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ABSTRACT

Gene expression programs can become activated in response to extracellular signals. One evolutionarily conserved example is
binding of Wnt glycoproteins to their receptor, which triggers a signal transduction cascade that stabilizes cytoplasmic b-
catenin protein, allowing it to translocate into the nucleus. There, b-catenin binds to TCF/Lef family transcription factors and
promotes the expression of target genes. Mutations in either the b-catenin gene itself or its partner protein APC are responsible
for the oncogenic activation of this pathway in colorectal tumors. Here we report the splicing factor SRp20 as a novel target
gene of b-catenin/TCF4 signaling. Transfection of activated b-catenin mutants into colorectal cells increased expression of
endogenous SRp20 transcript and protein and also stimulated a luciferase reporter construct containing the SRp20 gene
promoter. In contrast, inhibition of endogenous b-catenin signaling by a dominant-negative TCF4 construct down-regulated
both luciferase reporter and SRp20 expression. We further demonstrate that the b-catenin/TCF4-mediated increase in SRp20
protein levels is sufficient to modulate alternative splicing decisions in the cells. In particular, we observed a change in the
alternative splicing pattern in a control minigene reporter as well as in the endogenous SRp20-regulated CD44 cell adhesion
protein. These results demonstrate that the b-catenin/TCF4 pathway not only stimulates gene transcription, but also promotes
the generation of transcript variants through alternative splicing. Our data support the recent notion that transcription and
alternative splicing represent two different layers of gene expression and that signaling pathways act upon a coordinated
network of transcripts in each layer.
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INTRODUCTION

The genetic information encoded in genomes is expressed
in a differentiated and dynamic manner in order to
generate specialized cellular phenotypes or the coordinated
succession of developmental stages. Such gene expression
programs are controlled by various mechanisms, including
the activation of specific transcription factors in response
to extracellular signals. Examples of important and evolu-
tionarily conserved extracellular signals are the secreted
Wnt glycoproteins. They play a fundamental role during
embryonic development for the formation of germ layers
and body axis (Cadigan and Nusse 1997; Yamaguchi 2001;
Marikawa 2006), but also regulate stem cell renewal in
colon crypts, hair follicles, and bone marrow (Reya and

Clevers 2005). Some target genes have been identified,
including the cell cycle–promoting cyclin D1 and c-myc
genes as well as the tissue remodeling metalloproteinase
matrilysin (Clevers 2006). When activated inappropriately,
this pathway promotes malignant transformation, espe-
cially in colorectal cancer.

The Wnt1 class glycoproteins stimulate a canonical Wnt
signaling pathway (for review, see Bienz and Clevers 2000;
Clevers 2006), which employs the transcriptional coactiva-
tor b-catenin as a central effector. In unstimulated cells,
free cytoplasmic b-catenin is constitutively marked for
ubiquitination and subsequently degraded by the protea-
some. The molecular mark recognized by the SCF complex
is provided through phosphorylation of b-catenin at
critical N-terminal serine and threonine residues by glyco-
gen synthase kinase 3b (GSK3) and controlled by a multi-
protein complex containing Axin and the APC tumor
suppressor protein. Upon Wnt-ligand binding to its plasma
membrane receptor, GSK3 is inhibited, and, in conse-
quence, unphosphorylated b-catenin accumulates in the
cell. Improper activation of this pathway can be due to
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mutations in the b-catenin gene that inactivate the GSK3
phosphorylation sites, as observed in various sporadic
tumors of, for instance, colon (Ilyas et al. 1997; Morin
et al. 1997), ovary (Sagae et al. 1999; Wright et al. 1999),
liver (Koch et al. 1999; Legoix et al. 1999), and skin
(Rubinfeld et al. 1997). In addition, loss of the adenoma-
tous polyposis coli (APC) tumor suppressor gene activates
the pathway and is a hallmark of hereditary and sporadic
colorectal cancer (Fodde et al. 2001). Free cytoplasmic b-
catenin translocates into the nucleus, where it binds to
transcription factors of the TCF/Lef family and acts as a
coactivator to promote the transcription of Wnt target genes.

Besides the activation of target gene transcription, recent
genome-wide studies have revealed that tissues also differ
in their gene expression profiles at the post-transcriptional
level of alternative splicing. Current bioinformatics studies
estimate that >70% of human genes can produce alterna-
tively spliced variants (Ben-Dov et al. 2008), and numerous
examples were characterized demonstrating a functional
diversity between proteins encoded as splice variants from
the same gene (for review, see Venables 2004; Srebrow and
Kornblihtt 2006). In addition, splice variants can differ
with respect to transcript stability or translation efficiency.
Alternative splice variants thus expand transcriptome
diversity and provide an important contribution to the
functional diversity in gene expression programs. Another
recent breakthrough from genome-wide gene expression
analyses is that the majority of genes regulated by a given
stimulus at the transcriptional level differ from those
regulated at the alternative splicing level (Le et al. 2004;
Pan et al. 2004; Blencowe 2006). This indicates that
activation of signaling pathways can affect parallel layers
of gene expression. It has been proposed that layers of
alternative splicing are composed of specific groups of
alternative spliced exons that are regulated together and
thus constitute a coordinated physiological program in
which specific splicing variants are generated to fulfill
specific cellular functions (Blencowe 2006).

