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The inclusion of exons 2 and 3 of �-tropomyosin is governed through tissue-specific alternative splicing.
These exons are mutually exclusive, with exon 2 included in smooth muscle cells and exon 3 included in nearly
all other cell types. Several cis-acting sequences contribute to this splicing decision: the branchpoints and
pyrimidine tracts upstream of both exons, UGC-repeat elements flanking exon 3, and a series of purine-rich
enhancers in exon 2. Previous work showed that proteins rich in serine-arginine (SR) dipeptides act through
the exon 2 enhancers, but the specific proteins responsible for such activation remained unknown. Here we
show that a 35-kDa member of the SR protein family, 9G8, can activate the splicing of �-tropomyosin exon 2.
Using RNA affinity chromatography and cross-linking competition assays, we also demonstrate that the
heterogeneous nuclear ribonucleoproteins (hnRNPs) H and F bind to and compete for the same elements.
Overexpression of hnRNPs H and F blocked 9G8-mediated splicing both in vivo and in vitro, and small
interfering RNA-directed depletion of H and F led to an increase in exon 2 splicing. These data suggest that
the activation of exon 2 is dependent on the antagonistic activities of 9G8 and hnRNPs H and F.

The mechanism of pre-mRNA splicing has proven quite
complex with the discovery that ca. 74% of human genes are
subject to alternative splicing (42). Cell-, tissue- or develop-
ment-specific splicing allows for the production of functionally
distinct protein isoforms, enabling a large proteome yet limit-
ing the genome size (30, 54). As in stepwise, constitutive pre-
mRNA splicing, the sequence signals that mediate control of
alternative splicing include the 5� splice site, the 3� splice site,
branchpoint, and polypyrimidine tract (2). However, the
strength of these signals is often weak in alternatively spliced
genes, requiring the assistance of additional factors and se-
quences to accurately define exons and introns. The best char-
acterized of these sequence elements are splicing enhancers
that function to facilitate exon and intron definition through
the formation of bridge complexes (9, 48, 64, 78).

A variety of RNA-binding proteins have been identified that
interact with intronic and exonic splicing enhancers to assist in
splice site recognition. For example, TIA-1 acts on U-rich
intronic sequences to activate multiple splicing events (17, 24),
as does Nova-1, which interacts with the intronic sequence
(UCAUY)3 to regulate splicing of the glycine receptor �2 and
GABAA�2L genes (39). Proteins that bind to exonic splicing
enhancers include Tra and Tra-2 (47, 52, 70), the CELF (for
CUG-BP1- and ETR-3-like factor) family of splicing regula-
tors (10, 45), and the SR protein family (25, 31). SR proteins
contain carboxy-terminal domains rich in serine-arginine
dipeptides with either one or two amino-terminal RNA recog-
nition motifs. Core SR proteins are characterized by their
ability to precipitate in high magnesium concentrations and by

the presence of a conserved phosphoepitope. Although they
can interact with pre-mRNA sequences to promote skipping of
exons (40), the majority of examples point toward SR proteins
as positive regulators of splicing by binding to splicing en-
hancer elements (23, 31, 72).

In contrast to enhancers, splicing silencers regulate exon
inclusion by recruiting RNA-binding proteins that block splice
site recognition (73). These proteins are most commonly mem-
bers of the heterogeneous nuclear ribonucleoprotein (hnRNP)
family, with hnRNPs A1 and I being the most extensively
studied (6, 15, 18, 19, 22, 34, 43, 56, 69, 71, 81, 83). hnRNP I,
or polypyrimidine tract-binding protein (PTB), acts with
hnRNP A1 to repress the alternative exon N1 in c-src (65).
This repression is relieved in part by SR proteins binding to
enhancer sequences. PTB has been implicated in the repres-
sion of splicing of a variety of substrates, including its own
pre-mRNA (3, 68, 69, 71, 77). However, hnRNPs are not the
only RNA-binding proteins known to interact with and nega-
tively influence splice site selection. For example, the “muscle-
blind” (MBNL) proteins bind to CUG repeats to both posi-
tively and negatively regulate alternative exons (16, 35).
Likewise, Fox-1 can act both positively and negatively to reg-
ulate splice site choice (41). Thus, overall splicing regulation is
controlled by the combinatorial action of multiple proteins and
RNA sequence elements.

�-Tropomyosin (�-TM) is a well-studied alternative splicing
system with multiple tissue-specific isoforms (14, 29, 67, 75).
Exons 2 and 3 of �-TM are mutually exclusive due to the
proximity of the strong exon 3 branchpoint/polypyrimidine
tract adjacent to the upstream 5� splice site (67). Inclusion of
exon 3 is the default pattern due to the competitive strength of
its branchpoint/polypyrimidine tract, whereas exon 2 is se-
lected primarily in smooth muscle cells (21, 58). Previous work
has identified several cis-acting regulatory elements flanking
exon 3 that control tissue-specific splicing. These include pyri-
midine-rich regions upstream and downstream of exon 3 that
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bind PTB and flanking groups of UGC repeats that bind an
as-yet-undiscovered protein (27, 28, 33, 62) (see Fig. 1). In
addition, there are four purine-rich enhancers located in exon
2 that interact with one or more SR proteins to activate its
inclusion in smooth muscle cells concomitant with the repres-
sion of exon 3 (5, 20, 49).

To further understand the alternative splicing of �-TM, we
sought to identify specific SR proteins that activate exon 2
splicing. Through in vivo and in vitro studies, a 35-kDa SR

protein, 9G8, was identified that interacts with purine-rich
enhancers to activate exon 2. Enhancer-driven activation could
be blocked by overexpression of hnRNP H and hnRNP F,
whereas small interfering RNA (siRNA) knockdown of both pro-
teins reversed such repression. UV cross-linking assays showed
that hnRNPs H and F directly compete with 9G8 for binding to
the exon 2 enhancer sequences. These findings are consistent with
a model of antagonism between 9G8 and hnRNPs H and F for
the activation or repression of exon 2 splicing.

