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ABSTRACT

The control of alternative pre-mRNA splicing often requires the participation of factors displaying synergistic or antagonistic
activities. In the hnRNP A1 pre-mRNA, three elements promote the exclusion of alternative exon 7B, while a fourth intron
element (CE9) represses splicing of exon 7B to the downstream exon. We have shown previously that the 5’ portion of the 38-
nucleotide-long CE9 element is bound by SRp30c, and that this interaction is important for repression in vitro. To determine
whether SRp30c alone can impose repression, we tested a high-affinity SRp30c binding site that we identified using the SELEX
protocol. We find that multiple high-affinity SRp30c sites are required to replicate the level of repression obtained with CE9,
and that both the 5’ and the 3’ portions of CE9 contribute to SRp30c binding. Performing RNA affinity chromatography with the
complete CE9 element recovered hnRNP I/PTB. Surprisingly however, His-tagged PTB reduced the binding of SRp30c to CE9 in
a nuclear extract, stimulated splicing to a downstream 3’ splice site, and relieved the CE9-mediated splicing repression in vitro.
Our in vivo results are consistent with the notion that increasing PTB levels alleviates the repression imposed by CE9 to
a downstream 3’ splice site. Thus, PTB can function as an anti-repressor molecule to counteract the splicing inhibitory activity
of SRp30c.
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INTRODUCTION numerous systems (Wagner and Garcia-Blanco 2001).
Nevertheless, hnRNP proteins can also associate with
enhancer elements to elicit exon inclusion (Caputi and
Zahler 2002), and a generic role for hnRNP Al and hnRNP
F/H proteins in intron definition has been proposed
recently (Martinez-Contreras et al. 2006). The situation is
somewhat reversed for the SR family of proteins. Mamma-
lian SR proteins were initially described as positive regu-
lators of splicing and mediators of the activity of exonic
splicing enhancers (Lavigueur et al. 1993; for review, see
Graveley 2000). However, recent results suggest a more
complex situation since SR proteins can participate in the
negative control of splicing and alternative splicing. For
example, SRp38 has been implicated in the cell-cycle
repression of splicing at the M phase, and the dephosphor-
ylation of SRp38 promotes an interaction with Ul snRNP
that interferes with 5’ splice site recognition (Shin and

The majority of mammalian pre-messenger RNAs (pre-
mRNAs) are alternatively spliced to produce mRNA iso-
forms that can be translated to increase the protein-coding
capacity of genomes. The control of alternative splicing
often relies on combinatorial networks involving several
cis-acting elements bound by factors that belong to the
hnRNP and SR families of RNA binding proteins (Black
2003; Matlin et al. 2005). hnRNP proteins frequently
mediate splicing repression, particularly through binding
to exonic splicing silencer elements or by sterically inter-
fering with the interaction of generic splicing factors (Lin
and Patton 1995; Romano et al. 2002). PTB is a hnRNP
protein that represses the inclusion of alternative exons in
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Manley 2002). The binding of ASF/SF2 to a branch site
region has been associated with the steric repression of the
3'splice site of the adenovirus IIla pre-mRNA (Kanopka et al.
1996). Moreover, we have shown that SRp30c mediates the
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repressor activity of a conserved intronic element (CE9)
located 120 nucleotides (nt) upstream from the 3’ splice
site of exon 8 in the hnRNP Al pre-mRNA (Fig. 1A).
In heterologous constructs, the SRp30c/CE9 interaction
represses a downstream 3’ splice site (Simard and Chabot
2000, 2002). Thus, intronic binding sites for SR proteins
have been associated with splicing inhibition on many

occasions (Gallego et al. 1997; Pagani et al. 2000; Ibrahim
et al. 2005).

SRp30c has been implicated in the activity of many
elements that control splice site selection. SRp30c stim-
ulates the inclusion of SMN exon 7 (Young et al. 2002).
This activity apparently requires an interaction with
hTra2p since SRp30c does not bind independently to the
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FIGURE 1. SRp30c mediates the repressor activity of CE9. (A) The CE9 element maps in the intron downstream of alternative exon 7B in the
hnRNP A1 pre-mRNA. The sequence of CE9 is conserved in mouse and human hnRNP A1l introns. (B) The A2x pre-mRNA contains two copies
of CE9. A2xa contains two copies of the complementary sequence. Pre-mRNAs were incubated in two independent preparations of HeLa nuclear
extracts (NE1 and NE2). Some mixtures were supplemented with 5 uM of His-SRp30c or GST-ASF/SF2, as indicated. Splicing products were
fractionated on a 6.5% acrylamide/8 M urea gel. (C) The A3x pre-mRNA contains three copies of CE9. Pre-mRNAs were incubated in an extract
prepared from HeLa cells that had previously been transfected with a siRNA against SRp30c (ASRp30c). Mock-transfected cells were used to
prepare the control extract (mock). (D) Western analysis of the nuclear extracts from cells that were depleted of SRp30c by RNA interference
(ASRp30c¢) or from mock-treated cells (mock). An anti-SRp30c antibody was used first to determine the position of SRp30c. The membrane was
then redecorated with an antibody against hnRNP H (Garneau et al. 2005).
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SMN exon. hTra2f also binds to a splicing enhancer in the
tau alternative exon 10 to promote exon inclusion, and
overexpression of SRp30c can promote tau exon 10
inclusion (Jiang et al. 2003; Kondo et al. 2004). These
observations are in contradiction with a more recent report
indicating that SRp30c inhibits the inclusion of both
alternative tau exons 2 and 10 (Wang et al. 2005). In the
latter study, silencer elements located at the 5’ end of both
exons were identified as binding sites for SRp30c and
SRp55. Because SRp30c could interact with SRp55 and
hTra2p, it was suggested that SRp30c prevents the produc-
tive interaction of hTra23 with the purine-rich enhancer
(Wang et al. 2005). SRp30c has also been implicated in
the alternative splicing of the glucocorticoid receptor B in
neutrophils (Xu et al. 2003) and in the gonadotropin-
releasing hormone pre-mRNA (Park et al. 2006). In the
latter case, SRp30c binds to several exonic enhancer ele-
ments, interacts with Tra2a, and collaborates with the SR
protein 9G8 to facilitate intron A splicing. Finally, SRp30c
can interact with other proteins implicated in alternative
splicing: YB-1, a factor capable of altering adenovirus E1A
alternative splicing (Raffetseder et al. 2003); rSLM-1 and
rSLM2, two RNA binding proteins that influence the
alternative splicing of CD44 exon v5 (Stoss et al. 2004);
E4-ORF4, an adenoviral protein that activates IIla splicing
(Estmer Nilsson et al. 2001); Nop30, which affects the
alternative splicing of preprotachykinin and SRp20 reporter
genes (Stoss et al. 1999); and p32, a cellular protein that
inhibits ASF/SF2 function (Petersen-Mahrt et al. 1999).

