMSO). While second-step products (lariat and
mRNA) were now present in BN82685 reactions at 90 min, they
were at greatly reduced levels, the amount of which did not in-
crease upon longer incubation (up to 3 h) (data not shown). These

FIG 4 NSC95397 and related compounds contain 1,4-naphthoquinone and 1,4-heterocyclic quinone scaffolds that confer splicing inhibition in vitro. Com-
pounds were added to splicing reaction mixtures with CDC14-15 pre-mRNA at a 20 or 80 �M final concentration. Radiolabeled RNA was purified and resolved
by denaturing PAGE, and gels were autoradiographed. Structural similarity to NSC95397 and reported inhibition of CDC25 are listed above. Phosphorimaging
quantification of mRNA is expressed as a percentage compared to DMSO after values were normalized to total counts in the lane (below).
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TABLE 1 Structure-activity relationship summary

Chemical structure

Compound
Splicing
IC50

(�M)aName Description

NSC95397 2,3-Bis(hydroxyethylthio)-1,4-napthoquinone 21 � 4

Cpd5 2-[(2-Hydroxyethyl)thiol]-3-methyl-1,4-napthoquinone 41 � 7

2,3-bis MeS 2,3-Bis(methylthio)-1,4-napthoquinone 65 � 13

2-MeCl 3-Me 2-Chloromethyl, 3-methyl-1,4-napthoquinone �100

Menadione 2-Methyl-1,4-napthoquinone 66 � 3

NSC663284
6-Chloro-7-(2-morpholin-4yl-ethylamino)-

quinoline-5,8-dione
10 � 6

BN82685
5-(2-Dimethylamino-ethylamino)-2-methyl-

benzothiazole-4,7-dione
7 � 6

(Continued on following page)
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results place BN82685 inhibition after assembly of spliceosomal B
complex, during the transition of step I to II in catalytic C com-
plex, and additionally indicate that BN82685 caused a decreased
efficiency of the second step and not simply an overall delay in
kinetics.

BN82685 stalls spliceosomes in a postcatalytic activation
state. To determine which factor(s) may be involved and more
precisely define the stage of inhibition, we purified complexes us-
ing streptavidin beads after 90 min of splicing and probed for
known splicing components bound to biotin-labeled Ad2 pre-

mRNA and its intermediates. Material captured on streptavidin
beads (using RNase-digested extract as control for substrate-de-
pendent binding specificity) was washed extensively, eluted with
TRIzol, and probed by Northern blotting (Fig. 7A) or eluted with
protein sample buffer and probed by Western blotting (Fig. 7B).
Since the amount of pre-mRNA (40 nM; i.e., the same as in the
EJIPT assay) used here is in large excess compared to that used on
32P-labeled gels to allow for sufficient recovery of associated spli-
ceosomal components, splicing reactions are not expected to pro-
ceed to completion. In the absence of RNase, Sm protein levels

TABLE 1 (Continued)

Chemical structure

Compound
Splicing
IC50

(�M)aName Description

5169131 3-Benzoylnaptho[1,2-b]-furan-4,5-dione 76 � 13

PM-20
N-(4-Biphenyl)-3,4-bis-(2-hydroxy-ethylsulphanyl)-

maleimide
�100

a Mean values represent the combination of at least two dose-response experiments performed by the EJIPT assay with anti-eIF4AIII or anti-Y14 antibodies and by
phosphorimaging analysis of gels.

FIG 5 BN82685 is a general splicing inhibitor that acts after the first catalytic step. (A) In vitro splicing reaction mixtures containing biotin-labeled Ad2,
CDC14-15, or IgM C3-C4 pre-mRNA substrates in the presence of DMSO or 10 �M BN82685 were measured by the EJIPT assay using anti-Y14 antibody. (B)
Mixtures described in panel A with 32P-labeled pre-mRNAs spliced in vitro were analyzed on denaturing PAGE gels. The identities of splicing intermediates for
Ad2 and CDC14-15 are shown on the left, and intermediates for IgM C3-C4 are shown on the right. (C) Compounds were added to splicing reaction mixtures
with CDC14-15 pre-mRNA at the final indicated concentrations. Phosphorimaging quantification of each intermediate on the splicing gel is expressed as a
percentage compared to DMSO after normalizing to total counts in the lane (below).
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were equivalent, and nonspliceosomal proteins such as SRp20
were mostly absent, reflecting equal and specific immunoprecipi-
tations (Fig. 7B). The detection of only U2, U5, and U6 snRNAs
(and pre-mRNA/mRNA) in both samples further indicated that
BN82685 inhibition occurred after U1 and U4 had already exited
spliceosomes, at a point after activation (Fig. 7A). Indeed, U1
snRNP-associated proteins (U1-70K and U1C) were not detected
in IPs of either sample, demonstrating that U1 snRNP displace-
ment from the 5= splice site by U6 (e.g., after B complex forma-
tion) is largely unaffected. Likewise, the signal for LSm4 in U6
snRNP was considerably lower than that of input, which is con-
sistent with its absence in complex C and suggests that the un-
winding of the U4-U6 di-snRNP and subsequent removal of as-
sociated components, allowing U6 base pairing to the 5= splice
site, is not impaired (5, 6, 12). In both samples the absence of
U2AF65, indicative of its dissociation from the polypyrimidine
tract, provides additional support that the drug-treated reaction
mixtures were able to progress to complex C.