FIG. 1. 9G8 activates �-TM exon 2 inclusion. (A) Exons 1 to 4 of �-TM and splicing regulatory elements are shown, encompassing the
branchpoint/pyrimidine tracts of exons 2 (B2P2) and 3 (B3P3), upstream and downstream regulatory elements (URE and DRE), and purine-rich
enhancers in exon 2 (denoted by vertical lines). A portion of the exon 2 sequence is shown below, with the four enhancers underlined, denoted
B, A, X, and M (20). Previous work showed that only the two central enhancers are needed for activity (5, 20). (B) A minigene (400 ng)
encompassing the first four exons of �-TM (pSVpA �-TM 1-4) were cotransfected with 800 ng of eight individual SR protein expression vectors.
Transfections were carried out in PAC1 cells, and RT-PCR products were analyzed by dideoxy termination primer extension. The graph below
shows averages and standard errors derived from at least three independent transfections. (C) Mutation of the A and X elements (AAAAGA
GAAG to AAAACTTAAG, GGAGGAC to GGAGCTT) abolished activation by 9G8. Samples were analyzed and quantitated as described above.
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MATERIALS AND METHODS

RT-PCR and primer extension. Reverse transcription-PCR (RT-PCR) and
primer extension assays were performed as described previously (62, 63), except
200 fmol of �-32P-labeled TM1PE was used in the primer extensions, and reac-
tions were visualized on 15% polyacrylamide–8 M urea gels.

RNA affinity chromatography. Chromatography columns were prepared as
previously described (1). A total of 200 nmol of modified RNAs (pur-AX,
5�-N5-AAAGAGAAGGGAGGAG-3�; mut-AX, 5�-N5-AAACUUAAGGGAG
CUU-3�) was deprotected and incubated in 4.3 mM sulfo-SIAB and 190 mM
sodium phosphate (pH 8.0) for 6 h in the dark at room temperature. The RNAs
were then precipitated and resuspended in 220 mM sodium phosphate (pH 8.0)
and 22 mM NaCl. After denaturing at 90°C for 3 min and cooling on ice for 15
min, the RNAs were loaded onto the modified columns and incubated overnight
in the dark at room temperature. Uncoupled RNAs were removed with 200 mM
Tris-HCl (pH 7.5)–20 mM NaCl, and unreacted thiol groups were blocked with
20 mM iodoacetamide in 50 mM sodium phosphate (pH 8.0).

HeLa nuclear extracts were applied to the columns and allowed to incubate at
room temperature for 20 min. Extracts were then washed through with buffer D
(20 mM Tris-HCl [pH 8.0], 100 mM KCl, 0.5 mM dithiothreitol [DTT], 0.2 mM
EDTA, 5% glycerol) and reapplied for 10 min. After being washed in buffer D,
bound proteins were eluted in buffer D with increasing KCl concentrations (0.1
to 1.0 M) with a final elution in 8 M urea–20 mM Tris-HCl (pH 8.0). Fractions
were analyzed on 10% sodium dodecyl sulfate (SDS) gels and either Coomassie
blue or silver stained.

Identification of hnRNP H and hnRNP F by mass spectrometry and database
analysis. Individual proteins were excised and subjected to in-gel trypsin diges-
tion, and peptide mixtures were analyzed by matrix-assisted laser desorption
ionization–time of flight (TOF) and TOF/TOF tandem mass spectrometry using
a Voyager 4700 mass spectrometer (Applied Biosystems, Framingham, MA).
Mass spectral data, in the form of peptide mass maps/fingerprints (PMF) of the
intact molecular peptide ions (M�H), as well as fragmentation data derived
from individual peptide ions, were used to interrogate the Swiss-Prot and
NCBInr protein databases for statistically significant protein matches using GPS
Explorer software (Applied Biosystems) running the MASCOT search engine
(Matrix Science).

Protein expression and purification. pET-15b-hnRNP H and pET-15b-
hnRNP F were generous gifts from Doug Black. Bacterial protein preparations
from these vectors were as described previously (12), except that proteins were
eluted prior to renaturing. Dialysis was performed by a linear urea gradient from
6 to 0.25 M, with a final wash in buffer D. p-AcHLT-C SRp20, p-AcHLT-A
ASF/SF2, pAcHLT-A 9G8, and p-AcHLT-A SRp55 were cotransfected into Sf9
cells with linearized BaculoGold, and recombinant viruses were isolated 4 days
later. Sf9 cells were retransfected with the viruses for two successive passages.
Hi5 cells were then infected for recombinant protein expression and incubated
for 3 days. Cells were harvested and resuspended in lysis buffer (10 mM Tris-HCl
[pH 7.5], 130 mM NaCl, 1% Triton X-100, 10 mM NaF, 10 mM NaPi, 10 mM
NaPPi, 0.1 mM phenylmethylsulfonyl fluoride, 1 �g of leupeptin/ml, 1 �g of
aprotinin/ml) on ice for 30 min and sonicated twice for 30 s. Lysed cells were then
incubated with Ni-nitrilotriacetic acid beads for 1 h at 4°C; washed three times
with buffer containing 50 mM NaPO4 (pH 7.5), 300 mM NaCl, 10% glycerol, and
10 mM imidazole; and eluted in the same buffer with increasing imidazole
concentrations from 50 mM to 500 mM. Peak fractions were dialyzed against
buffer D. Purified SR proteins from calf thymus were prepared as described
previously (82), except proteins were resuspended in buffer D.

