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Comprehensive identification of cis-regulatory elements is neces-
sary for accurately reconstructing gene regulatory networks. We
studied proximal promoters of human and mouse genes with
differential expression across 56 terminally differentiated tissues.
Using in silico techniques to discover, evaluate, and model inter-
actions among sequence elements, we systematically identified
regulatory modules that distinguish elevated from inhibited ex-
pression in the corresponding transcripts. We used these putative
regulatory modules to construct a single predictive model for each
of the 56 tissues. These predictors distinguish tissue-specific ele-
vated from inhibited expression with statistical significance in 80%
of the tissues (45 of 56). The predictors also reveal synergy
between cis-regulatory modules and explain large-scale tissue-
specific differential expression. For testis and liver, the predictors
include computationally predicted motifs. For most other tissues,
the predictors reveal synergy between experimentally verified
motifs and indicate genes that are regulated by similar tissue-
specific machinery. The identification in proximal promoters of
cis-regulatory modules with tissue-specific activity lays the
groundwork for complete characterization and deciphering of
cis-regulatory DNA code in mammalian genomes.

cis-regulatory modules � transcription factor binding

A major first step toward comprehensively understanding the
differential control of gene expression in specific tissues and

developmental stages is mapping the functional cis-regulatory
modules (CRMs) (1) responsible for transcription regulation.
CRMs are autonomous units of transcription programs encoded
in DNA (2–4) and are largely composed of transcription factor-
binding sites (TFBSs). Identification and categorization of the
entire repertoire of TFBSs are among the greatest challenges in
systems biology (5–7). Although CRM identification in lower
eukaryotes, such as various yeast species, has been progressing
rapidly (8, 9), similar efforts in vertebrates have proven to be
especially difficult due to the genomic and regulatory complexity
of the higher organisms (10). CRMs in vertebrate regulatory
regions not only control transcription during the life of individual
cells but also must orchestrate cellular communication during
tissue differentiation, morphogenesis, and body-part formation
(11), as well as maintain specific patterns of transcription in
terminally differentiated tissues (12).

Recent work to predict expression using cis-regulatory ele-
ments includes studies on yeast (6, 9, 13, 14), identification of
target genes and binding sites for specific transcription factors
(15, 16), and an evaluation of the effect of TFBS quality (17) on
target regulation. Bussemaker et al. (13) and Conlon et al. (14)
used linear regression to fit the count of predicted cis-regulatory
elements (13) or the sum of the likelihood ratios of all potential
cis-regulatory elements (14) to expression intensity. Beer and
Tavazoie (6) used cis-regulatory elements in promoters to
successfully predict gene expression patterns in yeast. Das et al.
(9) showed that CRMs in yeast promoters can be used to predict
gene expression during the cell cycle; they demonstrated that
nonlinear synergistic TFBS models significantly improve fit with
expression. Smith et al. (16) showed that CRMs composed of

synergistic TFBS pairs in human promoters predict chromatin
localization intensity of certain hepatocyte nuclear factors in
human liver and pancreatic islets. Papatsenko and Levine (17)
experimented with several enhancer evaluation methods, iden-
tifying the score of the highest-scoring site and the average score
across high-scoring sites as the best predictors for Dorsal binding
in the Drosophila embryo.

Here we show that CRMs in proximal promoters can be used
to predict differential expression of downstream target tran-
scripts in terminally differentiated tissues from human and
mouse. For each tissue, we identify a single CRM-based predic-
tor that distinguishes elevated from inhibited tissue-specific
expression. We analyze predictors for a selected set of human
tissues. These include predictors based on experimentally vali-
dated cis-regulatory elements and predictors that are composed
of cis-regulatory elements identified in silico and provide direc-
tion for targeted experiments to follow.

Results
We constructed predictors for 28 tissues with data in both human
and mouse. We show that 80% of these predictors distinguish
elevated from inhibited tissue-specific expression with statistical
significance. Full descriptions of predictors, including CRM
composition and interaction models, for each of the 56 tissues
are available from the authors. Here, we describe the most
significant components of the CD4 and CD8 T cell predictors
and demonstrate a relationship between correct prediction in
these tissues and location of highest-likelihood ETS-1 binding
sites. We highlight properties of the liver predictors, which are
composed of CRMs that were identified in silico. We discuss
similarities between predictors for trigeminal ganglion, dorsal
root ganglia, skeletal muscle, ovary, and salivary gland; predic-
tors for these tissues suggest large-scale cell-cycle arrest pheno-
type, and the inhibited genes with common predictor signatures
in these tissues are likely to be regulated by similar transcription-
factor complexes. We conclude with a study of the predictive
ability of tissue-specific predictors on other human tissues,
arguing that functional similarity exists between tissues with
common prediction patterns.

Tissue-Specific Expression Predictors. Each expression predictor
describes combinatorial and synergistic relations between exper-
imentally verified or in silico-identified cis-regulatory motifs and
CRMs; cis-regulatory motifs are modeled by using position
weight matrices (18, 19), and CRMs are sets of motifs hypoth-
esized to act synergistically. Prediction errors, their statistical
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