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ABSTRACT

As an integrated database, Splicelnfo identifies automatically the conserved sequences in selected
exon/intron regions of a gene group. Several modes of mRNA alternative splicing, such as exon skipping,
alternative 5'-splicing sites, alternative 3'-splicing sites and mutually exclusive exons are computationally
derived and extracted. Finally, for each type of alternative splicing, the flanking intronic sequences are collected
and then exploited by motif discovery tools. The tissue-specific information and gene functionalities that
correspond to the selected regions are also considered. The database provides a means of investigating
alternative splicing and can be used for identifying alternative splicing - related motifs, such as the exonic
splicing enhancer (ESE), the exonic splicing silencer (ESS) and other intronic splicing motifs. The integrated

resource is now available on http://140.113.239.236/Splicelnfo/.

INTRODUCTION

Alternative splicing is a major mechanism for controlling the expression of cellular and viral genes. It is an
extensively occurring phenomenon. It affects how a gene acts in different tissues and developmental states, by
generating distinct mRNA isoforms that are composed of different selections of exons and produce variant
proteins. This phenomenon occurs extensively in the human genome, and alternative splicing is commonly
believed to occur in only approximately 30% ~ 40% of all genes. Alternative splicing can generate variant

isoforms of mRNA and has implicated in many processes, such as sex determination, apoptosis and acoustic


http://140.113.239.236/SpliceInfo/

tuning in the ear.
The alternative splicing modes are categorized into several types to reveal alternative splicing mechanisms.
As depicted in Fig. 1 (1), five classical alternative splicing types exist; these are exon skipping, alternative 3’

splice sites, alternative 5’ splice sites and mutually exclusive exons and intron retention.

Figure 1. Classical splicing signals and modes of alternative splicing (1).
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Exonic Splicing Enhancer (ESE) is a binding site of Serine/Arginine-rich protein (SR proteins). SR
proteins are belong to a conserved splicing factors family and are firstly implicated in splicing when it was
discovered that they are components of the spliceosome (1). SR proteins that are bound to ESEs can promote
exon definition by directly recruiting the splicing machinery (1).

Numerous cancers and inherited diseases in humans are associated with mutations that cause unnatural
exon skipping. Generally, the mutations affect the splice sites; for example, a point mutation at the 5’ splice site
of exon 7 of Wilm’s tumor (2) suppressor gene causes unnatural skipping of exon 7 and generates a truncated
protein that is associated with Wilm’s tumor. Mutations located outside of the traditional splice sites, either in the
exon or in the flanking intron sequences, have also been reported to be associated with exon skipping and
diseases.

Today, the number of discovered sequences is increasing exponentially and alternative splicing sites can be
predicted by computational methods. Alternative splicing has been recently reported to be detected in

expressed sequence tag sequence. EST sequences embed alternative splicing information. The protein sequence



translated from mRNA also embeds alternative splicing information.

Previous research reveals that RNA motifs are conserved in the exonic or intronic sequences that are
associated with the mechanisms of the alternative splicing. An integrated system that facilitates the prediction of
conserved sequence elements associated with a particular type of alternative splicing is crucial in deciphering the
mechanisms of alternative splicing.

This work develops an integrated approach to provide various modes of alternative splicing information
and automatically identify alternative splicing (AS)-related motif sequences in the human genome. The aim here
is to derive and extract the information about alternative splicing from the gene expression evidences, such as the
covering exon skipping, the 5° - alternative splicing, the 3’ - alternative splicing and other alternative splicing
modes. Various filtering functions provide means to query the SpliceInfo database. Also, tissue-specific
information and gene functionalities are also considered. Several analyzing tools such DNA/RNA motif
discovery tools and RNA secondary structure prediction are provided and integrated and can be further applied

to the selected modes of alternative splicing.

RELATED WORKS

In previously work by the authors’ group (3), ProSplicer was used to extract information of the alternative
splicing using computational alignment methods such as BLAST and SIM4. The nucleotide sequences, mRNA
and EST, provide evidence of gene expression to reveal the alternative splicing modes of the gene; the protein
sequences are theoretically translated into nucleotides in six reading frames and are aligned against the genomic
sequences.

InterPro (4) is a database of protein families, domains and functional sites in which identifiable features
found in known proteins can be applied to unknown protein sequences.

The Gene Ontology (GO) project (5) is a collaborative effort to address the need for consistent descriptions
of gene products in different databases. The GO collaborators are developing three structured, controlled
vocabularies (ontologies) that describe gene products in terms of their associated biological processes, cellular
components and molecular functions in a species-independent manner.