DNA constructs. Three micrograms of oligonucleotides 5�-CGAACAAAAG
AGAAGCTGCTGCGGGCGTCGGAGGACGTT-3� and 5�-CGAACGTCCTC
CGACGCCCGCAGCAGCTTCTCTTTTGTT-3� was annealed together in 100
mM potassium acetate, 30 mM HEPES-KOH (pH 7.4), and 2 mM magnesium
acetate; heated to 95°C for 5 min; placed in a 70°C heat block for 10 min; allowed
to cool to room temperature; and then incubated on ice for 30 min. A total of 300
ng of annealed oligonucleotides was phosphorylated in reactions containing 70
mM Tris-HCl (pH 7.6), 10 mM MgCl2, 5 mM DTT, 10 U of T4 polynucleotide
kinase (NEB), and 1 mM ATP. Phosphorylated oligonucleotides were ligated
into the BstBI site of dsx-�E (kindly provided by Brenton Graveley) to make
dsx-TM. The primer pairs 5�-CGAACAAAACTTAAGCTGCTGCGGGCGTC
GGAGGACGTT-3� and 5�-CGAACAAGCTCCGACGCCCGCAGCAGCTTA
AGTTTTGTT-3�, 5�-CGAACAAAAGAGAAGTACGTGCGGGCGTCGGA
GGACGTT-3� and 5�-CGAACGTCCTCCGACGCCCGCACGTACTTCTCTT
TTGTT-3�, 5�-CGAACAAAAGAGAAGCTGCACGTGGCGTCGGAGGAC
GTT-3� and 5�-CGAACGTCCTCCGACGCCACGTGCAGCTTCTCTTTTGT
T-3�, and 5�-CGAACAAAAGAGAAGCTGCTGCGACGTTCGGAGGACGT
T-3� and 5�-CGAACGTCCTCCGAACGTCGCAGCAGCTTCTCTTTTGT

T-3� were annealed and phosphorylated as described above and inserted into the
BstBI site of dsx-�E to make dsx-AX, dsx-M1, dsx-M2, and dsx-M3, respectively.
The primer pairs 5�-AATTCAAAAGAGAAGCTGCTGCGGGCGTCGGAGG
ACG-3� and 5�-AATTCGTCCTCCGACGCCCGCAGCAGCTTCTCTTTTG-
3�, 5�-AATTCACTTCTTAAGCTGCTGCGGGCGTCGCTTCTTG-3� and 5�-
AATTCAAGAAGCGACGCCCGCAGCAGCTTAAGAAGTG-3�, 5�-AATTC
ACTTCTTAAGCTGCTGCGGGCGTCGGAGGACG-3� and 5�-AATTCGTC
CTCCGACGCCCGCAGCAGCTTAAGAAGTG, 5�-AATTCAAAAGAGAA
GCTGCTGCGGGCGTCGCTTCTTG-3� and 5�-AATTCAAGAAGCGACGC
CCGCAGCAGCTTCTCTTTTG, and 5�-AATTCAAAAGAGAAGTCATCAT
AAATACTGGAGGACG-3� and 5�-AATTCGTCCTCCAGTATTTATGATG
ACTTCTCTTTTG-3� were annealed together as described above and ligated
into an EcoRI-digested pGEM-T Easy Vector (Promega) to make pGEM TM,
AX, A, X, and INSIDE, respectively. Sequences between the transcription site
and insert were removed by reverse PCR. pCGT7-SRp30c and pSG5-SRp55
were provided by Adrian Krainer and Robert Lafyatis, respectively. hnRNP H
and F cDNAs were digested with BamHI and XhoI and cloned into the same
sites in pCS2.

Western blots. Protein samples were loaded onto 10% SDS gels and trans-
ferred to Nitropure nitrocellulose membranes (Osmonics) at 150 mA for 1.5 h.
Membranes were then blocked for 30 min in 5% nonfat dry milk in 10 mM
Tris-HCl (pH 8.0), 0.9% NaCl, and 0.1% Tween 20. Primary antibodies were
diluted in milk and incubated with the membranes for 1 h, washed, and incubated
with secondary antibody for 1 h. 9G8 was detected by monoclonal N-terminal
2B12 (a generous gift from James Stevenin) diluted 1:3,333, and the monoclonal
T7-tag antibody (Novagen) was diluted 1:10,000. The secondary antibody for
9G8 and T7-tag was peroxidase-conjugated goat anti-mouse immunoglobulin G
at 1:5,000. hnRNP H and hnRNP F were detected by polyclonal N-terminal
antibodies (from Doug Black) at 1:5,000 and 1:3,333 concentrations, respectively.
The primary antibody for �-tubulin (Abcam) was diluted 1:2,000. The secondary
antibody for hnRNPs H and F and �-tubulin was peroxidase-conjugated donkey
anti-rabbit immunoglobulin G at 1:5,000. Protein bands were visualized by ECL
(Perkin-Elmer) and analyzed with NIH-Image (version 1.63; http://rsb.info.nih
.gov/nih-image/).

Cell culture, transfections, and RNA extraction. HeLa and PAC1 cells (66)
were incubated at 37°C in Dulbecco modified Eagle medium supplemented with
1% penicillin-streptomyocin and either 10 or 20% fetal bovine serum, respec-
tively. At 16 to 24 h before transfection, cells were washed with phosphate-
buffered saline–EDTA, removed from the plate with pancreatin, and replated in
5 or 3 ml of antibiotic-free medium on a 60-mm plate or six-well dish. Trans-
fections were performed with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Cells were harvested 48 h after transfection by using
Tri-Reagent (Molecular Research Center). Precipitated RNAs were used for
RT-PCR and primer extension (62).

