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The prevalence of alternative splicing as a target for alterations
leading to human genetic disorders makes it highly relevant for
therapy. Here we have used in vitro splicing reactions with differ-
ent splicing reporter constructs to screen 4,000 chemical com-
pounds for their ability to selectively inhibit spliccosome assembly
and splicing. We discovered indole derivatives as potent inhibitors
of the splicing reaction. Importantly, compounds of this family
specifically inhibit exonic splicing enhancer (ESE)-dependent splic-
ing, because they interact directly and selectively with members of
the serine-arginine-rich protein family. Treatment of cells express-
ing reporter constructs with ESE sequences demonstrated that
selected indole derivatives mediate inhibition of ESE usage in vivo
and prevent early splicing events required for HIV replication. This
discovery opens the exciting possibility of a causal pharmacological
treatment of aberrant splicing in human genetic disorders and
development of new antiviral therapeutic approaches.

splicing correction | exonic splicing enhancer | small chemicals |
pathologic splicing

R emoval of introns from newly transcribed RNA polymerase 11
precursors (pre-mRNA) during splicing not only is an essential
step for the expression of most genes in higher eukaryotic cells but
also constitutes an important mechanism for generation of protein
diversity and regulation of gene expression (1, 2). It is estimated that
>70% of human genes are subjected to alternative splicing, and it
is not surprising that many point mutations causing human diseases
are associated with aberrant splicing (3, 4).

Current models of constitutive and a fortiori alternative splicing
suggest that splice site recognition is strongly modulated by the
interaction of specific exonic and intronic pre-mRNA sequences
with at least two classes of nonspliceosomal nuclear RNA-binding
proteins: serine-arginine-rich (SR) proteins (5-7) and heteroge-
neous nuclear ribonucleoproteins (8—10). These proteins interact
with spliceosomal components (5-7) and either activate or prevent
the use of degenerate splice sites in their vicinity. Thus, binding of
SR proteins to exonic splicing enhancers (ESE) through their
RNA-recognition motif (RRM) promotes exon definition by re-
cruiting constitutive factors via protein—protein interactions medi-
ated by their arginine-serine-rich (RS) domain and prevents the
action of nearby splicing silencers (4, 6, 11).

Mutations causing human diseases may affect splice sites as well
as regulatory sequences leading to the production of defective
proteins (4, 11). Thus, targeting either the mutated sequences or the
factors that bind them may prove to be a valuable strategy to correct
aberrant splicing. Recently, antisense strategies targeting ESE-
dependent mechanisms have been used to induce skipping of exons
containing nonsense mutations or, conversely, to restore exon
inclusion by synthetic exon-specific effectors (bifunctional antisense
peptide molecules or tailed antisense oligonucleotides) or spliceo-
some-mediated RNA trans-splicing (12-16).
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As an alternative approach, small chemicals that target directly
or indirectly splicing regulators could be used to inhibit and/or
correct splicing. Over the past years, we have demonstrated that
drugs that interfere with the kinase activity of topoisomerase I
(topo I), and thereby with the phosphorylation status of SR
proteins, prevent spliceosome assembly and modulate the splicing
profile of several genes (17, 18). More importantly, topo I/kinase-
mediated phosphorylation has been shown to be required for
ESE-dependent splicing (19), implying that small molecules can
achieve selective inhibition of splicing events. Here, we report the
results of a large-scale screen for compounds that display selective
inhibition of ESE-dependent splicing and their use to influence
splicing efficiencies of target pre-mRNAs. We provide evidence
that indole derivatives represent a recently discovered class of
splicing inhibitors that have a selective action on SR proteins. These
drugs will hopefully open new avenues for the development of
therapeutic agents to correct splicing defects responsible for nu-
merous human diseases or inhibit splicing events crucial for viral
replication.

Materials and Methods

Chemical Library. The Institut Curie—Centre National de la Recher-
che Scientifique chemical library contains 6,720 molecules kept in
96-well microplates at a concentration of 10 mg/ml in DMSO.
Extemporaneous dilutions were made with 10% DMSO. Micro-
plates were kept at —20°C.

Recombinant Protein Purification Kinase Assays. Recombinant wild-
type or truncated versions of SF2/ASF were produced and purified
from Escherichia coli, as described (20). The internal deletion of the
RS domain corresponding to the SF2/ASF A197-216 mutant was
generated as described (21). Recombinant topo I and SF2/ASF
were also produced and purified from baculovirus-infected Sf9
cells, as reported (21, 22). The kinase assays were performed with
purified proteins as described (17, 20, 22).

