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Abstract: We present a pipeline for inferring biological functions regulated by a com-
binatorial interaction of transcription factors. Using a robust statistical method the
pipeline intersects the presence of transcription factor binding sites in gene upstream
sequences with Gene Ontology terms associated with these genes. Positional fre-
guency matrices for the transcription factors constitute the input of the pipeline and
significantly enriched biological processes are reported as the output.

We demonstrate the usage of the pipeline using two groups of transcription factors:
a cell-cycle related family of E2F factors and a NFAT/AP-1 pair involved in immune
response. In both cases the reported results match well the experimental knowledge.
Furthermore, for the NFAT/AP-1 composite element novel functions are predicted.

INTRODUCTION

Transcriptional regulation of gene expression is a main mechanism governing the tempo-
ral and spatial organization of biological processes in eukaryotic organisms. External and
internal stimuli are transduced into activities of transcription factors controlling major bio-
logical processes within the cell. Single factors controlling expression in prokaryotic cells
evolved into a sophisticated regulatory machinery in eukaryotes, involving the combina-
torial action of transcription factors. This phenomenon gives rise to enormously complex
responses equipping cells with means to respond adequately to surrounding information
[FMZ102]. Considering the importance of transcriptional regulation for most biologi-
cal processes, understanding of the regulatory network is a major challenge in the post-
genomic era. Automated inference of the regulatory network could result in predictive
models of interactions among genes, that allow a better understanding of gene expression
patterns and could hint to targets for drug design.

The fundamental building block of the regulatory network is the binding of transcription
factors to regulatory cis-sequences located in the promoter regions of genes. Experimen-
tally identified cis-sequences for a single transcription factor can be aligned to find the
sequence recognized by the factor. Alignments of such cis-sequences yield positional fre-
guency matrices, which are further used to model the binding affinity of the factor towards



DNA sequences [St98]. An in-vitro method, SELEX-SAGE, allows to discover potential
binding sites for transcription factors in vitro and to build positional frequency matrices
without knowing their target genes. For numerous transcription factors corresponding
frequency matrices have been constructed (e.g. [F@83) for the prediction of tran-
scriptional regulation. Despite advances in this field genome-wide scans of binding sites
are difficult to interpret since false, nonfunctional predictions dominate. [WKO03] estimate
that a simple search using only a single frequency matrix results in only one functional
site per 1000 predictions. More recent solutions of this problem take into account further
biological properties, like clustering of the functional binding sites [FLWO03] and possible
conservation of cis-sequences in evolution [DWWIB]. These approaches can reduce the
number of non-functional predictions by about two orders of magnitude [WKO03].

There are attempts [WF98, KWO01, KMIWKO02] to use binding sites predicted in a gene
upstream sequence to predict a function of the gene under consideration. This approach
originates from the concept that genes sharing the same regulatory elements carry out
also the same biological function. Thus it is limited to extend functional families with
already well known regulatory properties. New functions of transcription factors (possibly

in another cellular context, stage of development, tissue, etc.) are unlikely to be inferred.

Utilizing the growing systematic functional annotation provided by the Gene Ontology
[ABB T00] we propose a novel, more function oriented, genome-wide analysis to predict
the biological function of transcription factors. Our approach starts from transcription
factor frequency matrices and predicts corresponding target genes using established meth-
ods. As stated above, many of these predictions are likely to be false. We assume that
these false targets are scattered randomly over the biological processes. Contrarily, the
true functional predictions are likely to be involved in a few, rather specific biological
processes. Consequently we associate significantly enriched biological processes in the
predicted target genes as biological functions of the transcription factors under consider-
ation. This approach allows to discover novel regulatory functions without bias towards
known functions of a transcription factor. In the following we discuss the details of our
prediction pipeline and apply our pipeline to a single transcription factor family (E2F) and

to a set containing the transcription factors NFAT and AP-1.