In vitro transcription and splicing. Transcription and splicing of substrate
RNAs was performed as previously described (59, 60). All dsx constructs were
linearized with MluI. An adenovirus-derived substrate was linearized with
BamHI. pGEM A, X, and INSIDE constructs were linearized with PstI. These
constructs were transcribed with T7 RNA polymerase (Promega). pGEM TM
and AX constructs were linearized with SacII and transcribed with Sp6 RNA
polymerase (NEB). For splicing reactions, 10 ng of substrate was spliced in either
40% HeLa nuclear extract or 40% S100 extract supplemented with the indicated
proteins. Proteins were incubated with RNA for 5 min on ice before the addition
of extracts or reaction mixtures. Adenovirus splicing was performed at 30°C for
1 h and visualized on 15% polyacrylamide 8 M urea gels by phosphorimager
analysis. All other reactions were performed at 30°C for 2 h, and products were
resolved on 8% gels.

UV cross-linking. UV cross-linking reactions were carried out in a final volume
of 15 �l in the presence of 0.5 mM DTT, 2.5 mM MgCl2, 16.67 mM creatine
phosphate, 25 nM radiolabeled pGEM TM transcript, and the indicated proteins
and/or cold competitors. Briefly, reactions were set up and left on ice for 20 min,
incubated for 20 min in a 30°C water bath, and subjected to UV irradiation (254
nm at a distance of 6 cm) for 8 min. Then, 30 �g of RNase A was added, followed
by incubation at 37°C for 30 min, after which SDS buffer was added and the
samples were loaded onto 12% SDS gels. Cross-linking was visualized by phos-
phorimager analysis.

siRNA transfections and analysis. Double-stranded, preannealed siRNA oli-
gonucleotides against hnRNPs H and F (target sequences: hnRNP H, 5�-AAA
GCAGUUGAAUUAUGUUAA-3�; hnRNP F, 5�-AAUGAGUAAACUAAAA
CUAUU-3� [sequences from Paul Boutz in the Doug Black lab]) and 9G8 (si-1,
5�-AAAGGGACAUUAUGCUUAUUU-3�; si-2, 5�-GAGGAGAAACCAAGG
UGUAUU-3�; si-3, 5�-CGACGUCCCUUUGAUCCAAUU-3�; si-4, 5�-CAGU
UAUUAUGGUCCUUUAUU-3�) were purchased from Dharmacon. Lyophi-
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lized siRNA pellets were resuspended in buffer containing 20 mM KCl, 6 mM
HEPES-KOH (pH 7.5), and 0.2 mM MgCl2 to a concentration of 20 �M. siRNA
transfections were performed in PAC1 and HeLa cells with TransIt-TKO
(Mirus). Final siRNA concentrations for transfections were 10 nM (PAC1) or 20
nM (HeLa). At 24 h after the initial siRNA transfections, the indicated expres-
sion constructs were transfected using TransIT-LT1 and siRNA transfections
were repeated. At 24 h later, siRNA transfections were performed a third time.
At 72 h after initial transfections, cells were harvested and assayed for protein or
mRNA expression.

RESULTS

9G8 activates exon 2 splicing in vivo. We previously showed
that splicing of �-TM exon 2 can be activated by the addition of
SR proteins purified from calf thymus (20, 49). To identify indi-
vidual SR proteins that are responsible for splicing activation, a
candidate gene approach was adopted. Vectors expressing indi-
vidual SR proteins were cotransfected into rat pulmonary artery
(PAC1) cells (66), along with a construct containing the first four
exons of �-TM (58). PAC1 cells dedifferentiate with increasing
passage number meaning the levels of exon 2 inclusion decrease
and the exon 3 levels increase over time. Nevertheless, except for
primary cultures of smooth muscle cells, PAC1 cells are the best
cell type to examine exon 2 inclusion. As shown in Fig. 1B, over-
expression of the SR protein 9G8 (sixfold compared to endoge-
nous 9G8 levels; see Fig. S1 in the supplemental material) with
the reporter construct caused a twofold increase in exon 2 inclu-
sion. In contrast, none of the other tested SR proteins were able
to activate exon 2 inclusion. To ensure that the effect was not
restricted to the minigene reporter, we also examined the splicing
of endogenous �-TM transcripts and observed a similar activation
of exon 2 splicing by 9G8 (data not shown).

Exon 2 contains four purine-rich enhancer elements (Fig.
1A), with the two central enhancers responsible for most exon
2 inclusion (20). To ensure that the effect of 9G8 was a result
of SR activation through the exon 2 enhancers, PAC1 trans-
fections were repeated using an �-TM construct with muta-
tions in the two central enhancer elements. As shown in Fig.
1C, loss of the enhancers caused a fivefold decrease in exon 2
inclusion, and cotransfection of 9G8 was unable to activate
splicing. Taken together, these results indicate that the 9G8
acts through the exon 2 enhancer elements to activate splicing.

9G8 activates splicing of a heterologous splicing construct
containing �-TM exon 2 enhancers. To validate the in vivo
activation of splicing by 9G8, an enhancer-dependent splicing
substrate derived from the Drosophila melanogaster gene dou-
blesex was utilized. The DNA sequence encompassing the cen-
tral exon 2 enhancers was inserted into this construct (dsx-�E)
to create the wild-type construct dsx-TM. A control construct
that included the same enhancer mutations from Fig. 1C was
also created (dsx-AX). In vitro splicing was then performed in
HeLa nuclear extracts, in splicing defective cytoplasmic ex-
tracts (S100), or in S100 extracts supplemented with calf thy-
mus-purified SR proteins. Figure 2A shows that, in the absence
of enhancer elements, little spliced product was observed (�E).
In contrast, spliced product formation was readily detectable
with the dsx substrate containing the exon 2 enhancers, either
in HeLa nuclear extracts or in S100 extracts supplemented with
purified SR proteins. As described above, mutation of the
enhancer elements substantially inhibited splicing, a finding
consistent with sequence-specific activation of splicing. Thus,

the �-TM purine-rich elements function as splicing enhancers,
and SR proteins can activate splicing in the presence of these
sequences in both wild-type and heterologous settings.

