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ABSTRACT

DNA-binding transcription factors (TFs) play a
central role in transcription regulation, and compu-
tational approaches that help in elucidating complex
mechanisms governing this basic biological
process are of great use. In this perspective, we
present the TFM-Explorer web server that is a
toolbox to identify putative TF binding sites within
a set of upstream regulatory sequences of genes
sharing some regulatory mechanisms.
TFM-Explorer finds local regions showing
overrepresentation of binding sites. Accepted or-
ganisms are human, mouse, rat, chicken and dros-
ophila. The server employs a number of features to
help users to analyze their data: visualization of
selected binding sites on genomic sequences, and
selection of cis-regulatory modules. TFM-Explorer
is available at http://bioinfo.lifl.fr/TFM.

INTRODUCTION

Deciphering the combinatorics of cis-regulatory elements
is crucial to understand regulation of gene expression.
However, in silico detection of cis-regulatory elements is
a notoriously difficult task, especially in higher eukary-
otes. Motifs corresponding to transcription factor
binding sites (TFBSs) have a low information content,
which comes from the fact that the affinity between
DNA and a binding protein should not be too strong
and that the binding mechanism is very complex. It is
driven by sequence patterns, but also by chromatin struc-
ture and collaboration between transcription factors
(TFs). Successful approaches combine several complemen-
tary prediction strategies. They exploit information
coming from known DNA-protein binding motifs avail-
able in databases, phylogenetic footprinting and multi-
species comparison, formation of cis-regulatory modules
(CRMs) involving collaborative TFs. In the presence of a

set of coexpressed or coregulated genes, searching for
overrepresented binding motifs is also fruitful. The basic
assumption is that genes with similar expression profiles
should share common TFBSs in their upstream regulatory
region. This approach is made available in several
program tools. See (ref. 1-4) for example. An exhaustive
survey appeared recently in (5).

In this article, we present the TFM-Explorer toolbox.
Compared to other tools, TFM-Explorer is able to
analyze a set of orthologous upstream sequences coming
from different species without any preprocessing step such
as alignment or conservation search. Supported organisms
are human, mouse, rat, chicken and drosophila. Another
specificity is that TFM-Explorer finds local regions
showing overrepresentation of TFBSs and uses spatial
conservation to improve accuracy of the predictions.
Local overrepresentation enables to identify short or
long regions involved in the transcriptional regulation.
Spatial conservation takes advantage of the fact that the
activity of basal TFs is conditioned by the distance from
the binding site in the core promoter to the Transcription
start site (TSS) (6), for example.

TEFM-Explorer is able to analyze up to 15 kb around the
TSS for all RefSeq genes of the available species. Finally,
TFM-Explorer offers a number of features to help users to
analyze their data: visualization of selected TFBSs on
genomic sequences and selection of CRMs.

METHOD

TFBSs are modeled by position weight matrices
(PWMs), such as available in Transfac (7) or Jaspar (8)
databases.

Clusters of overrepresented TFBSs

The first step of the method consists in searching for
locally overrepresented TFBSs in the set of upstream regu-
latory sequences. For this task, all PWMs are considered
separately. The algorithm works as follows.
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e First, for a given PWM, input sequences are scanned
on both strands to find all potential TFBSs using a
simple score threshold for the PWM. This score
threshold is chosen to give a P-value equal or better
to 2 x 1072 for each position for each sequence [such
as described in (9)].

e Then, for each position relative to the TSS, we
denumerate the number x of input sequences having
a TFBS for the given PWM starting at this position,
and we compute the probability of observing at least x
occurrences at that position by chance. This calculus
uses position- and species-dependent background
models that are precomputed for each available
species from all annotated upstream regions in
genomes.

e Lastly, we retrieve local regions with relatively high
density of TFBSs using a log-odd ratio sliding score
system that takes into account the previously
computed probability.

More details about TFM-Explorer strategy have been
described previously in (10).

As a result, TFM-Explorer returns a set of selected
clusters. A cluster is characterized both by a PWM, cor-
responding to a single TF, and by a region on the genomic
sequences exhibiting a significant overrepresentation of
TFBSs for the concerned PWM. Each cluster is assigned
a P-value that measures its quality. Note that
TFM-Explorer may output several clusters for the same
PWM, corresponding to distinct regions of the upstream
sequences. In this case, each cluster is assigned its own
P-value.