Plasmid Constructs, Splicing, and Spliceosome Assembly Assays. The
Bglo-3S plasmid containing the B-globin cassette with a triplicate of
a ASF/SF2 ESE (pSPHp3S) has been described (23). Bglo-3SF2
and Bglo-SRpS5 were obtained by replacing the ESEs of the
Bglo-3S plasmid by an Accl-BamHI fragment containing either
three high-score ASF/SF2 ESE (5'-CACACGA CAGACGT CA-
CACGA-3') or one high-score SRp55 ESE (TGCGTC), as pre-
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dicted by the ESE finder tool (24). The fGlo-3S-PDH construct
used for in vitro splicing experiments was obtained as described (25).

In vitro transcription to obtain radiolabeled transcripts and
splicing reactions were performed under standard conditions for 1
hour, as described (17), in the presence of 50 uM tested drug.
Splicing products were analyzed by electrophoresis on denaturing
7% polyacrylamide gels and revealed by autoradiography.

Kinetics of appearance of splicing complexes were performed as
described (17). Aliquots (5 ul) from the various reactions treated
with heparin (2 mg/ml) were mixed with 1 ul of 97% glycerol/1%
bromophenol blue and resolved directly on a 4% nondenaturing
polyacrylamide gel (acrylamide/bis-acrylamide weight ratio of
80:1) in 50 mM Tris-glycine (pH 8.3).

Spectroscopic Measurements. Fluorescence experiments were per-
formed on a Fluorolog-II (Jobin Yvon, Longjumeau, France)
spectrofluorometer at 25°C. The binding of the C7 indole deriva-
tive was monitored by quenching of the intrinsic fluorescence of the
compound at 420 nm, upon excitation at 360 nm. The decrease in
protein fluorescence was fitted to the appropriate form of the
quadratic equation, as described (20, 22). The best fit was obtained
with the Ky corresponding to maximal fluorescence quenching of
the drug that binds SF2/ASF.

Ex Vivo Splicing Assays. HeLa cells (5 X 10° cells) were grown in
RPMI medium 1640 (GIBCO/BRL), supplemented with 10% FCS
on 3-cm-diameter dishes (Nunc) to 70-80% confluence. Transient
transfections with splicing reporter constructs (1 ug) were per-
formed with the Lipofect AMINE Plus reagent (Invitrogen) ac-
cording to the manufacturer’s instructions.

Total cellular RNA was isolated from transfected HeLa cells
48 h posttransfection, and 3 ug of RNA was reversed-transcribed
and PCR-amplified with forward primer BSS (5'-GGCTTGCTG-
AAGCGCGCACGGCAAGAGG-3'; nucleotides 700-727) and
reverse primer SJ4.7A, which spans sites D4 and A7 (5'-
TTGGGAGGTGGGTTGCTTTGATAGAG-3'; nucleotides
8369-8381 and 6032-6044) (26). To normalize the signals,
GAPDH was used as an internal control of the PCR reactions
as described (23). Amplification products were radiolabeled by
performing a single round of PCR with the addition of 10 nCi
(1 Ci=37GBq) of [-*?P]dCTP, and the products were analyzed
by electrophoresis on 6% polyacrylamide 8 M urea gel, as
described (26).

Results

Screen for Compounds That Inhibit Spliccosome Assembly. As an
initial step toward the identification of compounds affecting splic-
ing, we screened a large collection of known compounds, originat-
ing from the Centre National de la Recherche Scientifique—Institut
Curie chemical library, for their ability to inhibit the kinase activity
of topo I and thereby specific phosphorylation of SR proteins. In a
primary screen, 10 uM of each compound was tested in duplicate
against purified recombinant topo I/kinase in a standard kinase
assay containing bacterially expressed recombinant SF2/ASF and
[y-*?P]ATP. Of 2,500 compounds tested, 28 scored as potent
inhibitors of the kinase activity of topo I. Several of the most
efficient inhibitors of topo I/kinase activity were also tested for
their ability to inhibit other purified SR protein kinases, namely
SRPK1 and CIk-Sty, in the same assay. Although 10 uM drugs also
inhibited Clk-Sty kinase, albeit to a lower extent than topo I,
significant inhibition of SRPK1 required much higher drug con-
centrations (50 and 100 uM) (data not shown).

