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ABSTRACT

We have developed a web tool, PupaSNP Finder
(PupaSNP for short), for high-throughput searching
for single nucleotide polymorphisms (SNPs) with
potential phenotypic effect. PupaSNP takes as its
input lists of genes (or generates them from chromo-
somal coordinates) and retrieves SNPs that could
affect the conserved regions that the cellular machin-
ery uses for the correct processing of genes (intron/
exon boundaries or exonic splicing enhancers), pre-
dicted transcription factor binding sites (TFBS) and
changes in amino acids in the proteins. The program
uses themapping of SNPs in the genome provided by
Ensembl. Additionally, user-defined SNPs (not yet
mapped in the genome) can be easily provided to
the program. Also, additional functional information
from Gene Ontology, OMIM and homologies in other
model organisms isprovided. In contrast toother pro-
grams already available, which focus only on SNPs
with possible effect in the protein, PupaSNP includes
SNPs with possible transcriptional effect. PupaSNP
will be of significant help in studies of multifactorial
disorders, where the use of functional SNPs will
increase the sensitivity of identification of the
genes responsible for the disease. The PupaSNP
web interface is accessible through http://pupasnp.
bioinfo.cnio.es.

INTRODUCTION

Single nucleotide polymorphisms (SNPs) are the simplest and
most frequent type of DNA sequence variation among indi-
viduals and they represent one of the most powerful tools

for the analysis of genomes (1). Owing to their widespread
distribution, SNPs are particularly valuable as genetic markers
in the search for disease susceptibility genes, drug response-
determining genes, and so on. In the past decades, linkage
analysis has been very successful in the identification of
genes responsible for mendelian diseases. Nevertheless, direct
application of linkage analysis to the case of complex diseases,
in which several genes with weaker genotype–phenotype cor-
relations are involved, has resulted in more modest success
(2). Now, it is believed that improved genotyping methods in
combination with the proper design strategies could bring the
genetics of complex diseases to a point of success comparable
to where mendelian genetics now firmly resides (3).

There are examples documented in which alleles of more
than one gene contribute to the same disease. It is generally
believed that multigenic diseases reflect disruptions in the
proteins that participate in a protein complex or a pathway
(4). Typically, SNPs have been used as markers; that is, the
real determinant of the disease was not the SNP itself but some
other mutation in linkage disequilibria with it.

The use of functional SNPs could be an important factor for
increasing significantly the sensitivity of association tests. In
fact, several complex genetic disorders such as Alzheimer’s
disease (5) and Crohn’s disease (6) have been associated with
functional SNPs, lending credence to strategies giving priority
to candidate markers based on predictable function. The latest
build of NCBI’s dbSNP (http://www.ncbi.nlm.nih.gov/SNP/
snp_summary.cgi) contains 5 772 564 SNPs, with 2 356 957 of
them validated. This means that human variation has been
screened to an average resolution of 1 SNP for every 566 nt.
There is also curated information on SNPs in HGVbase (7).
These figures suggest that the possibility of finding the real
determinant of a disease among the characterized SNPs can
be seriously considered. In fact, dbSNP build 117 contains
24 483 SNPs located in coding regions that produce amino
acid change, affecting a total of 9791 different genes. Several
estimate suggest that, overall, only 20% of them could damage
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the protein (8). Much attention has been focused on the
possible phenotypic effects of SNPs that cause amino acid
changes. The volume of available information together with
the development of more sophisticated methods of protein
structure prediction has led to different attempts to relate
the effect of amino acid changes to structural distortions
and, consequently, possible phenotypic effect. Following
this, two main different approaches have been taken: on the
one hand is the study of conservation of residues in homo-
logous proteins (9) including more sophisticated approaches
taking into account the phylogenetic history (10) and, on the
other hand, there is the study of changes in the stability
(11,12) and other properties of the protein due to changes
of amino acids (8,13).

