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To identify human intronic sequences associated with 5� splice site recognition, we performed a systematic search for
motifs enriched in introns downstream of both constitutive and alternative cassette exons. Significant enrichment was
observed for U-rich motifs within 100 nucleotides downstream of 5� splice sites of both classes of exons, with the
highest enrichment between positions +6 and +30. Exons adjacent to U-rich intronic motifs contain lower frequencies of
exonic splicing enhancers and higher frequencies of exonic splicing silencers, compared with exons not followed by U-rich
intronic motifs. These findings motivated us to explore the possibility of a widespread role for U-rich motifs in promoting
exon inclusion. Since cytotoxic granule-associated RNA binding protein (TIA1) and TIA1-like 1 (TIAL1; also known as
TIAR) were previously shown in vitro to bind to U-rich motifs downstream of 5� splice sites, and to facilitate 5� splice site
recognition in vitro and in vivo, we investigated whether these factors function more generally in the regulation of
splicing of exons followed by U-rich intronic motifs. Simultaneous knockdown of TIA1 and TIAL1 resulted in increased
skipping of 36/41 (88%) of alternatively spliced exons associated with U-rich motifs, but did not affect 32/33 (97%)
alternatively spliced exons that are not associated with U-rich motifs. The increase in exon skipping correlated with the
proximity of the first U-rich motif and the overall “U-richness” of the adjacent intronic region. The majority of the
alternative splicing events regulated by TIA1/TIAL1 are conserved in mouse, and the corresponding genes are associated
with diverse cellular functions. Based on our results, we estimate that ∼15% of alternative cassette exons are regulated by
TIA1/TIAL1 via U-rich intronic elements.

[Supplemental material is available online at www.genome.org.]

Splicing is the process that ensures the production of functional
mRNA from precursor (pre)-mRNA in eukaryotic organisms. It
entails the accurate, covalent joining of exon sequences and re-
moval of intron sequences by the spliceosome, a multisubunit
complex consisting of five small nuclear RNAs (snRNAs) and a
multitude of protein factors (Kramer 1996). Splicing relies on the
identification of short and loosely conserved sequences, namely,
the 5� and 3� splice sites, and the intronic branch site and poly-
pyrimidine tract upstream of the 3� splice site (Kramer 1996). The
core splicing signals are necessary but insufficient to promote
accurate splicing, as numerous sequences of similar functional
potential as bona fide splice sites, termed pseudo splice sites, are
present in pre-mRNAs. To ensure proper splicing, additional se-

quences located in exons and introns function to promote (en-
hancers) or prevent (silencers) splice site recognition. Together
with the core splicing signals summarized above, enhancer and
silencer elements comprise a major component of what has been
termed the splicing code (for reviews, see Cartegni et al. 2002;
Matlin et al. 2005; Blencowe 2006). In addition to their critical
roles in the recognition and regulation of splice site selection in
a cell type–independent manner, specific enhancers and silencers
are also important elements for the regulation of alternative
splicing (AS) in a cell/tissue, differentiation/developmental stage,
or condition-specific manner.

During the past several years, much interest has been di-
rected toward the identification of splicing regulatory sequences
(for review, see Chasin 2007). Initial approaches involved the
analysis of disease alleles and experimentally directed mutations
that affect splicing of minigene reporter transcripts (Pagani et al.
2000; Cartegni and Krainer 2002; Pagani et al. 2003; Cartegni et
al. 2006). SELEX (systematic evolution of ligands by exponential
enrichment) methodology was employed to identify sequences
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in random oligonucleotide pools that promote splicing when
inserted into exon sequences (Liu et al. 1998; Cavaloc et al. 1999).
More recently, statistical and computational approaches using large
data sets of genomic and transcript sequences have been success-
fully applied to the identification of enhancers or silencers (Fair-
brother et al. 2002; Zhang and Chasin 2004; Zhang et al. 2005;
Stadler et al. 2006). Fewer studies, however, have focused on the
identification of functional intronic splicing elements, although
several very recent reports have employed comparative genomic
sequence analyses to identify splicing elements flanking consti-
tutive (Zhang et al. 2005; Voelker and Berglund 2007; Yeo et al.
2007) and alternative exons (Minovitsky et al. 2005; Voelker and
Berglund 2007; Yeo et al. 2007).

Exonic and intronic regulatory elements are thought to be
primarily recognized by splicing factors in a sequence-specific
manner. These factors generally harbor conserved RNA binding
domains such as RNA recognition motifs (RRMs) and additional
domains that function to recruit other factors to the pre-mRNA
or to bridge to other factors already bound to the pre-mRNA.
Ultimately, binding of factors to enhancers and silencers regu-
lates formation of the spliceosome (Jurica and Moore 2003). To
date, numerous splicing factors have been identified and shown
to bind to exonic regulatory elements, including the well studied
family of serine-arginine-repeat (SR) proteins (Graveley 2000; Lin
and Fu 2007). Splicing factors that bind to silencer sequences
include members of the heterogeneous nuclear ribonucleopro-
tein (hnRNP) family (Zhu et al. 2001; Caceres and Kornblihtt
2002; Martinez-Contreras et al. 2007). However, depending on
the sequence context and location with respect to splice sites, SR
proteins and hnRNP proteins can also function to repress or pro-
mote splice site recognition, respectively (e.g., Hui et al. 2005).

Other examples of splicing factors are the cytotoxic granule-
associated RNA binding protein (TIA1) and TIA1-like 1 (TIAL1;
also referred to as TIAR) (Del Gatto-Konczak et al. 2000). These
proteins are closely related and each contains three RRMs and a
glutamine (Q)-rich domain (Tian et al. 1991; Kawakami et al.
1992). Using in vitro SELEX, TIA1 and TIAL1 were shown to
preferentially bind uridine-rich (U-rich) sequences (Dember et al.
1996). In addition to their roles in splicing, TIA1 and TIAL1 func-
tion in translation repression by aggregating with mRNAs to
form stress granules (Lopez de Silanes et al. 2005). A signature
U-rich motif was identified in the 3� untranslated region of gene
targets repressed by TIA1 (Lopez de Silanes et al. 2005). In the
context of splicing, it was shown in vitro that TIA1 binds to
U-rich sequences downstream of 5� splice sites and that it inter-
acts with the U1 snRNP-specific U1-C protein through its Q-rich
domain to recruit U1snRNP to 5� splice sites (Forch et al. 2002).
The interaction between TIA1 and U1 snRNP mutually stabilizes
the association of these two factors with the 5� splice site region
(Del Gatto-Konczak et al. 2000; Gesnel et al. 2007). Consistent
with important roles for TIA1 or TIAL1 proteins in promoting
splicing via binding U-rich sequences, several in vitro studies
employing different pre-mRNA substrates have shown that single
or multiple mutations in U-rich sequences proximal to 5�-splice
sites can affect the inclusion levels of the adjacent, upstream
exons (Le Guiner et al. 2001; Shukla et al. 2004; Zuccato et al.
2004). Not surprisingly, given the many similarities between
TIA1 and TIAL1, it has also been shown previously that these
proteins have redundant activities in splicing (Le Guiner et al.
2003; Izquierdo et al. 2005; Shukla et al. 2005).