Pairwise correlations

TFM-Explorer enables to identify all pairs of correlated
clusters within the set of significant clusters found by the
algorithm for overrepresented TFBSs. The correlation
calculus is based on the subset of input sequences
associated with each cluster. Assume the set of input se-
quences given by the users contains n sequences. Then
each cluster can be assigned a binary vector of size n as
follows: the ith element of the vector is 1 if the ith input
sequence contains an occurrence for the PWM in the
region of the cluster, otherwise it is 0. Two clusters are
considered as correlated as soon as their respective binary
vectors are not randomly distributed. The value of the
correlation coefficient ranges between —1 and 1. The
higher the absolute value, the higher the correlation
between the two clusters. Positive values indicate that
the clusters share more sequences than expected by
chance. This corresponds, for example, to TFs that act
synergistically. Negative values indicate that the clusters
share less sequences than expected by chance. In this case,
clusters correspond to two complementary subsets of se-
quences showing different regulatory mechanisms.

CRMs

It is also possible to select and visualize CRMs from all
potential TFBSs. Here, a CRM is defined as a combin-
ation of TFBSs for a selection of PWMs, no matter
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their order or the pairwise distance between them.
More precisely, a CRM is defined by the following
features.

e A set of relevant PWMs;

e the length of the CRM: The maximal number of pos-
itions between the start position of the first element of
the CRM and the start position of the last elements
of the CRM;

e the 5 position on the sequence where the search for
CRMs starts;

e the 3’ position on the sequence where the search for
CRMs end; and

e the minimal number of distinct PWMs in the CRM:
this number should be smaller than or equal to the
number of selected PWMs in the first item.

We use an efficient linear running time algorithm to find
out all specified CRMs, which allows the user to modify
interactively the parameters for CRMs.

WEB SERVER
Implementation and requirements

TFM-Explorer is a web tool entirely written in Python,
housed on an Apache web server and implementing a
client-server model. A few Javascript and AJAX
methods allow to have a friendly and easy-to-use inter-
face. TFM-Explorer has been tested on a wide range of
browsers, including Firefox, Safari, Chrome, Opera and
Internet Explorer, and has been validated by the w3C
facilities. You have to enable Javascript on your browser
to use all visualization tools.

Input form

TFM-Explorer requires a set of regulatory upstream DNA
sequences as input. These sequences can be provided in the
standard FASTA format or using the RefSeq accession
numbers of the genes (11). In both cases, the data can
be uploaded on the server using a file or directly by
pasting it in the form.

The system accepts DNA sequences and RefSeq acces-
sion numbers from the following organisms and
assemblies: human (hg/9), mouse (mm9), rat (rn4),
chicken (galGal3) and drosophila melanogaster (dm3).

The user should also specify the location of the given
sequences in regards of the TSS. This information is
crucial to use the right background model to analyze the
data. Accepted values range from —10 000 bp to +5000 bp.

Lastly, the set of PWMs used to scan the sequences has
to be selected. PWMs for the 2009 JASPAR vertebrate
database (8) and the 6.0 TRANSFAC database (7) are
available.

Output

A TFM-Explorer run can take several minutes. Once the
search is over, the results are displayed on a new web page.
Each run is assigned a unique identifier and the results are
stored on the server for one week. All the results can be
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downloaded as an archive containing XML and CSV files
for storage and automatic parsing.

Main results page. It contains the list of top clusters
identified by TFM-Explorer ranked by their P-value.
For each cluster, information on the PWM, the associated
transcription factor, the boundaries on the cluster, the
number of sequences having occurrences of TFBSs for
the PWM, the P-value and the list of correlated clusters
is given. By navigating in the results, it is possible to
obtain detailed information about each cluster.

A clickable drawing helps to visualize the position of all
clusters on the input sequences (Figure 1), and the
pairwise correlations between all the clusters are system-
atically calculated and presented in a bi-dimensional
array.

Detailed results for a cluster. For each cluster, additional
information is available. This includes information on the
PWM associated to the cluster, such as the information
content, the sequence logo (12), the GC percent, as well as
the position and binding sequences of TFBSs and the list
of correlations with other clusters.

Visualization of TFBSs and CRMs. It is possible to visu-
alize all TFBSs on the input sequences, for one or several
clusters from the main results page. An interactive tool is
available for this task. By default, a drawing of the input
sequences with all the TFBSs for the PWM of selected
clusters is displayed. The drawing is accompanied by the
location and the DNA sequences of all selected TFBSs in
exportable text format.

