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Letter

A comprehensive computational characterization
of conserved mammalian intronic sequences reveals
conserved motifs associated with constitutive

and alternative splicing

Rodger B. Voelker and J. Andrew Berglund'

Institute of Molecular Biology, University of Oregon, Eugene, Oregon 97403, USA

Orthologous mammalian introns contain many highly conserved sequences. Of these sequences, many are likely to
represent protein binding sites that are under strong positive selection. In order to identify conserved protein
binding sites that are important for splicing, we analyzed the composition of intronic sequences that are conserved
between human and six eutherian mammals. We focused on all completely conserved sequences of seven or more
nucleotides located in the regions adjacent to splice-junctions. We found that these conserved intronic sequences are
enriched in specific motifs, and that many of these motifs are statistically associated with either alternative or
constitutive splicing. In validation of our methods, we identified several motifs that are known to play important
roles in alternative splicing. In addition, we identified several novel motifs containing GCT that are abundant and are
associated with alternative splicing. Furthermore, we demonstrate that, for some of these motifs, conservation is a
strong indicator of potential functionality since conserved instances are associated with alternative splicing while
nonconserved instances are not. A surprising outcome of this analysis was the identification of a large number of
AT-rich motifs that are strongly associated with constitutive splicing. Many of these appear to be novel and may
represent conserved intronic splicing enhancers (ISEs). Together these data show that conservation provides
important insights into the identification and possible roles of cis-acting intronic sequences important for alternative

and constitutive splicing.

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

The majority of mammalian mRNAs are interrupted by multiple
noncoding intronic sequences that must be removed before
translation. A large ribonucleoprotein complex known as the
spliceosome carries out the recognition and removal of introns
(for reviews, see Burge et al. 1999; Brow 2002; Stark and Luhr-
mann 2006). Vertebrate introns contain characteristic, but de-
generate, splice-junction sequences at either end (Burge et al.
1999). Although the information contained in the splice-
junction is typically essential for splicing, it is not generally suf-
ficient for accurate splice-junction definition (Cartegni et al.
2002; Faustino and Cooper 2003). Splice-junction usage, in mul-
ticellular organisms at least, can be influenced by the presence of
a variety of sequence motifs that are typically located near the
splice-junction. Identification of such accessory splicing signals
(which we will refer to generally as cis-splicing elements) is an
active area of research, and many sequences known to influence
splice-junction usage have been identified through the use of
experimental and computational methods. Based upon their ob-
served effect on splicing and their location relative to the splice-
junction, cis-splicing elements are typically divided into several
categories that include exonic and intronic splicing enhancers
(ESEs and ISEs) and exonic and intronic splicing suppressors/
silencers (ESSs and ISSs) (for reviews, see Blencowe 2000; Cartegni
et al. 2002; Ladd and Cooper 2002; Faustino and Cooper 2003;
Matlin et al. 2005; Pozzoli and Sironi 2005; Zheng 2004). In a
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manner analogous to promoter elements that bind transcription
factors that then influence formation of a productive transcrip-
tion initiation complex, it appears that cis-splicing signals serve
as binding sites for specific proteins that, when bound, influence
splice-junction recognition by the spliceosome.

In addition to experimental approaches, several computa-
tional approaches for identifying exonic and intronic cis-
elements have been described (for review, see Zhang et al. 2005).
In order to establish background frequencies for the statistics,
many of these studies relied upon properties internal to a single
genome, such as overrepresentation of short sequences (n-mers)
within tissue-specific splice isoforms (Brudno et al. 2001; Sugnet
et al. 2006), in strong versus weak splice-junctions (Fairbrother et
al. 2002; Yeo et al. 2004), in intron-containing versus intron-
lacking exons (Fedorov et al. 2001), and in real versus pseudo
splice-junctions (Zhang et al. 2003; Zhang and Chasin 2004).

The increasing wealth of genomic sequence information has
made possible the development of computational methods that
rely upon comparative genomic methods. The rationale for com-
parative approaches is founded in the well-established obser-
vation that informationally important sequences tend to be
evolutionarily conserved. Several studies using conservation of
sequence as a criterion for identifying potential intronic cis-
splicing elements have been published (Yeo et al. 2005; Goren et
al. 2006; Kabat et al. 2006). Comparative genomic studies have
demonstrated that the regions surrounding human splice-
junctions often contain sequences conserved among other mam-
mals, and high levels of conservation are especially apparent in
the regions surrounding alternatively spliced junctions (Sorek
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and Ast 2003; Sugnet et al. 2004, 2006; Sironi et al. 2005; Yeo et
al. 2005). It seems likely that these regions are conserved because
of pressures to maintain sequences involved in splice-junction
usage.

Although alternative splice-junctions often display higher
levels of conservation than constitutively spliced junctions (Yeo
et al. 20095), alignments between orthologous introns reveal that
most introns, even constitutively spliced introns, contain one or
more regions that are highly conserved (for an example, see Fig.
1). Many of the conserved regions found within the flanks of
constitutively spliced introns are much shorter than the highly
conserved regions found in alternatively spliced introns and may
simply represent regions that have not yet diverged due to ran-
dom mutational drift. However, it is also possible that some of
this conservation results from selective pressures to maintain
functionally relevant signals that play important roles in cellular
processes such as transcription, poly-adenylation, chromatin re-
modeling, mRNA trafficking, and splicing.

We present the results of a comprehensive characterization
of the composition of sequences that are conserved among or-
thologous mammalian introns. Our ultimate goal was to charac-
terize conserved cis-splicing elements. Since these are likely to
represent protein binding sites and since many RNA binding pro-
teins recognize short (6-10 nt) patterns, we included all con-
served sequences (CSs) that are at least 7 nt in length. It should be
noted that this analysis therefore differs from studies of much
longer conserved nongenic sequences (known as CNGs) (for re-
views, see Dermitzakis et al. 2005; Bird et al. 2006). While CNGs
tend to be located in gene-sparse regions, we focused exclusively
on the intronic regions immediately flanking splice-junctions.
Our analysis also differs from other computational studies de-
signed to characterize cis-splicing elements that have largely fo-
cused on identifying motifs enriched in alternatively spliced in-
trons (Brudno et al. 2001; Yeo et al. 2005; Sugnet et al. 2006). We
designed this study to include all intronic splice-junctions, re-
gardless of whether they are constitutively or alternatively

spliced. The approach we developed utilizes a multiple sequence
alignment between human and six eutherian mammalian ge-
nomes. From this alignment, all contiguous stretches of at least 7
nt of identical sequence were extracted and characterized. In or-
der to identify relevant motifs, we developed a graph clustering
method to cluster overrepresented conserved n-mers containing
similar substrings.