Given the wide range of action of SRp30c and its
interaction with many factors to activate or repress splicing,
we have pursued our efforts at characterizing the function
of SRp30c in the activity of the intronic CE9 element found
in the hnRNP A1l pre-mRNA. Using a recombinant SRp30c
protein in a SELEX protocol, we have identified an optimal
binding site for SRp30c and have defined some of the
sequence requirements for high-affinity binding. We show
that multiple high-affinity binding sites for SRp30c can
replicate the impact of the CE9 element. Moreover, we
show that the 3’ portion of CE9 cooperates with the
5’ portion to promote stronger SRp30c binding. Finally,
we find that PTB can interact with CE9. However, and in
contrast to the numerous examples implicating PTB in
splicing repression, PTB counteracts the SRp30c-mediated
repressor activity of CE9.

RESULTS

SRp30c and ASF/SF2 modulate the activity of CE9

When placed in between two competing 3" splice sites, the
38-nt-long CE9 element can shift 3’ splice site selection
toward the upstream site (Simard and Chabot 2000). CE9
most likely acts by repressing the downstream 3’ splice site

since tandem copies of CE9 inhibit in vitro splicing of a
single-intron reporter pre-mRNA (Simard and Chabot
2000, 2002). The repressor activity of CE9 is observed in
different preparations of HeLa nuclear extracts using an
adenovirus model pre-mRNA that contains two intronic
copies of CE9 (Fig. 1B, cf. lanes 1,4 and 7,10). SRp30c can
bind to the first 16 nt of CE9 (Simard and Chabot 2002),
and the addition of recombinant His-SRp30c to splicing
mixtures further inhibits splicing in a CE9-dependent
manner (Fig. 1B, cf. lanes 2,5 and 1). Adding SRp30c to
the control pre-mRNA that lacks CE9 has no repressive
effect (Fig. 1B, cf. lanes 8,11 and 7). ASF/SF2 is the closest
homolog of SRp30c, with 74% amino acid identity (Screaton
et al. 1995). In contrast to SRp30c, ASF/SF2 stimulates
splicing of the CE9-containing pre-mRNA (Fig. 1B, cf.
lanes 1,4 and 3,6). This stimulation is not observed with a
control pre-mRNA that contains the complementary
sequence of two CE9 elements (Fig. 1B, cf. lanes 7,10 and
9,12). Thus, ASF/SF2 can antagonize the repressing activity
of SRp30c in the context of CE9. This antagonism may
involve a competition for binding, although we have been
unable to detect ASF/SF2 binding to CE9 using the
conditions of our gel mobility shift assays (Simard and
Chabot 2002).

A role for SRp30c in the activity of CE9 was also
supported by performing a splicing experiment in a nuclear
extract prepared from HeLa cells that had been previously
transfected with a siRNA targeting SRp30c (Fig. 1C). This
treatment drastically reduces the level of SRp30c, as judged
by Western analysis (Fig. 1D). In an extract prepared from
mock-treated cells, a pre-mRNA containing three copies of
CE9 (A3x) is spliced less efficiently than a control pre-
mRNA carrying a complementary insert (A2xa) (Fig. 1C,
lanes 1,2). Notably, the splicing efficiency of A3x in the
SRp30c-depleted extract was stimulated (Fig. 1C, lanes 3,4).
These results support a role for SRp30c in mediating CE9-
dependent repression.

Identification of a high-affinity binding site
for SRp30c

To assess whether SRp30c is sufficient to impose repres-
sion, we wished to test the repression activity of a strong
SRp30c binding site. To identify such a site, we relied on
the iterative in vitro genetic selection protocol (SELEX)
using recombinant GST-SRp30c and a pool of randomized
RNA sequences. We used a large molar excess of a pool of
synthetic RNA molecules containing a randomized 20-nt
region flanked by constant regions for primer annealing.
Following six rounds of selection—amplification, the bound
RNA material was reverse transcribed, amplified, and
cloned. Sequencing 37 individual clones revealed that the
sequence AGGAC was the most frequent, although the
consensus emerged as AGSAS (S = G or C) (Fig. 2A).
Twenty-two clones had at least one copy of this motif and
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1 ggagcagccacacggagtggccce
6 ggccgaatggaaattaggacaacc
ggaataggacgcattgatgggcce
9 ggcctaatgaaagcaaaggagtec
11 ggaggatgaaggaagagcagcgcec

12 ggat

13
14 gggtcaacacgctggagcagggcece
15 ggcagcactgacgggctaagacce

16

17 ggccgaatggaaattaggacaacc
i8 gggcttagcagagtgaacacagcec
21 ggacaaaggacggcacaggacacc
23 ggctcagccacagtaggacacacce
25 ggataataggataaggaggcaacc
32 ggacaagacagcacagaagacacc
33 ggaagaaggacaggaccatagcc
34 ggactaccacctaccacatacgec
37 ggctcacggcatgaggacggccee
38 g9y agt
40 gggttggaagacggcgtgaggace
42 ggaagagtagacggtaggagatce