Given that topo I/kinase is required for ESE-dependent but not
constitutive splicing (19), we tested the ability of the above com-
pounds to selectively inhibit in vitro splicing of reporter pre-
mRNAs. For this study, we used synthetic mRNA precursors
derived from the adenovirus major late-transcription unit (Minx,
Fig. 14), which is a single-intron pre-mRNA not requiring ESE
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Fig. 1. Effect of selected drugs that inhibit topo | kinase activity on pre-

mRNA splicing and spliceosome assembly. Fifty femtomol of 32P-labeled Minx,
an adenovirus derivative (A), or Bglo —3S, a B-globin derivative (B), pre-
mRNAs were incubated in Hela cell nuclear extracts under splicing conditions
without (lanes 1) or in the presence of 50 uM selected drugs. The structure of
the splicing products is depicted (Left). (C) Splicing complexes formed after
30-min incubation of 32P-labeled Bglo-3S pre-mRNA in Hela extracts alone
(lane 1) or containing 50 uM (lanes 2-11) of the same drugs tested in A and B
(lanes 2-11) were separated on a 4% nondenaturing polyacrylamide gel as
described in Materials and Methods. Positions of splicing complexes H, A, and
B are indicated. See Table 1 for chemical structure of compounds Cy3, C6, and
Cs6, which have an effect on splicing and spliceosome assembly.

sequences in the second exon for efficient splicing. As shown in Fig.
14, Minx pre-mRNA splicing was completely abolished in the
presence of 50 uM of compound C;3 (lane 4), whereas the other
compounds, when used at the same concentration, have no effect
(lanes 1-3 and 5-11). As expected, C;3 also inhibited splicing of the
Bglo-3S pre-mRNA substrate, a B-globin derivative harboring three
copies of a high-affinity ASF/SF2-binding site, as established by
SELEX analysis (23) (Fig. 1B, lane 4) and whose splicing depends
on these ESE sequences in the second exon. Interestingly, two
compounds Cy4 and Cs, which have structures related to Cy3 (Fig.
1 B, lanes 5 and 10, and D) also exhibited a strong inhibitory effect
on Bglo-3S but not on Minx pre-mRNA splicing, confirming that
specific inhibitors of topo I/kinase-mediated phosphorylation may
have some specificity toward ESE-dependent splicing and will
interfere with spliceosome assembly.

To determine which step of the spliceosome assembly was
affected by the drug, 3?P-labeled Bglo-3S pre-mRNA was incubated
with HeLa nuclear extracts in the presence of 50 uM of each of the
above compounds, and assembled ribonucleoprotein complexes
were analyzed by native gel electrophoresis. As shown in Fig. 1C, the
untreated control shows the characteristic pattern of spliceosome
assembly pathway. Two heparin-resistant ATP-dependent com-
plexes correspond to complexes A and B, in addition to a fast-
migrating nonspecific complex H (lane 1). Treatment of HeLa
extract with compounds C;3, Cy6, and Cs completely abolished the
formation of all splicing complexes, indicating that the drugs inhibit
an early step in the spliceosome assembly pathway (lanes 4, 5, and
10). It is noteworthy that treatment of extracts with Cs and Cse
induces the accumulation of a complex migrating slower than the
H complex (lanes 5 and 10). Although further work is necessary to
determine the composition of this complex, one can speculate that
it might correspond to a stalled intermediate in the spliceosome
assembly pathway that precedes the formation of complex A. As
expected, however, inactive drugs did not affect spliceosome as-
sembly (lanes 2, 3, 5-8, and 10), although they inhibit the kinase
activity of topo I/kinase.

Because the latter findings indicated that spliceosome assembly
can represent a more straightforward assay to screen for previously
uncharacterized inhibitors of splicing, we decided to perform
another screen based on this assay. During this secondary screen,
we tested 1,500 small molecules, of which 25 scored positive. All
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Fig. 2. Binding of compound Cys (see Table 1) to SF2/ASF. Fluorescence

experiments were performed as described in Materials and Methods. (A)
Curves of intrinsic fluorescence quenching after binding of the drug to full-
length SF2/ASF (empty circles) but not topo | (filled circles). (B) Deletion of the
RS domain (filled triangles) or part of the RS domain (filled squares) abolishes
quenching of fluorescence, whereas unphosphorylated (empty circle) and
phosphorylated (filled circles) forms of SF2/ASF induce quenching. Although
several SF2/ASF RS domain deletion mutants were tested (197C, 207C, 215C,
223C, and A197-216 in ref. 20), none induced quenching of Css fluorescence,
and therefore only the result obtained by A197-216 is presented (filled
squares). The estimated Ky values derived from this analysis are 0.19 uM for
unphosphorylated and 0.4 uM for phosphorylated SF2/ASF.

these small molecules, including Ci3, Ci6, and Cs6 (Fig. 1D), have
similar structures and belong to either pyrido-carbazoles, benzo-
pyrido-indoles, or pyrido pyrrolo isoquinolines (all these com-
pounds are referred to as indole derivatives).