With U2/U5/U6 snRNA levels essentially unchanged (Fig.
7A), we asked if differences in individual U2- and U5-associ-
ated proteins could explain the BN82685-mediated block after
catalytic step I. Quantitation from three Western blots showed
that the levels of SAP155 and SAP130 of the U2 snRNP were
unaffected and that the U5 components PRP8 and U5-116K
were slightly reduced by �20%. However, the most striking
effect was that U5-associated PRP6 and di-snRNP factor
PRPF3 were greatly reduced, by 86% and 72%, respectively. To
obtain a comprehensive survey of what other proteins might
also be affected, the same purified complexes used for Western
blotting were analyzed by mass spectrometry. Three indepen-

dent experiments were performed for which the proteins iden-
tified and the corresponding number of spectra detected for
each are listed in Table S1 in the supplemental material. Pro-
teins were grouped into each spliceosomal subcomplex accord-
ing to Bessonov et al. (5, 6), with histograms reflecting protein
levels in BN82685-treated samples compared to samples
treated with DMSO (Fig. 7C). The overall abundance of pep-
tides for individual proteins showed that U1 snRNP and LSm
proteins were underrepresented, while most of the U2, U5, and
PRP19/CDC5L complex components were highly represented,
agreeing with previous work and our assertion that the splicing
reactions for both DMSO and BN82685 have proceeded past
the activation step (5, 6). The presence of reported B, Bact, and
C complex-specific proteins also underscored the heteroge-
neous nature of these samples and further suggested that splic-
ing was still ongoing in both samples (5) (see Table S1). Con-
sistent with the Western blot results, Sm proteins and U2
components were largely unchanged, as were most of the U5
components, whereas PRPF3, PRPF4, and PRP6 were consis-
tently lower in BN82685 samples (5, 6). Additionally, there
were statistically significant decreases in proteins associated
with the human PRP19 (hPRP19)/CDC5L (NTC, for nineteen
complex) complex, such as PPIE, PPIL1, and the BUD31 ho-
molog. Also of note are decreases in PRP2/DDX16, required for
catalytic activation of complex B before step I (26), and PRP43/
DDX15, required for disassembly of spliceosomes after exon
ligation (3). Together, BN82685-treated samples contain an
inventory of proteins expected of spliceosomes stalled at the
postactivation step, which blocks progression through com-
plex C.

FIG 6 BN82685 stalls the progression of complex C. (A) DMSO or 20 �M BN82685 was added to splicing reaction mixtures containing radiolabeled Ad2
pre-mRNA and stopped by the addition of heparin (5 mg/ml) at the indicated time points (0 to 80 min). Positions of splicing complexes resolved on 3.5% native
acrylamide gels are listed to the right. The arrow indicates the presence of a stalled complex in BN82685-treated reactions. (B) Size exclusion elution profiles of
20-min (left) and 90-min (right) reactions were generated from radioactivity counts (bottom), and even-numbered fractions were run on denaturing gels (top).
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DISCUSSION

We show here that EJIPT is an effective assay for measuring in vitro
splicing, based on the specific assembly of EJC components on
spliced mRNA. EJIPT has significant advantages over the conven-
tional splicing assay using gel electrophoresis, including speed and
ease of use and the ability to provide quantitative readout. EJIPT’s
favorable attributes of low-percent CV and high signal-to-noise
ratio make it an excellent HTS tool. Combining this with the sec-
ondary assays we implemented provides a highly effective plat-

form to identify modifiers of splicing and EJC formation or sta-
bility.