2  gggcaaggcaaggcagatacgcce
3
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FIGURE 2. Binding sites for SRp30c as determined by SELEX. (A) In vitro selection—amplification of high-affinity RNA target sequences for
SRp30c. The sequences of 37 individual clones after six cycles are shown and arranged according to their fit (in bold) to the consensus AGSAS
motif (S = G or C). The diagram below shows the frequency of each nucleotide based on this arrangement. The height of each letter is
proportional to its frequency, the percentage being indicated at the right of the letter. (B) Binding of recombinant SRp30c to the S21 RNA oligo.
Gel mobility shift assays were set up in the presence of heparin and GST-SRp30c (2.5 and 5 uM), His-SRp30c (2.5 and 5 uM), and ASF/SF2 (5
wM). The sequence of the S21 RNA oligo is shown with the AGGAC sequences underlined. The position of free RNA and the SR protein/RNA
complexes is shown. (C) SRp30c binding to mutated versions of S21. The sequence of S21 and derivatives are shown. The positions that have been
mutated are boxed. GST-SRp30c was used at 2.5 and 5 uM. (D) Binding of SRp30c to S21 and CE9-derived sequences. The sequences of the RNAs
tested are shown above. S21, CE9, and 3xCE9.7 are RNA oligos labeled at their 5" end while 3xCE9 is a uniformly labeled RNA produced by in
vitro transcription. GST-SRp30c was used at 2.5, 3.7, and 5 pM. (E) Binding of SRp30c and ASF/SF2 to S21 and 3xCE9.7. The concentrations of
the SR proteins were 2.5 and 5 pM.
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five had two. Ten other clones carried sequences with a four
out of five match to AGGAC.

Next, we used RNA oligos derived from these sequences
to perform binding assays with SRp30c. An oligo contain-
ing two AGGAC motifs was bound by SRp30c in a gel
mobility shift assay (S21; Fig. 2B, lanes 2,3). Similar results
were obtained with a His-tagged SRp30c (Fig. 2B, lanes
4,5). Converting a single AGGAC motif in S21 to AGCAC
strongly reduced the efficiency of complex formation (Fig.
2C; S21-CG and S21-GC), while converting both motifs to
AGCAC or ACCAC completely eliminated it (Fig. 2C; S21-
CC and S21-CCCC). Mutating the sequence adjacent to the
AGGAC motifs did not strongly affect SRp30c binding (Fig.
2C; S21-mod6). Thus, two adjacent AGGAC motifs con-
ferred optimal SRp30c binding, as judged by gel mobility
shift assays.

SRp30c bound more efficiently to S21 than to the
complete CE9 element (Fig. 2D, cf. lanes 13-16 and 9-
12). The binding of SRp30c to S21 was equivalent to the
binding of SRp30c to an RNA carrying three copies of CE9
(3xCE9) or three copies of the 5’ terminal sequence of CE9
(3xCE9.7) (Fig. 2D, lanes 1-4, 5-8, respectively). We also
tested the binding of ASF/SF2 to S21. The preparation of
His-ASF/SF2 was as active as the preparation of His-SRp30c
at stimulating proximal 5’ splice site selection (not shown).
As shown in Figure 2E, ASF/SF2 binds to S21, albeit less
efficiently than SRp30c (Fig. 2E, lanes 1-5). In contrast, the
binding of ASF/SF2 to 3xCE9.7 could not be detected, even
after a longer exposure, consistent with previous observa-
tions (Simard and Chabot 2002). Thus, while SRp30c
displays more affinity to S21, the CE9 sequence may
represent a more specific binding site for SRp30c.

Multiple SRp30c binding sites reproduce
the activity of CE9

Next, we compared the splicing modulating activity of CE9
to that of the SRp30c binding site represented by S21. As
shown previously, one copy of the complete CE9 element
inserted in between the two 3’ splice sites of pre-mRNA
C3'—/— decreased distal 3’ splice site usage and improved
the use of the proximal site (Simard and Chabot 2002; Fig.
3A, cf. lanes 5 and 1). Although one copy of S21 inserted at
the same position activated proximal 3’ splice site utiliza-
tion, the amplitude of the effect was smaller than with CE9
(Fig. 3A, lane 2). Two copies of S21 repressed more
efficiently the distal 3" splice site, while insertion of the
complementary sequences had a smaller effect (Fig. 3A,
lanes 3,6, respectively). Three copies of S21 affected 3’
splice site selection in a manner that was nearly equivalent
to the complete CE9 element (Fig. 3A, lane 4). Thus,
although SRp30c binds to CE9 more weakly than to S21,
CE9 is more efficient, and multiple copies of S21 are
required to reproduce the repression mediated by CE9.

The reduced repression activity of S21 was confirmed in
a splicing inhibition assay. In contrast to a pre-mRNA
carrying three intronic copies of CE9 (A3x), one copy of
S21 did not inhibit splicing (Fig. 3B, cf. lanes 5,6 and 1,2).
Given that S21 and 3xCE9 are bound by recombinant
SRp30c with similar affinities, as judged by gel mobility
shift assays (Fig. 2D), our results indicate that not all
elements bound by recombinant SRp30c display equivalent
repressing activity. A similar conclusion was reached when
we tested the impact of an excess of various RNA fragments
on the CE9-mediated splicing repression. The addition of
3xCE9 RNA, and to a lesser extent of 3xCE9.7 and CE9
RNAs, stimulated the splicing of A3x (Fig. 3C, lanes 2-3, 4—
7, 8-11, respectively). Similar amounts of S21 only very
weakly stimulated splicing of A3x (Fig. 3C, lanes 12-15).
None of the above RNAs affected the splicing efficiency of
the control A2xa pre-mRNA (data not shown). We also
tested the rescuing ability of RNA oligos corresponding to
the 5', central, and 3’ portions of CE9 (CE9x, CE9y, and
CE9z, respectively; Fig. 3D). None of these oligos stimu-
lated splicing of the A3x pre-mRNA.

S21 could be less active than CE9 because other factors
may compete with SRp30c for binding. Indeed, ASF/SF2
appears to bind to S21 more efficiently than to CE9 (Fig.
2E). Other elements within CE9 may also improve SRp30c
binding to enhance repression. This would be consistent
with the observation that the last 11 nt at the 3’ end of CE9
can elicit some repression (Simard and Chabot 2000) and
may explain why oligos containing different portions of CE9
were unable to rescue splicing (Fig. 3D). We could not
detect binding of SRp30c to the last 11 nt of CE9 (not
shown). Nevertheless, we tested the impact of removing
these sequences. Recombinant GST-SRp30c and 5’-end-
labeled RNA oligonucleotides were incubated with glutathi-
one beads, and the mixtures were washed at increasing salt
concentrations. In these conditions, the RNA oligo carrying
the first 29 nt of CE9 (CE9-29) was bound by SRp30c less
efficiently than the complete CE9 element, consistent with a
contribution of the 3’ portion of CE9 to SRp30c binding
(Fig. 4C, cf. SRp30c-bound CE9 and CE9-29). Moreover,
an oligo containing the first 20 nt of CE9 followed by the
last 10 nt of CE9 (CE9-Pyless) was bound by SRp30c as
efficiently as CE9. Thus, the last 10 nt at the 3" end of CE9
contribute to SRp30c binding. Because the 3 region of CE9
contains AGAAU, a sequence bound by SRp30c in tau exon
2 (Wang et al. 2005), a plausible interpretation of our results
is that SRp30c weakly interacts with this sequence to
cooperatively improve SRp30c binding to CE9.