Specific Interaction of the Drug with SF2/ASF. Pyrido-carbazole
derivatives, like ellipticines, are DNA-intercalating agents endowed
with antitumor activity (27). The finding that such drugs can inhibit
kinase reactions without an apparent requirement for DNA sug-
gests that either SF2/ASF and/or topo I are targets for these
compounds. Therefore, the binding affinity of the drug to SF2/ASF
or to topo I/kinase was determined by using the intrinsic fluores-
cence of some drugs. Compound Cys (Fig. 2C), which has the
strongest fluorescence, was used for this experiment. Fig. 24 shows
that increasing concentrations of SF2/ASF, but not topo I/kinase,
induce a quenching of 80% of drug fluorescence, indicating that this
drug binds to SF2/ASF rather than to topo I/kinase. The Kq value
estimated from this analysis was 0.19 uM, which implies that the
drug forms a stable complex with SF2/ASF.

To examine the potential requirement of different domain(s) of
the SF2/ASF protein for drug binding, we used several SF2/ASF
deletion mutants lacking either the entire C-terminal domain or
only small regions of the RS domain (20). No binding was observed
with mutants deleted of part or all of the RS domain, indicating that
the integrity of the SF2/ASF structure is essential for efficient
binding (Fig. 2B). This was confirmed by heat denaturation of
full-length SF2/ASF and mutants lacking either the RRM or RS
domain, which completely abolished binding. Subsequent renatur-
ation led to 100% recovery of interaction with the full-length
protein and ~60% with the RS domain. Conversely, no significant
recovery of interaction was observed with the RRM domain alone,
indicating that the RS domain is the major drug-binding element
(data not shown). Nevertheless, failure to recover complete binding
with the RS domain alone indicates that the RRM domain also
contributes to the overall structure required for drug binding. It is
estimated from our analysis that at least three molecules of the drug
bind to one molecule of SF2/ASF. The possibility of drug binding
to contaminating nucleic acids was ruled out, because neither
previous treatment of SF2/ASF preparation with DNase or RNases
nor purification of SF2/ASF by cesium chloride affected binding.

Given that the RS domain is required for efficient phosphory-
lation and interaction between SF2/ASF and topo I/kinase, direct
binding of the drug to this domain offers a plausible explanation for
the inhibition of kinase activity (20). Interestingly, similar experi-
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ments performed with purified recombinant SF2/ASF produced in
a baculovirus system where the phosphorylation of recombinant
proteins is expected to take place demonstrated comparable bind-
ing activity (with an estimated K value of 0.4 uM) as unphosphor-
ylated SF2/ASF expressed in E. coli (Fig. 2B), indicating that the
phosphorylation of the RS domain has only a slight effect on
binding.

Selected ESE-Dependent Splicing Inhibition by Indole Derivatives. The
RS domain is responsible for specific protein—protein interactions
between RS domain-containing proteins required for constitutive
and alternative splicing (5), and it has recently been shown to be also
involved in RNA-protein interactions (28). This domain is found
not only in the so-called family of SR proteins involved in alternative
splicing but also in constitutive splicing factors like the Ul-snRNP-
specific protein U1-70K and the splicing factor U2AF. If we assume
that these domains are the general targets for indole derivatives, we
could expect to find among them two categories of drugs: (/) those
binding general splicing factors and constituting nonspecific inhib-
itors of all splicing events and (i) those targeting one particular SR
protein and therefore inhibiting splicing events depending on this
protein and its cognate regulatory sequences. The second category
is obviously the most likely to yield drugs with therapeutic potential,
because they would be expected to be less toxic for normal tissues.