Users can select other PWMs, modify the boundaries of
the region of the input sequences to investigate, and
refresh the drawing to display more TFBSs or extend its
limits. In addition to the simple visualization of TFBSs,
this tool can be used to identify and display TFBSs that
occur in CRM, by simply specifying the features of the
CRM, as described in the previous section, and refreshing
the drawing (Figure 2).

Help page. All pages feature contextual help links
(denoted by [?] on the web pages) that provide more
detailed explanation on parameters values, input and

EXAMPLES OF USE

The method implemented in TFM-Explorer has been suc-
cessfully used by several independent research groups
(13-16). We illustrate here the relevance of the method
on three simple examples. We also present some compari-
sons with results obtained with Pscan (4), oPOSSUM (3)
and PASTAA (2). All data set sequences are available on
the web server from the Example section.

Muscle-specific genes analysis

The muscle data set was initially introduced by
Wasserman and Fickket (7) and is often used in the litera-
ture to assess the accuracy of CRMs prediction tools. It is
also presented in the general assessment paper (18). We
use this latter source, and retrieved RefSeq accession
numbers when available. This results in a set of 19 genes
from human, mouse, rat and chicken. Known TFs
regulating those genes are: Mef-2, Myf, Mzf, Spl, SRF
and Tef.

We launched TFM-Explorer with all default parameter
values: JASPAR PWMs, location from —2000bp to
+200 bp. Among the six most significant clusters ranked
by TEFM-Explorer, five of them correspond to previously
mentioned TFs (Table 1). At rank 8, TFM-Explorer also
identifies a cluster for TBP at position [—56:—2], which
corresponds to the TATA-box. In Figure 3, we show the
location of TFBSs for these clusters. This drawing is
obtained with the visualization tool of TFM-Explorer. It
clearly illustrates that the method is able to identify large
or short regions, and that some TFs have a preferred
location in regards of the TSS.

In Table 2, we give results obtained with Pscan (on
human and mouse genes) and oPOSSUM (on human
genes). We were not able to run PASTAA on this
example because it does not accept JASPAR matrices.
Globally, TFs of interest are better ranked with
TFM-Explorer.

Skin-specific genes analysis

The second data set is concerned with genes prefer-
entially expressed in skin tissues, available from the
TiGER database (19). It is made of 27 human sequences.

output formats. We used vertebrate matrices from TRANSFAC
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Compact visualization of clusters on input sequences. Each colored rectangle corresponds to a cluster. A unique color is used for a given
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Figure 2. Skin-specific module results. Modules in TiGER are surrounded with red rectangles. Blue: E47; gray: Lmo2 complex; green: MyoD;

pink: Areb6.

Table 1. Muscle specific data set—six top clusters found by
TFM-Explorer

Rank TF Location P-value
* 1 SP1 [—1115:—0934] 5.38e-10
* 2 SRF [—0246:—0025] 5.69¢-09

3 EBF1 [—0982:—0773] 1.39¢-07
* 4 Myf [—0143:-0015] 2.89¢-07
* 5 MZF1_1 [—1348:-0202] 3.05e-07
* 6 MEF2A [—0064:—0026] 3.87e-07

TFs marked with asterisk are known to be involved in the regulation of
the sequences.

(some expected PWMs are not present in Jaspar) and
searched for potential TFBSs 5000 bp before the TSS.
The four first clusters given by TEM-Explorer (P-value
lower than 3e-7) correspond to four TFs involved in the
regulation of skin-specific genes (Table 3). The location
(between 1500 bp and 3200 bp before the TSS) is congru-
ent with data reported in the TIGER database. Moreover,
clusters 2 and 3 concern the two TFs AREB6 and Lmo2
whose occurrences are the highest in modules as

referenced in the TiGER database (in respectively 24
and 36 modules out of the 49 modules). We further
investigated those four clusters. To do so, we looked for
CRMs of maximal length 100, between positions —3112
and —1528 involving the four different TFs. Results are
displayed in Figure 2. CRMs found are in agreement with
those predicted in the TiGER database. Moreover, the
drawing shows that occurrences within a CRM are often
overlapping, on the same strand or on the opposite strand
(Table 4). This observation is confirmed by looking at
pairwise correlations. For example, Lmo2 complex has
64% of its occurrences in common with those of Areb6
and 53% in common with MyoD. This comes from the
fact that PWMs for Areb6 and MyoD are very similar,
and that PWMs for E47 and Lmo2 complex also corres-
pond to the same consensus sequence when reverse com-
plemented. Sequence logos for these four PWMs, that are
available from TFM-Explorer, are given in Figure 4.

