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ABSTRACT

Genome-wide expression profiles are valuable because they
provide system-wide views of cellular responses to environ-
mental stimuli. There is often a need, however, to reduce
the dimensionality of the data to make it more interpretable.
One approach is to combine it with promoter information
and bioinformatic tools to infer the transcriptional regula-
tory elements (TREs) and transcription factors (TFs) that
largely govern the variations in gene expression. This ap-
proach has been used successfully in yeast and other sys-
tems [1]. The present work is concerned with the problem
of assigning statistical significance to TF activity predictions
made from combined expression profile/promoter analyses.

The basic steps in predicting TF activity from promoters
and expression profiles are to (1) generate clusters of genes
whose expression profiles are similar by some metric, and (2)
identify TREs in the the promoter regions of the genes that
clustered together. This may be viewed as a process in which
a library of DNA sequences is passed through an experimen-
tal selection process with the objective of creating a subset of
sequences that is enriched for the TREs regulating the sys-
tem. Enriched in the present context means appearance at
a higher frequency than if there had been no selection. This
selection is indirect in that subsets of promoters are cho-
sen from a total promoter population using gene expression
data clustering. Putative TREs in the subsets may be iden-
tified by using bioinformatics tools (for example, MatInspec-
tor [6]) that query databases of known TREs (for example,
Transfac [5]). Alternatively, the sequences themselves may
be searched for enriched patterns using a pattern discovery
algorithm [7, 8]. Given that it makes use of the accumu-
lated biological knowledge, we are presently employing the
database-driven approach.

Most TREs are short (8 - 25 bp) sequences, and thus the
probability of random appearance can be high, necessitat-
ing tests for statistical significance of those found in the clus-
tered gene promoters. Individual TREs will often appear re-
peatedly in a single promoter sequence (as many as 40 times,
depending on sequence length), complicating analytical tests
for significance. Since multiple appearances of a TRE are

* Author to whom correspondence should be addressed: Ba-
batunde A. Ogunnaike, ogunnaik@che.udel.edu, (302) 831-
4504, FAX: (302) 831-1048.

less likely to be caused by random variation, it is neverthe-
less important to factor this into the test for significance.
One group has employed extended hypergeometric distri-
butions [4], but this approach becomes computationally in-
tractable for realistic numbers of TRE/promoter sequence.
An alternative approach, employed in the present work, is to
construct empirical reference distributions (ERDs) through
repeated random re-sampling from the original DNA se-
quence library in groups of equivalent size as the cluster.
The ERDs can then used to test the null hypothesis that the
TREs found in the experimentally-selected group of DNA se-
quences can be explained by random occurrence. A similar
analysis was ultimately performed in [4].

To validate the ERD method, we applied it to the 30 clus-
ters of yeast genes from [8] obtained from yeast cell cycle
expression profiles [2]. We used the Saccharomyces cere-
visiae promoter database (SCPD, [10]) to predict putative
TREs 500bp upstream of the start codon in the 3000 ORF's
used in [8]. Of the 45 searchable TREs, 20 were significant
(p < 0.01) in at least one of the 30 clusters, compared to 18
for [8] using a method that directly discovers TREs from the
promoter sequences [7]. Seventeen clusters had at least one
significant TRE, compared to 12 for [8]. With one exception
(out of 6), all previously known TREs that were present in
SCPD that were identified in [8] were significant (p = 0) in
their appropriate clusters when ERD was used. Addition-
ally, ERD identified physiologically relevant co—occurrence
of TREs that [8] did not. For example, both RAP1 and
GCR1, which form a complex to regulate ribosomal genes
[3], were significant in the ribosomal gene cluster using ERD,
while [8] only identified RAP1. These results demonstrate
the utility of the ERD approach. It must be kept in mind,
however, that the ERD approach is ultimately complemen-
tary to the approach used by [8] and other motif discovery
algorithms. While it is unable to identify novel TREs di-
rectly from promoter sequences, once a pattern discovery
algorithm has defined a potential TRE, it is straightforward
to use ERD to evaluate the enrichment of the motif relative
to a random collection of sequences.

Our current efforts involve the application of ERD to dis-
cover TFs involved in mammalian neuromodulatory pro-
cesses. Our approach combines the collection of gene ex-
pression responses of neuronal cell lines to neuromodulators
and promoter/TRE information obtained using the bioinfor-



matic tool PAINT [9]. PAINT takes as input a list of genes
(presently restricted to mouse) and compiles upstream reg-
ulatory regions from genomic sequence and then identifies
TREs using MatInspector. Our preliminary results have
identified TREs known to be involved in neuromodulation
from the literature, as well as unexpected TFs for the neu-
ronal response to angiotensin that we are confirming exper-
imentally.
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