In order to systematically identify putative intronic splicing
elements, we performed a search for motifs that are enriched in

intronic sequences downstream of 5� splice sites. U-rich motifs of
5–10 nucleotides (nt) were among the most highly enriched se-
quences and displayed peaks within positions +6 to +30 down-
stream of 5� splice sites of both constitutive and alternative ex-
ons. Both exon classes with flanking regions that contain U-rich
sequences have lower frequencies of exonic splicing enhancers
(ESEs) and higher frequencies of exonic splicing silencers (ESSs),
compared with exons that are located upstream of introns that
lack U-rich sequences. Simultaneous knockdown of TIA1 and
TIAL1 proteins in HeLa cells resulted in increased exon skipping
of alternatively spliced exons located upstream of U-rich introns.
The extent of increase in exon skipping correlated with the over-
all “U-richness” of the adjacent intronic sequence and proximity
of the first U-rich motif to the exon–intron boundary. Based on
our findings, we estimate that ∼15% of cassette-type alternative
exons (i.e., exons that can be skipped or included in mRNA) are
associated with adjacent U-rich intronic sequences and regulated
by TIA1/TIAL1 proteins. These regulated AS events are often con-
served between human and mouse, and the corresponding genes
are associated with diverse cellular functions.

Results

Motif searching in intronic sequences adjacent to 5� splice
sites

We employed a computational approach to identify putative
splicing regulatory elements in intronic sequences downstream
of 5� splice sites. Two different populations of 100-nt intronic
sequences were analyzed. One population (“Const”) was obtained
from the Hollywood database (Holste et al. 2006) and consists of
109,225 intronic sequences adjacent to constitutively spliced ex-
ons identified using alignments of human genomic, cDNA and
EST sequences (Holste et al. 2006). The other population (“Alt”)
consists of 3872 intron sequences adjacent to recognized cas-
sette-type alternative exons, which were also identified using
alignments of human cDNA and EST sequences (Pan et al. 2006).
For comparison and control purposes, 100 nt of “deep” intronic
sequences (500 nt downstream of the exon–intron boundary)
from both sets (Const and Alt) of genes were retrieved.

To identify motifs that are enriched in the Const and Alt
populations of intronic sequences, SeedSearcher (Barash et al.
2001; Fagnani et al. 2007) was employed. This algorithm searches
for enrichment of motifs of variable length and composition in
test sequences relative to control sequences. In order to exclude
the 5� splice site consensus sequence, searches were conducted at
each position starting from nucleotide +7 in the Const and Alt
(test) populations and were compared to the searches in the deep
intronic (control) sequences. The set of motifs that are the most
significantly enriched in the Const and Alt intronic sequences
are reported in Table 1. Most of these motifs can be classified as
G-rich motifs or U-rich motifs (Table 1, shown in bold; see be-
low).

A recent genome-wide search for intronic motifs governing
splicing decisions resulted in the identification of G-rich motifs
as part of dichotomous signals present in exon flanking sequences
(Zhang et al. 2005). U-rich sequences, however, have not been com-
putationally analyzed or experimentally investigated on a large
scale and therefore form the main focus of this article. Previous
studies have shown that mutations introduced in specific U-rich
sequences downstream of individual 5� splice sites can result in the
skipping of the preceding exons (Le Guiner et al. 2001; Shukla et
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al. 2004; Zuccato et al. 2004), and in vitro studies have shown
that U-rich sequences downstream of two different exons can pro-
mote 5� splice site selection (see Introduction) (Forch et al. 2000).
However, it was not determined whether U-rich intronic sequences
downstream of 5� splice sites play a more widespread role in 5�

splice site recognition and splicing regulation. Taken together with
our findings summarized above revealing enrichment of intronic
U-rich motifs proximal to 5� splice sites, it is possible that these
motifs could play a more widespread role in splicing regulation.

Analysis of distribution of U-rich
motifs in introns

In order to identify the distributions of
U-rich motifs downstream of the two
populations of exons, the intronic se-
quences were searched from the +1 po-
sition using a series of motifs with the
following number of U nucleotides, over
specified lengths: 3/3, 3/4, 3/5, 4/4, 4/5,
4/6, 5/5, 5/6, 5/7, 6/6, 6/7, 7/7. The re-
sults show that all of these U-rich motifs
are significantly enriched between
nucleotides +6 and +30 in introns down-
stream of constitutive exons (Fig. 1A;
Supplemental Fig. 1). Some of the U-rich
motifs, specifically those with at least
one flexible base (e.g., 4/5, 4/6), are also
enriched between nucleotides +6 and
+30 in introns downstream of alterna-
tive exons (Fig. 1B; Supplemental Fig. 1).

To assess the possible functional
significance of the U-rich motifs, we
analyzed their occurrences downstream

of pseudo exons. Pseudo exons are intragenic sequences that are
flanked by sequences closely matching consensus splice sites,
and are of a length that is comparable to true exons. However,
unlike true exons, pseudo exons lack sufficient enhancer ele-
ments to promote splicing, and they are also enriched in silencer
elements that likely further prevent their inclusion in spliced
transcripts (Zhang and Chasin 2004). Therefore, if the U-rich
intronic motifs generally act to promote splicing, we would ex-
pect to find that they are not enriched downstream of pseudo 5�

splice sites. Consistent with this prediction, none of the U-rich
motifs were enriched between +6 and +30 downstream 2309
pseudo exons (Supplemental Fig. 1). These results suggest that
U-rich motifs located between nucleotides +6 to +30 downstream
of authentic exons may function as intronic splicing enhancer
(ISE) elements.