Our HTS identified 1,4-naphthoquinones and 1,4-heterocyclic
quinones as splicing inhibitors. In addition to inhibiting splicing,
NSC95397 also decreased snRNP assembly in a dose-dependent
manner (see Fig. S3 in the supplemental material), consistent with
results from a screen identifying inhibitors of Sm core assembly
(62). This activity is attributed to the compound’s hydroxyethyl-
thio side chains which generate reactive oxygen species (13), caus-

FIG 7 BN82685 freezes spliceosomes in a postactivation state. (A) Ninety-minute in vitro splicing reactions of biotin-labeled Ad2 pre-mRNA containing either
DMSO or 20 �M BN82685 were incubated with streptavidin-coated beads. Precipitates were treated with (�) or without (�) RNase A, beads were washed, and
RNAs were isolated and probed by Northern blotting. (B) For the reactions in panel A, coprecipitating proteins, as indicated to the right of the gels, were probed
by Western blotting. (C) Streptavidin precipitates were treated as described in the Materials and Methods and analyzed by mass spectrometry. The number of
peptide spectrums captured for individual proteins in BN82685 samples for three independent experiments are expressed as an average ratio compared to DMSO
controls (set as 1). Error bars, standard deviation; *, P � 0.05 by paired-end Student t test.
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ing intermolecular cross-linking of SMN (survival of motor neu-
rons) and thus inactivation of the SMN complex activity in snRNP
assembly (62). It is likely that these moieties also contribute to its
splicing inhibition activity, since 1,4 naphthoquinones without it
(Table 1) have higher IC50s. The most potent compounds we
found through SAR studies were the heterocyclic quinones,
NSC663284 and BN82685, which inhibited in vitro splicing with
low IC50s while having only a negligible effect on snRNP assembly,
indicating selectivity for splicing (Fig. 3E and 4 and Table 1; see
also Fig. S3). NSC95397 and several of the structurally related
compounds have been described as CDC25 inhibitors (13). How-
ever, the 50-fold discrepancy between in vitro IC50s for CDC25
phosphatase inhibition (�200 nM) versus splicing inhibition (�7
to 20 �M) and the lack of an effect by structurally unrelated
CDC25 inhibitors (e.g., PM-20) (Fig. 4 and Table 1) suggested
that CDC25 is not the target of these drugs vis-a-vis splicing inhi-
bition in vitro. Therefore, albeit at higher concentrations, these
anticancer drugs also target the spliceosome.

Of the relatively few small-molecule splicing inhibitors that
have been recently described, all appear to target early stages of
splicing. A natural product bioflavonoid, isoginkgetin, and his-
tone acetyltransferase inhibitors (e.g., garcinol) have been shown
to arrest splicing at prespliceosomal A complex stage, while his-
tone deacetylase inhibitors (e.g., suberoylanilide hydroxamide
[SAHA] and splitomicin) inhibit splicing at complex B (31, 45).
The FR901464 derivatives, pladienolide-B and spliceostatin A, are
antitumor agents which target U2 snRNP-associated SF3b com-
ponents SAP130 and SAP155, respectively, and interfere with the
A-to-B complex transition (21, 29, 44). Meayamycin, another
FR901464 analog, blocks complex A formation in vitro with in-
creased potency (2). SR-dependent splicing inhibitors like TG003
(42), which targets the Clk1/Sty kinase, or NB-506 (46), which
targets topoisomerase I, both block the phosphorylation of ASF/
SF2 and prevent complex A formation. In contrast, the 1,4-naph-
thoquinone and 1,4-heterocyclic quinone scaffolds we identified
here inhibit splicing at a later stage than these inhibitors, predom-
inantly accumulating lariat-exon 2 and exon 1 intermediates and
thus arresting splicing at a point between the first and second steps
of catalysis. The persistence of complexes A and B at late times
(Fig. 6A) and the accumulation of unspliced pre-mRNA (Fig. 4
and 5C), more prevalent at higher drug concentrations, suggest
that these drugs may also target an earlier step. Although we did
not detect convincing evidence of an effect on ASF/SF2 phosphor-
ylation, it is possible that the benzothiazole scaffold of BN82685,
which is also found in TG003, may additionally inhibit the Clk
kinases and contribute to this early block to splicing (42). Never-
theless, when these compounds are used at their IC50s, a combi-
nation of denaturing gels, native gels, and size exclusion column
fractionation demonstrated that spliceosome assembly and the
first catalytic step typically occur with normal kinetics (Fig. 4 to 6).
Splicing reaction mixtures incubated longer (e.g., 3 h) continue to
be blocked at this stage and do not produce more mRNA (data not
shown). Thus, it is the efficiency and the rate at which the second
step proceeds that are dramatically reduced, rather than an overall
delay in splicing, causing lariat-exon 2 and exon 1 intermediates to
accumulate (Fig. 6B).