To determine whether 9G8 can activate exon 2 in vitro,
splicing was carried out with the dsx constructs in S100 extracts
supplemented with individual SR proteins. Each SR protein
was purified from baculovirus-infected insect cells, and the
activity was verified in S100 rescue experiments using an ade-
novirus-derived splicing substrate (data not shown) and tested
for exon 2 activation across a range of concentrations (Fig. 2B).
Consistent with the PAC1 transfections, only 9G8 was able to
activate splicing in the presence of the wild-type �-TM en-
hancer elements. Mutation of the enhancer elements inhibited
the rescue, a finding consistent with the in vivo results de-
scribed above. Thus, 9G8 can activate splicing through the
exon 2 enhancer elements both in vivo and in vitro.

9G8, hnRNP H, and hnRNP F bind the exon 2 enhancer
elements. Splicing of �-TM in HeLa cells or HeLa nuclear
extracts results in predominant selection of exon 3 with small
but detectable levels of exon 2 inclusion. We initially tested
whether overexpression of 9G8 might be able to activate exon
2 splicing in HeLa cells, but little activation was detected (data
not shown). Given the fact that most alternative splicing deci-
sions are combinatorially controlled, this is perhaps not too sur-
prising. However, it does suggest the possibility that other factors
could be present in HeLa cells that could block the ability of 9G8

FIG. 2. 9G8 activates in vitro splicing of a heterologous construct
containing the exon 2 enhancers. (A) In vitro splicing reactions were
performed with the indicated substrates in either 40% HeLa nuclear
extract, 40% cytoplasmic S100 extracts or 40% S100 extract supple-
mented with purified SR proteins. The two central exon 2 enhancers
elements were inserted into an enhancerless doublesex construct (dsx-
�E) to make wild-type dsx-TM, whereas enhancer mutations identical
to those in Fig. 1 were used to create dsx-AX. After splicing, radiola-
beled RNAs were separated on 8% gels with the identity of individual
bands as indicated. (B) Individual recombinant SR proteins were
added to S100 splicing reactions, and spliced products were analyzed as
in panel A. Reactions included increasing amounts of SRp20, ASF/
SF2, 9G8, and SRp55 (250 nM, 750 nM, and 1.5 �M). The lanes
utilizing substrates with mutated enhancer elements (AX) used 1.5 �M
concentrations of each SR protein.
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to activate splicing. As a means to identify such factors as well as
to determine whether 9G8 binds to the exon 2 enhancers, RNA
affinity chromatography was used. RNA oligonucleotides consist-
ing of the wild-type or mutant enhancer sequences were co-
valently linked to modified-Sepharose resin (1), HeLa nuclear
extracts were passed over the columns, and interacting proteins
eluted with increasing salt concentrations. Fractions were sepa-
rated on SDS gels, and Western blots were performed with anti-
bodies to the amino terminus of 9G8 (Fig. 3A). A band corre-
sponding to 9G8 was detected in the low-salt washes from the
wild-type column but was not detectable in any of the fractions
derived from the mutated enhancer sequences. Thus, 9G8 binds
to the exon 2 enhancer elements, a finding consistent with the
functional splicing assays above.

To identify other proteins that interact with the exon 2
enhancer elements, fractions were separated on SDS gels and
silver stained (Fig. 3B). On both mutant and wild-type col-
umns, most proteins eluted between 100 and 500 mM KCl.
However, a doublet of proteins was observed in the higher-salt
washes with the wild-type column but not with the mutant

column. These �55-kDa proteins were gel purified, analyzed
by mass spectrometry, and found to be hnRNPs H and F.

hnRNPs H and F repress 9G8-activated splicing in vitro and
in vivo. To determine the roles, if any, that hnRNP H and
hnRNP F play in exon 2 splicing, we used the dsx constructs to
perform in vitro splicing assays supplemented with combina-
tions of 9G8, hnRNP H, and/or hnRNP F. As shown in Fig. 4A,
supplementing HeLa S100 extracts with recombinant 9G8 ac-
tivated splicing, but such activation could be blocked by the
addition of increasing amounts of either hnRNP H or F. As
controls, we added recombinant PTB or SRp20, neither of which
was able to block the effect of 9G8. This suggests that hnRNPs H
and F interact with the enhancer elements to block 9G8-mediated
splicing.

To test whether hnRNPs H and F maintain their repressor
activity in PAC1 cells, we cotransfected plasmids expressing
these proteins together with the wild-type �-TM reporter.
Upon transfection of increasing levels of either hnRNP H or F,
a modest but reproducible decrease (ca. 25%) in exon 2 inclu-
sion was noted (Fig. 4B). However, when cotransfected with

FIG. 3. 9G8, hnRNP H, and hnRNP F bind to the exon 2 enhancer elements. (A) RNA oligonucleotides containing wild-type or mutant exon
2 enhancers were covalently linked to modified Sepharose. HeLa nuclear extracts were passed over the columns, and associated proteins were
eluted with increasing salt, with a final elution in urea. Fractions were separated on 10% SDS gels, and Western blots performed with antibodies
to 9G8. (B) Fractions from both columns were silver stained. The indicated bands were excised and identified by mass spectrometry.
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9G8, both hnRNP H and F were able to block activation of
exon 2 splicing. Thus, both in vitro and in vivo, hnRNPs H and
F can block 9G8-driven activation of exon 2.