U-richness of intron sequences downstream of weakly defined
exons

The possibility that U-rich motifs function as ISEs was further
explored by investigating their relationship to the strength of splic-
ing signals in the upstream exons. We considered that the enrich-
ment of U-rich motifs in intronic sequences downstream of consti-
tutive and alternative exons could function generally to facilitate
the recognition and regulation of weakly defined exons. If this
were the case, it would be expected that the frequency of U-rich
motifs in the intronic regions downstream of exons is related to
the strength of splicing signals that contribute to the recognition
of the upstream exons. Accordingly, we first applied a statistical
scoring method (for details, see Methods) to ask whether the
relative frequencies of any of the U-rich motifs (as defined above)
in the downstream introns represent a feature that “discrimi-
nates” exons based on their overall content of ESE or ESS motifs
or based on the strength of the splice sites flanking the exon
sequences. For these analyses, we used sets of ESE and ESS motifs
from experimentally validated computational searches per-
formed by Zhang and Chasin (2004). Our analyses revealed that
the presence of relatively short U-rich motifs (e.g., 3/4 U’s) in the

Figure 1. Positional bias of intronic U-rich motifs. Distribution of U-rich (4/5 U’s) motifs in the first
100 nucleotides of intronic sequences downstream of constitutively spliced (CS) (A) and alternatively
spliced (AS) (B) exons. U-rich motifs are enriched between nucleotides +6 and +30 of introns down-
stream of CS and AS exons. The difference in the nature of the plots between CS and AS events (i.e.,
more smooth for CS events) is due to different data set sizes (109,225 vs. 3872). U-rich motifs are not
enriched in the corresponding intronic region downstream of pseudo exons (Supplemental Fig. 1).
Other U-rich motifs (3/3, 3/4, 4/4, 5/5, 5/6, 6/6, 6/7, 7/7 Us) were also assessed and showed similar
distributions in introns adjacent to constitutive exons, whereas only motifs that have at least one
positionally flexible nucleotide showed similar distributions in introns downstream of alternative exons
(Supplemental Fig. 1).

Table 1. Motifs found downstream of 5� splice sites of alternative
and constitutive exons

Constitutive (n = 109,225) Alternative (n = 3872)

Motif Score Motif Score Motif Score

GGG****GGG Inf UUUC*UU 52 CCUUU 40
GGGGC Inf UUG*UUU 50 UUUCU 40
GGG**GGG Inf UUUCU 50 GGGGG 35
GGGGG 305 CCCCU 49 UUUUC 34
GGGCC 256 UUU*A*UU 48 UUCUU 34
UGGGG 222 UUUUC 48 UGGGG 33
GGGGA 208 UUU*AU*U 47 CUUUU 33
GAGGG 176 UUCUUU 46 GAGGG 32
GUGGG 165 UUGUU 46 GGGCC 29
AGGGG 150 U*U*CUUU 45 UCUUU 29
GGGCU 120 UUUCUU 44 GGGGC 28
GGCCC 119 U**U*U*CUU 42 AGGGC 27
GGGUG 97 GGAGC 42 GUUUU 27
GCCCC 97 U*U*AUUU 41 CUUUC 26
GGGGU 93 GCCCU 37 UUUCC 26
AGGGC 90 UUAUUU 35 UUCCU 26
UGUUU 72 CCCUC 35 GGGUG 26
UCUUU 63 UUUA*U*U 34 UCCUU 25
UUCUU 57 GCUGC 34 UGCUU 25
U*UGUUU 56 CUUUU 34 UGUUU 25
UUU*AUU 56 UU*UUUC 33
CAGGG 53 U*UUCU*U 33
UU*AUUU 53 UUUAUU 30
UU*CUUU 53 UU*U*A*U*U 30

U-rich motifs are in bold. Inf, infinite; *, any nucleotide.
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downstream intron sequences can discriminate both constitutive
and alternative exons based on their relative ESE and ESS content
(Supplemental Fig. 2). However, in every comparison made, over-
all U-content (as tested at different percentage cut-offs) was
found to represent the best discriminating feature. Notably, the
feature of >28%–30% Us in flanking intronic sequences was
found to best discriminate adjacent exons scored on the basis of
both ESE and ESS frequencies (Supplemental Fig. 2).

Based on the above observation that overall U-richness of
the 100 nt of downstream intronic sequences appears to be the
most significant feature that can discriminate upstream exons on
the basis of their ESE and ESS content, we next plotted the fre-
quencies of ESEs and ESSs within exons with and without U-rich
flanking intronic regions (where >28% U-content is defined as
U-rich, and <28% U-content is defined as non-U-rich). These
plots reveal that constitutive (Fig. 2A) and alternative (Fig. 2B)
exons adjacent to U-rich intronic sequences (blue line) are sig-
nificantly more often associated with reduced frequencies of ESEs
than exons that are adjacent to intronic sequences that are not
U-rich (red line). Conversely, both classes of exons adjacent to
U-rich intronic sequences (blue lines) display significantly in-
creased frequencies of ESS motifs, compared with exons adjacent
to introns that are not U-rich (red lines) (Fig. 2C,D). We note that
using more conservative cut-offs for U-richness (e.g., >40% U-
content defined as U-rich and <20% U-content defined as non-
U-rich) results in an even more pronounced discrimination of
upstream exons on the basis of their ESE and ESS frequencies
(data not shown). When applying the same procedure as de-
scribed above in relation to splice sites, a clear difference in the
strength of the 5� splice or 3� splice sites as defined by a scoring
matrix of Shapiro and Senapathy (1987) was not observed be-
tween exons that are adjacent or not adjacent to downstream
U-rich intronic sequences. Similar results were obtained when
applying a more sensitive splice site scoring method (Yeo and
Burge 2004; data not shown).

Interestingly, different results from those described above
were obtained when investigating the relationship between exon-
associated splicing signals and downstream intronic regions that
are enriched in G-rich motifs. For example, in contrast to the
U-rich intronic sequences, we observe that both constitutive and
alternative exons followed by introns with G-rich sequences con-
tain a higher frequency of ESEs and a lower frequency of ESSs
(Fig. 2E–H). These results suggest that G-rich sequences down-
stream of 5� splice sites play a distinct role in 5� splice site rec-
ognition as compared to U-rich sequences.