Nevertheless, there are different ways in which the func-
tionality of a gene product can be affected without requiring a
amino acid change in the protein. There is increasing evidence
that many human disease genes harbour exonic or non-coding
mutations that affect pre-mRNA splicing (14). Alternative
splicing produced by mutations in intron/exon junctions, or
in distinct binding motifs, such as exonic splicing enhancers
(ESEs), to which different proteins involved in splicing bind,
is the basis of different diseases. In fact, it has been estimated
that 15% of point mutations that result in human genetic dis-
eases cause RNA splicing defects (15). For example, a silent
mutation in exon 14 of the APC gene is associated with exon
skipping in a Familial Adenomatous Polyposis (FAP) family
(16), and there are many more examples [see Table 2 in (14)].
Also, alterations in the level of expression of gene products
can cause diseases. Different SNPs are associated with altera-
tions in gene expression (17) and, in some cases, it is known
that they alter some regulatory sequence motif. For example, a
regulatory polymorphism in the programmed cell death 1 gene
(PDCD1), which alters a binding site for the runt-related tran-
scription factor 1 (RUNX1) located in an intronic enhancer, is
associated with susceptibility to systemic lupus erythematosus
in humans (18). It has also been reported that polymorphisms
in the gelatinase A promoter region are associated with dimin-
ished transcriptional response to estrogen and genetic fitness
(19). A recent large-scale screening over a set of 16 chromo-
somes, found SNPs in the promoters regions of 35% of the
genes, and experimental evidence suggested that around one-
third of promoter variants may alter gene expression to a
functionally relevant extent (20). Therefore, the inclusion of
other possible causes of loss of functionality in gene products,
beyond the simple estimation of the possible phenotypic effect
of an amino acid change, increases considerably the number of
SNPs with potential phenotypic effect to be considered for the
design of experiments.

Classical statistical linkage tests need a large number of
cases if the number of genes to be tested is high. It has
only recently been recognized that reliable identification of
genetic variants that affect gene regulation is still a challenge
in genomics and is expected to play an important role in the
molecular characterization of complex traits (21). Another
important consideration when analysing multigenic traits is
the information available on the genes. Information allows
a more targeted approach, by focusing initially on genes
whose functionality is related to the disease studied.

Genome surveys based on the information contained in
dbSNP show that there are 361 SNPs mapped in splice sites

of introns, 1 387 506 in introns and 242 842 in untranslated
regions affecting 336 16 306 and 14 198 genes, respectively. A
number of these SNPs could be disease determinants.

With the idea of extracting as much information as possible
form SNPs with putative phenotypic effect, we have devel-
oped PupaSNP Finder (Putative Phenotypic Alterations caused
by SNPs; PupaSNP for short). This tool retrieves all the SNPs
present in a set of genes of interest that potentially affect the
functionality of the gene product. This list is combined with
functional information obtained from Gene Ontology (GO)
annotations (22). Genes can be directly retrieved from geno-
mic locations or, alternatively, can be taken from a list pro-
vided by the user. This corresponds to two typical problems:
(i) traits mapped to a given chromosomal region or (ii) traits
associated with a given class of genes (e.g. a signalling path-
way). Genome coordinates of genes and SNPs are taken from
the Ensembl annotation (23).

METHODS

Finding SNPs with potential phenotypic effect

PupaSNP operates with a collection of entries from dbSNP
mapped to the Golden Path genome assembly, as implemented
in human section of Ensembl (http://www.ensembl.org). As
previously mentioned, PupaSNP uses a list of genes and gen-
erates a report in which all the SNPs with possible phenotypic
effect are listed. The genes can be selected directly by their
location in a region of the genome, or just provided as a list
(e.g. genes belonging to a given pathway, involved in a parti-
cular biological function). Genomic regions can be selected
either by defining a range of chromosome coordinates or by
directly choosing the cytoband of interest. The engine finds all
the genes located within the specified region as well as their
promoter regions using Ensembl APIs. In the case of a user-
defined list, Ensembl is used to extract their complete intron/
exon structure as well as the promoter regions.