PTB antagonizes the repressor activity of SRp30c

The stronger activity of CE9 relative to S21 can be
explained if CE9 provides more specific binding sites for
several SRp30c molecules. However, additional factors may
interact with or stabilize the CE9/SRp30c complex. To
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explore this possibility, we carried out RNA affinity
chromatography. We had previously recovered SRp30c
using the first 16 nt of CE9 (Simard and Chabot 2002).
Here, we produced a column with the complete 38-nt-long
CE9 element. The column was loaded with a HeLa nuclear
extract and washed extensively with a buffer containing
100 mM KCl. The bound material was fractionated on a
polyacrylamide gel, and the bands, stained with silver
nitrate, were analyzed by nanoliquid chromatography
coupled online with tandem mass spectrometry. One com-
ponent of the eluate was clearly identified as hnRNP I/PTB
since six peptides out of 36 were unambiguously assigned
to the protein, covering 24% of the sequence.

1292 RNA, Vol. 13, No. 8

A gel mobility shift assay using recombinant His-PTB
indicates relatively poor binding to a single CE9 element
relative to three adjacent CE9 elements (Fig. 4B, lanes 7-10,
14, respectively). PTB did not bind to the S21 RNA or to
CE9x, CE9y, and CE9z (Fig. 4A, lanes 13-20). While PTB and
SRp30c similarly shifted the migration of 3xCE9 RNA
(Fig. 4A, lanes 4,5), the binding of PTB to one CE9 element
was less efficient than the binding of SRp30c (Fig. 4A, cf. lanes
10 and 11). The superior affinity of SRp30c was also apparent
from mixing experiments performed with either CE9 or
3xCE9. In each case, the coincubation of equivalent amounts
of PTB and SRp30c produced a complex that comigrated with
the complex obtained with SRp30c alone (Fig. 4A, lanes 6,12).
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FIGURE 4. PTB interacts with CE9. (A) Gel mobility shift assay with PTB and SRp30c. His-
tagged proteins were incubated with 5'-end-labeled RNA oligos, except for 3xCE9, which was
produced by in vitro transcription. (B) His-tagged PTB and various 5’-end-labeled oligonu-
cleotides were mixed and the bound material was recovered using Ni-NTA agarose beads. The
experiment was performed in triplicate and standard deviations are indicated. (C) His-tagged
PTB and GST-SRp30c were used alone or in combination. The 5’-end-labeled oligonucleotides
bound to GST-SRp30c were recovered using glutathione beads. (D) UV cross-linking assay
using recombinant PTB and SRp30c incubated in a HeLa nuclear extract with uniformly
labeled 3xCE9 RNA. Five micromolar of His-SRp30c was used, whereas 5, 1.0, 2.5, 5, and 5 pM
of His-PTB were added in lanes 2, 5, 6, 7, and 8, respectively.

we tested the impact of adding His-PTB
on the binding of GST-SRp30c to CE9
(Fig. 4C). The addition of PTB reduced
the binding of SRp30c to CE9. This
reduction was not observed if the oli-
gonucleotide lacked the central pyrimi-
dine stretch of CE9 (CE9-Pyless).
Notably, PTB also did not affect the
binding of SRp30c to an RNA that
contains the pyrimidine stretch but
not the 3’ portion of CE9 (CE9-29).
Thus, PTB does not appear to interfere
with the binding of SRp30c to the 5’
portion of CE9. This is expected given
that > 10 nt separate this SRp30c
binding site from the CU-rich element.
Rather, PTB compromises the positive
contribution that the 3’ end of CE9
makes to SRp30c binding, and this
antagonism requires the CU-rich ele-
ment, which is located only 2 nt
upstream from the putative SRp30c
binding sequence AGAAU.

Next, we assessed the interaction
of these recombinant proteins in a
nuclear extract (Fig. 4D). Using a
UV cross-linking assay to monitor the
binding of recombinant proteins, we
first noted that PTB bound relatively
efficiently to CE9 in the extract
(Fig. 4D, cf. lanes 2 and 5). PTB also
promoted the cross-link of another
protein migrating at ~ 40 kDa. The
identity of this protein is unknown and
has not been pursued further. In
contrast to PTB, the cross-linking signal
obtained with recombinant SRp30c
decreased dramatically when the assay
was performed in a nuclear extract
(Fig. 4D, cf. lanes 1 and 4). However,
when similar amounts of recombinant
PTB and SRp30c (5 pM) were added
simultaneously to a nuclear extract,
their individual cross-linking signals
were both reduced, and more dramati-
cally so for PTB (Fig. 4D, cf. signals
for SRp30c and PTB in lanes 4,7
and those in lane 8). Thus, the bind-

To confirm these observations, we carried out binding  ing of recombinant SRp30c and PTB to CE9 appears

assays using His-PTB and labeled oligonucleotides incu- antagonistic.

bated with Ni*" beads. In this assay, PTB bound specif- To examine the impact of PTB on the activity of CE9,
ically to CE9 (Fig. 4B). The central pyrimidine stretch  we performed splicing assays supplemented with recombi-
CCUUUCCC was important for binding because removing  nant His-PTB (Fig. 5A). As shown previously, one copy of
it considerably reduced PTB binding (CE9-Pyless in Fig. CE9 strongly represses the distal 3’ splice site of the
4B). To ask whether PTB could antagonize SRp30c binding, C3" pre-mRNA (Fig. 5A, cf. lanes 9 and 1). Additional
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FIGURE 5. PTB displays anti-repressor activity. (A) 3’ splice site selection assay. The pre-
mRNAs used are described in Figure 3A. Recombinant His-PTB and His-SRp30c proteins were
added at a final concentration of 5 uM. The positions and identity of the proximal and distal
splicing products are indicated. (B) Splicing repression assay. His-tagged SRp30c and PTB
were added to splicing mixtures containing the A2x or A2xa pre-mRNAs. The final
concentrations of recombinant proteins were 2.5 and 5 pM. (C) Western analysis of SRp30c
and PTB in HeLa nuclear extracts. Titrating amounts of His-PTB and His-SRp30c were added
to assess the concentrations of the endogeneous proteins in a HeLa nuclear extract. Anti-PTB

and anti-SRp30c antibodies were used.