Together, the results described above indicate that U-rich
motifs in intronic sequences downstream of exons may specifi-
cally function to compensate for reduced frequencies of ESEs, or
increased frequencies of ESSs, in promoting constitutive splicing.
Similarly, the presence of these motifs appears to relate to the ESE
and ESS content of alternative exons, and it is possible that this
relationship exists to facilitate regulation of the levels of splicing
of these exons.

Effects of TIA1 and TIAL1 knockdowns on the splicing
of exons adjacent to U-rich introns

TIA1 and TIAL1 were previously shown to bind preferentially to
U-rich sequences using an in vitro SELEX approach (Dember
et al. 1996). In addition, cross-linking experiments using HeLa
nuclear extracts showed that TIA1 cross-linked to U-rich se-
quences downstream of a 5� splice site in pre-mRNA reporter tran-

scripts from the Drosophila msl-2 gene (Forch et al. 2000). Indepen-
dently, a recent study showed that depletion of TIA1 and/or TIAL1
in HeLa cells resulted in increased skipping of exon 6 of the FAS
gene, which is followed by U-rich intronic sequences (Izquierdo
et al. 2005). Based on these observations and our findings de-
scribed above, we next asked whether TIA1 and TIAL1 generally
function to promote the recognition and regulation of splicing of
exons followed by U-rich sequences. To test this, we used short
interfering RNAs (siRNAs) to deplete TIA1 and TIAL1 proteins in
HeLa cells, and RT-PCR assays were performed to determine the
effects of depletion of these proteins on the in vivo splicing of a
series of constitutive and alternative exons followed by U-rich or
non-U-rich intronic sequences.

Individual pools of siRNA duplexes specific for TIA1 and
TIAL1, as well as a pool of nontargeting (control) siRNA duplexes,
were transfected into HeLa cells. Western blotting of the lysates
showed that the levels of TIA1 and TIAL1 were reduced to ∼25%
of the levels of the endogenous proteins, compared with the
control siRNA-transfected cells (Fig. 3A). A total of 92 splicing
events were initially selected for RT-PCR analysis from the Const
and Alt populations (Supplemental Table 1). These events were
initially selected using the following criteria: (1) the first 30 bases
downstream intronic sequences for each set of Const and Alt sets
have a wide range of percentage of U-content (see below and
Methods), (2) the corresponding genes display expression in
HeLa cells as determined from previous microarray and RT-PCR
data (Pan et al. 2006; data not shown), and (3) the selected events
exclude those that are predicted (Pan et al. 2006) to introduce
premature termination codons (PTCs) that elicit nonsense medi-
ated mRNA decay (NMD). This last selection criterion was included
to maximize the potential of detecting splicing level changes that
might otherwise be masked by effects of NMD. Semi-quantitative
radioactive RT-PCR assays using primers specific for exons adjacent
to each test constitutive and alternative exon were performed in
duplicate on samples from two independent knockdown experi-
ments (total of four repetitions). Representative RT-PCR experi-
ments analyzing alternative exons are shown in Figure 3, B and C,
and quantification of the products from the four repetitions with
standard deviations, is shown in Figure 3D.

Simultaneous knockdown of TIA1 and TIAL1 (TIA1/TIAL1)
resulted in pronounced increases in exclusion (or “skipping”)
levels of 23/27 (85%) of the alternatively spliced exons that are
followed by U-rich intronic sequences (Fig. 3B,D), whereas the
splicing levels of the other four exons in this group were affected
to a minor extent or not at all. In contrast, the splicing levels of
the 24 alternatively spliced exons that are not followed by U-rich
intronic sequences were not significantly affected (Fig. 3C,D).
Moreover, the splicing levels of constitutively spliced exons in
HeLa cells were not significantly affected by depletion of TIA1/
TIAL1 proteins, regardless of the U-richness of their downstream
intronic sequences (Supplemental Fig. 3).

In order to further test the generality of the effects of TIA1/
TIAL1 proteins on the splicing of alternative exons followed by
U-rich sequences, we next tested whether TIA1/TIAL1 are also
involved in the regulation of PTC-introducing AS events. For this
analysis, we selected 36 additional cassette alternative exons, of
which 10 are associated with U-rich (same criteria as above)
downstream intronic sequences and are predicted to introduce a
PTC upon inclusion, and eight are associated with U-rich intron
sequences and are predicted to introduce a PTC upon exclusion. An
additional set of exons associated with non-U-rich intronic se-
quences, eight of which are PTC upon inclusion AS events and 10
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of which are PTC upon exclusion AS events, were also analyzed.
In close agreement with the results described above, the U-rich
and non-U-rich events that were not alternatively spliced in
HeLa cells were not affected by the depletion of TIA1/TIAL1.

Moreover, 13/14 (92.8%) of the PTC-introducing, alternatively
spliced events associated with U-rich introns display TIA1/TIAL1-
dependent changes in exon inclusion, whereas only one of nine
(11%) of the alternative exons associated with non-U-rich in-

Figure 2. Intron sequences with elevated U-content are associated with exons having reduced frequencies of ESEs and increased frequencies of ESSs.
Distribution of constitutively spliced (CS) (A) and alternatively spliced (AS) (B) exons with different frequencies of ESEs that are associated with either
“U-rich” downstream intronic sequences (blue lines) or non-U-rich downstream intronic sequences (red lines). Panels C and D show the corresponding
plots when comparing numbers of exons with different frequencies of ESSs. A single cut-off for U-richness of 28% (>28% U-content defined as U-rich,
and <28% U-content defined as non-U-rich) was used. ESE and ESS counts (X-axis) are binned into equiprobable bins over the entire corresponding
event set (CS/AS), so that higher counts bins have a higher X-value. Panels E–H repeat this analysis for ESE (E,F) and ESS (G,H) elements for G-rich and
non-G-rich intronic flanks. A single threshold of 22%–25% was used to separate events that contain G-rich or non-G-rich flanking intron sequences.
(*)P-value too small to compute.
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trons displayed TIA1/TIAL1-dependent increases in exon skip-
ping (Supplemental Fig. 4). When comparing all of the intron
sequences of the AS events assayed above by RT-PCR assays, we
observe that a U-rich threshold of 30% best discriminates the
events that display inclusion level changes upon knockdown of
TIA1/TIAL1 proteins. This is comparable to the computationally
defined threshold for U-richness that best discriminates exons
based on relative frequencies of ESE and ESS elements. Together,
these observations suggest that TIA1/TIAL1 proteins may play a
dominant role in regulating the inclusion levels of alternative
exons flanked by U-rich motifs and that have relatively low ESE
counts and/or relatively high ESS counts. Interestingly, the re-
sults also suggest that TIA1/TIAL1 may in some cases function to
regulate gene expression by modulating the inclusion levels of
exons that, when included or skipped, trigger transcript degra-
dation by NMD.