How are different splice variants turned on and off?
Similar to the control of transcription through transcrip-
tion factors that bind promoter, enhancer, or silencer ele-
ments, splicing decisions involve recognition of transcript-
specific sequence elements by splice-regulating proteins. A
cell-type-specific splicing pattern is the results of a complex
combination of constitutive splicing components, of mod-
ulating splicing factors, and of their cooperative assembly
on exon-specific regulatory sequence elements. For exam-
ple, the highly conserved SR protein family of RNA-
binding proteins (Cáceres et al. 1997) is essential for
constitutive splicing and also influences the selection of
alternative splice sites. Their activity is antagonized by
members of the hnRNP family of proteins, and alterations
in the expression ratio of these antagonistic factors cause
drastic changes in splice-site selection. These factors estab-
lish RNA–protein and protein–protein interactions that

define splice sites for the spliceosome. For each transcript, a
specific combination of these factors regulates the recog-
nition of alternative exons (Smith and Valcárcel 2000;
Singh and Valcárcel 2005) and can involve their tissue-
specific expression profiles or their phosphorylation and
intracellular localization. Thus, the regulation of alternative
splicing, much like that of transcription, is based on a
combinatorial mode and responds to extracellular signals.
Here, we describe that the b-catenin/TCF signaling path-
way not only affects gene transcription, but also modulates
alternative splicing decisions. We show that this pathway
can directly activate transcription of the SFSR3 gene,
encoding splicing factor SRp20. The subsequent increase
in SRp20 protein levels propagates the signal to another
layer of regulation and results in the generation of alterna-
tive splice variants on a subset of SRp20-target transcripts.

RESULTS

SRp20 protein levels correlate in colorectal
cell lines with the extent of endogenous
b-catenin/TCF4 signaling

Colorectal cell lines are widely used to study b-catenin/
TCF-4-driven gene transcription, but this activity can differ
significantly between cell lines depending on which genetic
alteration occurred in the pathway. In order to characterize
pathway activation in three colorectal cell lines—SW480,
HT29, and DLD-1—cells were transiently transfected with
either the TOPglow luciferase reporter gene, which reflects
the activity of b-catenin/TCF-mediated transcription, or
the corresponding mutant reporter FOPglow (Korinek
et al. 1997). A constitutively expressed Renilla luciferase
reporter was also co-transfected in order to correct for the
differences in transfection efficiencies between the cell lines.
Analysis of luciferase activity in the three transfected cell
types revealed that they varied up to fivefold in their
endogenous b-catenin-driven transcriptional activity, which
was highest in SW480 and lowest in HT29 cells (Fig. 1A).
As further experimental support for the observed differences,
we compared the amount of nuclear b-catenin in these
cells by using a detergent-based cell fractionation method-
ology (see Materials and Methods) in which chromatin-
associated b-catenin remains in the insoluble fraction.
Figure 1B shows that the amount of insoluble nuclear b-
catenin correlated well with the corresponding TOPglow
activity in each cell line.

Because preliminary experiments on alternative splicing
in our laboratory (V. Goncxalves, P. Matos, and P. Jordan,
unpubl.) indicated significant differences between these cell
lines, we asked whether pathway activation would correlate
with the expression levels of different SR proteins. Lysates
from all cell lines were analyzed by Western blot using
monoclonal antibody 1H4, which simultaneously detects a
variety of endogenous SR proteins (Neugebauer and Roth
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1997). As shown in Figure 1C, the immunoblot revealed
that the three cell lines presented a similar band pattern,
with most prominent expression of SRp55, SRp40, SRp30,
and SRp20. Interestingly, the SRp20 levels varied between
the cell lines: expression was lowest in HT29, increased in
DLD-1, and highest in SW480 cells. Thus, SRp20 levels
apparently correlated with the different activities of b-
catenin-driven transcription in these cell lines.

b-catenin/TCF4 signaling modulates
SRp20 expression

In order to study whether the differences in SRp20
expression levels occurred as a direct consequence of b-
catenin signaling, we analyzed DLD-1 cells in more detail.
These cells exhibited an intermediate level of endogenous
b-catenin/TCF-4 activation and are therefore a suitable
cellular system to induce either an increase or a decrease of
pathway activity. For this, two previously reported mutant
constructs were GFP-tagged and expressed in DLD-1 cells:
a constitutively active mutant (bCat-CA) that increases b-
catenin signaling is encoded by a nondegradable b-catenin
lacking the first 47 amino acids (Kolligs et al. 1999),
whereas a TCF-4 mutant encoding just the N-terminal b-
catenin-binding domain of TCF-4 fused to a nuclear
localization signal (TCF-DN), has a dominant-negative
effect on b-catenin signaling (van de Wetering et al.

2002). Figure 2A shows experimental verification of the
subcellular localization of these transfected mutants. In
agreement with previously published data, bCat-CA local-
ized to the nucleus as well as to the plasma membrane (Fig.
2A, left panels), while TCF-DN localized predominantly to
the nucleus (Fig. 2A, right panels). When bCat-CA was
coexpressed with the b-catenin/TCF-specific TOPglow
reporter (Fig. 2B), an over twofold increase in luciferase
activity was observed. In contrast, TCF-DN coexpression
significantly inhibited the endogenous b-catenin/TCF-4
activity measured in DLD-1 cells. These data show that it
was possible to increase or inhibit the b-catenin/TCF
activity in DLD-1 cells, yielding levels comparable to those
observed in SW480 or HT29 cells, respectively. Under these
experimental conditions, the expression of SR proteins was
again analyzed in transfected DLD-1 cells by Western blot
(Fig. 3, upper panel). We found that the SRp20 band
increased in the presence of bCat-CA but decreased in
TCF-DN transfected cells, supporting the idea of a direct
stimulation of SRp20 expression through b-catenin/TCF-4
activity. In order to confirm the results obtained with the
pan-SR antiserum, a specific monoclonal antibody against
SRp20 was used. Densitometric analysis of the Western
blots, using a-tubulin as loading normalizer, revealed an
over 2.5-fold increase in SRp20 protein levels upon bCat-
CA expression in DLD-1 cells and a reduction to approx-
imately one-half in the presence of TCF-DN (Fig. 3, middle
panel).