Among the 6,720 compounds of the chemical library used in the
initial screen, 220 indole derivatives were subsequently screened for
selective inhibition of ESE-dependent splicing events. In a first step,
all these drugs were tested for inhibition in an in vitro splicing assay
by using a Bglo-3S substrate carrying an SF2/ASF-dependent ESE.
Drugs scoring positive (inhibitors) and negative were separately
tested in a second assay based on a glo-SRp55 substrate in which
SF2/ASF high-affinity sequences have been substituted by an
optimal binding site for SRp55 (Fig. 3E). In Fig. 34, which
represents the result of one particular set of drug tested on glo-3S,
compounds Cs_9 (lanes 15, 16, 18, 19, and 21), Cxs_0g (lanes 10, 11,
and 14), and C7g (lane 13) demonstrate a very strong inhibitory
effect. Although several compounds inhibited splicing of both
Bglo-3S and Bglo-SRp55, some were specific for each substrate (see
Tables 1 and 2, which are published as supporting information on
the PNAS web site). As shown in a sample screening gel on
Bglo-SRp55 of drugs scoring negative on Bglo-3S, Cy; constitutes a
good example of a drug that severely impedes splicing of Bglo-
SRp55 (Fig. 3B, lane 9) but has no effect on Bglo-3S. Conversely,
several compounds, like Cgi_g2, Css, Cgs, and Csg, which inhibit
Bglo-3S, have only a minor effect on Bglo-SRpS5 (Fig. 3C, lanes 2,
3, 12, 20, and 21, respectively). It is also noteworthy that some
inhibitors of Bglo-3S splicing, like Cgy, C79, and Crg, displayed a
significant increase of Bglo-SRp55 pre-mRNA splicing when com-
pared with the control (Fig. 3C, lanes 5, 9, and 17, respectively).
Such drugs could be good candidates for interfering with an
inhibitory effect mediated by some SR or SR-like proteins.

To confirm the specificity of the selected drugs, 5-fold dilution
series were performed to determine the concentration required to
inhibit 50% of the splicing reaction (IDsp) on both Bglo-SRp55 and
Bglo-3S substrates. As an example, Cy inhibits both reactions in a
dose-dependent manner (Fig. 3D, compare lanes 2-6 in Left and
Center), but the inhibitory effect is much higher for Bglo-SRp55
(IDsp = 1 uM) than for Bglo-3S (IDsy =~ 25 uM). The specificity
of the inhibitory effect of the drug was further confirmed by using
another B-globin derivative that harbors three copies of a high-
affinity ASF/SF2-binding site different from that used in Bglo-3S
(Fig. 3E). This substrate demonstrated the same inhibition behavior
as Bglo-3S (Fig. 3D, lanes 2-6, compare Center and Right), con-
firming the idea that the major target for inhibition is the SR protein
itself rather than the ESE that it binds.

Inhibition of Aberrant Splicing by Indole Derivatives. SR protein
function in ESE recognition is largely nonredundant, and multiple

Soret et al.
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Fig. 3. Effect of indole derivatives on splicing of substrates containing

different ESE. (A) One set of indole derivatives tested for their ability to inhibit
Bglo-3S pre-mRNA splicing is shown. The compounds showing very strong
effects on splicing (lanes 10, 11, 13-16, 18, 19, and 21) are indicated on the top
with arrows. Indole derivatives that inhibit (C) or not (B) Bglo-3S splicing
pre-mRNA were tested in splicing reactions with Bglo-SRp55 pre-mRNA. The
drugs that have selective action on Bglo-SRp55 (B, lane 9) or on Bglo-3S (C, lane
2,3,5,9, 12,17, 20, and 21) pre-mRNAs are shown by arrows on the top. (D)
Dose-dependent inhibition of Bglo-SRp55 (Left), Bglo-3S (Center), or Bglo-
3SF2 (Right) pre-mRNA splicing with 200 uM (lane 2), 100 uM (lane 3), 50 uM
(lane 4), 10 uM (lane 5), and 1 uM (lane 6) compound Cy,. (E) Structures of the
different ESE-containing transcripts.

classes of ESE consensus motifs have been described (11). Muta-
tions affecting these sequences have been shown to lead to exon
skipping, because they abrogate or significantly reduce binding of
specific SR proteins (11). To test whether some indole derivatives
could differentially alter splicing events depending on distinct
classes of ESE within the same substrate, we used a chimeric
three-exon model substrate (Bglo-3S-PDH) in which sequences of
exon 7, intron 7 containing a G to A substitution at +26, and exon
8 of the E1a pyruvate dehydrogenase (PDH) gene (29) were inserted
downstream of the Bglo-3S sequences (Fig. 44). The G to A change
at position 26 generates an ESE that serves as a binding site for
SC35 and thereby activates a cryptic 5" splice site 20 nucleotides
downstream of the mutation within the same intron (ref. 25 and Fig.
4A4). The splicing products of this chimeric transcript include:

Soret et al.
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Fig. 4. Ability of selected indole derivatives to inhibit aberrant but not
normal splicing. (A) Schematic representation of Bglo-3S-PDH artificial tran-
script and expected splicing products. (B) The same set of indole derivatives
was tested for their ability to inhibit fglo-3S (Left) and Bglo-3S-PDH (Right).
Cy7 (lane 15) and Cgz (lane 5) have no effect on Bglo-3S, whereas they prevent
aberrant but not wild-type splicing of Bglo-3S-PDH. (C) Chemical structure of
compounds Cz7 and Cgs.

species resulting from the splicing of the Bglo-3S mono-intronic
B-globin substrate (ie., exon 1 and first-intron lariat), species
specific for the PDH part (i.e., the two lariat introns and lariat
introns-exon 8 resulting from splicing at the wild-type and cryptic
5" splice sites) as well as intermediate and final products containing
B-globin and PDH sequences. In the control sample, the final
product containing three exons and 45 nucleotides from the PDH
intron is predominant, whereas the three-exon product missing the
latter intron sequences is less abundant (Fig. 4B Right, lane 1). All
drugs that inhibit splicing of Bglo-3S have a dramatic effect on the
splicing of Bglo-3S-PDH, because they block the formation of all
products (Fig. 4B, compare Left and Right, lanes 2, 4, 6, 9, 10, 14,
17, 20, and 21), indicating that, in vitro, the splicing of the B-globin
intron proceeds before that of PDH. Interestingly, however, drugs
C77 and Cgs (Fig. 4C), which have no effect on the Bglo-3S
transcript, preferentially inhibit the formation of the three-exon
product with additional intron sequences, whereas the appearance
of globin-derived products and the three-exon product alone is not
affected (Fig. 4B Right, lanes 5 and 15). Accordingly, drug treatment
also reduces significantly the production of the short intron derived
from aberrant splicing but not that from authentic splicing of PDH
sequences. These results are consistent with the idea that indole
derivatives may mediate selective inhibition of splicing, depending
on the SR protein involved. Thus, in the case of the Bglo-3S-PDH
transcript, the splicing event mediated by SC35, but not that
depending on SF2/ASF is preferentially inhibited by drugs Cs7
and Cs3.

Indole Derivatives Inhibit HIV-1 RNA Splicing. To determine the
effectiveness of indole derivatives in vivo, we used HIV-1 pre-
mRNA splicing as a model substrate regulated by alternative
splicing. Indeed, to express key viral proteins, HIV-1 uses a
combination of several alternative 5" and 3’ splice sites to generate
>40 different mRNAs from its singly transcribed genomic pre-
mRNA. The choice of these alternative splice sites is strongly
influenced and regulated by interactions of specific HIV pre-
mRNA sequences with SR proteins (30). The HIV-1 transcript
therefore constitutes an ideal natural substrate to test the efficacy
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Fig. 5. Selective inhibition of HIV-1 RNA splicing ex vivo by indole deriva-
tives. (A) Schematic representation of HIV-1 genome. The 5’ splice sites (D1-
D4) and 3’ splice sites (A1-A7) are indicated. The various ORFs are boxed. (B)
Hela cells transfected with the pAPSP construct were either untreated (lane 2)
or were treated with 0.003% DMSO (lane 3); 0.015% DMSO (lane 4); 1, 2.5, or
5 um of compound C20 (lanes 5-7, respectively); C16 (lanes 8-10, respectively);
C7 (lanes 11-13, respectively); C6 (lanes 14-16, respectively); or C5 (lanes
17-19, respectively). Multiple spliced products of HIV-1 RNA were amplified by
RT-PCR by using the oligonucleotide primers BSS and SJ4.7A. The PCR products
were analyzed by polyacrylamide gel electrophoresis after normalization with
GAPDH (see Experimental Procedures). Nomenclature of the RT-PCR products
on the leftis according to ref. 26. Size markers (in base pairs) are shown on the
right (lane 20). RT-PCR from untransfected Hela cells (lane 1).