In summary, the results described above indicate that re-
duced expression of TIA1/TIAL1 in HeLa cells predominantly af-
fects the inclusion levels of alternatively spliced exons that are
followed by U-rich sequences. Moreover, the results also indicate
that the vast majority of such exons may be under the control of
TIA1/TIAL1 proteins, and this thus implies that most genes with
alternative exons flanked by U-rich regions are regulated by these
proteins.

Variables modulating the effect of TIA1/TIAL1 knockdown

While knockdown of TIA1/TIAL1 resulted in reproducible in-
creases in the levels of skipping of the vast majority of alterna-
tively spliced exons followed by U-rich sequences (Fig. 3B), the
extent of these effects were quite variable (the increased skipping
levels ranged from ∼1.5- to 10-fold) (Fig. 3D). In order to assess
which factors might determine the extent of the activity of TIA1/

Figure 3. Alternative exons associated with U-rich downstream intronic sequences are differentially spliced following TIA1/TIAL1 depletion. (A)
Immunoblot analysis of HeLa cells transfected with pools of siRNAs targeted against TIA1 and TIAL1 transcripts (lane 1), or transfected with a pool of
control, nontargeting siRNAs (lanes 2–4). The upper panel was probed with an anti-TIA1 antibody, the middle panel with an anti-TIAL1 antibody, and
the bottom panel with an anti-GAPDH antibody. The anti-TIA1/TIAL1 antibodies each detect a protein doublet, presumably corresponding to variants
of these proteins. Lanes 3 and 4 are dilutions corresponding to 30% and 10%, respectively, of the sample loaded in lane 2. (B) RT-PCR analysis of
alternative spliced exons associated with U-rich intronic sequences in HeLa cells transfected with either a pool of control nontargeting siRNAs (�) or
pools of siRNAs specific to TIA1/TIAL1 (+). (C) RT-PCR analysis of alternative spliced exons associated with non-U-rich introns in HeLa cells transfected
with either a pool of control, nontargeting siRNAs (�) or a pool of siRNAs specific to TIA1/TIAL1 (+). (D) Densitometric analyses of the resulting PCR
bands were carried out using ImageQuant software. The increase in exon skipping upon TIA1/TIAL1 depletion was calculated as the ratio of the band
intensities of exon-included (�)/exon-excluded (�) over the band intensities of exon-included (+)/exon-excluded (+). A ratio equal to 1, as shown by
the horizontal line, indicates no change in the level of exon skipping upon TIA1/TIAL1 depletion. The means and standard errors of the ratios from two
independent RT-PCR analyses of two independent siRNA transfection experiments were calculated for each alternatively spliced cassette exon and
plotted using GraphPad Prism 4. Light gray bars correspond to U-rich alternatively spliced cassettes; dark gray bars correspond to non-U-rich AS
cassettes. T/T siRNA indicates TIA1/TIAL1 siRNA; N-T siRNA, nontargeting (control) siRNA.
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TIAL1 proteins, we investigated whether different parameters
correlate with the magnitude of the change in exon skipping
upon depletion of these proteins. These parameters included 5�

splice site strength, proximity of the first U-rich motif to the
exon–intron boundary, proportion of U’s within the first 30 nt of
the intron, and the presence of ESE and ESS motifs. Among these
parameters, significant correlations (as measured using two-
tailed Spearman’s correlation tests) were observed between the
increase in level of exon skipping and the U-richness within the
first 30 nt of the intron (r = 0.49, P = 0.0096) (Fig. 4A), as well as
the proximity of the first U-rich motif from the exon–intron
boundary (r = �0.42, P = 0.029) (Fig. 4B). These results suggest
that both the proximity and overall U-richness are among the
strongest determinants of TIA1/TIAL1-dependent regulation of
AS. In contrast, although the frequencies of ESE and ESS motifs in
the regulated exons are predictive of the presence of downstream
U-rich motifs (see Fig. 2), neither the frequencies of these motifs
nor the strength of the 5� splice sites appeared to play dominant
roles in establishing relative exon inclusion levels of TIA1/TIAL1-
regulated exons.

Biological relevance of TIA/TIAL1-regulated AS

To assess the possible functional relevance of the AS events as-
sociated with U-rich downstream intronic sequences and regu-
lated by TIA1/TIAL1, we first determined which of these events
are conserved in mouse transcript sequences and have the po-
tential to alter protein coding sequences. In previous studies, it
was shown that only 10%–20% of cassette-type alternative exons
are conserved between human and mouse transcripts (Modrek
and Lee 2003; Nurtdinov et al. 2003; Sorek et al. 2004; Pan et al.
2005; Yeo et al. 2005). The remaining 80%–90% of cassette exons
are either genome specific (i.e., they are only detected in tran-
scripts from one species) or alternatively spliced in a species-
specific manner (i.e., they involve conserved exons that are al-
ternatively spliced in one species and constitutively spliced in
the other species) (Modrek and Lee 2003; Nurtdinov et al. 2003;
Sorek et al. 2004; Pan et al. 2005; Yeo et al. 2005). Consistent
with the probable functional importance of many cassette-type
AS events that are conserved between human and mouse, these
events are significantly more often frame-preserving and regu-
lated in a cell- or tissue-dependent manner than are species-

specific cassette-type events (Pan et al. 2004; Resch et al. 2004;
Sorek et al. 2004, Xing and Lee 2005).