This analysis produced several interesting observations re-
garding conserved intronic sequences and splicing. (1) We show
that CSs are enriched in specific motifs. This demonstrates that
many CSs are the result of positive selective pressures on a lim-
ited set of putative cis-acting sequences and are not simply due to
chance conservation. (2) Many conserved intronic motifs are as-
sociated with either alternative or constitutive splicing. This sug-
gests that these motifs play important roles in splicing. (3) As
validation for our methods, we found that several of the motifs
associated with alternative splicing resemble motifs previously
demonstrated to play important roles in regulated splicing. (4)
We identified several novel motifs containing GCT that are as-
sociated with alternative splicing. (5) We identified a large num-
ber of conserved motifs that are associated with constitutive
splicing, most of which have not been previously computation-
ally identified. (6) Lastly, we demonstrate that conservation is an
important indicator of functionality by showing that conserved
instances of some n-mers are highly associated with alternative
splicing, but nonconserved instances are not.

Results

Extraction of conserved intronic sequences

In order to identify conserved motifs representing putative trans-
factor binding sites, we wanted to extract all intronic sequences
conserved between human and several closely related mammals.
We created a database of U2-dependent intronic sequences based
upon the RefSeq annotation (Pruitt et al. 2005). We chose this
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rhesus TTGTTATCATTTGCATTGTTTTAAGGTGAGAC TGAGACAAACAGCT TGCAGGCCTGTAAA AAGAG CTTTGAGCCGCTGGGTGTAGATG
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Figure 1. Example of mammalian genomic alignment showing conserved exonic and intronic sequences. Shown is a small portion of the human gene
LMO7 aligned against the orthologous region of the six mammalian genomes used in this study. (A) Four exons (represented as boxes) and their
corresponding introns. The central graphic indicates the observed splicing events. Below that, the conservation is represented as a histogram where the
height is proportional to the degree of conservation. (B) An expanded view of the sequence flanking the 5’ splice-junction of the second, alternatively
spliced, exon. The actual sequence is displayed below the conservation histogram. Boxes are placed around conserved sequences (CSs). The original
graphics were drawn using the UCSC Genome Browser (http://genome.ucsc.edu; Kent et al. 2002).
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annotation since it is a conservative assessment of human genes
and limits pseudo-genes and pseudo-exons. Mammalian introns
vary greatly in length (from ~100 to >400,000 bp), and the signals
that govern splicing of shorter (<200 bases) introns may differ
from those governing splicing of longer introns (Fox-Walsh et al.
20059). For this analysis, we chose to focus exclusively on introns
that are >199 nt. Such introns compose the bulk of human in-
trons. We reasoned that signals involved in splicing are likely to
be located near splice-junctions; therefore, we focused on the
100-nt intronic regions adjacent to the splice-junctions. Since we
were interested in characterizing intronic sequences that lie out-
side of the splice-junctions themselves, we excluded the first 7 nt
of the donor side and the last 3 nt of the acceptor side of introns
(Fig. 2).

We defined a CS to be a contiguous run of at least 7 nt of
identity in a multiple sequence alignment between human and
six eutherian mammals: chimp, rhesus monkey, mouse, rat, dog,
and cow (see Methods). We chose 7 nt as the lower length cutoff
since many RNA binding proteins have binding site sizes of 6-10
nt. In order to emphasize the most significant portion of the cis
signals and to reduce noise, we chose not to allow any sequence
mismatches. For sequence and motif analysis, we extracted and
categorized CSs from the donor intronic (DI) and acceptor in-
tronic (Al) regions (see Fig. 2). Details concerning the identifica-
tion and extraction of CSs are presented in the Methods.

Many thousands of introns containing CSs were identified.
Specifically 16,548 introns (11%) contained CSs in the donor
side, and 20,342 introns (14%) contained CSs in the acceptor
side. Since CSs were extracted from a multiple-sequence align-
ment, which requires that the relative positions of a sequence be
somewhat conserved, it is possible that these numbers underes-
timate the number of functionally relevant conserved intronic
sequences. Nevertheless, we believe this approach produces a
conservative sampling that will allow us to identify functionally
relevant sequences. The lengths of CSs varied from the minimum
of 7 bases to the full-length of 100 bases. The actual distributions
are shown in Figure 3, A and B.

Conserved intronic sequences are found adjacent to both
constitutive and alternatively spliced junctions

In order to explore the relationships between alternative splicing
and CSs, splice-junctions containing a CS were cross-referenced
against the alternative splice events annotated in the UCSC
ExonWalk database (http://hgdownload.cse.ucsc.edu/
goldenPath/hgl7/database/). A splice-junction was annotated as
alternative if it was involved in either a skipped-exon or alterna-
tive adjacent splice event. Using these data, we found that ~3% of
introns lacking any CS were annotated as being alternative. In
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Figure 2. Schematic representation of mammalian introns detailing the regions used in this study.
The positions of the 5" and 3’ splice-junctions are indicated as 5" S| and 3’ S|. Sequence logos,
composed from 5000 randomly sampled human introns, are used to show the frequency composition
of the splice-junctions. The intronic regions that are the basis of this study are indicated as DI (donor

intronic) and Al (acceptor intronic).
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contrast, we found that 8% of introns containing a CS were in-
volved in an alternative event. Since the lengths of CSs varied
greatly, we wanted to establish the relationship between CS
length and degree of alternative splicing. This analysis (Fig. 3C)
revealed that the degree of alternative splicing increases with the
total length of CS found within the intron. In particular, we
observed that intron flanks containing between 7 and 25 nt of CS
are twice more likely to be involved in alternative events than
were introns without CSs, and flanking regions containing >50
nt of CS are eight times more likely to be involved in alternative
events. These observations are consistent with earlier studies
showing that intronic regions flanking alternatively spliced junc-
tions tend to be highly conserved (Sorek and Ast 2003; Sugnet et
al. 2004, 2006; Yeo et al. 2005), and suggests that important
cis-splicing elements are found in these intronic flanks. It is also
important to note that, although short CSs have a weaker asso-
ciation with alternative splicing, they are far more abundant
than longer CSs and are still twice more likely to be associated
with alternative events. These shorter CSs might represent the
most important portions of protein binding sites.