A prediction from the findings presented above is that PAC1
cells should contain lower levels of hnRNPs H and F and,
conversely, increased levels of 9G8. Keeping in mind that po-
tential changes in concentration could be subtle and that post-
translational modifications could also affect activity, we never-
theless performed Western blots with antibodies to 9G8 and
hnRNPs H and F (Fig. 4C). When normalized to �-tubulin

levels, clear decreases were detected for hnRNPs H (50%) and
F (42%) in PAC1 versus HeLa cells. In contrast, 9G8 levels did
not correlate with splicing activity. This could be due to
differential regulation of phosphorylation of 9G8 between
the two cell types, a finding consistent with the observation
that the hyperphosphorylated form was predominant in
HeLa cells (Fig. 4C). Since 9G8 is dephosphorylated during
splicing (38), one possibility is that hnRNPs H and F could
modulate 9G8 activity by altering phosphorylation or de-
phosphorylation.

FIG. 4. hnRNP H and hnRNP F antagonize 9G8-mediated activation. (A) In vitro splicing reactions were performed with the enhancer-
containing dsx-TM in the presence of 1.5 �M 9G8 and increasing amounts of hnRNPs H and F (750 nM, 1.5 �M, and 3 �M). Similar amounts
of PTB and SRp20 were added as controls. (B) The wild-type �-TM construct (pSVpA �-TM 1-4; 400 ng) was cotransfected into PAC1 cells with
increasing amounts of hnRNP H or hnRNP F (100 ng, 800 ng, and 3.2 �g), and splicing patterns were analyzed as in Fig. 1. At the highest
transfection levels, hnRNP H and hnRNP F fractions were increased 3.1- and 3.4-fold, respectively (see Fig. S2 in the supplemental material).
(C) Western blots of whole-cell lysates from PAC1 and HeLa cells were performed with antibodies to hnRNP H, hnRNP F, 9G8, and �-tubulin.
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FIG. 5. hnRNPs H and F directly compete with 9G8 for binding to the exon 2 enhancers. (A) Radiolabeled wild-type �-TM transcripts (25 nM)
were incubated with 1 �M 9G8 in the presence or absence of increasing amounts of hnRNPs H and F. Reactions were subjected to UV
cross-linking, and labeled proteins were analyzed on 10% SDS gels. At least three independent competitions were performed, and averages and
standard errors are shown at right (hnRNP H, ■ ; hnRNP F, u). (B) RNA sequences used for cross-linking (TM, AX, A, X, and INSIDE; panels
A and C) and in vitro splicing (M1, M2, and M3; panel D) assays. The wild-type sequence consists of the two central exon 2 enhancers (bracketed
above) and the sequence between them (shown in Fig. 1A). Nucleotides underlined and in boldface denote mutated nucleotides. (C) UV
cross-linking competition. Radiolabeled wild-type TM RNAs (25 nM) were incubated with 9G8 (■ ), hnRNP H (�), or hnRNP F (u) in the
presence of increasing amounts of cold competitor RNAs. Samples were subjected to UV cross-linking and analyzed as described above.
Competitor RNAs were incubated at the indicated molar excess to radiolabeled RNA. RNAs are as indicated in panel B (TM, AX, A, X, and
INSIDE). At least three independent competitions were performed, and averages and standard errors are as shown. (D) In vitro splicing reactions
were performed with the enhancer-containing dsx-TM and the dsx-M1, M2, M3, and AX mutants in the presence of 9G8 alone (1.5 �M) or when
combined with hnRNPs H or F (3 �M).
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hnRNPs H and F directly compete with 9G8 for binding to
the exon 2 enhancers. To examine the mechanism of antago-
nism between 9G8 and hnRNPs H and F, we performed UV
cross-linking competition assays. Radiolabeled transcripts con-
taining the intact exon 2 enhancers were subjected to UV
irradiation in the presence of recombinant 9G8 and increasing
amounts of either hnRNP H or hnRNP F. Consistent with the
antagonism seen in Fig. 4, hnRNPs H and F were able to
outcompete 9G8 for binding to the enhancer elements in a
dose-dependent manner (Fig. 5A). To localize the binding sites
for these proteins, wild-type and mutant RNA sequences were
used as cold competitors in UV cross-linking assays (Fig. 5B
and C). The mutant RNA sequences included base substitu-
tions designed to abolish the enhancer elements, either indi-
vidually or in combination (A, X, and AX). As shown in Fig.
5C, the wild-type TM sequence was an effective cross-linking
self-competitor, as expected. In contrast, mutation of both
enhancer elements completely blocked the ability of such
RNAs to compete for cross-linking. Competitor RNAs con-
taining mutations in either the A or X enhancer were still able
to compete for cross-linking but at levels consistent with the
fact that each contained only a single enhancer element. These
experiments suggest that hnRNPs H and F compete with 9G8
for binding to the same sequences within exon 2.