We initially assessed the conservation of the 36 human AS
events shown above to be regulated by TIA1/TIAL1, by searching
mouse EST and cDNA databases for the presence of the ortholo-
gous, exon-included, and exon-excluded transcripts. Conserva-
tion of both isoforms was detected for 20/36 (55.5%) of these
cassette AS events (Table 2, yellow shading). This represents a
significant enrichment for conserved AS events over the propor-
tion (17.7%) observed in the total data set (n = 3872). Eleven of
the 36 (30.5%) cassette-type AS events show conservation for
only one of the isoforms, suggesting that these events may rep-
resent cases of conserved exons that are spliced in a species-
specific manner (Table 2, green shading). The remaining five cas-
sette-type alternative exons were only detected in human tran-
scripts, indicating that these may represent genome-specific
exons (Table 2). We next assessed whether, overall, AS events
flanked by U-rich downstream intronic sequences (scored as de-
scribed above) are more conserved than the AS events not
flanked by U-rich intron sequences. A large collection of ortholo-
gous human and mouse sequences were mined for AS events
using alignments of EST and cDNA sequences (see Methods). Re-
gions with sufficient coverage in both species were used to de-
termine which cassette exons are conserved in both species and
which are not conserved. Consistent with the results described
above involving the experimentally characterized TIA1/TIAL1-
dependent AS events, in the larger data set, exons that are
flanked by U-rich regions are also enriched in the group of con-
served AS events between human and mouse. These results thus
provide evidence that TIA1/TIAL1 proteins and U-rich ISEs often
mediate the regulation of AS events that are conserved between
human and mouse.

Finally, we sought to determine whether TIA1/TIAL1 regu-
late AS of functionally related sets of genes. Previous studies have
shown that specific sets of coregulated AS events often involve
genes that belong to the same functional processes and pathways
(Ule et al. 2005; Fagnani et al. 2007; Ip et al. 2007). AS events with
U-rich flanking intronic sequences, with known or predicted
regulation by TIA1/TIAL1 proteins, were analyzed for enrich-
ment of specific Gene Ontology (GO) terms. The AS events were
classified as U-rich using increasing cut-offs for U-richness (i.e.,
>30%, >35%, >40%). GOstat (Beissbarth and Speed 2004) was em-

Figure 4. The increase in exon skipping correlates with the proportion of U’s and the proximity of the first U-rich motif to the exon–intron boundary.
Spearman correlation tests showing significant correlations between the increase in exon skipping upon TIA1/TIAL1 silencing and proportion of U’s
within the first 30 nt of the second intron of the splicing cassettes (A), and the proximity of the first U-rich motif to the exon–intron boundary (B). The
correlations suggest that exons followed by extended TIA1/TIAL1 binding sites (longer stretches of U’s) and/or by binding sites that are located closer
to the 5� splice sites are more sensitive to the reduced levels of TIA1/TIAL1. EIB, exon–intron boundary; n = 27 alternative splicing cassettes.
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ployed to assess whether there is enrichment of specific GO terms
in the U-rich groups relative to the entire set of AS events in the
starting data set. However, no specific GO terms were scored as
being significantly enriched among the set of genes with U-rich
intronic sequences adjacent to alternative exons. It appears

therefore that TIA1/TIAL1 regulate the AS of genes associated
with diverse functions.

Discussion

A major challenge of splicing research is to elucidate the “splicing
code,” specifically, the full set of motifs and other sequence fea-
tures that are responsible for the accurate recognition of splice
sites and regulation of AS. To date, the majority of published
studies have focused on the identification and characterization
of exonic sequence motifs, namely, ESEs and ESSs (for review, see
Chasin 2007). While recent studies employing computational
analyses of conserved intronic sequences flanking alternative ex-
ons have resulted in the identification or prediction of some new
splicing regulatory motifs (Minovitsky et al. 2005; Voelker and
Berglund 2007; Yeo et al. 2007), the extent of the function of
these and other ISE and silencer motifs is not known. Moreover,
how exonic and intronic motifs, together with the splice sites,
combine to achieve a concerted splicing outcome is not well
understood.

In the present study, we have performed a systematic analy-
sis of human intronic sequences downstream of 5� splice sites,
with the goal of identifying sequence elements that have a wide-
spread function in splicing regulation. Computational analyses
revealed significant enrichment of U-rich motifs between nucleo-
tides +6 to +30 downstream of both constitutive and alternative
exons. No such enrichment was observed downstream of pseudo
exons. The property of overall U-richness (i.e., the percentage U
content) in the first 100 nt of downstream intronic sequence was
found to display significant relationships with the frequencies of
ESEs and ESSs in the preceding exons. Downstream U-rich in-
tronic regions correlate with reduced frequencies of ESEs and
with increased frequencies of ESSs in the upstream exons. These
sequence relationships suggest an important and potentially
widespread role for U-rich intronic regions in controlling the
recognition and regulation of the upstream exons. Consistent
with this prediction, siRNA-mediated depletion of the closely
related proteins TIA1 and TIAL1, which were previously impli-
cated in promoting the recognition of 5� splice sites via binding
U-rich sequences, resulted in a general reduction in inclusion
levels, specifically of alternatively spliced exons upstream of U-
rich intronic sequences. Our results thus reveal a widespread role
for recognition of U-rich intronic sequences by TIA1/TIAL1 pro-
teins in the regulation of AS.

Based on the proportion of cassette-type alternative exons
that are flanked by U-rich intronic regions (with a conservative
cut-off of >40% U content) and the high rate at which exons
associated with such flanking U-rich regions display a change in
inclusion level upon depletion of TIA1/TIAL1, our results predict
that ∼15% of alternatively spliced exons are regulated by these
proteins. In contrast, none of the constitutive exons flanked by
U-rich intron sequences displayed a significant change in inclu-
sion level following depletion of TIA1 and TIAL1 proteins.
Among the possible reasons for this lack of response are that
constitutive exons may be “buffered” from TIA1/TIAL1 depletion
by having, on average, stronger splice sites, higher average ESE
counts, and lower average ESS counts, relative to alternatively
spliced exons (Zhang and Chasin 2004; Zheng et al. 2005). In
particular, the ∼75% depletion level achieved for TIA1/TIAL1
proteins may not be sufficient to result in significant effects on the
inclusion levels of constitutive exons compared with alternative
exons. In this regard, it is also noteworthy that the proportion

Table 2. Conservation of TIA1/TIAL1-regulated, U-rich alternative
splicing events