To explore the distribution of CSs between alternatively or
constitutively spliced junctions, we determined the percentage of
either category that contains one or more CSs (Fig. 3D). Consis-
tent with previous studies and with our analysis above, we found
that a higher proportion of alternatively spliced junctions con-
tain a CS than constitutively spliced junctions. We did not ex-
plore the more complex associations between CSs across exons so
we do not know the percentage of exons that have CSs in just one
or in both intronic flanks. However, these data demonstrate that,
although CSs are enriched in alternatively spliced junctions, the
majority of human alternatively spliced junctions do not contain
a CS in the immediate vicinity of the alternative junction. This
observation is consistent with studies suggesting that the major-
ity of human alternatively spliced events are not conserved
within mammals (Sorek et al. 2006).

Though intronic CSs are enriched in introns flanking alter-
natively spliced junctions, the great majority are located within
junctions that are constitutively spliced (Fig. 3D). Cis-splicing
elements that are involved in constitutive splicing have generally
received less attention than those involved in alternative
splicing. In order to identify putative cis-splicing elements that
may play important roles in alternative and/or constitutive
splicing, we wanted to identify n-mers that are enriched in CS
sequences.

Conserved intronic sequences are enriched in specific n-mers

Many observations have implicated the importance of auxiliary
motifs located within the intronic regions flanking splice-
junctions (for reviews, see Ladd and
Cooper 2002; Matlin et al. 2005). The
hypothesis that highly conserved in-
3sJ tronic sequences (CSs) represent con-

3’ Exon served protein binding sites predicts that
CSs would be enriched in motifs repre-
senting such binding sites. In order to
determine whether or not CSs are en-
riched in specific sequences, we chose to
perform an enumerative analysis of their
sequence composition. Enumerative
methods typically begin with counting
the occurrences of short sequences (n-
mers) within the subject sequence
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Figure 3. Distribution of total lengths of CSs found in donor and ac-
ceptor intronic regions and associations between CS length and alterna-
tive splicing. (A,B) Distributions of the lengths of the CSs found in the
donor or acceptor intronic regions. In cases where more than one CS was
found in a particular intron, the lengths were combined (total length).
For each data set, the bin width is equivalent to two bases. The number
of CSs in each bin is indicated along the Y-axis. The inset plots are the
same data displayed using a log scaled Y-axis to better visualize the longer
CSs. (C) The relationship between the percentage of introns that are
alternatively spliced and the total length of CS found within the intron.
The horizontal bar indicates the average percentage of splice-junctions
that are alternatively spliced (3%). (D) The number (and corresponding
percentages) of all alternatively spliced (Alt+) or constitutively spliced
(Alt—) splice-junctions that contain a CS in the donor (DI) or acceptor
(Al) intronic flanking sequence.

sample. n-Mers that are enriched within the subject sample can
be found by comparing these counts against background expec-
tations. Since the effect on the final score that a putative binding
site will have on an n-mer is related to both the size of the bind-
ing site and the length of the n-mer, we felt it was important to
examine a range of n-mer lengths. For this analysis we chose to
examine all n-mers from 4-7 nt.

We counted n-mers in the conserved donor (DI-CS) and con-
served acceptor (AI-CS) samples using a sliding-window with an
overlapping word count. In order to determine the n-mers that
are enriched within the CS sequences, we had to establish the
background probability for random occurrence for each n-mer
within the region. This is complicated by the fact that the se-
quence composition of introns is nonhomogeneous as one
moves away from the splice-junction; therefore, the probability
of occurrence for an n-mer may vary at each position within the
region. To account for this, we implemented a random sampling
strategy that incorporates position as a factor. For each CS iden-
tified, we also extracted 100 additional analogous (e.g., having
the same splice-junction relative starting position and the same
length) sequences as the CS from introns randomly chosen from
the original data set of all human introns. These sequences made
up the random sequence (RS) pool. Background frequencies were
calculated using the entire RS sample. Enrichment was deter-
mined using a confidence interval for the binomial distribution
(Agresti and Coull 1998) using the probabilities derived from the
RS sample and a sample size proportional to the CS samples (see
Supplemental Materials and Methods). In this manner, we deter-
mined the likelihood that the counts observed in the CS sample

could have occurred by chance in a sample the size of the DI-CS
or AI-CS data sets.

Figure 4, A and C, demonstrates scatter-plots for the counts
of all n-mers found in the CS samples relative to the counts ob-
tained from the RS samples. n-Mers that are significantly en-
riched in the CS samples (a;_ia5eq = 0.01) are indicated. The DI-CS
sample contained 819 significantly enriched n-mers, while the
AI-CS sample contained 1007 (the full set of CS enriched n-mers
is available in Supplemental Tables 1, 2). To assess these results,
we obtained an additional randomly sampled data set for both
the DI-CS and the AI-CS samples (referred to as DI-pseudo and
Al-pseudo, respectively). The pseudo data sets were of the same
size and were analogous (as described above for the RS sample) to
the DI-CS and AI-CS samples. In contrast to the CS samples, only
55 DI-pseudo and 39 Al-pseudo n-mers scored as significant
(Table 1). These results demonstrate that CSs are compositionally
distinct from intronic flanks in general and that they are en-
riched in specific n-mers at a level that is much greater than could
be expected by chance.