MATERIALS AND METHODS
Prediction Pipeline

We have constructed a pipeline to predict biological functions controlled by a set of tran-
scription factors, as shown in Fig. 1. A set of positional frequency matrices is used in the
Cluster-Buster program [FLWO03] to predict clusters of binding sites in upstream regions

of human genes. We assume, that genes having such clusters in their upstream sequences
are potentially regulated by the factors. These genes are annotated with terms describing
biological processes from the Gene Ontology [ABm]. Subsequently we identify bi-
ological processes which are significantly associated with the potential target genes with



GOSSIP [BBC 04]. Details of these steps of the pipeline are discussed below.
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Figure 1. Data processing in our pipeline: 1,000 bp upstream regions of 16,032 human genes pre-
dicted by Ensembl were extracted (utilizing HomGL [BKCHO04]) giving a collection of 15,362
potential promoter regions. These sequences together with positional frequency matrices of tran-
scription factors binding sites were analyzed by Cluster-Buster to find a subset of genes which are
potentially regulated by these factors. Subsequently, GOSSIP {BB{Ltilizes the Gene Ontology

to find biological processes associated with this subset. Finally, significant processes are mapped to
the hierarchy of the Gene Ontology graph.

Positional frequency matrices

As an example of our method, we have studied two sets of transcription factors. The first
set contains only a single positional frequency matrix corresponding to the E2F family of
transcription factors. It is taken from the Transfac database [F98Rwith the acces-

sion number M00427 (V$E2B6). As a second set we use the matrices describing sites
recognized by AP-1 and NF-AT, as published by Kel et al. [KKMBW99].

Upstream Regions

The human part of the UniGene database partitions human transcript sequences into 118,517
UniGene clusters derived from both known genes and ESTs. We could map 16,032
of the clusters to genes reported by the Ensembl database G4y using HomGL
[BKCHO04]. For these genes we extracted 1,000 bp long DNA sequence upstream of the
predicted transcription start sites of the genes. We found, that only 15,362 of these se-
guences were unique, and we chose them as predicted promoter regions, since the multi-
ple occurrence of the same promoter sequence could bias the further analysis of enriched
processes.



Predicting genes regulated by transcription factors

Computational prediction of genes regulated by a single transcription factor results in
many false positives. Eukaryotic regulation is typically achieved by several regulators,
and predictions of clusters of several binding sites for one or more transcription factors
may reduce the rate of false predictions by more than an order of magnitude. Therefore
we assume here, that a gene is regulated by factors under study if a cluster of several bind-
ing sites corresponding to some of the factors is predicted in the gene upstream region.
We selected the publicly available Cluster-Buster program [FLWO3] to perform the task
of cluster searching. The program takes all gene upstream sequences and a set of matrices
as input and returns a list of probable locations of functional clusters in these sequences.
To keep our pipeline simple we used the Cluster-Buster program with all parameters set to
their default values.

Functional profiling

The Gene Ontology [ABBOO] specifies a controlled, hierarchical vocabulary for annotat-

ing genes. It can be represented by a directed acyclic graph. We utilize the Gene Ontology
(GO) to test whether a biological process is significantly associated with a group of genes
predicted to be regulated by the set of transcription factors under consideration. This anal-
ysis requires four data sources: The group of potentially regulated genes as the test group,
all genes with upstream regions as a reference group, GO annotations for these both gene
sets, and the Gene Ontology.

We annotate the groups of genes with HomGL [BKCHO04]. Annotations are usually given
as terms close to the leafs of the graph implying a series of more general annotations
upward in the GO graph. For each term in the ontology we test whether this particular
term is enriched in the test group as compared to the reference group. To do this we
categorize each gene in two distinct ways: first, whether it is annotated with the term
under consideration or not, and second, whether it belongs to the test group or not. We
apply Fisher’s exact test that allows to detect and quantify associations between the two
distinct categorizations. But since the number of terms in the Gene Ontology is very high,
problems arising from multiple testing cannot be left aside. We adjust the p-values to
control the number of false positives by calculating the false discovery rate (FDR), which
quantifies the ratio of the expected number of false positives among the positives. For
this specific problem it can be calculated exactly [BB)X3]. Assuming, that incorrectly
predicted target genes by the prior step of our pipeline do not favor any processes but
scatter randomly, the FDR of our pipeline predictions is controlled reliably. In the further
analysis, we apply a threshold 6fDR < 0.05 that keeps the expected ratio of false
predictions under five percent. The analysis is been performed by the software package
GOSSIP [BBC 04].
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Figure 2: A part of the Gene Ontology highlighting the biological processes that are significantly
enriched in 273 genes with a cluster of E2F-binding sites predicted in their upstream regions . Black
boxes show those processes witib R < 0.01, gray boxes withF DR < 0.05 (see Methods for
details).
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RESULTS
Processes regulated by E2F

