
DNA MICROARRAYS AND GENE EXPRESSION

From experiments to data analysis and modeling

Massive data acquisition technologies, such as genome sequencing, high-
throughput drug screening, and DNA arrays are in the process of revolu-
tionizing biology and medicine. Using the mRNA of a given cell, at a given
time, under a given set of conditions, DNA microarrays can provide a snap-
shot of the level of expression of all the genes in the cell. Such snapshots
can be used to study fundamental biological phenomena such as develop-
ment or evolution, to determine the function of new genes, to infer the role
that individual genes or group of genes may play in diseases, and to
monitor the effect of drugs and other compounds on gene expression. This
interdisciplinary introduction to DNA arrays will be essential reading for
researchers wanting to take advantage of this powerful new technology.

pierre baldi is Professor and Director of the Institute for Genomics and
Bioinformatics in the Department of Information and Computer Science and in
the Department of Biological Chemistry at the University of California, Irvine.

wes hatfield is a Professor in the Department of Microbiology and Molecular
Genetics in the College of Medicine and the Department of Chemical
Engineering and Material Sciences in the School of Engineering at the University
of California, Irvine.

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521800226 - DNA Microarrays and Gene Expression: From Experiments to Data Analysis
and Modeling
Pierre Baldi and G. Wesley Hatfield
Frontmatter
More information

http://www.cambridge.org/0521800226
http://www.cambridge.org
http://www.cambridge.org


DNA MICROARRAYS AND
GENE EXPRESSION

From experiments to data analysis and modeling

PIERRE BALDI

University of California, Irvine

and

G. WESLEY HATFIELD

University of California, Irvine

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521800226 - DNA Microarrays and Gene Expression: From Experiments to Data Analysis
and Modeling
Pierre Baldi and G. Wesley Hatfield
Frontmatter
More information

http://www.cambridge.org/0521800226
http://www.cambridge.org
http://www.cambridge.org


published by the press  syndicate of the university of cambridge
The Pitt Building, Trumpington Street, Cambridge, United Kingdom

cambridge university press
The Edinburgh Building, Cambridge CB2 2RU, UK

40 West 20th Street, New York, NY 10011-4211, USA
477 Williamstown Road, Port Melbourne, VIC 3207, Australia

Ruiz de Alarcón 13, 28014 Madrid, Spain
Dock House, The Waterfront, Cape Town 8001, South Africa

http://www.cambridge.org

© Pierre Baldi and G. Wesley Hatfield 2002

This book is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,

no reproduction of any part may take place without
the written permission of Cambridge University Press.

First published 2002
Reprinted 2003

Printed in the United Kingdom at the University Press, Cambridge

Typeface Times NR MT 10/13pt System QuarkXPress™ [se ]

A catalogue record for this book is available from the British Library

Library of Congress Cataloguing in Publication data

Baldi, Pierre.
DNA microarrays and gene expression / Pierre Baldi and G. Wesley Hatfield.

p. cm.
Includes bibliographical references and index.

ISBN 0 521 80022 6
1. DNA microarrays. 2. Gene expression. I. Hatfield, G. Wesley, 1940–  II. Title.

QP624.5.D726 .B353 2002
572.8�65 – dc21 2001052862

ISBN 0 521 80022 6 hardback

The publisher has used its best endeavors to ensure that the URLs for external websites
referred to in this book are correct and active at the time of going to press. However, the

publisher has no responsibility for the websites and can make no guarantee that a site will
remain live or that the content is or will remain appropriate.

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521800226 - DNA Microarrays and Gene Expression: From Experiments to Data Analysis
and Modeling
Pierre Baldi and G. Wesley Hatfield
Frontmatter
More information

http://www.cambridge.org/0521800226
http://www.cambridge.org
http://www.cambridge.org


Contents

Preface page viii

1 A brief history of genomics 1

2 DNA array formats 7
In situ synthesized oligonucleotide arrays 7
Pre-synthesized DNA arrays 11
Filter-based DNA arrays 12
Non-conventional gene expression profiling technologies 13

3 DNA array readout methods 17
Reading data from a fluorescent signal 17
Reading data from a radioactive signal 21

4 Gene expression profiling experiments: Problems, pitfalls, and
solutions 29

Primary sources of experimental and biological variation 29
Special considerations for gene expression profiling in 

bacteria 32
Problems associated with target preparation with 

polyadenylated mRNA from eukaryotic cells 42
A total RNA solution for target preparation from eukaryotic

cells 44
Target cDNA synthesis and radioactive labeling for 

pre-synthesized DNA arrays 45
Data acquisition for nylon filter experiments 45
Data acquisition for Affymetrix GeneChip™ glass slide 

experiments 48
Normalization methods 49

v

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521800226 - DNA Microarrays and Gene Expression: From Experiments to Data Analysis
and Modeling
Pierre Baldi and G. Wesley Hatfield
Frontmatter
More information

http://www.cambridge.org/0521800226
http://www.cambridge.org
http://www.cambridge.org


5 Statistical analysis of array data: Inferring changes 53
Problems and common approaches 53
Probabilistic modeling of array data 55
Simulations 65
Extensions 69

6 Statistical analysis of array data: Dimensionality reduction,
clustering, and regulatory regions 73

Problems and approaches 73
Visualization, dimensionality reduction, and principal 

component analysis 75
Clustering overview 78
Hierarchical clustering 82
K-means, mixture models, and EM algorithms 85
DNA arrays and regulatory regions 90