Visual inspection of the CS-enriched n-mers revealed that
many contain common substrings. This would be expected if CSs
were enriched in specific motifs since when using a sliding-
window enumeration, a single conserved motif would spawn
many related n-mers containing portions of the motif in different
frames. Examples of the distributions of two n-mers containing
substrings found by visual inspection to be common to CS-
enriched n-mers are shown in Figure 4, B and D. Shown are the
distributions for n-mers containing the substring GCATG (as
found in the DI sample) and the substring TTCTG (as found in
the Al sample). In both cases, it is clear that these substrings
confer a distributional bias to n-mers containing these substrings.
It is interesting to note that the substring GCATG is identical to
the binding site for the Fox family of splicing factors that are
known to play important roles in alternative splicing (discussed
in greater detail below). The TTCTG substring does not exactly

A DI (CS enriched n-mers) B. DI (GCATG n—mers)
105 I 105 !
5104 5 104
£ o £ o
g 103 : g 103 !
= * ALL-DI = ¢ ALL-DI
2 2
10 ¢ Enriched 10 < GCATG
101 1 1 101 1 1
100 101 102 108 100 101 102 108
LOG(Ngg) LOG(Ngg)
C. Al (CS enriched n-mers) D. Al (TTCTG n-mers)
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5 104 *
2 3
=
g 108 el
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1012 L 1
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Figure 4. Scatter-plots for the counts of all n-mers (4-7 nt) in the CS

samples (Ns) vs. the counts in the corresponding random samples (Ngs).
Overlaid on plots A and C are the n-mers that were significantly enriched
(according to the confidence intervals described in the Supplemental
Materials and Methods) in the donor intronic (DI) and acceptor intronic
(Al) regions. Overlaid on plots B and D are all n-mers containing the
substrings indicated. These substrings are examples of substrings that are
enriched in the corresponding regions.
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Table 1. Summary of the numbers of significantly enriched
n-mers found in the DI and Al and of the GCCS clustering
performance

DI Al
cs Pseudo cs Pseudo
1 Total n-mers 21,760 21,760 21,760 21,760
2 P> Clygn 819 55 1007 39
3 Clustered 553 19 768 10
4 % clustered 67.5% 34.5% 76.3% 25.6%
5 No. clusters 63 3 85 1

For comparison, the numbers for the pseudo-DI and pseudo-Al samples
are also shown. Row 2 is the number of n-mers with probabilities that
exceeded the high end of the confidence interval (see Supplemental
Materials and Methods). Rows 3 and 4 contain the numbers and corre-
sponding percentage of n-mers that clustered. Row 5 contains the final
number of clusters that were produced after application of the GCCS
method.

match any described binding sites and is discussed in greater
detail below.

Graph based clustering of similar n-mers and construction
of CS motifs

Visual inspection of the enriched n-mers can be used to identify
particularly common substrings that may represent enriched se-
quence motifs. However, visual inspection alone cannot be used
to thoroughly mine the large number of n-mers in the samples of
interest. In order to identify significantly enriched substrings and
to construct CS motifs, we developed a graph-clustering and mo-
tif reconstruction method that we refer to as Graph Clustering by
Common Substrings (GCCS). Reconstruction of motifs from de-
composed counts of n-mers is a problem for which many solu-
tions have been proposed (Tompa et al. 2005). The GCCS method
utilizes graph clustering to group compositionally similar n-mers
in a manner such that clusters tend to form around n-mers with
high Z-scores (for details, see Supplemental Materials and Meth-
ods). In our approach, we required that all n-mers in a cluster
share a common substring with each
other. Although positional degeneracy
can be incorporated into the GCCS
method, we chose not to allow mis-
matches between substrings. It is diffi-
cult to build a general degeneracy model
that fits all RNA binding proteins. Some
proteins display strong affinities for very
specific sites, while others appear to be
more promiscuous and have similar af-
finities for a range of compositionally re-
lated sites. Since we wanted to detect all
conserved RNA elements and have no a
priori knowledge about binding affini-

ties for putative trans-factors, we there- Color Key
fore only allow degeneracy at the ends of 8 % : g
the motifs. The effect of this choice is

that the number of unique motifs we = %:? 0
identify may overestimate the number

of distinct protein binding sites since a
given protein may equally recognize
more than one motif. However, we
hoped that by requiring exact matches
in the common substring, we would

Figure 5.

www.graphviz.org/).

identify the most highly conserved portions of cis-signals. Fi-
nally, we required that all final clusters be composed of at least
six n-mers. As discussed above, real motifs are expected to gen-
erate multiple n-mers with common substrings in different
phases. Requiring that an n-mer share a substring with other
n-mers allows the GCCS method to take advantage of this phe-
nomenon, and effectively reduces the n-mers that occur in the
population by chance.

We refer to the CS motifs as CSMs. An example of two clus-
ters and corresponding CSMs that were obtained from the DI
region are shown in Figure 5. The CSMs in this example closely
resemble binding sites for two known splicing factors, Fox-1/
Fox-2 and QKI (both discussed in greater detail below). Since
each of these proteins have well-characterized binding sites and
are known splicing factors, the fact that we identified CSMs
matching these sites helps validate our methods. In addition, it is
especially interesting to note that the GCS for the putative QKI
motif centers over the high affinity portion of the QKI site iden-
tified biochemically (Galarneau and Richard 2005).

Table 1 details the clustering results for the CS and pseudo-
CS n-mers. The DI-CS sample yielded 63 clusters, while the AI-CS
sample yielded 85 clusters (available in Supplemental Tables 3,
4). Meanwhile only three clusters were obtained from the DI-
pseudo sample, and only one was obtained from the Al-pseudo
sample. In both cases the percentage of n-mers that clustered was
significantly higher in the CS-derived samples compared with
the pseudo samples. This demonstrates that GCCS clustering suc-
cessfully filters out n-mers that, despite showing enrichment, are
likely to be due to chance.

Many CSMs are statistically associated with constitutive
or alternative splicing events

We have shown that conserved intronic sequences flanking
splice-junctions (CSs) are enriched in specific motifs that may
represent protein binding sites. Since it is possible that some of
these putative binding sites could be important for processes
other than splicing, we wanted to identify CSMs that are statis-

Motif »
> Construction CsM
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ZI0ATGe
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Samples of GCCS clusters derived from the donor intronic (DI) region. Shown are the
graph clusters representing the clustered n-mers used to construct the CSMs for the putative Fox and
QKI protein binding sites (Fig. 7, DI-1 and DI-2, respectively). Vertices are colored according to their
conservation Z-score (see color key). The graphs were drawn using GraphViz (http://
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tically associated with either alternative or constitutive splicing
events.