hnRNPs H and F have previously been shown to interact
with G-rich sequences (4, 7, 8, 55), including a G-rich silencer
element that serves to block a nearby exonic enhancer in the
�-tropomyosin gene (11). Since there is a stretch of G residues
in the sequence between the exon 2 enhancers (Fig. 5B), we
performed UV cross-linking and splicing assays with a series of
RNAs to determine whether hnRNPs H and F bind to the
G-rich element as opposed to the exon 2 enhancer elements.
The mutants included changes to alter the entire G-rich stretch
(INSIDE), as well as three smaller substitutions across the
region (M1, M2, and M3). When used in UV cross-linking
competition assays, the INSIDE mutant RNA was an effective
competitor on par with the wild-type TM RNA, suggesting that
hnRNPs H and F do not bind to the internal G-rich stretch (Fig.
5C). The M1, M2, and M3 mutants were incorporated into splic-
ing substrates and tested for the ability of hnRNPs H and F to
repress the activation of splicing by 9G8 (Fig. 5D). As shown,
splicing of the dsx-TM construct could be activated by the addi-
tion of 9G8 protein, but this activation could be abolished by the
addition of hnRNPs H or F or by mutation of the enhancer
elements (AX). Importantly, none of the three mutations altering
the G-rich stretch between the exon 2 enhancers affected the
ability of either hnRNP H or F to repress splicing. If either
protein recognized these elements, decreased repression should
have been observed upon mutation. Since none of the mutants
altered repression, it appears that the G-rich sequence between
the two enhancer elements within exon 2 does not interact with
either hnRNP H or F. Together with the UV cross-linking data,
these results suggest that hnRNPs H and F antagonize 9G8-
mediated activation of exon 2 inclusion by directly competing for
the enhancer elements within exon 2.

siRNA depletion of hnRNP H, hnRNP F, and 9G8. To fur-
ther test the role that these proteins play in regulating splicing,
we used RNA interference to assay splice site choice after
knockdown of each factor. If hnRNPs H and F act as repres-
sors, exon 2 inclusion should increase upon their depletion. In

contrast, siRNAs against 9G8 should have the opposite effect.
Double-stranded siRNAs were cotransfected into PAC1 cells
with the wild-type �-TM reporter construct, and spliced prod-
ucts were analyzed. As shown in Fig. 6A and B, siRNA-di-

FIG. 6. siRNA depletion of hnRNP H and hnRNP F. (A) Wild-
type pSVpA �-TM 1-4 minigene (400 ng) was cotransfected into PAC1
cells with 10 nM concentrations of siRNAs directed against hnRNP H
and/or hnRNP F, either alone, together, or in combination with 800 ng
of 9G8. Splicing patterns were analyzed as described above. (B) At
least three independent transfections as in panel A were performed,
and averages and standard errors for exon 2 inclusion are shown.
(C) Western blots of normal cells (mock) or cells treated with siRNAs
against hnRNPs H and F were performed with antibodies to hnRNP
H, F, or �-tubulin as a loading control.
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rected knockdown of hnRNP H and/or F led to increased exon
2 inclusion. When hnRNP H and F levels were decreased in
cells in which 9G8 was concurrently overexpressed, a much
more dramatic increase in exon 2 inclusion was detected.

Attempts to reduce 9G8 levels in PAC1 cells using RNAi
were unfortunately ineffective, necessitating a change to an-
other cell line. We decided to use HeLa cells since small, but
detectable levels of exon 2 inclusion can be visualized upon
transfection of �-TM reporter constructs. If such levels of exon
2 inclusion are due in part to the action of 9G8, depletion of
9G8 should result in decreased exon 2 inclusion. Therefore,
siRNAs against 9G8 were cotransfected with the wild-type
�-TM reporter construct into HeLa cells, and the splicing
patterns were analyzed. Four different siRNA sequences were
tested. As shown in Fig. 7A, only one of these siRNAs (si-4)
was able to decrease the levels of 9G8 protein in HeLa cells.
Consistent with a role for 9G8 in activating exon 2, depletion
of 9G8 led to an approximate 50% reduction in the level of
exon 2 inclusion (Fig. 7B and C). None of the other siRNAs
were able to decrease 9G8 levels and, in turn, no changes in
splicing were observed. As a further test of specificity, we
cotransfected an epitope-tagged version of 9G8 along with si-4
to test whether we could complement the depletion. Partial
rescue of exon 2 inclusion was observed (Fig. 7E and F). Thus,
both in vitro and in vivo, and under both overexpression and
knockdown experiments, 9G8 activates �-TM exon 2 splicing,
and such activation is antagonized by hnRNPs H and F.

DISCUSSION

To identify individual SR proteins that interact with and
activate exon 2, we undertook a candidate gene approach in
vivo. Transfection studies were performed in smooth muscle
cells with an �-TM reporter construct and core SR proteins.
We found that the SR protein 9G8 was able to activate exon
2 splicing in a sequence-dependent manner. In vitro splicing
studies using a heterologous construct verified that 9G8
interacts with two enhancer elements within exon 2 for splic-
ing activation. RNA affinity chromatography confirmed the
binding of 9G8 to these enhancer sequences but also iden-
tified hnRNP H and hnRNP F as associating with the same
sequence elements. In vitro and in vivo overexpression stud-
ies showed that hnRNPs H and F antagonize the 9G8-
mediated activation of splicing, acting as splicing repressors
of exon 2. Through UV cross-linking experiments, we found
that hnRNPs H and F compete with 9G8 for binding to the
exon 2 enhancer sequences. Lastly, siRNA-directed deple-
tion of hnRNP H and F led to an increase in exon 2 inclu-
sion, whereas the loss of 9G8 decreased exon 2 splicing.
Together, these results show that 9G8 enhances the inclu-
sion of �-TM exon 2 through its purine-rich sequences, an
action that is antagonized by hnRNPs H and F.