Yellow shading corresponds to genes with conserved alternative splicing
(AS) events between human and mouse. Green shading corresponds to
genes with AS events involving exons that are conserved but constitu-
tively spliced in mouse. No shading corresponds to genes with species-
specific exons detected in human but not in mouse. Open reading frame
(ORF) preservation refers to both exon-included and excluded products.
n/a, exon is species-specific (human).
1Genes involved in cell motility and morphology.
2Genes involved in RNA metabolism.
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of U’s in the downstream 30 nt of intronic sequence was corre-
lated with the magnitude of the increase in exon skipping level of
the associated alternative exons upon TIA1/TIAL1 depletion.
This observation, which is consistent with the results of previous
SELEX experiments showing that TIA1 and TIAL1 preferentially
bind U-rich sequences in vitro (Dember et al. 1996), thus sup-
ports a widespread and direct role for TIA1/TIAL1 proteins in
promoting inclusion of alternative exons via binding of U-rich
intronic sequences. Also supporting this mechanistic relation-
ship was the observation that the effect of depletion of TIA1/
TIAL1 on exon skipping levels was more pronounced when the
U-rich regions were closer to the 5�-splice site. Previous studies
have shown that TIA1 and related proteins function to promote
5� splice site recognition by forming direct interactions with
components of U1 snRNP (Forch et al. 2002). Thus, binding of
TIA1 and possibly TIAL1 via U-rich sequences proximal to the
5�-splice site presumably generally favors interactions with U1
snRNP to facilitate exon inclusion. While it is not clear why the
overall U-richness of flanking intronic sequences correlates with
a stronger TIA1/TIAL1-dependent effect on splicing, it is possible
that a higher number of potential binding sites increases the
probability of a single TIA1/TIAL1 protein effecting splicing
stimulation. However, it is also conceivable that TIA1 and/or
TIAL1 could bind via multiple sites in a cooperative manner such
that binding of a single, proximal protein effects a direct re-
sponse. It also cannot be excluded that TIA1 and/or TIAL1 pro-
mote increased exon inclusion through additional, as yet un-
identified contacts with the splicing machinery, and in this sce-
nario, the binding of multiple TIA1/TIAL1 proteins to proximal
U-rich sequences would similarly favor increased exon inclusion
levels.

The widespread functional importance of regulation of AS
by TIA1/TIAL1 via binding U-rich sequences is supported by the
observation that the majority of the alternative exons flanked by
U-rich sequences that have been experimentally validated are
conserved in mouse. Moreover, the proportion of conserved alter-
native exons adjacent to U-rich intronic sequences is higher than
the proportion of conserved exons adjacent to intronic se-
quences that are not U-rich. Previous studies have identified a
role for TIA1 and TIAL1 in the regulation of exon 6 of the FAS
gene; this event functions to regulate the level of the pro-
apoptotic FAS isoform leading to regulation of the apoptotic pro-
cess (Izquierdo et al. 2005). In addition, TIA1 regulates the inclu-
sion level of exon 6 of the PPP1R12A (MYPT1) gene involved in
smooth muscle phenotypic variations (Shukla et al. 2005). Our
data greatly expands the number of AS events and associated
gene functions that are predicted to be regulated by TIA1/TIAL1.
While the experimentally defined and computationally pre-
dicted sets of these events are not significantly enriched in spe-
cific GO terms, many of the genes in our data sets with validated
or predicted TIA1/TIAL1-dependent AS events function in cell
morphology, cell migration, and RNA metabolism, in addition to
a range of other cellular functions (see Table 2). Given that both
TIA1/TIAL1 are widely expressed (Beck et al. 1996), our results,
taken together with the previous studies on these proteins, indi-
cate that TIA1/TIAL1 participate in the regulation of diverse cel-
lular functions via binding to U-rich elements adjacent to target
alternative exons. Interestingly, both proteins show higher ex-
pression levels in brain and testis (Beck et al. 1996), organs that
are known to have relatively complex AS patterns. It is interest-
ing to note that no overlap was observed between gene targets
reported to be repressed by TIA1 at the translation level (Lopez de

Silanes et al. 2005) and genes regulated by TIA1/TIAL1 at the AS
level. This suggests that TIA1/TIAL1 regulates distinct subsets of
genes at the splicing and translation levels.

The results of the present study reveal that presence of U-
rich sequences downstream of alternative exons is highly predic-
tive of regulation by TIA1/TIAL1 proteins, and therefore advance
our understanding of the sequence code responsible for the regu-
lation of AS. In this regard, the results complement and extend a
recent, pioneering study linking clusters of YCAY motifs in ex-
onic and intronic regions to regulation of altenative splicing by
the RNA binding neural-specific splicing regulator Nova (Ule et
al. 2006). The information from such studies should facilitate not
only the prediction of splicing factor regulatory activities but also
the consequences of disease mutations. For example, disease
genes such as the cystic fibrosis transmembrane-conductance
regulator (CFTR) (Kerem et al. 1989; Riordan et al. 1989; Rom-
mens et al. 1989); filamin B (FLNB), which is disrupted in a num-
ber of skeletal disorders (Krakow et al. 2004); procollagen lysine
hydroxylase 2 (PLOD2), one of the genes responsible for Bruck
syndrome (van der Slot et al. 2003; Ha-Vinh et al. 2004); and
tetratricopeptide repeat protein 8 (TTC8), which is disrupted in
Bardet-Biedl syndrome (Ansley et al. 2003) contain exons with
downstream functional U-rich regions (Zuccato et al. 2004; this
study). An additional gene that contains an exon followed by
U-rich intronic sequences (this study), oxidized low density lipo-
protein receptor 1 (OLR1), is associated with increased risk of
Alzheimer’s disease and myocardial infarction (Luedecking-
Zimmer et al. 2002; Lambert et al. 2003). Many disease mutation
screening protocols assess at least 50 nt of flanking intronic se-
quence of individual exons, although mutations in these regions
are often not investigated further if they do not directly alter
splice site consensus sequences. Our results warrant the careful
investigation of the possible consequences of mutations in in-
tronic regions that target U-rich sequences proximal and down-
stream of alternatively spliced exons.