Using the same database of alternatively spliced junctions
that we used above, we counted the occurrences, for all n-mers
(4-7 nt), within CSs and categorized them according to their
being located adjacent to an alternatively spliced or constitu-
tively spliced junction. The G-test was used to determine signifi-
cant associations (see Supplemental Materials and Methods). The
probabilities for the association were transformed to a value that
we refer to as a T,-score (see Supplemental Materials and Meth-
ods). A positive T,-score indicates an association with alternative
splicing, and a negative T,-score indicates an association with
constitutive splicing. Since each CSM is composed of several n-
mers, the association for the CSM was determined by comparing
the means (using Student’s t-test) of the T,-scores for the CSM
versus the mean for all n-mers. An example of the distribution of
TA-scores for several CSMs is shown in Figure 6 (for the complete
analysis, see Supplemental Figs. 1, 2). This analysis revealed that
some motifs were significantly associated with alternative splic-
ing (Prest < 0.01) and some with constitutive splicing, and some
showed no significant association either way. It is important to
point out that the clustering procedure we used does not incor-
porate any knowledge regarding alternative splicing; yet many of
the motifs are clearly enriched in n-mers that show similar biases,
which demonstrates that the common substrings are responsible
for the observed bias. After removing redundant examples of
compositionally similar motifs, we found that five DI-CSMs and
five AI-CSMs are significantly associated with alternative splic-
ing, while 18 DI-CSMs and 18 AI-CSMs are significantly associ-
ated with constitutive splicing. The CSMs showing a statistically
significant association with alternative or constitutive splicing
are shown in Figure 7. We also determined the number of splice-
junction flanks that contain at least one instance of a conserved
n-mer matching each of these CSMs. We found that most CSMs
are found in hundreds to more than 1000 individual introns
(Supplemental Fig. 3). The combined observation that DI-CSs
and AI-CSs are enriched in specific n-mers and that many of these
n-mers are statistically associated with alternative or constitutive
splicing strongly suggests that they represent motifs that are un-
der positive selective pressures because they play important roles
in splicing.

There are many more CSMs that are not as significantly
associated with either alternative or constitutive splicing but dis-
play a bias toward either category, and there are others that show
no bias at all (see Supplemental Figs. 1, 2). Some of these may
represent motifs that are important for splicing but are utilized in
a context independent of regulated or constitutive splicing. It is
also possible that some of these represent motifs that are under

selective pressures but play roles in other processes such as mRNA
trafficking, maturation, degradation, or poly-adenylation. For
further characterizations, we chose to focus only on those motifs
with the strongest biases.

Identification of motifs known to be associated with
alternative splicing

Several of the CSMs that are strongly associated with alternative
splicing are similar to known splicing factor binding sites. These
include DI-1 and AI-1 (Fig. 7), which are exceptionally good
matches to the binding site TGCATG for members of the Fox
family of RNA binding proteins that have been demonstrated to
be important for alternative splicing of some human introns
(Huh and Hynes 1994; Lim and Sharp 1998; Jin et al. 2003; Na-
kahata and Kawamoto 2005; Baraniak et al. 2006; Ponthier et al.
2006; Zhou et al. 2007). Fox binding sites have been shown to be
enriched in introns adjacent to brain specific alternatively
spliced introns (Brudno et al. 2001; Sugnet et al. 2006), and Fox
binding sites have been shown to be conserved between verte-
brates (Minovitsky et al. 2005). Furthermore, the Fox binding site
hexamer was found to be overrepresented in intronic sequences
conserved between the nematodes Caenorhabditis elegans and
Caenorhabditis briggsae (Kabat et al. 2006).

Meanwhile, the motifs DI-2 and AI-2 are both matches to
the Quaking protein (QKI) binding site CTAAC (Wu et al. 2002;
Ryder and Williamson 2004; Galarneau and Richard 2005) and to
the SF1/BBP protein binding site (Berglund et al. 1997; Garrey et
al. 2006). Both of these proteins are members of the STAR-KH
RNA binding family, and both are known to be involved in splic-
ing (Berglund et al. 1998a,b; Wu et al. 2002). Recently it was
demonstrated that an equivalent motif is enriched in donor in-
tronic regions flanking alternatively included exons in mouse
heart and skeletal muscle (Sugnet et al. 2006). Given the similar
binding affinities for these proteins, these motifs may represent
binding sites for either of these splicing factors.

The acceptor side motifs, AI-3 (TTCTG) and AI-5 (TGTT), are
abundant (Supplemental Fig. 3) and may represent conserved
targets for members of the CELF/BRUNO-like family (for review,
see Barreau et al. 2006). These proteins are known to play roles in
alternative splicing, and one member, CUG-BP1, has been shown
to bind TGT containing motifs (Marquis et al. 2006). A similar
motif was also found in the donor region DI-22 (TTGT) (Supple-
mental Fig. 1). This donor side motif shows an association with
alternative splicing but is not as strongly associated as the accep-
tor motif.

A previous computational analysis of alternative events con-
served between mouse and human identified 4-5 base n-mers
enriched in intronic sequences flanking skipped-exons (Yeo et al.

2005). We compared the n-mers re-

DI Al ported in Yeo et al. (2005) that were con-

CTTT : - ! CTAATT —F——1— ; served (according to alignment between
TGAAT : | TAAA : mouse and human intronic sequences)
TITCA T — ik il with the CS-enriched n-mers from this
TAATT — TTGAA ;-,

GCTG ‘ : 1 TTTCTG : - study (Supplemental Table 5). Both stud-
ACTAA |-t : 5 GCTGA ’ ies identified n-mers matching Fox and
TGCAT - - GCATG : QKI binding sites, and in both analyses,

ALL [y N 2—'“44'” AEL 4“’“2 T 5 these were found to be associated with
-4 -2, 0 = — . . fes
Constitutive Alternative Constitutive Alternative alternative splice events. In addition,
. . N . both studies identified several n-mers
Figure 6. Box-plots showing the distributions of T,-scores observed for several representative CSMs.