Combinatorial control of �-TM splicing. The �-TM gene
has served as an excellent model system to dissect regulatory
mechanisms controlling alternative splicing (68). Mutually ex-
clusive splicing of exons 2 and 3 is regulated by steric hindrance
due to the unique upstream positioning of the branchpoint
upstream of exon 3 (67). With the genomic architecture
thereby precluding the joining of exons 2 and 3, regulatory
elements and factors have been identified that determine exon

inclusion (20, 27, 28, 33, 58, 62). As shown in Fig. 1, the RNA
sequence elements include the branchpoint/pyrimidine tracts
upstream of each exon, regulatory elements flanking exon 3
(URE and DRE), and enhancer elements within exon 2. PTB
and an interacting protein, raver1, have been shown to mediate
repression of exon 3 by binding to pyrimidine-rich regulatory
sites flanking exon 3 (32, 68). How widely expressed proteins
act to mediate tissue-specific splicing remains unclear but may
be influenced, in part, by an as-yet-unknown protein(s) that
binds to the UGC repeats found within the URE and DRE or
could perhaps be due to differential activity of PTB paralogs
and alternatively spliced isoforms (53, 61, 76, 80).

As for elements and factors that activate exon 2, initial
studies argued against the need for any such enhancers since
deletion of exon 3 allows inclusion of exon 2 in all cell types
tested (58). Later experiments with heterologous constructs
that contained either exon 2 or 3 suggested that exon 2 might
contain elements facilitating its inclusion (27). When �-TM
minigene substrates were tested, it was found that SR proteins
could increase exon 2 inclusion and that purine-rich elements
within exon 2 were necessary for such activation (20, 49). Here,
we show that increased exon 2 inclusion is dependent upon
9G8 binding to these purine enhancers. Further biochemical
analysis led to the discovery that hnRNPs H and F also interact
with these enhancer sequences.

hnRNP H, hnRNP F, and splicing regulation. hnRNPs bind
nascent RNA transcripts not only to package pre-mRNA but
also to assist and/or regulate specific posttranscriptional
events, nucleocytoplasmic transport, and RNA stability (13, 44,
74). In general, hnRNPs are thought to act as negative factors
repressing specific exons or splice sites. However, this is not
always case, especially for hnRNPs H and F, where activation
has been detected in the regulation of the N1 exon of c-src (12,
57), exon 6D of human immunodeficiency virus type 1 (HIV-1)
(8), and the apoptotic mediator Bcl-xs (26), and repression has
been observed at 5� splice sites in the NF-1 and TSH� genes
(4). c-src uses a complex of proteins, including hnRNPs H and
F, to activate the inclusion of a neural-specific, 18-nucleotide
exon (12, 57, 65). In HIV-1, hnRNP H is required for the
association of U1 snRNP to the tev-specific exon 6D, enhanc-
ing exon inclusion (8). For Bcl-x, hnRNP H and F influence the
production of the proapoptotic Bcl-xs isoform by directing
5�-splice site usage (26). Similarly, hnRNP H can bind to G-
rich 5� splice sites and block U1 snRNP binding, leading to
exon skipping, especially when coupled to additional mutations
that alter U1 snRNP pairing (4).

The question raised by these examples is how can these
proteins act as both activators and repressors of splicing? They
both bind to G-rich sequences: GGGA in HIV-1 to activate
splicing and GGGGU in NF-1 to repress splicing (4, 7, 8, 55).
This argues that not only are the binding sites important but
the context and/or position of the sites likely influences activity.
In the present study, we demonstrate that hnRNP H and
hnRNP F interact with purine-rich sequences and not with a
nearby G-rich element, bolstering the argument for contextual
and positional importance. Besides sequence context, differ-
ences in concentration (36), subcellular localization, or tissue-
specific posttranslational modifications could also affect activity.
For SR proteins, regulated phosphorylation/dephosphorylation
affects splicing activity and nucleocytoplasmic shuttling (37, 38,
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FIG. 7. siRNA depletion of 9G8. (A) Wild-type pSVpA �-TM 1-4 minigene (400 ng) was cotransfected into HeLa cells with 20 nM
concentrations of each of four individual siRNAs (si-1, si-2. si-3, and si-4) directed against 9G8. Western blots were performed on normal cells
(mock) or cells treated with siRNAs against 9G8 using antibodies to 9G8 or �-tubulin. (B) Splicing patterns were analyzed as in Fig. 1, and the
average and standard errors from at least three independent transfections are shown below (C). (D) Wild-type pSVpA �-TM 1-4 minigene (400
ng) was transfected into HeLa cells with either 20 nM of the si-4 siRNA directed against 9G8 or the si-4 siRNA plus cotransfection of an
epitope-tagged (T7) version of 9G8. Western blots were performed on normal cells (mock) or cells treated with siRNAs against 9G8 using
antibodies to 9G8, 	7, or �-tubulin. (E) Splicing patterns were analyzed as in Fig. 1, and the average and standard errors from at least three
independent transfections are shown at bottom (F).
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46, 50). Hyperphosphorylated ASF/SF2 and 9G8 associate with
pre-mRNA to initiate splicing and then become hypophosphor-
ylated as splicing proceeds, followed by export to the cytoplasm.
Similarly, the nucleocytoplasmic localization of PTB is also af-
fected by phosphorylation (79). Regulated phosphorylation of
hnRNP H and hnRNP F has not been detected, but the examples
presented above suggest that such modification could account for
the ability to exhibit both positive and negative effects on splicing.

Decreased hnRNP H levels cause an upregulation in smooth
muscle-specific gene expression and smooth muscle develop-
ment (51). Consistent with that finding, we showed here that
decreased hnRNP H and F levels caused increased expression
of the smooth muscle-specific �-TM splicing pattern. Likewise,
examination of �-TM exon 2 splicing using a transgenic mouse
model showed a broad correlation between smooth muscle
splicing patterns and tissues expressing decreased levels of
hnRNP H and F (21). This suggests that hnRNPs H and F
could play important roles in regulating not only �-TM splicing
but also perhaps other smooth muscle or tissue-specific splic-
ing events.
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