The splicing pathway requires extensive rearrangement of pro-
teins and RNA-RNA interactions of spliceosomal complexes,
chief of which involve the remodeling of the U5/U4-U6 tri-snRNP
(for a review, see reference 60). The presence of a complex com-

prised only of the U2/U5/U6 snRNAs in equivalent amounts at
late reaction times (Fig. 7A, 90 min) and the absence of U1 and U4
indicated that BN82685-stalled splicing reactions proceed beyond
activation of complex B. A decrease in PRP2, the helicase which
drives spliceosomes from B* to catalysis, suggests that even the
activation step may also be impaired. Biochemical characteriza-
tion and mass spectrometry of streptavidin-pulled down splicing
complexes (Fig. 7B and C) were oriented by an inventory of spli-
ceosomal proteins found in each complex as systematically deter-
mined by the Lührmann group (for a review, see references 60 and
64). Importantly, BN82685 nonuniformly disrupted association
of individual protein components, pointing to interference with
specific rearrangements, rather than a block in the recruitment of
the entire tri-snRNP. Indeed, levels of components in the stable
core of U5 snRNP (PRP8, Brr2, and U5-116K) (1) were largely
unaffected, as were the Sm proteins and the core PRP19/CDC5L
complex, which stably interacts with U5 during both catalytic
steps (12, 38). Despite the egress of U4 snRNA concomitant with
activation, U4/U6-specific proteins (e.g., PRP3 and PRP4) are still
variably detected in complex C (5, 6, 38). Reduced levels of PRP6
are also expected at late stages since this protein also dissociates
from the U5 snRNP upon activation (60). Levels of these proteins
were all dramatically decreased in BN82685 reactions compared
to reactions with DMSO. Interestingly, peptidyl-prolyl cis/trans
isomerases of the tri-snRNP (PPIH) and those associated with the
PRP19/CDC5L complex (PPIE and PPIL1) were also consistently
decreased. These enzymes are members of the cyclophilin family
which associate with spliceosomes at discrete stages and are be-
lieved to play a role in both catalytic steps, possibly by determining
the rate of protein folding (19, 43). Finally, given the block to step
II and the failure to resolve C complexes, it is perhaps not surpris-
ing that the U2-associated DEXH/D-box helicase, PRP43, re-
quired for spliceosome disassembly, is also deficient.

Currently, it is unclear what the actual target(s) of BN82685 is
and whether these changes we observe represent the cause or re-
sult of the inhibition. Considering the role currently described for
PRP6, which is to bridge U5 to the U4-U6 di-snRNP in the prec-
atalytic spliceosome, reactions would not be expected to proceed
beyond complex B in its absence (17, 39, 47). Indeed, mutations in
the conserved phosphorylation sites at the N terminus of PRP6
prevent spliceosome activation and cause an accumulation of
complex B containing all five snRNPs (8, 37, 49). In contrast,
BN82685 reactions clearly produced step I intermediates and
formed complex C, with purified splicing complexes from this
reaction containing only U2, U5, and U6 snRNAs. Therefore, a
deficiency in PRP6, or inhibition of PRPF4 kinase, for example,
which phosphorylates PRP6 and PRP31 as they are incorporated
into complex B, is not likely the cause of splicing inhibition by
BN82685 (49). Upon catalytic activation, while PRP8, U5-116K,
and U5-200K remain tightly bound to U5 snRNA, there is an
exodus of several proteins from the spliceosome, involving PRP6,
PRP31, PRP3, and PRP4, all of whose associations are decreased
by BN82685. Thus, whereas DMSO-treated profiles represent a
mixture of completed and ongoing reactions, reactions with
BN82685 are “frozen” after catalytic step I, and proteins that exit
upon activation immediately prior to this are decreased by com-
parison (e.g., PRP6). Furthermore, as a result of not completing
step II, BN82685-treated spliceosomes fail to disassemble prop-
erly (Fig. 6A) and recycle the tri-snRNP, which in turn would
affect the next round of splicing. This could explain why the pre-
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dominant effect of BN82685 is in the accumulation of step I inter-
mediates (�250 to 350%) and why the accumulation of pre-
mRNA (�120 to 150%) appears secondary. As a final note, we
considered PP1/PP2A phosphatases as candidate targets. These
are required to dephosphorylate SAP155 and U5-116K prior to
the second step of splicing; however, our compounds had little to
no effect on the phosphorylation status of these substrates, nor
was the addition of purified phosphatase able to rescue drug-
treated reaction mixtures (data not shown) (50).

Rearrangements during the early stages of splicing are fairly
well understood, but the later steps are not as well characterized.
For example, what the U2/U6 base pairing interactions immedi-
ately preceding catalysis are, whether the U4/U6 associated pro-
teins exit catalytically activated spliceosomes en masse or in dis-
tinct steps, and a detailed description of which events occur during
spliceosome dissociation are just some of the open issues remain-
ing (60). BN82685 and the related compounds we identified can
provide important tools for dissecting these steps, identifying ad-
ditional rearrangements, intermediates, or players involved late in
the splicing process. With these additional anticancer drugs now
also shown to be splicing inhibitors, it has becoming increasingly
appreciated that pre-mRNA splicing is another cellular process
that can be targeted for cancer treatment (18, 59). The small but
growing number of splicing inhibitors known so far and the ability
of EJIPT and other HTS assays to discover additional ones should
help dissect this important cellular pathway and have important
biomedical applications.
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