The greatest common substrings (GCS) for each CSM are shown to the left. CSMs that were signifi-
cantly enriched in n-mers associated with alternative splicing are shown in red, those significantly
associated with constitutive splicing are in blue, and no association is shown in yellow.

with no obvious trans-factor. These in-
clude the n-mers TTGC (enriched in
both the DI and Al regions), GTTTG (en-
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are shown against a schematic representation of an intron to indicate the region within which they are located. Motifs marked with an asterisk are
compositionally similar to the equivalently numbered motif in the other region.

riched in DI), and CAAAT (enriched in DI). Our analysis also
revealed several possibly novel motifs (e.g., DI-3, DI-5, and AI-3,
Al-4, and AI-5) (Fig. 7) not identified in Yeo. et al. (2005). It should
be noted that whereas Yeo. et al. (2005) focused exclusively on
conserved skipped-exon events, our study involved all CSs re-
gardless of their possible association with alternative splicing.
Given this and other differences in the design of these two stud-
ies (including statistical methods, length of n-mers evaluated,
number of genomes compared, and method for developing back-
ground probabilities), differences in the results are not surprising
and demonstrate that different methods have different strengths.

Conserved cryptic splice-junctions are associated
with alternative splicing

The donor side motif DI-3 (Fig. 7) is strongly associated with
alternative splicing and is a perfect match for the canonical 5’
splice-junction AG|GTGAGT. Since splice-junctions were ex-
cluded from this analysis; these are unlikely to represent actual
splice-junctions. In order to verify whether or not these represent
splice-junctions, we examined several individual instances using
the UCSC genome browser and found that although some appear
to represent alternatively used splice-junctions, the majority are
found near alternative and skipped splice-junctions but show no
evidence (based upon ESTs and mRNAs) of serving as splice-
junctions (data not shown). Interestingly, previous analyses
found that similar cryptic 5’ splice-junction sequences can act as
ESSs (Wang et al. 2004, 2006) and have been implicated in regu-
lated alternative splicing (Lou et al. 1995). Our results extend
these observations by showing that many, apparently cryptic, 5’
splice-junctions located near active 5’ splice-sites are highly con-
served, which implies that they are functionally important for
regulated splicing at the adjacent splice-junction. Whether these
motifs are recognized by the U1 snRNP or are recognized by other
factors is currently unknown.

Identification of putative novel GCT motifs associated
with alternative splicing

We can only speculate about the identities of the trans-factors
that interact with the remaining motifs associated with alterna-

tive splicing (DI-4, DI-5, and Al-4) (Fig. 7). In terms of overall
representation, these motifs are nearly as abundant as the Fox-
1/Fox-2 motifs (Supplemental Fig. 3). None of these exactly
match well-characterized binding sites. However, it should be
stressed that the binding sites for many splicing factors have not
been well characterized or are too degenerate to be identified
with certainty.

These three motifs all contain a core substring of GCT. The
most likely candidate trans-acting factors for these motifs are
members of the MBNL family of RNA binding proteins (Pascual
et al. 2006). MBNL proteins are known to play an important role
in alternative splicing (for review, see Osborne and Thornton
2006) and were identified because of their binding affinity for
long repeats of CTG (Osborne and Thornton 2006; Pascual et al.
2006). The natural sites by which MBNL mediates regulated
splicing have not been well defined but are not thought to be
long CTG-repeats. Several intronic MBNL targets have been defin-
ed and these contain a common motif consisting of YGCT[T/G]Y
(Ho et al. 2004). This putative MBNL binding site closely matches
motifs DI-4, DI-5, and Al-4. Whether or not these motifs repre-
sent conserved MBNL binding sites or are binding sites for other
factors remains to be determined. However, this analysis dem-
onstrates that many sites similar to the putative MBNL binding
site are highly conserved and are associated with alternative
splicing.

The donor side motif DI-4 (GCTTG) (Fig. 7) is similar to a
motif, TGYTTTC, enriched in introns flanking included alterna-
tive exons in brain (Sugnet et al. 2006). However, several obser-
vations from our study suggest that these two motifs are physi-
ologically different. In agreement with Sugnet et al. (2006), many
n-mers containing GYTT (including both TGCTTTC and
TGTTTC) are enriched in conserved donor intronic sequences
(Supplemental Table 1). However, of the 5-mers containing
GYTTN or of the 6-mers containing TGYTTN, only those con-
taining GCTTG are both enriched in CSs and are positively asso-
ciated with alternative splicing (Supplemental Table 3; Supple-
mental Fig. 1, cf. clusters 4, 21, and 53). These observations are
consistent with those of Sugnet et al. (2006), since both analyses
indicate that TGYTT-like motifs are enriched in conserved re-
gions. But our additional observations suggest that TGCTTG mo-
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tifs may play a larger role in alternative splicing. Clarification of
this point will require identification and characterization of the
trans-acting factors.

Conserved motifs associated with constitutive splicing are
abundant and AT-rich

Given the association between the presence of conserved in-
tronic sequences and alternative splicing, we expected to identify
specific motifs that were associated with alternative splicing. A
rather surprising outcome of this analysis was the large number
of motifs that are strongly associated with constitutive splicing
(Fig. 7). To our knowledge, this is the first computational iden-
tification of conserved intronic motifs that were shown to be
associated with constitutive splicing. These motifs are generally
more abundant than those that are associated with alternative
splicing (Supplemental Fig. 3). An interesting feature of these
motifs is that most have nearly exactly matching counterparts on
both sides of introns, and they are especially AT rich.

