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ABSTRACT

There exist many heterogeneous data sources that are closely related to gene regulatory networks. These
data sources provide rich information for depicting complex biological processes at different levels and
from different aspects. Here, we introduce a linear programming framework to infer the gene regulatory
networks. Within this framework, we extensively integrate the available information derived from mul-
tiple time-course expression datasets, ChIP-chip data, regulatory motif-binding patterns, protein-protein
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A Linear Programming Framework

interaction data, protein-small molecule interaction data, and documented regulatory relationships in
literature and databases. Results on synthetic and real experimental data both demonstrate that the linear
programming framework allows us to recover gene regulations in a more robust and reliable manner.

INTRODUCTION

Cells efficiently carry out molecular synthesis, energy transduction, and signal processing across a
range of environmental conditions by gene networks, which we define broadly as networks of interact-
ing genes, proteins, and metabolites. Microarray technologies enable the simultaneous measurement
of all RNA transcripts in a cell, producing tremendous amounts of gene expression data from different
research groups. For instance, the Stanford Microarray Database (SMD) has deposited data for 70,113
experiments, from 341 labs and 56 organisms, as of 2007 (Demeter et al., 2007). Thus there is a press-
ing need for the development of sophisticated algorithms for reverse-engineering gene networks. So
far, many computational algorithms have been developed to analyze gene expression profiles to detect
dependencies among genes over different conditions.

Generally speaking, there are two strategies for studying the relationships among genes. The “physi-
cal (direct) interaction” approach seeks to identify true physical interactions between regulatory proteins
and their binding promoters to reconstruct the so-called transcriptional regulatory network (R. S. Wang,
Wang, Zhang, & Chen, 2007). The second strategy, the “genetic (indirect) interaction” approach seeks
to identify regulatory influences between RNA transcripts to reconstruct the so-called gene regulatory
network (Y. Wang, Joshi, Zhang, Xu, & Chen, 2006). Thus, in general, the regulator transcripts may
exert their effects indirectly through the action of proteins, non-coding RNA, metabolites, and the cell
environmental factors. An advantage of the influence strategy is that the model can implicitly capture
regulatory mechanisms at the protein and metabolite level that are not physically measured (Gardner &
Faith, 2005). In this study we focus on the inference problem for gene regulatory networks. The detailed
descriptions on the first strategy, i.e. inferring transcriptional regulatory networks, can be found in (R.
S. Wang et al., 2007).

So far, a wide variety of approaches have been proposed to infer gene regulatory networks from
time-course data or perturbation experiments (De Hoon, Imoto, Kobayashi, Ogasawara, & Miyano,
2003; Dewey & Galas, 2001; Friedman, 2004; Gardner, di Bernardo, Lorenz, & Collins, 2003; Holter,
Maritan, Cieplak, Fedoroff, & Banavar, 2001; Husmeier, 2003; Nachman, Regev, & Friedman, 2004;
Tegner, Yeung, Hasty, & Collins, 2003). These approaches include discrete models of Boolean networks
and Bayesian networks, and continuous models of neural networks and difference/differential equations.
A common challenge for all these models is the scarcity of the data, since a typical gene expression
dataset consists of relatively few time points (often less than 20) with respect to a large number of genes
(generally over thousands). In other words, the number of genes far exceeds the number of time points
for which data are available, making the problem of determining gene regulatory network structure a
difficult and ill-posed one (D’Haeseleer, Liang, & Somogyi, 2000).

On the other hand, there are many heterogeneous data sources closely related to gene regulatory
networks. These data sources provide rich information for depicting complex biological processes in
cellular systems at different levels and from different aspects. It is necessary and important to understand
gene expression and regulation through mining these data sources. Currently high-throughput microar-
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