The SFSR3 promoter responds
to b-catenin/TCF4 signaling

We next asked whether the observed increase in SRp20
protein involved increased transcription as a response to b-
catenin/TCF-4 activity. Indeed, the abundance of SRp20
mRNA increased when bCat-CA was expressed in DLD-1
cells, whereas the presence of TCF-DN led to reduced
transcript levels (Fig. 3, lower panel). A semiquantitative
RT-PCR methodology (see Materials and Methods)
revealed that the observed changes mirrored the variations
observed in SRp20 protein levels (Fig. 3, lower panel).
These data indicated that b-catenin–TCF4 signaling might
target the SRp20 promoter and regulate transcription of
SRp20. We, therefore, cloned a 1982-base-pair (bp) geno-
mic fragment containing the SRp20 gene promoter into a
pGL2 luciferase reporter vector. This reporter construct,
termed pRep5, was expressed in SW480, DLD-1, and HT29
cells and showed clear transcriptional activity when com-
pared to the empty pGL2-vector (Supplemental Fig. S1B).
In addition, the extent of pRep5 activation in these cell
lines corresponded to their endogenous b-catenin-driven
transcriptional activity, as determined in Figure 1.

The pRep5 construct was then tested for its direct
response to b-catenin–TCF4 signaling by transfecting the
above-described b-catenin and TCF4 mutants into DLD-1

FIGURE 1. Activation of b-catenin/TCF signaling in colorectal cells
lines. (A) Diagram showing the activity of TOPglow, a b-catenin/
TCF-regulated transcriptional luciferase reporter construct (TOP) or
a mutant control construct (FOP) after transfection into the three
indicated colorectal cell lines. Results were normalized to the activity
of a co-transfected, constitutively active Renilla luciferase construct.
(B) Western blot showing the comparison of the nuclear chromatin-
associated b-catenin pool in the three cell lines. A detergent-based cell
fractionation methodology separated b-catenin into a soluble (S) and
a nonsoluble, chromatin-bound (NS) pool. Note that the amount of
non-soluble nuclear b-catenin correlated well with the corresponding
TOPglow activity in each cell line. (C) Western blot analysis of the
pattern of SR protein expression in the three cell lines. The pan-SR
protein antibody 1H4 was used to detect the indicated endogenous SR
proteins. Levels of b-catenin and a-tubulin were detected as loading
controls.
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cells. The empty pEGFP control vector was transfected in
parallel for normalization purposes so that background
variations due to other transcription factors that may affect
promoter activity could be eliminated. As shown in Figure
4, co-transfection of bCat-CA increased reporter activa-
tion, and the observed fold-increase was comparable to that
obtained with the TOPglow reporter in the presence of
bCat-CA (see Fig. 2). The pRep5 reporter also responded
with inhibition to the presence of TCF-DN, while no such
response was detected with the empty pGL2-vector (Fig. 4).
Next, additional pGL2-based reporter constructs contain-
ing shorter fragments of the original 2-kb promoter region
(Fig. 4, pRep1-4) were generated. When expressed in DLD-
1 cells, these constructs allowed delimiting the responsive
promoter region to the sequence between nucleotides �225
and �1282 (Fig. 4, gray shaded rectangle). Within this
region, the transcriptional response increased progressively
with promoter fragment size. Surprisingly, sequence anal-
ysis of this region using the TRANSFAC database (http://
www.gene-regulation.com/pub/databases.html) revealed no
high-score putative TCF/Lef family binding sites. We
therefore tested the binding of TCF4 to the responsive
promoter region by DNA/protein coimmunoprecipitation.

GFP-TCF4 was expressed in DLD-1
cells, immunoprecipitated (Fig. 5B), and
then incubated with different radio-
labeled promoter fragments (Fig. 5A).
As shown in Figure 5C, the positive
control fragment with four consensus
TCF binding sites prepared from the
TOPglow reporter vector (Fig. 5A,
probe 1) was clearly pulled down by
GFP-TCF4, whereas the negative con-
trol fragment prepared from the pREP5
construct did not bind (Fig. 5A, probe
2). Under these conditions, the tran-
scriptionally activated SFSR3 promoter
fragment between nucleotides �225 and
�1282 (Fig. 5A, probe 3) was also
pulled down by TCF4, albeit less effi-
ciently than the TOPglow fragment.

Considering that the reporter tran-
scriptional response increased progres-
sively with promoter fragment size,
these data suggest that the response of
the SRp20 promoter to b-catenin/TCF
signaling is regulated through several
binding sites of lower affinity, spread
across the responsive promoter region,
rather than a highly conserved TCF
recognition motif. Consistently, bioin-
formatics analysis of the cloned pro-
moter sequence revealed 19 potential
sites with considerable homology with
the degenerated TCF/Lef transcription

factor binding motif, 13 of which within the most respon-
sive region between nucleotides �225 and �1282 (see
sequence in Supplemental Fig. S2A). In contrast, consider-
ably fewer potential binding sites were identified in the
promoter of the SFSR6 gene encoding SRp55, which
revealed no expression changes in the presence of bCat-
CA (Fig. 5D; see also sequence in Supplemental Fig. S2B).

b-Catenin signaling modifies alternative
splicing decisions

Alternative splicing is regulated by a combinatorial code
that involves regulatory RNA sequence elements and
changes in either the expression or the nuclear prevalence
of competing splicing factors, including the SR proteins
(Smith and Valcárcel 2000; Singh and Valcárcel 2005). In
agreement with this notion, the observed increase in SRp20
could lead to different alternative splicing decisions in
DLD-1 cells in a specific subset of genes. To test this, we
employed minigene reporter constructs that would respond
to increasing SRp20 levels and co-transfected T7-tagged SR
proteins together with the different minigenes. As shown in
Figure 6A, the PTB-derived minigene pG11, which contains

FIGURE 2. Characterization of GFP-tagged b-catenin and TCF-4 mutants and their effect on
b-catenin/TCF transcriptional activity. (A) Subcellular localization of the mutants by confocal
microscopy. Images show DLD-1 colorectal cells transfected with (left column) a non-
degradable, constitutively active b-catenin mutant (bCat-CA), (middle column) the empty
pEGFP control vector (vector), or (right column) a dominant-negative TCF-4 mutant (TCF-
DN). Note the nuclear localization of bCat-CA and TCF-DN. (B) Variation in the endogenous
b-catenin/TCF transcriptional activity of DLD-1 cells. (Upper panel) A diagram of the
TOPglow and FOPglow reporter activities upon co-transfection with bCat-CA, empty pEGFP
vector, or TCF-DN. (Middle and lower panels) Western blot analyses of the GFP-bCat-CA,
pEGFP, and GFP-TCF-DN expression levels as well as a-tubulin as loading control. Note the
increased luciferase activity in the presence of GFP-bCat-CA and the inhibition by TCF-DN.
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the alternatively spliced exon 11 of PTB fused between GFP
exons (Fig. 6A; Spellman et al. 2005), underwent alternative
splicing in the presence of SRp20. The effect was SRp20-
specific because co-transfected T7-tagged SRp30, SRp40, or
SRp55 had no effect on the alternative splicing of this
minigene in DLD-1 cells (Fig. 6B). In contrast, a FAS
minigene (Förch et al. 2000) showed no response to co-
transfected T7-tagged SRp20 (Supplemental Fig. S3).