repression at this site can be obtained by adding recombi-
nant SRp30c (Fig. 5A, lane 10). Surprisingly, the addition
of recombinant PTB stimulated the distal 3" splice site in a
CE9-dependent manner (Fig. 5A, lane 11). The inclusion
of SRp30c in the PTB-supplemented mixture completely
neutralized the impact of PTB (lane 12). The addition of
PTB to splicing mixtures containing the control C3" —/— pre-
mRNA or a C3’ derivative containing one or three S21
elements did not affect 3" splice site selection (Fig. 5A, lanes
3,15,7), despite the fact that the addition of SRp30c strongly
stimulated splicing to the proximal 3’ splice site of the S21-
containing pre-mRNAs (Fig. 5A, lanes 6,14). Thus, PTB
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single-intron A2x pre-mRNA. In this
case, while the CE9-mediated repression
was exacerbated by adding SRp30c (Fig.
5B, lanes 2,3), the addition of PTB
stimulated splicing (Fig. 5A, lanes 4,5).
Neither recombinant SRp30c nor PTB
affected the splicing efficiency of the
control A2xa pre-mRNA (Fig. 5B, lanes
6-10). Given that His-tagged PTB mol-
ecules have been used many times to
confirm the activity of PTB in other
systems, we think that it is unlikely that
the anti-repressor activity detected in
our system is artifactually conferred by
the His-tag.

The repressor activity of CE9 appears
to be determined by the relative abun-
dance of SRp30c and PTB. Since CE9
displays repressor activity in a HeLa
extract, the activity of endogenous
SRp30c appears to be dominant. At
equivalent molar concentrations of
recombinant SRp30c and PTB (5 uM),
SRp30c is also the dominant activity, as
judged by the mixing experiment (Fig.
5A, lane 12). To assess the relative
abundance of SRp30c and PTB in a
Hela extract, we performed Western
analyses with anti-PTB and anti-SRp30c
antibodies (Fig. 5C). Based on the signal
obtained with titrating amounts of
recombinant proteins, we estimate that
SRp30c and PTB are present in approx-
imately equimolar concentrations in a
nuclear extract. This situation is consis-
tent with the repressing activity displayed by CE9 in cells
and in extracts.

67891

PTB affects the activity of CE9 in vivo

To ascertain the role of PTB in the activity of CE9 in vivo,
we altered the concentration of PTB in cells. First, we
tested the impact of transiently overexpressing PTB in
Hela cells coexpressing the {-globin-derived mini-gene
that contains a CE9 element in the upstream intron of
DUP51 (pDUP-CE9). The inclusion of the central
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alternative exon was monitored by RT-PCR using total
RNA extracted 48 h after transfection. Consistent with its
ability to repress a downstream 3’ splice site, CE9 reduced
the inclusion of the central exon, (Fig. 6A, lanes 8-10).
When the PTB-expressing plasmid was cotransfected with
pDUP-CE9, we noted a significant improvement (P <
0.002) in the relative frequency of exon inclusion (Fig. 6A,
lanes 11-13). Given that PTB had no effect on the
alternative splicing of the control transcript lacking CE9
(Fig. 6A, cf. lanes 2—4 and 5-7), these results indicate that
upregulating PTB expression can relieve the repression
imposed by CE9. We also carried out experiments designed
to knock down PTB using specific siRNAs. Despite
considerable reductions in the steady-state levels of pro-
teins, we mnever observed significant CE9-dependent
changes in DUP-CE9 alternative splicing (or in the
alternative splicing of the endogenous hnRNP Al exon
7B) (data not shown). A similar result was obtained when
both PTB and nPTB were simultaneously knocked down
(not shown). However, given that the activity of SRp30c is
already dominant over that of PTB, it is somewhat
expected that decreasing PTB/nPTB levels should have
little impact on a CE9-mediated splicing event.

DISCUSSION

Defining an optimal SRp30c binding site

The sequences recovered from a SELEX protocol performed
with recombinant SRp30c displayed a strong enrichment
for the AGSAS motif (S = G or C). The AGGAC sequence
was the most frequent motif and was found in 7 out of the
21 AGSAS-containing clones. Two clones contained two
AGGAC motifs. The other most frequent motifs were
AGCAG (six occurrences) and AGGAG (four occurrences).
Further characterization using RNA oligos carrying specific
changes indicated that two AGGAC motifs offered optimal
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FIGURE 6. PTB affects the activity of CE9 in vivo. The human CE9 element was inserted into
the upstream intron of the globin DUP51 model B-globin derived mini-gene. DUP splicing
was analyzed by RT-PCR in cells cotransfected with a PTB4 expression vector. An experiment
performed in triplicate is shown. A two-tailed Student’s ¢-test indicates that the CE9-dependent
increase in exon inclusion obtained by overexpressing PTB4 is significant (P < 0.002).

binding affinity for SRp30c in gel mobility shift assays.
Moreover, the conversion of any of the two AGGAC motifs
into AGCAG produced a strong decrease in SRp30c
binding.

As shown in Table 1, a portion of the SELEX consensus
sequence AGGAC is found in the SRp30c-binding portion
at the 5" end of CE9 (CUGGAUU). Consistent with their
proposed function, mutating the underlined purines in
CE9 compromised SRp30c binding (Simard and Chabot
2002). We have shown that SRp30c binding to CE9 is
weaker than to the SELEX-derived oligo carrying two
AGGAC (S21). Three CE9 elements were required to
duplicate the affinity displayed by SRp30c for S21. Pre-
viously identified SRp30c binding sites display varying
degrees of homology with the AGGAC motif, suggesting
that these sites may be relatively weak. This would appear
to be the case at least for the SMN binding site since
hTra23 was required to detect the interaction of SRp30c
with this element (Young et al. 2002). Our results suggest
that the 3’ portion of CE9 also contributes to the binding
by SRp30c. Notably, this portion contains the sequence
AGAAU, a sequence that matches the SRp30c motif found
in tau exon 2 (Table 1). Thus, high-affinity binding of
SRp30c may be achieved by using multiple weak binding
sites or through participation of a collaborating protein like
hTra2f3 to stabilize the interaction of SRp30c with one
weak site.