The potential effects on the phenotype taken into account
are at both transcriptional and gene product levels.
These include alterations in (i) transcription factor binding
sites, (ii) intron/exon border consensus sequences, (iii) ESE
sequences, which are the binding sites for specific serine/
arginine-rich (SR) proteins involved in the splicing machinery
(24,25) and (iv) the exons that cause an amino acid change.
Additionally, the GO terms (22) associated with the genes can
be obtained. This is very useful in the case of looking for genes
in a chromosomal region, because it can help to discard genes
definitively not involved in the disease studied, based on the
annotations.

Transcription factor binding sites. In the search for SNPs
with potential phenotypic effect, 10 000 bp upstream of the
genes, belonging to the promoter region of each gene in the
list, are scanned for the presence of possible transcription
factor binding sites (TFBSs). The program MatchTM (26),
version 1.10, from the Transfac1 database (27), version pro-
fessional 7.3, was used for this purpose. SNPs located within
these motifs are considered to have a putative phenotypic
effect in the expression of the gene. The options used for
the program MatchTM were (i) group of matrices: vertebrates,
(ii) use high quality matrices only and (iii) cutoff selection for
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matrix group: to minimize false positives. This cutoff was
obtained by exploring the third exon sequences with the
weight matrices and was chosen to reduce the number of
random putative sites found by the program (26).

Although the scan is done in a region 10 000 bp upstream
from the start of the gene, the number of bases to be taken into
account in the study is customizable. Obviously, the closer to
the start of the gene, the more likely the binding site is to be
authentic.

Intron–exon boundaries. Ensembl APIs were used to extract
the intron/exon organization of the genes and the correspond-
ing sequences. The two conserved nucleotides at each side of
the splicing point, which constitute the splicing signal (14),
were then located and all the SNPs altering these signals are
recorded.

Exonic splicing enhancers. Mutations that deactivate or acti-
vate exonic splicing enhancer sequences may result in exon
skipping, malformation, and so on. ESEs also appear to be
important in exons that normally undergo alternative splicing.
Different classes of ESE consensus motifs have been
described, but they are not always easily identified. We
have developed a script that scans exon sequences to identify
putative ESEs responsive to the human SR proteins SF2/ASF,
SC35, SRp40 and SRp55, by using the weight matrices avail-
able for them (28). A score is obtained related to the likelihood
that the site found is a real ESE. Only ESE sites with scores
over the threshold [see (28) and http://exon.cshl.org/ESE/
ESEmatrix.html for details] are taken into account in the ana-
lysis. Threshold values, above which a score for a given
sequence is considered to be significant, are set as the median
of the highest score for each sequence in a set of 30 randomly
chosen 20 nt sequences (from the starting pool used for func-
tional assays for ESE identification; see http://exon.cshl.org/
ESE/ESEmatrix.html). If an SNP disrupts one of these
sequences, the new score, corresponding to the mutated
sequence, is also calculated. Strong differences between the
two score values suggestmore drastic effects caused by the SNP.

Changes at aminoacid level and functional implications. SNPs
that result in a change of amino acid are likely to cause some
phenotypic effect and, consequently, are all listed. Since the
main purpose of the tool is to cover possible transcriptional
effects of the SNPs and there are a number of tools already
available for the prediction of phenotypic effects due to muta-
tions in amino acids (see Introduction) PupaSNP only lists
them. To help in the identification of possible effects we label
SNPs that disrupt any functional motif as listed in Interpro (29),
a resource that compiles information on protein families,
domains and functional sites. The coordinates of the Interpro
motifs within the exons of the genes are extracted from
Ensembl and cross-referenced with the SNPs coordinates.

Additional functional information. Since PupaSNP finder
works with lists of genes in order to select the best SNP
candidates for further use in association analysis, it is very
helpful to have functional annotations of the genes. This
allows the assignment of priorities based also on the informa-
tion available on the genes. Information is obtained from (i)
Gene Ontology annotations, obtained through the FatiGO
engine (30) (available at http://fatigo.bioinfo.cnio.es), (ii)