of our drugs on alternative splicing. As a first step, we used
chronically infected promonocytic U1 cell lines (31), which produce
large quantities of HIV-1 mRNAs after stimulation with phorbol
myristate acetate (PMA). RT-PCR and p24 antigen enzyme-linked
immunosorbent assays after treatment of these PMA-treated cell
lines with various indole derivatives revealed that several drugs
completely prevent HI'V-1 production (data not shown). Because in
vitro assays have limitations in the size of substrates they can splice,
they are inadequate to test the effects of selected drugs on specific
splicing events occurring on an RNA containing all HI'V-1 splicing
sites. We therefore transfected HeLa cells with a pAPSP plasmid
containing the HIV-1 proviral genome deleted between nucleo-
tides 1511 and 4550. Despite being deleted of most gag-pol se-
quences, the resulting miniHI V-1 transcript yields the same amount
of spliced subgenomic products as the authentic HIV-1 pre-mRNA
(31, 32). After transfection and treatment with the various drugs,
the splicing products of this transcript were analyzed by RT-PCR
(32) and normalized to neomycin mRNA for transfection efficiency
and GAPDH mRNA for total mRNA content. As previously
observed in chronically infected cells, treatment of transfected
HeLa cells with 5 uM of drugs Cy, Cy6, Ce, or Cs strongly impedes
the production of spliced products (Fig. 5B, compare control lanes
2-4 with lanes 7, 10, 16, and 19, respectively). Interestingly, com-
pound C; does not completely abolish the production of splicing
products but rather leads to changes in the splicing profile of HIV-1
RNA. Indeed, drug C; induced preferential accumulation of larger
transcripts with concomitant depletion of the smaller ones (lane
13). Similar splicing alterations were also observed with Cs (lane 17)
and Cy (lanes 5 and 6) when they were used at lower concentra-
tions. This dose-dependent alteration of splicing strongly indicates
that drugs are inhibiting the use of several weak 3’ splice sites
located upstream of key regulatory viral proteins like Tat, Reyv,
Vpu, Env, and Nef whose expression critically depends upon the
activity of one or several SR proteins such as SF2/ASF and SC35.
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In this context, the Cs compound is one of the most potent drugs,
exhibiting a very strong inhibitory effect at the lowest concentration
used in this study (1 uM). Control RT-PCR reactions revealed that
drug treatment alters neither the splicing profiles of CD44, SC35,
Clk/Sty, or BclX genes nor their global level of expression, thereby
indicating that splicing is not globally affected by drug treatment
(see Fig. 6, which is published as supporting information on the
PNAS web site). Treatment of cells for at least 3 days with 5 uM
drug each day did not further affect cell viability or the splicing
profile of tested genes (data not shown). Altogether, these data
indicate that modulation of HIV-1 alternative splicing can be
achieved by indole derivatives and open interesting avenues con-
cerning novel pharmacological therapeutic approaches for AIDS
treatment.

Discussion

A large number of genetic diseases are caused by defects in the
proper processing of primary transcripts, and changes in alternative
splicing are the basis for multiple human pathologies including
cancer, viral infections, inflammatory responses, and neurological
defects. Identification of molecules capable of correcting and/or
inhibiting pathological splicing events is therefore an important
issue for future therapeutic approaches. In this study, we have
demonstrated that screening of a chemical library with splicing
substrates that depend on ESE sequences resulted in the identifi-
cation of potential inhibitors of alternative splicing. Furthermore,
several indole derivatives proved highly selective for the inhibition
of specific splicing events mediated by different classes of ESE
sequences. Significantly, some drugs, like compounds C77 and Cgs,
retained a strict selectivity for one specific ESE even in substrates
containing multiple enhancer sequences.

Despite the use of simple splicing substrates for screening, the
selected drugs were also capable of inhibiting splicing events in vivo
with good specificity. Several indole derivatives (like Cs, Cg, C7, Cys,
and Cy) were shown to be potent inhibitors of HIV-1 RNA
production in cells chronically infected with the virus. Furthermore,
because these compounds were also effective in preventing viral
RNA splicing in cells transfected with the pAPSP plasmid, it is
unlikely that the drug interferes with other processes involved in
viral RNA synthesis, such as reverse transcription and/or integra-
tion of the proviral DNA, as suggested (33). Because HIV-1, like
other human viruses, uses alternative splicing to produce the large
number of proteins required for its multiplication, inhibition of
splicing appears a likely explanation for the inhibition of viral
production by chronically infected cells. In agreement with this,
drug treatment of HeLa cells transfected with the pAPSP plasmid
altered the splicing pattern of viral RNA in a dose-dependent
manner. Such alterations of regulated splicing may well be a key
step accounting for the remarkable antiviral activities exhibited by
indole derivatives in cell culture systems (33).