We then wished to determine whether the increase in
SRp20 that was observed in response to b-catenin/TCF4
signaling was sufficient to modulate alternative splicing of
the PTB-derived minigene pG11. In order to allow a more
accurate estimation of variations in pG11 alternative
splicing, it was necessary to avoid competition with the
abundant pG-FP amplicon (see Fig. 6C). Therefore, a
semiquantitative RT-PCR assay was designed based on a
primer that overlaps the junction between the PTB exon 11
and the second GPF exon (primer 11-FP-F), selectively
amplifying the alternatively spliced form (amplicon 11-FP).
Using this specific assay, we first validated the co-transfection
of PTB-derived minigene pG11 with the different T7-
tagged SR proteins and calculated that SRp20 overexpres-
sion increased inclusion of the alternative exon by more
than threefold (Fig. 6C). Subsequently, we tested the
alternative splicing response of the PTB-pG11 construct
in cells coexpressing the GFP-fused mutants of b-catenin
and TCF-4. Consistent with the described impact of

b-catenin signaling on SRp20 expression (Fig. 3), the co-
transfection of bCat-CA produced a roughly twofold
increase in p11-FP mRNA levels, whereas TCF-DN reduced
the inclusion of the alternative exon by z50% (Fig. 7).

In order to directly demonstrate that these changes in
alternative splicing were the result of increased SRp20 levels
following b-catenin signaling, we used two specific siRNA
oligos to knock down endogenous SRp20 expression in
DLD-1 cells co-transfected with bCat-CA and the mini-
gene. Figure 7 shows that two different SRp20 siRNAs
reduced endogenous SRp20 protein levels to z20%, and
this clearly prevented the bCat-CA-induced changes in
pG11 alternative splicing.

b-Catenin signaling induces the tumor-associated
splice variant CD44E

To investigate whether the observed effect of b-catenin/
TCF-4 signaling on alternative splicing is physiologically
relevant, we searched the literature for examples of
reported SRp20 regulated genes. The most studied alterna-
tively spliced gene in cancer is CD44, which is a trans-
membrane protein involved in cell–cell adhesion (for
review, see Ponta et al. 2003). CD44 has over 20 experi-
mentally observed isoforms due to variable incorporation
of 10 alternative exons (v1–v10) in its proximal extracel-
lular domain. Although the constitutionally expressed
CD44 form (CD44H, which lacks all of the alternative
exons) is always predominant, the increased expression of
certain isoforms has been detected in several types of cancer
(Naor et al. 2002). One such isoform, CD44E, contains the
variable exons v8 to v10, and its splicing was reported to be
stimulated by SRp20 due to the presence of an exonic splice
enhancer (ESE) sequence within exon v9 (Galiana-Arnoux
et al. 2003).

In order to determine whether b-catenin signaling pro-
moted CD44E expression, we first amplified by RT-PCR all
CD44 isoforms expressed in DLD-1 cells, including CD44H
and E (Fig. 8A). We then compared the basal expression of
these isoforms in DLD-1 cells following either overexpres-
sion of T7-SRp20 or depletion of endogenous SRp20 by
RNA interference. As shown in Figure 8B, the expression
level of the CD44H isoform (z270 bp) was predominant,
as reported, but amplification of CD44E (a 700-bp product,
identity verified by direct sequencing) increased in the
presence of T7-SRp20, but not of T7-SRp55, and com-
pletely disappeared upon depletion of endogenous SRp20
protein.

Next, we used an exon v8-specific forward primer for
selective amplification (Fig. 8A,C) and estimated more
accurately the amount of CD44E transcript. SRp20 over-
expression induced an over twofold increase in CD44E
levels in these cells, while SRp20 depletion reduced exons
v8–10 inclusion to below 25% of that found in control cells
(Fig. 8C, left and middle panels, respectively). Finally, we

FIGURE 3. Effect of b-catenin/TCF transcriptional activity on the
expression of SRp20 protein and transcript. DLD-1 cells were trans-
fected with bCat-CA, empty pEGFP vector, or TCF-DN as indicated
and then analyzed by Western blot for (upper panel) either SR protein
levels or (middle panel) SRp20 protein level, and by RT-PCR for
(lower panel) SRp20 transcript levels. Images from three different
SRp20 Western blots as well as from RT-PCR experiments were
digitalized, the band intensities were quantified, and the mean fold-
changes are displayed graphically beside the corresponding panels.
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expressed constitutively active b-catenin in DLD-1 cells
and observed increased endogenous CD44E, whereas
expression of dominant-negative TCF-4 mutants inhibited
the endogenous level of exons v8–v10 inclusion (Fig. 8C,
right panel).

DISCUSSION

The main conclusion from the present work is that the b-
catenin/TCF4 signal transduction pathway stimulates gene
transcription of the splicing factor SRp20, and this even-
tually generates a subset of transcript variants through
alternative splicing.