OMIM (Online Mendelian Inheritance in Man), which con-
stitutes a comprehensive, authoritative and timely knowledge
base of human genes and genetic disorders (31) and (iii) homo-
logies to other organisms, obtained directly from Ensembl.
Gene Ontology is a tree structure (called a directed acyclic
graph) in which terms describing three fundamental ontologies
(molecular function, biological process and cellular compo-
nent) have descendants with more detailed descriptions. Thus,
descending the hierarchy of GO implies moving towards terms
with more detailed descriptions of the ontologies, but, at the
same time, there are fewer genes with annotations at such
detail. FatiGO works by climbing up the hierarchy to a
selected parent level (30) to optimize the number of genes
with annotation and the detail of the annotation. Thus, the
identification of common parent functions or processes is
easier. In this way, the consideration of the SNPs in a func-
tional context can help to understand the potential biological
implications of the SNPs and genes studied.

RESULTS

SNPs with possible phenotypic effect

We analysed a total of 24 037 human genes corresponding to
the annotations in Ensembl build 34 (version 18.34.1), which
contains the mapping of dbSNP 117. By scanning with the
MatchTM program the 10 000 bp upstream promoter regions of
the genes, 2 587 478 transcription factor binding sites, corre-
sponding to 330 different Transfac weight matrices (27), were
found. After mapping the SNPs in the promoter regions,
71 444 TFBSs were found to be disrupted by a total of
57 412 SNPs (some SNPs affect more than one TFBS at the
same time). A total of 19 010 genes presented at least 1 pre-
dicted TFBS disrupted by a SNP, which constitutes a consid-
erable proportion of the total number of genes. The coverage
in terms of both SNPs and TFBS predictions was good: only
for 54 genes was no single SNP found in the 10 000 bp 50-
upstream region, and only for 2 genes could no predicted
TFBS be found (ENSG00000116119, or KV2A_HUMAN,
which is the IG KAPPA CHAIN V-II REGION CUM, and
ENSG00000174994, or AK057375, which seems to be a DNA
binding protein). In a number of cases, SNPs affect overlap-
ping TFBSs, which could have a stronger effect still in the
phenotype. There are even 2 SNPs that simultaneously affect
15 TFBSs.

The four conserved bases that define intron–exon bound-
aries were mutated by 844 SNPs, affecting to a total of
598 genes.

Over eight million ESE motifs were found, covering all the
genes studied. A total of 138 746 SNPs were found to disrupt
ESE sequences. These SNPs affect a total of 17 312 genes.

These results suggest that, in the search for SNPs with
potential phenotypic effects, regulatory SNPs or SNPs affect-
ing splicing should not be neglected.

The web interface

Input data. PupaSNP has been designed for high-throughput
screening of functional SNPs. Thus, the input consists of a list
of genes. The list can be directly provided as a collection of
gene identifiers (Ensembl IDs, or external IDs, which include
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GenBank, Swissprot/TrEMBL and other gene IDs supported
by Ensembl) or can be specified by means of a chromosomal
location (cytobands or chromosomal coordinates). In the latter
case, PupaSNP extracts all the genes contained in the specified
location. Ensembl coordinates are used to extract the genes.
Only Ensembl annotated genes, but not predictions, are
extracted.

User-defined SNPs. Alternatively, the user can input SNPs
not in the database in a very straightforward manner and
take advantage of the tools for predicting their potential phe-
notypic effect. A text file containing the descriptions of the
SNPs must be generated. Each line describes one unique SNP
with the following tab-delimited data: SNP name, gene
(Ensembl ID or external ID), position with respect to the
start of the translation and alleles, e.g.

MySNP01 ENSG00000000003 -1830 A/G

MySNP02 ENSG00000157873 421 C/G

This describes two SNPs: the first in the gene
ENSG00000000003 (tetraspanin 6, or TSPAN6), 1830 bp
away from the transcription start point, with polymorphisms
consisting of a change of an A for a G; and the second in gene
ENSG00000157873 (tumor necrosis factor receptor-like 2,
TNFRSF14), 421 bp within the transcripted region, which
corresponds to the first exon of the gene.