Methods

Sequence data sets
The 109,225 human constitutive exons and adjacent 100 nt of
downstream intronic sequences in the Const data set were ob-
tained from the Hollywood database (Holste et al. 2006), and the
3872 human alternative exons and adjacent 100 nt of down-
stream intronic sequences in the Alt data set were mined as pre-
viously described and documented (Pan et al. 2006). The data set
of 100-nt-long “deep”-intron sequences (located ∼500 nt from
each upstream exon) was obtained from the corresponding genes
in both the Const and Alt data sets. The data set of 2309 pseudo
exons and flanking intronic sequences was obtained from Zhang
and Chasin (2004) (http://www.columbia.edu/cu/biology/
faculty/chasin/xz3/pseudos5.doc).

Motif searching
The intronic sequences from the Const and Alt data sets were
aligned at +1 and scanned for motifs using a modified version of
the SeedSearcher algorithm (Barash et al. 2001). SeedSearcher
identifies sequence motifs that discriminate a set of query se-
quences from a set of control sequences. In the present study, the
Const and Alt query sequences were compared against the set of
corresponding deep-intron sequences as the control set. Seed-
Searcher was configured to search for motifs comprising short
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subsequences (or “seeds”) of 5–12 nt with various degrees of se-
quence flexibility (see Results). Each motif was scored by assign-
ing a hypergeometric P-value representing the probability of ob-
serving at least the same number of sequences from the query
group with the motif, given its abundance in the positive and
negative groups (Barash et al. 2001). To perform the searches, the
large Const set of 109,225 intronic sequences was randomly par-
titioned into 27 subsets, each of similar size to the Alt set. Each of
the 27 subsets was searched for motifs as described above. Motifs
with a Bonferroni-corrected hypergeometric P-value above 0
(�log10 scaled) were reported and then searched against all the
other subsets of the data, as well as in the entire group of 109,225
intronic sequences. This threshold was set to be permissive to
avoid missing motifs that might appear even more significant
when searching against the complete data set. The top 20
highest scoring SeedSearcher motifs in the “Alt” set, and corre-
sponding scores (Bonferroni-corrected hypergeometric P-values)
are shown in Table 1. Scores are �log10 scaled and range from 25
to more than 40.

Computational analysis of the distribution of U-rich-motifs
across introns
The distribution of U-rich motifs of variable length and compo-
sition (3/3, 3/4, 3/5, 4/4, 4/5, 4/6, 5/5, 5/6, 5/7, 6/6, 6/7, 7/7) was
determined by counting motifs independently at every nucleo-
tide position in the +1 aligned intronic sequences of each data set
(Const, Alt, and Pseudo). The graphic representation of the dis-
tribution of U-rich motifs for each sequence population was gen-
erated using Matlab.

Statistical analysis
Jensen Shannon divergence (Lin 1991) was employed to score the
differences of ESE and ESS frequencies in exons upstream of U-
rich or G-rich and non-U-rich or non-G-rich intronic regions.
The Jensen Shannon divergence was computed using U-rich or
G-rich motifs (e.g., 3/4, 4/5,. . .) and U-rich or G-rich thresholds
(e.g., number of non-overlapping U-rich motifs) in the first 100
nt to define the two populations, U-rich or G-rich and non-U-
rich or non-G-rich (see Supplemental Fig. 2; data not shown).
The P-values reported in Figure 2 are based on Kolmogorov-
Smirnov test.

Two-tailed Spearman correlation tests were performed to as-
sess for correlations between the effect of TIA1/TIAL1 knock-
down on the splicing of U-rich AS cassettes and different vari-
ables (see Fig. 4). These tests were carried out using the GraphPad
Prism 4 statistical package.

A binomial tail probability was used to compute an enrich-
ment of U-rich AS events in the AS events conserved between
human and mouse in the Alt set. For this, the number of U-rich
events (%U > 40) that are also found to be conserved in the Alt
set was compared against the total number of conserved events
in U-rich (>40%) and non-U-rich (<20%) events in the Alt set.

Transfection experiments
HeLa cells were grown in DMEM medium supplemented with
10% fetal calf serum and 1% streptomycin-penicillin antibiotics.
The cells were grown in 35-mm tissue culture dishes. Two pools
of four siRNAs, each specific to TIA1 and TIAL1 (50 nM each
gene, 100 nM total), and nontargeting control were obtained
from Dharmacon Inc. and transfected into 50%–70% confluent
HeLa cells using 4 µL of DharmaFECT 1 reagent. Forty-eight
hours after the first transfection, a second round of transfection
was performed using identical conditions. Cells were harvested
48 h after the second transfection.

Transcript and Western blot analyses
Total RNA was isolated from one-third of the cells from each
transfection experiment using RNAesy columns (Qiagen). First
strand cDNA was synthesized from 0.5 µg of DNase I–treated
RNA with Superscript reverse transcriptase (Invitrogen) accord-
ing to supplier’s recommendations. Radioactive PCR amplifica-
tion (20 cycles beginning at 30 sec at 94°C, 30 sec at 60°C, and 30
sec at 72°C with a decrease in annealing temperature of 0.5°C per
cycle, followed by five cycles with 30 sec at 94°C, 30 sec at 50°C
and 30 sec at 72°C) of each splicing cassette was performed using
0.5 µCi/µL of [�-32P]dCTP (GE Healthcare). Oligonucleotide
primer pairs for each splicing event analyzed are available upon
request. The PCR reaction products were separated by nondena-
turing 5% PAGE. Gels were dried and product bands were quan-
tified using PhosphorImager analysis and Image Quant software
(Molecular Dynamics).

Total protein was extracted from two thirds of the collected
siRNA-transfected cells using RIPA buffer (50 mM Tris-HCl, 150
mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate, pro-
tease inhibitor cocktail; Roche). Twenty micrograms of total pro-
tein extract were separated by SDS-PAGE on 4%–12% gels (Invit-
rogen) and transferred to Hybond-C super membranes (Amer-
sham Biosciences). Immunoblot detection of TIA1, TIAL1, and
GAPDH was performed using goat polyclonal antibodies and rab-
bit polyclonal antibody, respectively (Santa Cruz Biotechnology),
as per the manufacturer’s instructions. Immunoreactive protein
was detected using enhanced chemiluminescence of horseradish
peroxidase-conjugated anti-goat or anti-rabbit (Bio-Rad) second-
ary antibodies with Hyperfilm ECL film (Amersham Biosciences).
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