Several lines of evidence support this conclusion. First,
we show that the endogenous levels of SRp20 transcript and
protein correlate with the activity of b-catenin-driven
transcription in different colorectal cell lines. Furthermore,
experimental stimulation or inhibition of b-catenin/TCF4
signaling affects SRp20 levels. Then we demonstrate that
the isolated SRp20 gene promoter responds to stimulation
and inhibition of b-catenin/TCF4 signaling. In addition,
the b-catenin-stimulated increase of SRp20 protein levels is
sufficient to promote alternative splicing decisions in
colorectal cells, both in a minigene and in a selected
endogenous gene, CD44. Finally, suppression of endoge-
nous SRp20 by RNA interference prevents the b-catenin/
TCF4-induced changes in alternative splicing.

Together, our data identify SFSR3 as
a novel target gene for b-catenin/TCF4
signaling. Although microarray data
with Wnt signal-dependent gene ex-
pression profiles of colorectal cells have
been published and collected at the Wnt
homepage (http://www.stanford.edu/z
rnusse/wntwindow.html; van de Wetering
et al. 2002; Van der Flier et al. 2007;
Vlad et al. 2008), SFSR3 has not been
included in these gene lists. We ob-
served an about twofold increase in
SRp20 transcripts in our experiments,
which is close to the threshold value set
in most microarray experiments. Prob-
ably, SFSR3 values did not meet the
stringent cut-off thresholds applied in
order to filter significant changes in
gene expression. However, the observed
changes in SFSR3 expression have
apparent physiological impact, because
we detected clear changes in alternative
splicing as a consequence of increased
SRp20 levels. Thus, in case of splicing
factors, subtle changes in gene expres-
sion may be sufficient to modulate
alternative splicing decisions. Bearing
in mind that the regulation of alterna-

tive splicing is based on a combinatorial mode, one can
appreciate that relative changes in concentration between
individual SR proteins and antagonizing hnRNP factors can
affect splice-site choice in specific pre-mRNAs that contain
the respective regulatory sequence elements (Smith and
Valcárcel 2000).

Our analysis further revealed that the SFSR3 promoter
contains 13 putative TCF binding sites within the b-
catenin-responsive region and that TCF4 co-precipitates
the corresponding promoter fragment. Consistently, the
transcriptional activation of our reporter constructs to
activated b-catenin increased proportionally with the
length of the subcloned responsive promoter region, and
therefore with the number of putative binding sites present
(Fig. 4, cf. pRep2–pRep4). Others have also found up-
regulated WNT target genes with a variable number of
TCF/Lef sites in the promoter region between nucleotides
�2000 and �100 (Schwartz et al. 2003; Ziegler et al. 2005).
Although these data indicate that SFSR3 is a primary
transcriptional TCF4 target, it cannot be excluded that
other TCF-regulated transcription factors such as c-Myc
(He et al. 1998), c-jun, or Fra-1 (Mann et al. 1999) also
contribute to the regulation of SRp20 expression.

One endogenous target event in DLD-1 cells for the
b-catenin-induced change in SRp20 levels is alternative
splicing of CD44E. Suppression of endogenous SRp20
reduced the amount of generated CD44E, while ectopic

FIGURE 4. Response of the SFSR3 gene promoter to b-catenin/TCF4 transcriptional activity.
(Left side) Drawing showing the 1982-bp genomic fragment containing the SRp20 gene
promoter that was subcloned to yield the luciferase reporter construct pRep5 and derived
deletion mutants. (Gray shaded area) The responsive promoter region between nucleotides
�225 and �1282. (Right side) The reporters’ transcriptional activities in response to
stimulation by bCat-CA or to inhibition by TCF-DN are also shown as diagrams for each
individual construct and are given as fold-increase in luciferase activity compared to the
control pEGFP vector.
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expression of SRp20 protein or stimulation of its
expression by activated b-catenin led to elevated CD44E
levels. The family of CD44 cell-surface glycoproteins is
involved in cell–matrix adhesion and growth factor pre-
sentation and was shown to influence cell growth, survival,
and differentiation. Members of the CD44 family have been
implicated in progression and metastasis of tumors (Ponta
et al. 2003), including colorectal tumors (Wielenga et al.
1993, 1999; Herrlich et al. 1995; Gotley et al. 1996;
Ropponen et al. 1998). In particular, CD44E was found
significantly elevated in metastasic colorectal carcinomas

(Takeuchi et al. 1995), and serum levels of CD44E
were shown to double in blood from colorectal cancer
patients with liver metastases, correlating with its immuno-
histochemical expression (Yamaguchi et al. 1988, 1998).
One possible explanation for a role for CD44E in metastatic
cancers is that isoforms containing exon v10 provide a site
for modification with chondritine-4-sulfate chains that
promote anchoring of tumor cells to endothelial cells and
may facilitate metastasis (Hayes et al. 2002). Our data
therefore indicate that deregulated Wnt signaling in colo-
rectal tumors may be one mechanism for promoting the
expression of pro-invasive CD44 variants. Indeed, deregu-
lated CD44 expression patterns have been reported in early
lesions of colorectal neoplasia (Wielenga et al. 1999).

A connection of the Wnt pathway with pre-mRNA
splicing has previously been observed for an E1A reporter

FIGURE 5. Binding of the SFSR3 gene promoter to TCF4. (A)
Drawing showing the three promoter fragments used as radioactive
probes in DNA/protein coimmunoprecipitation assays. Probes 1 and
2 served as positive or negative controls, respectively, whereas probe
3 corresponds to the transcriptionally responsive promoter region
(gray shaded area between nucleotides �225 and �1282). (B) Anti-
GFP-stained Western blot showing the expression of GFP (control)
and GFP-D31TCF4 in cell lysates (Pre-IP) before and (Post-IP) after
immunoprecipitation with monoclonal anti-GFP antibody ab1218, as
well as the corresponding precipitated proteins (IP). (C) Autoradio-
graph of the polyacrylamide gel used to separate the radio-labeled
DNA probes. (‘‘free probe’’ lanes) Document comparable probe
labeling efficiency; (‘‘captured probe’’ lanes) show the amount of
probe precipitated by either GFP (control) or GFP-D31TCF4. Inserted
numbers indicate the band intensity quantification compared to the
corresponding control bands. (D) Schematic comparison of the SFSR3
and SFSR6 gene promoters. (Arrows) Potential TCF4 binding sites.
(The gray box) The SFSR3 promoter region identified in Figure 4 that
was required to respond to b-catenin-TCF4 signaling.