The web interface. Aweb interface to PupaSNP is available at
http://pupas.bioinfo.cnio.es/. Lists of genes can be defined
by chromosome position, which can be specified in terms
of cytoband units or in absolute chromosomal position (as
mapped in the corresponding Ensembl assembly). The up-
stream region makes reference to the number of bases
upstream in which TFBSs will be searched for (with a
upper limit of 10 000 bp). Also, lists of genes can be uploaded
or just pasted into the box. PupaSNP finds all the SNPs map-
ping to locations that might cause a loss of functionality in the
genes. Functional information for the genes can also be
obtained from OMIM and from Gene Ontology. Information
on homologous genes can also be retrieved. Finally, SNPs do
not need to be annotated in the genome to be included in the
query tool. The user can specify a list of SNPs using a gene as
reference. In this way the use of absolute coordinates, which
can easily change between assembly versions, is avoided in
favour of the use of coordinates relative to genes, which tend to
be more stable. Results include SNPs in a the promoter region
of the genes, SNPs located at intron boundaries, SNPs located
at exonic splicing enhancers and coding SNPs located at Inter-
pro domains. Figure 1 shows part of the results provided by the
program for the SNPs with possible phenotypic effect on genes
in the p36.33 cytoband of chromosome 1. Figure 1C is espe-
cially interesting because it shows how the scores obtained by
the motif scanning method can be used to assess the possible
impact of the polymorphism on the recognition of the ESE
motif by the cellular machinery.

Both the SNPs and the genes found are linked to the
Ensembl Genome Browser.

Experimental validation

The validation status of the SNPs is, in some cases, a much
more important factor for their selection than their possible

functional role. Such information is scarce: 2 359 534 out of
5 798 183 SNPs in dbSNP build 118 have been validated,
which constitutes 40%. However, only 160 466 have estimates
of population frequencies and only 94 867 have a phenotype
associated. To obtain a sense of the reliability of the SNPs
annotated with ‘no-info’, a set of SNPs was sought for a list of
candidate modifier genes related to a phenotype exhibited by
MEN2 (Multiple endocrine neoplasia, type IIA) patients
(OMIM, #171400), all of them RET mutation carriers.
MEN2 is an autosomal dominant syndrome of multiple endo-
crine neoplasms, with variable clinical expression even
between members of the same family. This fact cannot be
explained only by a mutation in a major susceptibility gene,
but suggests a role for genetic modifiers, which may also work
through quantitative effect.

In most of cases, it was necessary to validate the putative
SNPs identified by PupaSNP because there was no information
about validation status. To validate SNPs and estimate their
allele frequency, 48 non-related individuals from the Spanish
population were used. The specific primers used to amplify the
fragments of interest by PCR (polymerase chain reaction)
were designed using the OLIGO 4.1 program. When possible,
the primers were selected and designed to amplify a fragment
(200–500 bp) that allowed us to investigate several SNPs at the
same time. As a denaturing high-performance liquid chroma-
tograph (dHPLC) system (WAVE, Transgenomics Limited,
Crewe, UK) was used for the initial SNP screening, the frag-
ments of interest had a homogeneous GC content across dif-
ferent domains from the DNA fragment to obtain a consistent
melting profile. The Navigator software was used for data
handling and optimization of the dHPLC system. After nor-
malization, each PCR product that exhibited a change in the
chromatogram profile was characterized by sequence analysis.
These PCR products were purified using an E.Z.N.A. Cycle-
Pure Kit (Omega Bio-tek, USA) according to the man-
ufacturer’s instructions, and sequenced using an automatic
sequencer ABI PRISMTM 3700 (Applied Biosystems. Perkin
Elmer, USA). The reaction was carried out in 4 ml of a Big Dye
terminator cycle sequencing Kit (Perkin Elmer, USA), 10 pmol
of the sense/antisense primer, 5% DMSO and 6–12 ng of
amplified DNA. Although the results obtained here do not
pretend to be capable of general extrapolation to the entire
database, we have found that 24 out of 28 SNPs assayed
proved to be authentic and polymorphic in the Spanish popu-
lation, which constitutes a good rate.

DISCUSSION

Typically, SNPs have been used as markers to search for the
real determinant of a disease in linkage disequilibria with it. As
previously mentioned, the use of functional SNPs, which may
be the real disease determinants, could be an important factor
in increasing the sensitivity of association tests.