In order to identify the binding motifs in a group of intron/exon regions, we integrate three popular
regulatory motif prediction programs, which are Gibbs sampler and MEME to discover DNA motifs, which are
potentially regulatory motifs. The Gibbs sampler (Charles Lawrence’s Gibbs Motif Sampler (Version 1.01.009)

was used (6), with the option ‘motif sampler’. 100 different ‘seeds’ or starting points ware used, a maximum of



2000 iterations were performed for each run, and the highest scoring result was reported. The MEME algorithm
uses an expectation maximization algorithm for finding patterns in input sequences. MEME version 2.2 (7) was
run over the MEME web-server. The top scoring result was reported. As the result of the DNA motif discovery
methods all result in consensus patterns or position matrices, we store the motifs as the format of the consensus
pattern including the motif sequences occurring in the intron/exon regions.

Mfold (8) (9) is a tool for predicting the secondary structure of RNA and DNA, mainly by using
thermodynamic methods. The core algorithm predicts a minimum free energy as well as minimum free energies
for foldings that must contain any particular base pair. Base pairs within this free energy increment are chosen
either automatically or else by the user. Then foldings that contain the chosen base pair are computed.

WebLogo (10) is a web-based application designed to make the generation of sequence logos (11) as easy
and painless as possible. Sequence logos are a graphical representation of an amino acid or nucleic acid multiple
sequence alignment developed by Tom Schneider and Mike Stephens. In general, a sequence logo provides a
richer and more precise description of, for example, a binding site, than would a consensus sequence.

Miriami et al. performed a computer analysis of 54 sequences, documented as undergoing exon skipping,
and identified two motifs in both the upstream and the downstream introns of the skipped exons (12). Exon
skipping has been suggested to be controlled by sequences in the adjacent introns. They found that one motif is
greatly enriched in pyrimidines (mostly C residues), and the other motif is greatly enriched in purines (mostly G
residues). These two motifs differ from the known cis-elements at the 5°- and 3’-splice sites. They are
complementary, and their relative positional order is always conserved. ESEfinder (13) is a web resource for
identifying exonic splicing enhancers, and has been employed to develop methods of identifying putative ESEs,
which correspond to the human SR proteins SF2/ASF, SC35, SRp40 and SRp535, also want to predict what type

of exonic mutations occur in these elements.


http://www.lecb.ncifcrf.gov/~toms/sipinfo.html
http://www.lecb.ncifcrf.gov/~toms/schneider.html
http://www.lecb.ncifcrf.gov/~toms/sequencelogo.html
http://weblogo.berkeley.edu/logo.cgi
http://weblogo.berkeley.edu/logo.cgi

Figure 2. System flow of the Splicelnfo system.
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METHOD

The system flow of the Splicelnfo system is briefly depicted in Fig. 2. The modes of mRNA alternative
splicing are firstly defined. The database contents of the modes of mRNA alternative splicing are extracted from
several data sources, such as ProSplicer (3) and Ensembl (14). The annotated features such as protein domains,
gene functions and tissue-specificities are obtained from InterPro (4) and Gene Onotology (5). Various filtering
tools are provided in the system and allow users to query the genes under particular constraints, such as the
alternative splicing modes, protein domain containing, gene functions, repetitive features and tissue specificities.
A set of genes and the selected sequence regions under the same alternative-splicing consideration is constructed.

DNA/RNA motif discovery tools, such as MEME (15), and RNA secondary structure prediction tool, such
as Mfold (9), are integrated. It facilitates users to execute the tool to their constructed sequence set on the web.

Furthermore, several graphical interfaces are designed and implemented in the system and will be described in



the next section.

Extracting Modes of mRNA Alternative Splicing

A sequence of mRNA and protein was analyzed to extract alternative splicing information from numerous
pair-wise alignments in ProSplicer. For example, in a gene, each sequence that refers to mRNA or protein was
converted into a bit string of zeros and ones OR 1. A logical operation (XOR, AND, OR) was executed on each
of them. Numerous sequence elements between the two bit strings were thus obtained. An example to compare a
protein sequence with accession NP_000712.1 and an mRNA sequence with accession L29384.1 is given in Fig.
3.

Figure 3. An example of the logical operations of a sequence pair.
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Protein 10000100000000000011000000000000010000000000111111001000000111
mRNA 10000100000000000000000000000000000000000000000000001000001000

XOR 00000000000000000011000000000000010000000000111111000000001111
AND 00007 00000000000000000000000000000000000000000000001000000000

Definitions of Alternative Splicing Modes
Every sequence element can be classified into a predefined mode of alternative splicing. The definitions of
the modes of alternative splicing are given in Fig. 1. Accordingly, numerous sequence elements (1,187,549

records) were obtained, each of which corresponds to one type of alternative splicing.