FIGURE 6. Effect of SRp20 on alternative splicing of the PTB-derived
minigene pG11. (A) Drawing of the PTB-derived minigene pG11
showing the CMV promoter, the two constitutive GFP exons G and
FP, and the alternative PTB exon 11. (Diagonal lines) Splicing
patterns; amplified minigene-derived transcripts pG-11-FP, pG-FP,
and p11-FP are depicted below. Positions of primers used for RT-PCR
analysis are indicated. (B) RT-PCR analysis of exon 11 inclusion
following overexpression of various SR proteins. Using forward
primer pG-F in the first GFP exon and reverse primer FP-R in the
second GFP exon, the inclusion of exon 11 can be distinguished as
amplicons pG-FP of 155 bp and pG-11-FP of 189 bp, respectively.
Note that in control DLD-1 cells, the pG11 minigene originates small
amounts of the alternatively spliced pG-11-FP isoform, whereas
overexpression of SRp20 strongly promotes pG-11-FP generation.
The expression levels of the transfected SR proteins as well as of a-
tubulin as loading control are shown as Western blots below the RT-
PCR image. (C) Specific amplification of the PTB exon 11-containing
transcripts. Primer 11/FP-F overlaps the splice junction between the
PTB exon 11 and the second GPF exon, so that only exon 11-
containing transcripts are amplified, allowing a more accurate semi-
quantitative determination of exon 11 inclusion. The diagram shows
the fold-increase following transfection of DLD-1 cells with different
SR proteins, and the two RT-PCR gel images show amplicons 11-FP
as well as Pol II as control amplification.
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transcript, the estrogen receptor variant D5-6, and splice
variants WISP1v and FGFR3 AT-II (Sato et al. 2005; Lee
et al. 2006, 2007). In these cases, the b-catenin/TCF4
complex apparently regulated the expression level of
another splicing factor, SF1, and thus affected a different
set of splicing events (Shitashige et al. 2007).

Altered expression of splicing factors has been frequently
observed in various tumor types (Ghigna et al. 1998;
Stickeler et al. 1999; Venables 2004), and human cancers
express a large number of alternatively spliced transcripts
(Wang et al. 2003; Venables 2004; Kalnina et al. 2005;
Srebrow and Kornblihtt 2006). Our data on the regulation
of SRp20 by b-catenin/TCF4 signaling provide a mecha-
nistic insight into some of these observations.

In conclusion, these results demonstrate that the b-
catenin/TCF pathway stimulates not only gene transcrip-
tion, but also the generation of a subset of transcript
variants through alternative splicing. Thus, two levels of a
cellular gene expression program are affected by b-catenin/
TCF signaling, first the transcriptional activation of the
SFSR3 gene encoding splicing factor SRp20, and second the
generation of alternative splice variants as a downstream
consequence of increased SRp20 protein levels. These data
further support the recent notion that transcription and

alternative splicing represent two different layers of gene
expression and that signaling pathways act upon a coordi-
nated network of transcripts in each layer.

MATERIALS AND METHODS

Cell culture and transfection

DLD-1 and SW480 colorectal cells were maintained in DMEM
supplemented with 10% (v/v) fetal calf serum (FCS) (Invitrogen),
whereas HT29 cells were grown in RPMI. Cell lines were regularly
checked for absence of mycoplasm infection. Cells were grown in
35-mm dishes to 60%–80% confluence, transfected using Lip-
ofectAMINE 2000 (Invitrogen) according to the manufacturer’s
instructions, and analyzed 16–20 h later. Total amounts of
transfected DNA were 2 mg of DNA per dish for DLD-1 and
SW480 cells or 4 mg for HT29 cells. For immunoprecipitation,
DLD-1 cells were transfected with 4 mg of DNA per 60-mm dish.
If required, the amount of DNA was adjusted with empty vector.
Plasmid transfection efficiencies were judged microscopically by
expression of 2 mg of GFP and reached 60%–80% in DLD-1 and
SW480 cells or 30%–40% in HT29 cells. For RNA interference
experiments, cells at 30%–40% confluence were transfected with
200 pmol of the indicated siRNAs using LipofectAMINE 2000
(Invitrogen) and analyzed after 48 h. The siRNA oligos were
ordered from MWG Biotech with the following sequences:

siSRp20(1): 59-GAGUGGAACUGUCGAAUGG;
siSRp20(2): 59-GAGCUAGAUGGAAGAACAC; and
Control siGFP: 59-GGCUACGUCCAGGAGCGCACCTT.

DNA plasmids and constructs

The following published constructs were received as gifts: TCF-
DN (encoding a dominant-negative TCF-4 containing just the
b-catenin binding domain of TCF-4 fused to a nuclear localiza-
tion signal [N-TCF-4]) (van de Wetering et al. 2002); b-Cat-CA
(encoding a constitutively active nondegradable b-catenin mutant
lacking the first 47 amino acids) (Kolligs et al. 1999); splicing
reporter minigenes pG11 (Spellman et al. 2005) and FAS (Förch
et al. 2000); and T7-tagged SRp20, SRp30, SRp40, and SRp55
(Cáceres et al. 1997). The TOPglow/FOPglow TCF Reporter Kit
and the pCDNA3-HA-D31TCF4 construct (encoding a TCF-4
mutant with intact DNA binding but lacking the N-terminal b-
catenin binding domain, thus avoiding interference with endog-
enous complexes in DNA/protein co-precipitation assays; see
below) were purchased form Upstate (Millipore). The D31TCF4
mutant was subcloned into pEGFPc1 using EcoRI and KpnI
restriction sites. The SFSR3 promoter-driven luciferase reporter
constructs were amplified by PCR from genomic DNA and
subcloning into pGL2-Enhancer Vector (Promega): pRep5 with
primers pGL2SRp20_KpnF (59-GGTACCTGACTGCTGTATCGT
TTCCAA) and pGL2SRp20_MluR (59-ACGCGTCCGATGAGTC
TTCC), and pRep3 with primers pGL2SRp20_Kpn802 (59-GGT
ACCTTGCGGCTCTGTCTTCGTAA) and pGL2SRp20_MluR.
pRep4, pRep2, and pRep1 were derived from pRep5 by deleting
restrictions fragments using SmaI, SmaI, and PvuII, or SmaI and
StuI restriction enzymes, respectively. All constructs were con-
firmed by automated DNA sequencing.