We performed a comparison with PASTAA only.
Indeed, oPOSSUM does not accept TRANSFAC
matrices and Pscan analyzes at most 1000 bp before the
TSS. Results are given in Table 5. PASTAA identifies five
TFs, and TFM-Explorer six TFs. Morever, TFs most
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Figure 3. Muscle-specific data set—Visualization of clusters. Each colored rectangle corresponds to a TFBS found by TFM-Explorer. Blue: SPI,
pink: SRF, gray: EBFI1, green: Myf, yellow:MZF1, magenta:xMEF2A, red:TBP.

Table 2. Results for the muscle data set with Pscan and oPOSSUM

Pscan oPOSSUM
Rank TF Rank TF
1 Myf 1 Myf
3 SRF 3 MZF1_1
10 MZF1_5 6 MZF1_5
13 SP1 10 MEF2A
19 MEF2A
22 MZF1 _1

Only TFs known to be expressed in muscle are shown. All those TFs
are found using TFM-Explorer (Table 1).

Table 3. Four best clusters computed for the skin data set

Rank TF Location P-value
1 E47 [—2989:—1528] 1.33e-15
2 AREB6 [—3112:—1797] 8.53e-11
3 Lmo2 complex [—3022:—-2355] 8.81e-10
4 MyoD [—2953:—2537] 2.27e-07

involved into CRMs given by TiGER are better ranked
with TFM-Explorer.

Neuronal-specific genes analysis

The third data set is concerned with genes with high ex-
pression in brain tissues and low levels of expression in
other tissues, taken from (20). The authors selected nine
presynaptic genes that show strong neuronal expression.
We launched TFM-Explorer on these nine genes with

Table 4. CRM found for sequence NM_005530

PWM Position St. Sequence
VSAREB6_03 —3106 + CCGCACCTGGCC
VSAREBG6_03 —3055 + GCACACCTGGAT
VS$E47_01 —3107 + ACCGCACCTGGCCTC
VS$E47_01 —3057 - AAGCACACCTGGATT
VSLMO2COM_01 —3106 - CCGCACCTGGCC
VSLMO2COM_01 —3055 - GCACACCTGGAT
VSMYOD_Q6 —3105 + CGCACCTGGC

TRANSFAC PWMs. Since the expected numbers of
clusters is high, we changed the parameters and chose a
ratio of 4 in order to have clusters with a higher density of
TFBSs.

Most of the clusters given by TFM-Explorer involve
TFs known to regulate presynatic-specific genes.
Furthermore, the pairwise correlation calculus between
clusters reveals significant correlations between some of
these cluster. Two groups of clusters emerge, displayed
in Table 6. Interestingly, these sets concern both distinct
regions corresponding to regions of experimentally
identified regulatory elements (20) (Figure 5, difference
in coordinates compared to (20) are due to a different
position for zero).

This data set is concerned with CRM analysis using
FASTA sequences as input, which is out of scope of the
three software mentioned. Thus we do not show any
comparison.

DOWNLOAD

We have presented the TFM-Explorer web server.
TEM-Explorer is also available for download under the
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Table 5. Results for the skin data set with PASTAA

TFM-Explorer PASTAA
rank rank TF CRMs
2 AREB6 36
3 17 Lmo2 complex 24
1 1 E47 7
4 MyoD 6
12 Er-alpha 3
18 18 Srebp 2
21 GR 1
8 Elk-1 1

Only the TFs referenced in the TIGER database are shown. Blank cells indicate that the TF is not found by the
method. The CRMs column indicates the number of times the corresponding TF is involved into a CRM given by

TiGER.

Table 6. Two sets of correlated clusters computed for the neuronal-specific data set

Rank TF Location P-value
2 Spl [—1062:—0957] 7.50e-06
8 NGFI-C [=0211:-0012] 8.57e-05
22 CP2 [—1296:—0937] 5.20e-04
3 CREB [—0163:—0023] 1.20e-05
15 Spl [—1211:—1168] 2.72¢-04
25 v-Jun [—0199:—0023] 5.78e-04
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Figure 5. Occurrences of TFBSs corresponding to the two sets of correlated clusters given in Table 6. Brown: CP2; orange: Spl; pink: Spl;
cyan: v-Jun; red: NGFI-C; gray: CREB.
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Cecill licence. This command line application, written in
Python, offers a highly configurable use of TFM-Explorer,
with the possibility to compute new background models
for new species, to add PWMs and to integrate
TEM-Explorer in an automatic bioinformatics pipeline.
It runs under Windows, Linux and Mac OS.

Conflict of interest statement. None declared.
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