Filtering Features

These sequence elements are to be linked with more features. Various public databases are used to obtain
the specific features required. These include, for example, genomic sequences, repeat features, CpG islands,
expressed tissues, gene product description, protein domains, protein family and tissue-specificity of protein.
Therefore, several programs were used to parse data from data files or to extract data from the source databases.
The chosen is considered in detail.

Tissue-specific alternative splicing is an interesting aspect of the splicing mechanism. The



tissue-specificity of a protein was extracted from the UniProt database (16). A connection is made between the
expressed tissue of ESTs and tissue-specificity. The simplest way - collecting all ESTs sequence expressed on the
chosen tissue — us used. The authors hope to be able to use more statistical information on tissue-specificity in
the future.

The protein domain is another interesting aspect of slicing (17). Liu et al. studies in a large-scale the
protein domain distribution in the context of alternative splicing and revealed various facts about protein
domains; they are disproportionately distributed, and many are on different sequences after alternative splicing.
Alternative splicing can control protein function and related protein domains, so protein domain and protein
family information from InterPro (4), and protein product descriptions from Gene Ontology (5) were used herein.
Sequence elements were linked to the protein features, which were used to prove that a dataset with a single
feature, can yield some conserved sequence elements, and be involved in splicing to produce a particular
function of protein.

Not only they determined that the domains are disproportionately distributed, but they also suggested that
alternative splicing is related to RNA structure. Spliceosome interacts with the RNA sequence during splicing.
Some information about RNA structure is sought, and more information on the RNA secondary structure is

provided herein.

DNA/RNA Motif Discovery Tools

The web system can use several motif finding tools, MEME (15), Gibbs Sampler (6) and AlignACE (18),
to analyze the sequence of regions and identify conserved sequence elements, the motif, in the selected
exon/intron regions. Each tool is separately applied to two or three sequence regions. Numerous motifs are found
using these tools. The authors hope that the motifs found using motif-finding tools are specific motifs with
specific functions, conserved order motifs, complementary motifs with specific structures and other types of
motifs). Motifs with specific function are those that always interact or are expressed under some particular
conditions. Conserved order motifs are those that are always shown in a conserved order and perhaps
co-expressed under some conditions.

When motifs were found, a sequence logo was created for each motif. Accordingly, other data are
associated with each motif. These data are PSSM, FASTA, relative position and statistics. Then, the user can

view the sequence logo and all other information using the motif display part of the web system.



RNA Secondary Structure Prediction

This work also provides the secondary structure of the motifs, after an Mfold (9) was applied using some
commonly used parameters. A motif consists of several conserved sequences, so the first sequence with the
lowest e-value is used to present the RNA secondary structure of this motif. Additionally, a user can rebuild the
secondary structure on the web system by specifying different parameters. Mfold, which is a tool for predicting
the RNA secondary structure, is used to predict the secondary structure of the motif discovered in the motif
discovery phase. It will predict the optimal secondary structure and some suboptimal secondary structures, of
which the best is displayed in the web system while the others are left behind. After a picture of the secondary
structure has been established, plt2gif is used to annotate the secondary structure. Red and black are used to

annotate the relative position of the motif occurred: red indicates the position of the motif and black indicates the

position of motif surrounding sequences.

QUERY INTERFACE

As presented in Fig. 4, a filtering form allows users to specify particular constraints to select the sequence
regions. For instance, a user can specify which alternative mode of splicing is considered. Additionally, several

filtering functions are provided in the form given in Fig. 4, including GC ratio, expressed tissues, gene functions

and repeat features.

Figure 4. Form of filtering functions in web interface.
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After users have specified query options and the form has been submitted, the sequence regions that meet
the query constraints are extracted from the database in the Splicelnfo system. The system helps users to tailor a
5’-flanking sequence and 3’-flanking sequences of each selected region. Using the form shown in Fig. 5, users
can specify the length of both flanks of the selected region. For instance, if a user constructs a sequence set
which consists of exons skipped in “exon skipping” mode, then the two flanking regions are the 5’-flanking
intronic sequence and the 3’-flanking intronic sequence. All three sequences - the selected regions, the

5’-flanking regions and the 3’-flanking regions - are further analyzed.

Figure 5. Sequence tailoring form for selected region and flanking regions.
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The Splicelnfo system integrates numerous motif discovery tools and facilitates the detection of motifs in
the sequence region set established constructed by users. Three motif discovery tools - MEME (15), AlignACE
(18) and Gibbs sampler (6) - are provided in the web interface. Users can apply the tools separately to each
sequence set. As shown in Fig. 6, before the tool is used, a user can specify some parameters that specify each

motif discovery tool.