FIGURE 7. Effect of b-catenin/TCF4 transcriptional activity on
alternative splicing of pG11. DLD-1 cells were co-transfected with
the PTB-derived minigene pG11 and bCat-CA, empty pEGFP vector,
or TCF-DN as indicated. The alternative exon 11-containing tran-
scripts were specifically amplified by RT-PCR, and band intensities
were quantified by densitometry using amplified Pol II levels as
internal control. The stimulating effect of bCat-CA on exon 11
inclusion was further analyzed in cells previously transfected with
either control or one of two SRp20-specific small interfering RNAs.
Below the RT-PCR gel, a Western blot shows the degree of depletion
of the endogenous SRp20 protein. Note that depletion of SRp20
prevented PTB exon 11 inclusion even in the presence of bCat-CA .
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Analysis of transcript expression
and semiquantitative RT-PCR

Total RNA was extracted from cell lysates with the RNAeasy kit
(QIAGEN), and 1 mg was reverse-transcribed using random
primers (Invitrogen) and Ready-to-Go You-Prime Beads (GE
Healthcare). Primers for specific amplification were as follows:

For SRp20: SRp20-F (59-AACAAGACGGAATTGGAACG) and
SRp20-R (59-TGGGCCACGATTTCTACTTC);

For CD44: CD44H-F (59-CATCTACCCCAGCAACCCTA) and
CD44H-R (59-GGTTGTGTTTGCTCCACCTT);

For CD44E: CD44v8-F (59-TTTGGACAGG
ACAGGACCTC) and CD44H-R;

For pG11: minigene pG-F (59-GGCAAAGA
ATTCGCCACCA) or 11/FP-F (59-ATT
CTTTTCGGAGCAAGGGC) and FP-R
(59-GAACTTCAGGGTCAGCTTGC);

For FAS minigene PT1 (59-GTCGACGAC
ACTTGCTCAAC) and PT2 (59-AAGCT
TGCATCGAATCAGTAG); and

For RNA polymerase II (Pol II) were Pol II-F
(59-GAGCGGGAATTTGAGCGGATGC)
and Pol II-R (59-GAAGGCGTGGGTTG
ATGTGGAAGA).

Amplification reactions were performed
using AmpliTaq polymerase (Perkin-Elmer)
at 60°C for 30 cycles for SRp20, pG11, FAS,
and CD44E, at 58°C and 30 cycles for CD44,
and at 66°C for 28 cycles for Pol II. All
reactions included an initial denaturation of
5 min at 94°C and a final extension of 10
min at 72°C, and each cycle contained 30 sec
of denaturation and extension. Semiquanti-
tative analysis of transcript levels were pre-
viously established using serial dilutions of
control cDNAs in order to determine the
linear amplification phase for each PCR
reaction. Products were separated on 2%
agarose gels stained with ethidium bromide,
images recorded digitally, and band intensity
quantified using ImageJ software followed
by normalization to Pol II expression levels.
No amplification was obtained when RNA
was mock reverse-transcribed without add-
ing reverse transcriptase.

DNA/protein
coimmunoprecipitation

For immunoprecipitation (IP), 2 3 106 DLD-1
cells were seeded in 60-mm dishes and
transfected with either pEGFP-empty vector
or pEGFP-D31TCF4. Following 16–20 h,
cells were washed in cold PBS and lysed on
ice in 250 mL of lysis buffer [50 mM Tris-
HCl at pH 7.5, 0.5% (v/v) NP-40, 150 mM
NaCl, 10% (v/v) glycerol, 2.5 mM MgCl2,
and a protease inhibitor cocktail (Sigma)].

Lysates were prepared from four parallel dishes, then pooled, and
cleared by centrifugation at 2500g for 5 min, and an aliquot of 0.1
vol was transferred to 23 Laemmli buffer (Pre-IP). The remaining
supernatant from either GFP- or GFP-TCF4-containing lysates
were split into four aliquots of 200 mL and each added to 50 mL of
protein G-agarose beads (Roche) slurry (1:1 in lysis buffer),
precoupled with 2 mg/mL�1 of mouse monoclonal anti-GFP
antibody (ab1218; Abcam). After an incubation of 2 h at 4°C,
beads were collected and an 0.1-vol aliquot of the supernatant
(Post-IP) was added to 23 Laemmli buffer before the beads were
washed six times with 1 mL of lysis buffer. Pre- and Post-IP
aliquots as well as one of each precipitate were analyzed by