Several families of RNA binding proteins are known to bind
sequences similar to motifs in this group. Two well-characterized
proteins, TIA1 and TIAL1 (also known as TIAR), are known to
bind T-rich sequences and play important roles in splicing (Dem-
ber et al. 1996; Del Gatto-Konczak et al. 2000; Forch et al. 2000;
Le Guiner et al. 2001; Zhu et al. 2003). Several of the constitu-
tively associated motifs closely resemble sequences known to
bind TIA1 and TIAL1, including DI/AI-8, DI/AI-14, and DI-18
(Fig. 7). These motifs may also represent binding sites for mem-
bers of the Hu RNA binding proteins. Like TIA1 and TIAL1, these
proteins are known to bind AT-rich sequences. In particular, in-
teractions between Hu proteins and AT-rich sequences (known as
AREs) located in 3'-UTRs are known to be important for regulat-
ing mRNA stability (Barreau et al. 2005). One of the conserved
motifs, DI/AI-8 (ATTTA), is a close match to a known ARE (Bar-
reau et al. 2005). When we examined the location of ATTTA
motifs to see if they are overrepresented in 3" UTRs, we found
that only 3.6% of the conserved instances are located in anno-
tated 3’ UTRs, and the bulk was located within CDSs. Recently, it
was shown that Hu proteins may also have an important role in
splicing, since they were shown to compete with TIA1/TIAL1
binding, and that this competition is important for establishing
neuronal versus non-neuronal ratios of exon skipping for exon 4
of the calcitonin gene (Zhu et al. 2006).

The RNA binding protein Sam68 has been shown to be in-
volved in splicing and has been shown to preferentially bind to
the sequence TAAA (Lin et al. 1997; Itoh et al. 2002; Matter et al.
2002; Paronetto et al. 2007). Several of the constitutively associ-
ated motifs contain this sequence and may represent binding
sites for Sam-68 (e.g., DI/AI-9 through DI/AI-11 and DI/AI-12).

Conservation of certain CSMs is associated with functionality

The primary goal of this analysis was to use computational meth-
ods to identify motifs that might be important for splicing in
mammals. The next step in the characterization of novel motifs
would necessarily involve experimental methods. The first step
in the design of such experiments involves choosing appropriate
candidate introns from the many thousands of human introns,
and analysis of a particular motif requires choosing introns for
which the subject motif is functionally relevant. Since the motifs
identified in this study are relatively short (4-6 bases), there is a
high probability that sequences similar to these motifs would
occur simply by chance. It is, therefore, important to be able to

distinguish functional motifs from compositionally indistin-
guishable, but functionally irrelevant, sequences that are the re-
sult of chance.

It is likely that conservation would increase the likelihood
that a particular motif is functionally relevant. If this were true,
we would expect to see a stronger correlation between alternative
splicing, for instance, and conserved instances of an n-mer versus
instances of the n-mer that are not conserved. In order to test this
hypothesis, we examined the relationship between alternative
splicing for several pentamers matching CSMs associated with
either alternative splicing or with constitutive splicing. We also
included one pentamer that was not enriched in CSs and was not
associated strongly with either alternative or constitutive splic-
ing. We found that the pentamers that are highly enriched in CSs
and are associated with alternative splicing are much more likely
to be associated with an alternative event (Fig. 8, pentamers 1-4).
Meanwhile, the same pentamers are no more likely to be associ-
ated with alternative splicing when they occurred in non-CSs
than background levels. Importantly, it should be noted that this
observation is not simply due to there being an enrichment of
these pentamers in CSs. In fact, the great majority of these
pentamers occurred in non-CSs (e.g., the pentamer GCATG oc-
curred 330 times in CSs but occurred 12,449 times in non-CSs).
In contrast and in agreement with their T,-scores, two pentamers
that are enriched in CSs but are significantly associated with
constitutive splicing (Fig. 8, pentamers 5 and 6) are much less
likely to be associated with alternative splicing when they oc-
curred in either CS or non-CS sequences (in either context the
association is less than average). Interestingly, these pentamers
still have a higher association with alternative splicing when
they occurred in CSs than in non-CSs. This suggests that al-
though they are generally associated with constitutive splicing,
they may play important roles in alternative splicing in some
introns. Last, a pentamer that showed no enrichment in CSs nor
association with alternative splicing is no more likely to be asso-
ciated with alternative splicing than predicted by chance in ei-
ther context (Fig. 8, pentamer 7).

These results demonstrate that conservation of an n-mer
near an alternatively spliced junction is likely to be an important
predictor of functionality, and also suggests that the mere pres-
ence of a sequence matching a particular binding site doesn’t
indicate that the sequence represents a functional site. A likely
explanation for this phenomenon is that the local context (i.e.,
surrounding sequences) of conserved instances is different from
the nonconserved instances, and implies that additional cis- and
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Figure 8. Association between motif conservation and alternative splic-
ing for several 5-mers. Vertical bars represent the percentage of occur-
rences of each 5-mer that was observed in the DI region of an alterna-
tively spliced intron. The lower horizontal bar indicates the average for all
non-CS 5-mers. The upper horizontal bar indicates the average for all CS
5-mers.
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trans-elements are required for functionality. A more comprehen-
sive analysis of these relationships merits future attention.

Discussion

Evolutionary conservation is a well-established metric for distin-
guishing signals from noise in genomic sequences (Cooper and
Sidow 2003). Previous studies have shown that sequences flank-
ing alternatively spliced junctions tend to be highly conserved
(Sorek and Ast 2003; Sugnet et al. 2004, 2006; Yeo et al. 2005),
and that these regions are compositionally distinct from consti-
tutively spliced introns (Yeo et al. 2005; Wang et al. 2006). It has
also been shown that many experimentally identified intronic
cis-elements are highly conserved (Sironi et al. 2005). However,
there has been no previous analysis of the makeup of conserved
intronic sequences in general, and little attention has been given
to sequences conserved in constitutively spliced introns in par-
ticular. Here we presented the results of a study designed to pro-
vide a comprehensive picture of the makeup of sequences con-
served between orthologous introns from seven mammals. The
present study provides additional evidence that comparative ge-
nomic methods can reveal intronic motifs that are under selec-
tive pressures, and that many of these motifs appear to be in-
volved in splicing.

In order to identify such motifs, we carried out an analysis of
conserved intronic sequences flanking the splice-junctions.
Comparative analysis of mammalian genomes has revealed that
many mammalian introns contain stretches of CS. These islands
of conservation can be readily visualized by comparing aligned
orthologous sequences (see Fig. 1). Prior to this analysis, it was
unclear whether or not the many, typically short, CSs simply
represent noninformative regions that have not been subject to
mutational divergence since the last common ancestor. If this
were true, we would expect the sequence composition of CSs to
be equivalent to the composition of introns in general. However,
as we have shown, we found this not to be the case. Instead, the
population of conserved intronic sequences is clearly enriched in
specific n-mers. Using a novel graph-clustering algorithm, we
show that these n-mers can be clustered into distinct sequence
motifs (CSMs). Furthermore, we showed that many of the CSMs
show a marked association with either alternative or constitutive
splicing. This linkage between splice-type and conservation sup-
ports the notion that the selective pressures responsible for con-
servation of many of the CSMs is likely to be related to splicing.