Although the exact mechanism responsible for the selective
action of the indole derivatives remains to be elucidated, it most
likely involves a direct interaction with target SR proteins. That
both the RS and RRM domains contribute to SR protein activity
in ESE-dependent splicing is in keeping with our binding experi-
ments, which show that the affinity for isolated SR domains is lower
than for the entire protein. We can therefore surmise that the RRM
domains provide an additional level of specificity with respect to
drug binding. Alternatively, drug binding could be influenced by
the overall composition of the activator complex assembled on
a given ESE. Both hypotheses are consistent with the ability of the
RS domain to mediate both RNA-protein and protein—protein
interactions.

Along this line, these drugs might alter posttranslational modi-
fications and/or interaction of SR proteins with specific and/or
constitutive splicing factors. Consistent with this hypothesis, several
indole derivatives prevent phosphorylation of the RS domain by
topo I/kinase and, to a lesser extent, by Clk-Sty kinase, a modifi-
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cation shown to be required for ESE-dependent splicing (19). It is
therefore possible that modulation of the phosphorylation status of
specific SR proteins could be relevant to the drug effect. Because
this modification may alter not only the splicing activity of SR
proteins but also their cellular localization, indole derivatives may
have a pleiotropic effect on multiple functions of SR proteins, i.e.,
mRNA export (34) and translation (35), and may therefore have a
general impact on the assembly of specific mRNPs.

Aside from antisense molecules designed to block or activate
specific splicing events and the use of vectors either overexpressing
specific splicing factors or mediating transsplicing (16) to bypass the
effects of mutations, several small chemical compounds have been
shown to counteract splicing alterations, such as that of the SMN2
gene. The first, butyrate, was shown to restore the splicing pattern
of SMN2 mRNA in cultured cells of SMA patients (36). Butyrate
is well known to have a low toxicity, but its extremely short half-life
in human serum (6 min) makes it inadequate for therapeutic
purposes. Other drugs, such as sodium vanadate and aclarubicin,
have also been shown to correct SMN2 splicing (16), but their side
effects and toxicity preclude their use for extended therapeutic
regimens. More recently, valproic acid, a widely used antiepileptic
drug with low toxicity and rare long-term adverse side effects, was
shown to increase the expression level of the functional SMN2
protein (37).

The main disadvantage of these molecules is their broad mech-
anism of action, not restricted to pre-mRNA splicing, which makes
them less specific. Both butyrate and valproic acid are known to act
as histone deacetylase inhibitors enhancing transcription of some
genes, among which are splicing factors of the SR family, whereas
aclarubicin seems to increase the expression of transcription factors
(38). Last, sodium vanadate has been reported to inhibit ATPase,
alkaline, and tyrosine, as well as multiple other phosphatases, and
its likely targets are SR proteins, snRNPs, and hnPNPs (39). This
remark about the lack of specificity also stands for drugs that
interfere with the kinase activity of DNA topo I. Indeed, we have
shown that drugs such as NB506 can inhibit ESE-dependent
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splicing in general by decreasing the phosphorylation level of SR
proteins (17).

Because some of the compounds reported here can specifically
inhibit a subset and possibly even a single member of the SR protein
family, they can be expected to have an acceptable toxicity and may
therefore represent significant progress toward the development of
clinically usable drugs. Along this line, it must be pointed out that,
although the indole derivatives of the Institut Curie library were
initially designed for use in cancer chemotherapy, most of those
selected in our in vitro splicing inhibition screens had not been
previously considered good candidates for cancer therapy because
of their low cytotoxicity, which was at that time considered an
essential prerequisite.

Additional studies will now be needed to confirm in vivo the
potency and lack of deleterious side effects of indole derivatives in
animal models of genetic diseases. In this context, it is encouraging
that ellipticine and its derivatives used for clinical purposes have
resulted in high efficiencies against several types of cancer with
rather limited toxic side effects (40). The discovery that some indole
derivatives target individual SR proteins will definitely open excit-
ing perspectives of causal therapies, not only for genetic diseases
resulting from aberrant splicing but also for cancer or viral infec-
tions where splicing regulators are essential for the pathological
process.
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