The AGGAC motif is part of the high-affinity binding
site identified by SELEX for ASF/SF2 (AGGACARRAGC;
Tacke and Manley 1995). This suggests that ASF/SF2
binding sites that conform to this consensus may also be
bound by SRp30c and that the overlapping binding
specificities may lead to functional antagonism. However,
whether SRp30c can antagonize the activity of splicing
enhancers whose activity is mediated by ASF/SF2 remains
to be examined. Conversely, ASF/SF2 may interact with a
subset of SRp30c binding sites. We have observed that
recombinant ASF/SF2 interacted with
low affinity to S21 and less so to CE9.
However, although the addition of ASF/

Dup51_DupCES . . .
o SF2 to splicing mixtures did counteract
f the repressor activity of CE9 (Fig. 1B), it
did not reduce the repressing activity of
S21 elements (not shown).
SRp30c and CE9-mediated
— repression
zED Lt Positioning CE9 in between two 3’
6‘6}. éa&@c&é&& splice sites shifts splicing toward the

internal 3’ splice site. This switch is
thought to be caused by the repression
of the downstream 3’ splice site because
splicing repression occurs when multi-
ple copies of CE9 are inserted in the
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TABLE 1. Known RNA motifs associated with SRp30c binding

AGGAC SELEX (S21)

CUGGAU CE9 (CE9.7)

AAAGAAGGAA SMN exon 7

AGAAU Tau exon 2
AGAUAAUUAAUAAGAAG Tau exon 10

Only the best alignment relative to the SELEX-derived motif is
shown and shaded in gray. Underlined nucleotides indicate
positions that, when mutated, affect SRp30c binding or SRp30c-
mediated activity.

intron of a simple model pre-mRNA. We have confirmed
the importance of SRp30c in the activity of the CE9
element in both systems. Increasing the concentration of
SRp30c in nuclear extracts exacerbates both the CE9-
mediated switch in 3’ splice site utilization and the CE9-
mediated splicing repression. Importantly, we have shown
that multiple copies of the SELEX-derived high-affinity site
for SRp30c (S21) could duplicate the impact of one CE9
element on 3’ splice site selection. This is consistent with a
previous observation showing that tandem copies of the
weaker SRp30c-binding portion of CE9 (2xCE9.7) partially
reproduced the shift obtained with a complete CE9 element
(Simard and Chabot 2002). Overall, these results suggest
that SRp30c is essential for CE9-mediated repression of the
downstream 3’ splice site. If the binding of SRp30c is
sufficiently strong, no additional RNA binding factors may
be required to mediate repression. It remains possible that
additional factors help recruit SRp30c or stabilize its
interaction with CE9.

An anti-repressor function for PTB

In an attempt to identify factors that collaborate with
SRp30c to mediate splicing repression, we recovered
hnRNP I/PTB by affinity chromatography using the com-
plete human CE9 element. PTB is well known for its
association with numerous splicing silencers (Wagner and
Garcia-Blanco 2001). PTB binds to short elements con-
taining mixtures of C and U (Singh et al. 1995; Perez et al.
1997; Simpson et al. 2004). The human CE9 element
contains the sequence CCUUUCCC, and we have shown
that this element contributes to PTB binding. Expecting to
document yet another example of a role for PTB in splicing
repression, we were surprised to observe that the addition
of recombinant His-PTB counteracted the splicing shift
associated with CE9 and stimulated splicing to the distal
3’ splice site. Moreover, PTB improved the splicing of a pre-
mRNA that had been repressed by multiple intronic copies
of CE9. Increasing the level of SRp30c in extracts supple-
mented with PTB restored the CE9-dependent repression.
Lastly, increasing the levels of PTB in HeLa cells partially
neutralized the repressor activity of CE9. Thus, PTB
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behaves as an anti-repressor that antagonizes the repressing
activity of CE9 mediated by SRp30c.

The above observations challenge our view of PTB as a
repressor of splicing (Wagner and Garcia-Blanco 2001).
The binding of PTB to intron silencers has been described
on numerous occasions (Mulligan et al. 1992; Norton 1994;
Ashiya and Grabowski 1997; Chan and Black 1997;
Gooding et al. 1998; Southby et al. 1999; Carstens et al.
2000; Gromak et al. 2003). The only apparent exception is
in the calcitonin/CGRP gene, where PTB enhances exon 4
inclusion (Lou et al. 1999). However, it has been argued
that activation may be indirect in this case (Wagner and
Garcia-Blanco 2001; Wollerton et al. 2004). PTB has also
been found to bind to splicing silencers located in exons
(Zheng et al. 1998; Shen et al. 2004; Izquierdo et al. 2005).
In cases where it has been examined, PTB associates with
other proteins to form a multiprotein complex (Chan and
Black 1997; Grossman et al. 1998; Chou et al. 2000; Smith
and Valcarcel 2000). In the a-tropomyosin pre-mRNA,
raverl has been identified as an important protein recruited
by PTB to elicit repression (Gromak et al. 2003). A paralog
of PTB, nPTB, has been implicated in some form of
derepression during alternative splicing of the c-src brain-
specific N1 exon (Markovtsov et al. 2000). In this case, the
nPTB produced from neuronal cells possesses a weaker
repressive activity than PTB. nPTB has been proposed to
antagonize the assembly of a strong repressor complex by
preventing the binding of PTB and by modifying the
interactions of auxiliary factors. In the case of CE9, it is
currently not known whether additional factors are collab-
orating with PTB to mediate anti-repression.