Despite the obvious importance that alterations in the reg-
ulation, expression level or splicing of genes can have for the
phenotype, these have long been ignored in the most common
approaches to finding functional SNPs, which have instead
focused more on the possible effect of polymorphisms causing
amino acid changes. Apart from the databases mentioned
above (dbSNP and HGVbase), there are a number of resources
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available over the net collecting information on phenotypes
associated with SNPs, such as The Human Gene Mutation
Database (http://www.hgmd.org) at the University of Wales,
which classifies SNPs according the lesion they cause
(missense substitutions, splice variants, and so on) (32) and
PicSNP, a catalogue of non-synonymous SNPs obtained from
the human genome assembly (33). However, these are mainly
specialized catalogues collecting information on SNPs rather
than tools for their selection.

PupaSNP constitutes a tool for selecting SNPs with putative
phenotypic effects designed for high-throughput experiments.
It deals with lists of genes, instead of focusing on individual
genes. In addition, more information on different possible
motifs with regulatory function has been included. For exam-
ple, SNPs in ESE had never previously been included in any
catalogue.

Multigenic diseases are generally associated with disrup-
tions in proteins that participate in a protein complex or a
pathway (4). The inclusion in PupaSNP of information regard-
ing the participation of genes in signalling cascades or in
pathways or in protein complexes will be considered in the
near future. Databases containing protein interaction data,
such as DIP and BIND (see http://www.hgmp.mrc.ac.uk/
GenomeWeb/prot-interaction.html), can be an important

source of information to be considered in the search for
SNPs affecting multigentic traits.

Despite the fact that PupaSNP is more focused on
SNPs with possible effects at transcriptional level, the
inclusion of an algorithm for improving the predictions of
the effect of SNPs in the proteins, such as FoldX (12),
would provide, within the same framework, both types of
result.

Minimum SNP set selection allows the user to optimize
the number of SNPs required to represent haplotype diversity,
thus reducing the cost of genotyping by assaying the mini-
mum number of SNPs required. The inclusion of information
on linkage disequilibrium or on haplotype blocks can assist in
a more efficient selection of SNPs. Some programs, such as
HapScope (34), include information on haplotypes and use
them to select minimum subsets of SNPs. Another important
issue is the reliability of the SNPs. As previously mentioned,
only 40% of the SNPs in dbSNP have been validated, and
only for 5% are population frequencies are available. This
means that most of the SNPs found in any kind of selection
will lack information on their possible presence in the
population of interest as a manageable polymorphism. Even
though our results suggest a high rate of authenticity, even for
the SNPs labeled as ‘no-info’, they must be treated carefully

Figure 1. A selection of results from PupaSNP. (A) List of genes and the corresponding transcripts with the SNPs mapping to the different regions, which include
coding and 50- and 30-untranslated regions. For coding SNPs, the position within the transcript and the change produced (if any) is reported. (B) SNPs located in the
promoter regions (in the example, a limit of 4000 bp was chosen). Disruptions of predicted TFBSs are listed. The validation status of the SNPs (‘no-info’,
‘by-submitter’, ‘by-frequency’, ‘by-cluster’; see dbSNP web page) is also provided. (C) SNPs located at exonic splice enhancers. The scores make reference to the
closeness of the site to the motif. If the polymorphism gives a site with a worst score, this would, generally speaking, probably imply worst recognition of the site by
the cellular machinery and, consequently, a putative alteration in the normal splicing process. When the cursor is over the gene name, additional information is
displayed.
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and cannot be directly extrapolated to the entire database.
As population frequencies are included in the database,
these data could be of interest for use as part of the selection
process of SNPs

PupaSNP will be the tool used in the first step of the pipeline
for the study of polymorphisms at the Spanish National
Genotyping Centre (CeGen). For this reason it has been deve-
loped to cope with high-throughput experimental designs.
PupaSNP takes as input lists of genes (or generates them
from chromosomal coordinates) and provides results which
integrate all the information available as well as obtained
by means of predictions of SNPs with possible functional
consequences.
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