Figure 6. Interface of the motif discovery tools.
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As depicted in Fig. 7, the sequence logo (10) is employed to present the content of the motif. Accordingly,

a user can easily understand the composition of the nucleotide and the nucleotide percentage of the motif.

Figure 7. Sequence logo of a conserved sequence elements.
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As shown in Fig. 8, a user can easily understand the energy of the input sequence, which consists of the
motif sequence and two flanking sequences. The energy dot plot tells the user some information about the energy
of the input sequence and the user can easily determine the possible structure at particular positions. An RNA
secondary structure is predicted with the color-coded annotation, which differentiates the motif and the two
flanking sequences. The nucleotides indicated by the red circles constitute the motif, itself, and the nucleotides

indicated by the black circles are the motif surrounding sequences.



Figure 8. RNA secondary structure of an alternative splicing motif.
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Figure 9 present is one of the graphical views to show the found motifs in exonic and intronic regions in all
the evidence sequences of a particular gene. The user can zoom in/out, shift the window left/right, and present
specific position on the gene or chromosome orientation. The user can easily view more widely or more deeply

the sequence, and check information on the motifs.



Figure 9. Gene view of the motifs.
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The RNA secondary structures of all instances of a alternative splicing-related motif are predicted. All the

structures are provided at the same time in the same web page, as depicted in Fig. 10, to allow users compare all

the structures of the motif.

Figure 10. Sub-optimal RNA secondary structures.




BIOLOGICAL APPLICATIONS

(NM_007305) and the A(9,10,11q) (NM_007304) variants are expressed in a variety of tissues, under various

conditions. They are therefore called predominant splice variants.

the motif discovery process was applied. The aim was to find some conserved sequence elements that regulate

exon skipping, such as one underlying mechanism of exon skipping on BRCAI or another gene. Figure 11

reveals some results concerning motifs on skipped exons of BRCAI.

Figure 11. Motifs in regions of exon skipping in BRCAI.
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A Variety of Genes Which Has ESEs

Other investigations have predicted ESEs on several genes (ACF, BRCA1, BRCA2, FBN1, IGF1, PDHAI,

SMNI1, SMN2, TNFRSFS5 and CFTR), which have also been verified, as given in Table 1. The web system can

be used to find these ESEs and validate them.

Table 1. A variety of genes which has ESEs.

Gene Name Ensembl Gene ID Exon # | Strand | Chr 01
Start End

LS ENSG00000148584 12 -1{ 10 37418 37552
(NM_014576)

BRCAI ENSG00000012048 1 1189’ -1 17| 52944, 55475, 59822 | 52989, 55580, 59961
BRCA2 ENSG00000139618 17,19 13 47044, 54923 47217, 55078
FBN1 ENSG00000166147 51 -1 15 99055 99180
IGF1 ENSG00000017427 5 -1 12 73389 73545
PDHAI1 ENSG00000131828 7,8 X 11417, 11754 11572, 11825
SMN1 ENSG00000172062, 7 5 20963 21073
SMN2 178958, 179850 7 -1 5 13079 13150
TNFRSF5 ENSG00000101017 3,5 20 3967, 4860 4092, 4953
CFTR ENSG00000001626 9,12 1 7 62054, 107777 62146, 107871




The case studies above demonstrate that that the proposed system can discover conserved sequence
elements within genomic sequences, and these motifs represent the functional site of user-selected regions or two

flanking regions.

DISCUSSIONS

The system has a few limitations of input data size, execution time and waiting time. Basically, the system
is an online web system, so some congenital restrictions apply. Limited by computational power, the system
cannot accept large datasets that consists of very long sequences, because the waiting and executing times are
too long. Numerous web users cannot wait for the program to respond after several hours. Accordingly, the aim
is to reduce waiting time to maybe under an hour. The authors hope to be able to apply a more computationally
powerful server to enable users to obtain results in minutes.

ESEfinder (13) uses four SR proteins as materials that are stored as matrices. It accepts sequences in
FASTA format. The proposed system can predict conserved sequence elements within a set of sequence regions
and the motifs associated with the particular alternative splicing signals are found. It provides “sequence logos”
for DNA motifs, and predicts the RNA secondary structure for a motif and its flanking sequences.

More attention should be paid to the improvements of the developed system, such as large dataset support
and response time reduction. The system can be extended in several ways. The first is to filter alternative splicing
modes. More filtering functions to yield more specific datasets and identify more specific motifs, can be
provided to present specific genomic sequence characteristics and splicing mechanisms.

The RNA secondary structures of a motif and its flanking sequences can be further investigated. A motif
predicted from a set of sequence regions demonstrates the conservation of the sites in the primary level. The
RNA secondary structures of all the instances of a motif can be predicted. However, an RNA secondary

structural comparison method should be developed to asses the structural conservation.
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