The mechanism by which PTB antagonizes the SRp30c-
mediated repression activity of CE9 appears to involve
binding interference. The binding site for PTB in CE9 is
most probably the pyrimidine-rich sequence located in
between two elements that are important for SRp30c
binding. The upstream element is bound by SRp30c.
Although we have not detected binding of SRp30c to the
downstream element, its presence stimulates overall
SRp30c binding. PTB does not interfere with SRp30c
binding to the upstream element but prevents the improve-
ment normally provided by the downstream element. Thus,
PTB may prevent the binding of SRp30c to the downstream
element. Alternatively, it may prevent cooperative inter-
actions between SRp30c molecules bound to these sites. We
observed previously that the CE9-mediated splicing inhi-
bition does not prevent the assembly of U2- and U4-
dependent complexes on a model pre-mRNA, suggesting
that SRp30c blocks a late step in spliceosome assembly
(Fig. 7A; Simard and Chabot 2000, 2002)). Although PTB
appears to antagonize SRp30c binding to the 3’ region of
CED9, it may also prevent the upstream bound SRp30c from
interacting with components of the spliceosome (Fig. 7B).
Such a mechanism would be similar to two recently
described molecular mechanisms of action for PTB. In
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CE9

FIGURE 7. A model for the interaction and antagonism of factors
binding to CE9. (A) The model proposes that at least two SRp30c
proteins interact cooperatively to bind to CE9. This complex
promotes repression at the downstream 3’ splice site. (B) PTB binding
would antagonize the binding of SRp30c at the downstream site to
prevent cooperative interactions. PTB may also prevent interactions
between SRp30c and splicing factors bound at the 3" splice site.

the case of the Fas receptor, the exonic binding of PTB does
not alter downstream U1 snRNP binding but compromises
exon definition to prevent efficient U2AF binding to the
upstream 3’ splice site (Izquierdo et al. 2005). In the case of
c-src, PTB interferes with the Ul snRNP-U2AF commu-
nication that occurs during intron definition (Sharma et al.
2005). Thus, an interaction between factors bound at
distinct sites on a pre-mRNA would be obstructed by one
or several intervening PTB molecules. When such inter-
actions are required for splicing stimulation, PTB would act
as a repressor. However, if these interactions are required
to implement repression, then PTB would display anti-
repressor activity, as we have observed in the case of CE9.
Antagonism between factors that bind to small portions
of a pre-mRNA appears to be a common theme in splicing
control. The binding of SR proteins to exonic splicing
enhancers is important to counteract the repressing effect
of a nearby silencers bound by hnRNP Al (Zhu et al. 2001).
Likewise, the binding of hnRNP G to the skeletal-specific
exon of the human slow skeletal a-tropomyosin is antag-
onized by the splicing activator hTra23 (Nasim et al. 2003).
PTB has been implicated in several cases of antagonism. It
can prevent the binding of U2AF to the 3’ splice site of the
a-tropomyosin (Lin and Patton 1995) and can compro-
mise the binding of ETR-3 to intronic elements to prevent
exon 5 inclusion in cardiac troponin T (Charlet et al. 2002).
Thus, our study adds to the growing list of variations on
this theme and underscores the great versatility in the use
of combinations of factors to control splicing decisions.

MATERIALS AND METHODS

Plasmids and oligonucleotides

Plasmids C3'—/—, C3’-/CE9, A3x, A2x, and A2xa were described
previously (Simard and Chabot 2000, 2002). Plasmid AS21 was

constructed by inserting annealed oligonucleotides S21s/S21a into
the Stul site of pSPAdStu (Lavigueur et al. 1993). Because this
insert contains an EcoRV site, we used it to reinsert two or three
copies of S21s/S21a. Plasmids C3'-/1xS21, C3'-/2xS21, and
C3’-/3xS21 were constructed by inserting annealed oligonucleo-
tides S21s/S21a at the EcoRV site of pC3’ —/— or the EcoRYV site of
pC3’-/1xS21 and C3'-/2xS21. The same procedure was followed
to produce C3’'-/2xS21a, except that the insert was in the reverse
orientation.

PGEX-SRp30c and pGEX-ASF/SF2 were obtained by perform-
ing RT-PCR using Pwo DNA polymerase on total RNA from
HelLa cells using oligos SRp30c-1/SRp30c-2 and ASF/SF2-1/ASF/
SE2-B, respectively. The SRp30c fragment was cut with EcoRI and
Xhol and was inserted into pGEX. The ASF/SF2 fragment was cut
with EcoRI and HindIII and was cloned into pGEX. The BamHI-
HindIIl fragment of pGEX-SRp30c was inserted in the 6x-His
tagged vector pQE8OL to generate pQE80L-SRp30c. The Mfel—
Scal fragment of pQE80L-SRp30c was inserted into the EcoRI-
Smal sites of the baculovirus expression vector pVL1392 (BD
Biosciences) to produce pVL1392-SRp30c. The pET28a-based
plasmid encoding His-PTB was kindly provided by Doug Black
(University of California, Los Angeles). The CMV expression
plasmid encoding PTB4 was kindly provided by Chris Smith
(Cambridge University).

The 38-bp CE9 element was inserted into the Apal site in the
upstream intron of pDUP51 to generate pDUP-CE9.

DNA and RNA oligonucleotides were purchased from Dhar-
macon Inc. and Integrated DNA Technologies Inc. and were used
as cloning adaptors, PCR primers, substrate for RNA binding
proteins, splicing assays, and RNAi experiments.

DNA oligos

S21: ACAAAGGACGGCACAGGACA

S21s: ACAAAGGACGGCACAGGACAGATATC

S21la: GATATCTGTCCTGTGCCGTCCTTTGT

CE9: CTGGATTATTCAACTGAATGCCTTTCCCAGAGAATGAA

CE9s: CTGGATTATTCAACTGAATGCCTTTCCCAGAGAATGA
AGATATC

CE9a: GATATCTTCATTCTCTGGGAAAGGCATTCAGTTGAA
TAATCGAC

SRp30c-1 (EcoRI): TAGGAATTCTAATGTCGGGCTGGGCGGA

SRp30c-2 (Xhol): TACCGCTCGAGTCAGTAGGGCCTGAAAG

ASF/SF2-1 (EcoRI): TAGGAATTCTAATGTCGGGAGGTGGTGT

ASF/SF2-B  (HindIll): TATCCCAAGCTTTTATGTACGAGAGC
GAG

Gel: ACACAACTGTGTTCACTAGC

Ge2: AGTGGACAGATCCCCAAAGG

RNA oligos

CE9: CUGGAUUAUUCAACUGAAUGCCUUUCCCAGAGAAU
GAA

CE9x: CUGGAUUAUUCAACUGAAUG

CE9y: UCAACUGAAUGCCUU

CE9z: UUCCCAGAGAAUGAA

CE9-Pyless: CUGGAUUAUUCAACUGAAUGAGAGAAUGAA

3xCE9.7: CUGGAUUAAGCUGCUGGAUUAAAGCUGCUGGAU
UAAGGUG
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§$21: ACCAAGGACGGCACAGGACA
$21-CG: ACCAAGCACGGCACAGGACA
521-GC: ACCAAGGACGGCACAGCACA
$21-CC: ACCAAGCACGGCACAGCACA
§21-CCCC: ACCAACCACGGCACACCACA
S21mod6: ACCCAGGACAUUUUAGGACA
§23: CUCAGCCACAGUAGGACACA