E2F’s are transcription factors known to be involved in the regulation of the S-phase of
the mitotic cell cycle [HS97]. We choose this transcription factor to test whether our
pipeline can predict the function regulated by a single family of transcription factor. The
Cluster-Buster program predicted 273 genes to contain a cluster of binding sites for E2F. In
these 273 target genes, many biological processes related to the cell cycle are significantly
enriched (see Figure 2). The more specific processes are related to DNA replication and
S-phase of the mitotic cell cycle. Therefore the prediction of our pipeline yields exactly
what we know from experiments: E2F is regulating the synthesis phase of the cell cycle.
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Figure 3: A part of the Gene Ontology highlighting the biological processes that are significantly
enriched in 1913 genes with a cluster of NFAT and AP-1 binding sites predicted in their upstream
regions. Grey boxes display those processes WithR? < 0.05 (see Methods for details).

Combinatorial regulation by AP-1 and NFAT

Kel et al. [KKMBW99] have studied the composite binding of NFAT and AP-1 transcrip-
tion factors. NFAT plays a role in the regulation of cytokines and other genes during im-
mune response. NFAT co-operates with AP-1 to integrate calcium and PKC-signal trans-
duction. They concluded that the combination of NFAT and AP-1 exhibits a significantly
higher specificity than individual factors towards genes induced upon T-cell activation.

We applied our pipeline to each of these matrices separately and found no significantly
enriched process within the predicted targets of individual factors (NFAT: 2716 predicted
target genes — no process significant, AP-1: 921 predicted target genes — no process sig-
nificant). However, studying both factors together we found significantly enriched bi-
ological processes within the predicted 1913 target genes (see Fig. 3). Many of these
overrepresented biological processes are related to immune response: inflammatory re-
sponse, response to wounding, innate immune response, response to biotic stimulus which
is in good agreement with the results of Ref. [KKMBW299]. Moreover we found the pro-
cesses organogenesis, morphogenesis, development, regulation of cell growth, regulation
of cellular process, and cell adhesion as novel processes which might be regulated by the
combinatorial action of NFAT and AP-1.

DISCUSSION

The availability of whole-genome sequences and the growing systematic annotations like
the Gene Ontology provide the means for more function oriented data mining that goes
beyond the single gene level. In this article we propose an approach, which opens a door



to infer a biological function regulated by the combinatorial interaction of transcription
factors. Contrary to other widespread techniques our method does not intend to predict
which factors control genes of similar expression profile. Instead our search only requires
a set of positional frequency matrices representing a set of transcription factors to predict
in silico their biological function. First, using Cluster-Buster [FLWO03] we predict a list of
potential target genes for a set of transcription factors. Afterwards, a rigorous statistical
test for over-representation implemented in GOSSIP [BB4 is applied to all biological
processes provided by the Gene Ontology. Therefore the search is not biased by any prior
knowledge related to the factors and gives a chance to detect novel regulatory associations.

Additionally the pipeline provides a list of genes supporting the evidence of the reported
enriched processes. This gene list can be understood as the cross section of the list of
genes regulated by the studied factors and a list of genes annotated with at least one of the
overrepresented terms. Due to the filtering nature of the cross section, the final gene list is
expected to have less false predictions than the primary list of potentially regulated genes.

Two well studied examples presented in this paper illustrate the pipeline’s utility. As ex-
pected, the clusters of sites related to the E2F transcription factors family are significantly
enriched with terms related to the synthesis phase of the mitotic cell cycle. These terms
have been detected despite the fact, that only clusters of binding sites corresponding to a
single positional frequency matrix have been searched. Although separate studies of AP-1
and NFAT show no significant biological processes, the combinatorial interaction of NFAT
and AP-1 yields several significant terms. Besides terms describing aspects of immune re-
sponse where NFAT/AP-1 is known to be involved in, several significant terms hint to
novel hypothesis that require experimental validation. Notably, no tuning of parameters
was necessary within these studies.

Our method could be further improved by a better selection of promoters, for example by
using databases like dbTSS [SYSNO04] and EPD [$P4]. Our analysis does not include
distal enhancer regions, but might be included when sufficient knowledge about enhancer
regions has been accumulated.

We show in this paper, that the tools are now in hand to infer the regulatory complexity
using genome-wide studies of transcription factor binding sites. In forthcoming studies
we plan to investigate systematically combinations of transcription factors to get a better
understanding of the combinatorial regulation in eukaryotic organisms.
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