FIGURE 8. Effect of b-catenin/TCF4 transcriptional activity and SRp20 protein levels on
alternative splicing of endogenous CD44. (A) The drawing shows the variable exon region of
the CD44 gene. (Diagonal lines) The two analyzed splicing patterns; the amplified minigene-
derived transcripts CD44H and CD44E as well as the primers used for their amplification are
depicted below. (B) RT-PCR analysis of endogenous CD44 transcripts with primers CD44H-F
and CD44-R annealing to the constitutive exons that flank the variable exon region. CD44
transcripts were amplified from DLD-1 cells transfected with either T7-tagged SR proteins or
siRNAs to deplete endogenous SRp20. Note the specific changes in CD44E, as indicated. (C)
Quantitation of endogenous CD44E generation using an exon v8-specific forward primer.
CD44E was amplified from DLD-1 cells transfected with (left panel) SRp55 or SRp20, (middle
panel) with specific siRNAs to deplete endogenous SRp20, (right panel) or with bCat-CA and
TCF-DN to modulate b-catenin/TCF4 transcriptional activity. Below the RT-PCR images, the
corresponding Western blot images are shown to document the expression levels of overex-
pressed SR proteins, of depleted SRp20, or of bCat-CA and TCF-DN, respectively.
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Western blot to assess transgene expression levels and immuno-
precipitation efficiency. The remaining three precipitates from
each transfection were incubated with one of the following DNA
probes: the TOPGLOW (TCF Reporter Plasmid; Upstate) digested
with PvuI and XhoI restriction enzymes, to generate a 1042-bp
fragment, containing the four canonical TCF binding sites (Probe
1, used as positive control); the pRep5 SRp20 promoter reporter
construct digested with SalI (nucleotide �263) and EcoRI
(nucleotide +590), to generate a 950-bp fragment with no tran-
scriptional response (probe 2, used as negative control); or the
pRep5 SRp20 promoter construct digested with SmaI (nucleotide
�1282) and SalI (nucleotide �263) to generate a 1019-bp
fragment containing all the putative TCF binding sites from the
SRp20 promoter (probe 3, used as test probe). All probes were
labeled by 59-end labeling with [g-32P]ATP using T4 polynucle-
otide kinase (kit, GE Healthcare) and unincorporated label was
removed by gel-filtration chromatography on Sephadex G-25 spin
columns (GE Healthcare). DNA/protein coimmunoprecipitation
assays were adapted according to previously described methodol-
ogies (Aiyar and Sugden 1998; Kaldalu et al. 2000). Briefly, the
DNA concentration of the probes was adjusted to 2 ng/mL, and
10 ng of each was added in parallel to the above-described GFP or
GFP-D31TCF4 immunoprecipitates, in 40 mL of binding buffer
[10 mM HEPES at pH 7.9, 20 mM MgCl2, 50 mM NaCl, 50 mM
KCl, 10% (v/v) glycerol, 0.05% (v/v) Triton X-100] and incubated
for 1 h at room temperature with gentle rotation. Beads were then
washed six times with 1 mL of wash buffer [50 mM HEPES at pH
7.9, 100 mM KCl; 50 mM NaCl; 2.5 mM MgCl2; 0.1% (v/v) Triton
X-100] and resuspended in 20 mL of 23 Laemmli buffer to
separate bound probes from TCF4. Probes were denatured for
5 min at 65°C and resolved for 2 h at 100 V in a 5% poly-
acrylamide (29:1)-TBE gel, pre-run for 1 h at 100 V. The gel was
then dried and exposed to X-ray film for 48–96 h. All results were
confirmed in at least three independent experiments.

SDS-PAGE and Western blotting

Samples were prepared and detected as described (Matos and
Jordan 2006). The antibodies used for Western blots were mouse
anti-SR Proteins 1H4 and mouse anti-SRp20 (Neugebauer and
Roth 1997) from Zymed-Invitrogen, mouse anti-b-catenin from
BD Transduction Laboratories, monoclonal anti-a-tubulin clone
B-5-1-2 (as loading control) from Sigma, rabbit anti-GFP ab290
from Abcam UK, and T7-Tag Antibody from Novagen (Merck).
For densitometric analysis, films from at least three independent
experiments were digitalized and analyzed using ImageJ software
(NIH).

Cell fractionation

Nuclear proteins were separated into a soluble pool not retained
in the nucleus and into a chromatin-bound insoluble pool
according to modification of previously described procedures
(Solan et al. 2002). Briefly, cells washed in cold PBS were scraped
and lysed on ice for 10 min in 200 mL of fractionation buffer [50
mM Tris at pH 7.9, 0.1% (v/v) NP-40; 1.5 mM MgCl2, 10 mM
KCl, and a protease inhibitor cocktail (Sigma)]. The soluble
fraction was collected by centrifuging the lysate at 3500g for
5 min and adding the supernatant to 50 mL of 53 Laemmli SDS
sample buffer. The pellet containing the insoluble nuclear fraction

was washed once in fractionation buffer and then resuspended in
250 mL of 13 Laemmli sample buffer supplemented with 5 mM
MgCl2 and 50 U of endonuclease (Benzonase; Sigma) for cleavage
of nucleic acids. Equal volumes of both fractions were analyzed
side-by-side on Western Blots. Results were confirmed in at least
three independent experiments.

Confocal immunofluorescence microscopy

Cells were grown on 10mm 3 10mm glass coverslips, transfected,
and incubated as indicated above, then washed twice in PBS,
immediately fixed with 4% (v/v) formaldehyde in PBS for 30 min
at room temperature, and subsequently permeabilized with
0.2% (v/v) Triton X-100 in PBS for 10 min at room temperature.
Cells were then labeled for 30 min with a 1:200 dilution of
phalloidin-TRITC (Sigma) washed three times in PBS, briefly
stained with 0.5 ng/mL DAPI (Sigma), washed again, and the
coverslips were mounted in VectaShield (Vector Laboratories)
and sealed with nail polish. Images were recorded with the
405-nm, 488-nm, and 532-nm laser lines of a Leica TCS confocal
microscope and processed with Adobe Photoshop software.

Luciferase reporter assay

Approximately 5 3 105 DLD-1 cells were seeded in 35-mm dishes,
transfected with 100 ng of the pRL-TK luciferase reporter (for
constitutive expression of Renilla luciferase as internal control;
Promega), 1 mg of each specific luciferase reporter (pReps or
TOPglow), and 1 mg of bCat-CA, Tcf-DN, or pEGFP control
vector. After 16–20 h, transfected cells were lysed, assayed with the
Dual Luciferase Reporter Assay (Promega) following the manu-
facturer’s instructions, and measured in an Anthos Lucy-2
Luminometer. Lysates were assayed in duplicates, and additional
aliquots were analyzed by Western blot to document protein
expression levels. All Firefly luciferase values were normalized by
the control values obtained for Renilla luciferase and, when
indicated, plotted as fold-increase over the value of vector control.
Displayed values correspond to at least three independent trans-
fection assays.
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