Protein purification and RNA chromatography

GST-SRp30c and GST-ASF/SF2 were produced from bacteria as
described (Simard and Chabot 2002). His-PTB was purified from
bacteria and His-SRp30c was produced from baculovirus-infected
cells. Both proteins were purified using the Qiagen purification
system. Protein concentration was evaluated using the Bio-Rad
protein assay. RNA affinity chromatography using CE9 was
carried out as follows: 25 nmol of RNA were coupled to 250 nL
of agarose adipic acid hydrazide resin according to the manufac-
turer’s instructions (Amersham Biosciences). One hundred
twenty-five microliters of HeLa nuclear extract were incubated
with 25 pL of CE9-resin for 10 min at 30°C. The resin was spun
and washed four times with D buffer (60 mM HEPES at pH 7.9,
100 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, and 20% glycerol).
2X-Laemmli dye (10% glycerol, 5% [-mercaptoethanol, 2.3%
SDS, 62.5 mM Tris-HCI at pH 6.8, and 0.1% bromophenol blue)
was added to the beads, and the mixture was boiled and loaded
onto an acrylamide/SDS gel. After staining with silver nitrate,
protein bands were excised and digested in the gel with trypsin. All
peptide analyses were performed on a Q-TOF-2 (Waters/Micro-
mass Corp.) Peptide mass searches were performed with the
MASCOT algorithm (http://www.matrixscience.com) and the
latest version of the NCBI protein database. Peak lists were
prepared from raw tandem mass spectra after smoothing, back-
ground-subtraction, and centroiding using the MassLynx 3.5
software, as input data. The MASCOT software default settings
were used for protein identification with tandem mass spectrom-
etry-derived data.

SELEX

In vitro selection of SRp30c RNA ligands was performed with
GST-SRp30c immobilized on glutathione agarose beads as
described (Tacke and Manley 1995). The random oligonucleotide
pool had the following sequence: ATACCGTCGACCCGAGGGG-
N20 CCCGGTACCCAGCTTTTGTT. The PCR products obtained
using SELREV (TTACTCGACAGGCGCGGATCCATACCGTCG
ACCTGGAGGGG) and SELT7 (TATCCGGAATTCTAATACGAC
TCACTATAG AACAAAAGCTGGGTACCGGG) were cut with
BamHI transcribed using T7 RNA polymerase. RNA was labeled
at the 5" end with [y->*P] ATP. Binding of the randomized RNA
pool was performed in buffer X (10 mM HEPES at pH 7.9, 100
mM KCl, 10% glycerol, 0.025% NP40, 400 pg/mL tRNA). We
washed the beads with increasing KCI concentrations until ~10%
of the RNA remained bound. The final material was collected by
phenol-chloroform extraction and precipitated with ethanol. RT-
PCR was then conducted using SELREV and SELT7. After six
rounds of amplification/selection, PCR products were cloned as
EcoRI-HindIII fragments in pBluescript K+ and sequenced.
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Transcription and splicing assays

pSP-Ad and derivatives were linearized with Hincll and tran-
scribed with SP6 RNA polymerase (Amersham Biosciences).
Plasmid pC3’ —/— and derivatives were linearized with Scal,
and transcription was carried out using T3 RNA polymerase
(Amersham Biosciences) in the presence of **P-UTP. Transcrip-
tion and RNA purification were as described previously (Chabot
1994). Two femtomoles of the gel-purified pre-mRNA were
incubated in HeLa nuclear extracts (Dignam et al. 1983) under
standard splicing conditions at 30°C (Krainer et al. 1984). The
RNA material was phenol extracted, ethanol precipitated, and
fractionated on denaturing acrylamide gels. To investigate the
effect of an excess of RNA competitors on splicing, pre-mRNA
molecules were mixed with the competing RNA prior to splicing.
When recombinant proteins were added to splicing mixtures, a
preincubation of 8 min at 30°C was performed before adding the
labeled pre-mRNA.

The SRp30c-depleted extract was prepared by transfection a
siRNA (80 nM) against SRp30c (sequence of passenger strand:
5'-AGAGGAUGCUAUUUAUGGATT-3") using lipofectamine in
HeLa cells. Seventy-two hours later, cells were collected and a
nuclear extract was prepared. Mock-treated cells were used to
prepare a control extract.

Gel shift and cross-linking assays

3xCE9 RNA was uniformly labeled with **P-UTP and gel-purified.
RNA oligos were 5'-end labeled using [y->*P]ATP and T4 poly-
nucleotide kinase (New England Biolabs), and purified using a
G-25 column (Amersham Biosciences). Gel shift assays were carried
out as described previously (Simard and Chabot 2002) in the
presence of 1 pg/pwL of heparin. Complexes were resolved on
nondenaturing 5% polyacrylamide gels. Cross-linking assays were
performed on the Stratalinker (Stratagene). Essentially, 6 fmol of
uniformly labeled RNA incubated in 12.5 pL of a splicing mixture
were subjected to UV radiation (1.5 min at 500 mJ). The mixture
was then treated with RNAse A and proteins were fractionated on
a 12% acrylamide/SDS gel. Cross-linking assays were also carried
out with 5'-end-labeled RNA oligos using the same protocol
except that no RNase A treatment was performed.

Transfection, RT-PCR, and Western analyses

Transfection of mini-genes was carried out using lipofectamine, as
described previously (Simard and Chabot 2002). The detection of
endogenous PTB was performed using antibodies kindly provided
by Douglas Black. His-PTB was detected using the anti-His
antibody. DUP51 alternative splicing was monitored by RT-PCR
using oligos Gel and Ge2.
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