A variety of auxiliary splicing factors have been identified;
however, for the majority of these proteins, the optimal binding
sites have either not been well characterized or the observed
binding sites are not discrete enough to be distinguishable by
sequence composition alone. Thus, we can only speculate about
which splicing factors are likely to be the binding partners for
many of the mammalian CSMs. Future experimental studies will
be required to identify trans-factors for many of the CSMs iden-
tified in this analysis. The splicing factors Fox-1/Fox-2 and QKI
have well-characterized and distinctive binding sites, and their
connections with alternative splicing have been well docu-
mented. Motifs matching the binding sites for these proteins
were found to be both highly enriched in CSMs and were highly
associated with alternative splicing. Interestingly, a comparative
analysis to define n-mers that are enriched in conserved alterna-
tively spliced introns in the nematodes C. elegans and C. briggsae
also revealed these same motifs (Kabat et al. 2006), indicating

their ancient origins. However, most of the motifs identified in
this study were not identified in nematodes, suggesting that
some of them may be mammalian specific.

Our analysis revealed several GCT-containing motifs that
are associated with alternative splicing. To our knowledge these
motifs have not been previously predicted using computational
methods. These motifs are as abundant as the Fox and QKI mo-
tifs, suggesting that they play important roles in alternative splic-
ing of many exons. We are not aware of any known splicing
factors that are obvious candidates for binding these motifs.
However, these motifs are a close match to the proposed model
of the MBNL binding site (Ho et al. 2004). Future analysis of these
motifs will be necessary for clarifying their role in alternative
splicing.

An interesting outcome of this analysis was the large num-
ber of previously unrecognized conserved motifs that are
strongly associated with constitutive splicing. These motifs are
largely A and T rich. Among these motifs are sequences that
resemble Samé68, TIA1/TIAL1, and Hu protein binding sites.
Whether or not these motifs represent conserved binding sites
for any of these proteins remains to be determined. These pro-
teins have been typically studied in the context of alternative
splicing. Considering that TIA1/TIAL1 have been shown to pro-
mote splicing via interaction with U1l snRNP (Forch et al. 2000;
Zhu et al. 2003), it is possible that these proteins play a more
general role in promoting splicing, whether it is constitutive or
alternative. Our data suggest that these motifs represent a large
class of conserved AT-rich ISEs.

Although we identified several motifs similar to known
splicing factor binding sites, several well-known splicing factor
sites were not found. Notably absent, for instance, are CSMs
matching Nova protein binding sites. Nova has been shown to be
involved in alternative splicing and appears to bind clusters of
YCAY motifs (Jensen et al. 2000a,b; Dredge and Darnell 2003; Ule
et al. 2003, 2006; Dredge et al. 2005). Since these Nova sites are
typically conserved between mouse and human (Ule et al. 2006),
we might expect them to be found in CSs. However, analysis of
Nova targets also revealed that the pyrimidine positions flanking
the core CA show a large amount of degeneracy (Ule et al. 2003).
Therefore, the fact that CSMs matching these sites were not
found is likely due to the high level of stringency that we em-
ployed. Future analysis, allowing for degeneracy, may therefore
prove useful.

Lastly, we demonstrated that there is a strong association
between conservation of specific n-mers and apparent function-
ality since conserved occurrences of these n-mers are statistically
associated with alternative splicing while nonconserved occur-
rences are not. This strongly suggests that there is a fundamental
difference between random occurrences of n-mers and functional
occurrences. The most likely explanation for this phenomenon is
that higher order associations exist between functionally rel-
evant instances of a potential binding site and the local context
(e.g., other cis-elements or RNA secondary structure). Future
analysis to elucidate such associations may be important for un-
covering the higher order language of splice-site definition.

Methods

Extraction of conserved and RS populations

A database of human introns was constructed using sequences
obtained from the May 2004 GenBank release build 35 and gene
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predictions from the NCBI RefSeq project (http://
hgdownload.cse.ucsc.edu/goldenPath/hgl7/database/). Pre-
dicted introns that did not begin with GY and end with AG were
discarded. We should note that this would not exclude the rela-
tively small population of GT-AG U12-dependent introns (Sharp
and Burge 1997; Dietrich et al. 2005); however, these are few
when compared with the large population of U2-dependent in-
trons. As discussed in the Results section, we chose to focus ex-
clusively on long introns (i.e., >199 bases in length). After ex-
cluding introns that did not meet the established criteria, we
were left with 145,325 unique donor splice-junction sequences
and 144,884 acceptor splice-junction sequences.

Custom software (available upon request) was used to ex-
tract CSs from the intronic sequences flanking splice-junctions
(Fig. 2). A CS was defined to be a contiguous run of at least 7 nt
of identity from an alignment between human and six eutherian
mammals: Pan troglodytes (chimp), Macaca mulatta (rthesus mon-
key), Mus musculus (house mouse), Rattus norvegicus (house rat),
Canis lupus familiaris (domestic dog), and Bos taurus (domestic
cow). The alignment used was the UCSC alignment of 17 verte-
brate genomes (hg17, March 2004, http://hgdownload.cse.ucsc.
edu/goldenPath/hg17/multiz17way/). Intronic sequences were
extracted from the first 7-100 nt for the donor (DI) and the last
100 to last 4 nt for the acceptor (Al) region (see Fig. 2). Since we
included only introns that were >199 bases in length, this value
eliminated overlap between the donor and acceptor sides of the
intron. Extracted CSs were categorized according to the region
from which they were recovered. The splice-junction database
and CS sequences are available upon request.

For each CS identified, we also extracted 100 additional
analogous (e.g., having the same splice-junction relative starting
position and the same length) sequences as the CS from introns
randomly chosen from the original data set of all human introns.
These sequences (equivalent to 100 times the size of the CS
samples) made up the RS pool.
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