7 The design, analysis, and interpretation of gene expression
profiling experiments 97

Experimental design 99
Identification of differentially expressed genes 100
Determination of the source of errors in DNA array

experiments 101
Estimation of the global false positive level for a DNA array

experiment 103
Improved statistical inference from DNA array data using a

Bayesian statistical framework 109
Nylon filter data vs. Affymetrix GeneChip™ data 109
Modeling probe pair set data from Affymetrix GeneChips™ 124
Application of clustering and visualization methods 124
Identification of differential gene expression patterns resulting

from two-variable perturbation experiments 125

8 Systems biology 135
Introduction 135
The molecular world: Representation and simulation 137
Computational models of regulatory networks 146
Software and databases 163
The search for general principles 165

vi Contents

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521800226 - DNA Microarrays and Gene Expression: From Experiments to Data Analysis
and Modeling
Pierre Baldi and G. Wesley Hatfield
Frontmatter
More information

http://www.cambridge.org/0521800226
http://www.cambridge.org
http://www.cambridge.org


Appendix A Experimental protocols 177
Appendix B Mathematical complements 185
Appendix C Internet resources 195
Appendix D CyberT: An online program for the statistical analysis

of DNA array data 199

Index 207

Contents vii

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521800226 - DNA Microarrays and Gene Expression: From Experiments to Data Analysis
and Modeling
Pierre Baldi and G. Wesley Hatfield
Frontmatter
More information

http://www.cambridge.org/0521800226
http://www.cambridge.org
http://www.cambridge.org


Preface

A number of array-based technologies have been developed over the last
several years, and technological development in this area is likely to con-
tinue at a brisk pace. These technologies include DNA, protein, and com-
binatorial chemistry arrays. So far, DNA arrays designed to determine gene
expression levels in living cells have received the most attention. Since DNA
arrays allow simultaneous measurements of thousands of interactions
between mRNA-derived target molecules and genome-derived probes, they
are rapidly producing enormous amounts of raw data never before encoun-
tered by biologists. The bioinformatics solutions to problems associated
with the analysis of data on this scale are a major current challenge.

Like the invention of the microscope a few centuries ago, DNA arrays
hold promise of transforming biomedical sciences by providing new vistas
of complex biological systems. At the most basic level, DNA arrays provide
a snapshot of all of the genes expressed in a cell at a given time. Therefore,
since gene expression is the fundamental link between genotype and pheno-
type, DNA arrays are bound to play a major role in our understanding of
biological processes and systems ranging from gene regulation, to develop-
ment, to evolution, and to disease from simple to complex. For instance,
DNA arrays should play a role in helping us to understand such difficult
problems as how each of us develops from a single cell into a gigantic super-
computer of roughly 1015 cells, and why some cells proliferate in an uncon-
trolled manner to cause cancer.

One notable difference between modern DNA array technology and the
seventeenth-century microscope, however, is in the output produced by
these technologies. In both cases, it is an image. But unlike the image one
sees through a microscope, an array image is not interpretable by the
human eye. Instead, each individual feature of the DNA array image must
be measured and stored in a large spreadsheet of numbers with tens to
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tens-of-thousands of rows associated with gene probes, and as many
columns or experimental conditions as the experimenter is willing to
collect. As a side note, this may change in the future and one could envision
simple diagnostic arrays that can be read directly by a physician.

Clearly, the scale and tools of biological research are changing. The
storage, retrieval, interpretation, and integration of large volumes of data
generated by DNA arrays and other high-throughput technologies, such as
genome sequencing and mass spectrometry, demand increasing reliance on
computers and evolving computational methods. In turn, these demands
are effecting fundamental changes in how research is done in the life sci-
ences and the culture of the biological research community. It is becoming
increasingly important for individuals from both life and computational
sciences to work together as integrated research teams and to train future
scientists with interdisciplinary skills. It is inevitable that as we enter farther
into the genomics era, single-investigator research projects typical of
research funding programs in the biological sciences will become less preva-
lent, giving way to more interdisciplinary approaches to complex biological
questions conducted by multiple investigators in complementary fields.
Statistical methods, in particular, are essential for the interpretation of
high-throughput genomic data. Statistics is no longer a poor province
of mathematics. It is rapidly becoming recognized as the central language
of sciences that deal with large amounts of data, and rely on inferences in
an uncertain environment.

As genomic technologies and sequencing projects continue to advance,
more and more emphasis is being placed on data analysis. For example, the
identification of the function of a gene or protein depends on many things
including structure, expression levels, cellular localization, and functional
neighbors in a biochemical pathway that are often co-regulated and/or
found in neighboring regions along the chromosome. Clearly then, estab-
lishing the function of new genes can no longer depend on sequence analy-
sis alone but requires taking into account additional sources of
information including phylogeny, environment, molecular and genomic
structure, and metabolic and regulatory networks. By contributing to the
understanding of these networks, DNA arrays already are playing a
significant role in the annotation of gene function, a fundamental task of
the genomics era. At the same time, array data must be integrated with
sequence data, with structure and function data, with pathway data, with
phenotypic and clinical data, and so forth. New biological discoveries will
depend strongly on our ability to combine and correlate these diverse data
sets along multiple dimensions and scales. Basic research in bioinformatics
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must deal with these issues of systems and integrative biology in a situation
where the amount of data is growing exponentially.

As these challenges are met, and as DNA array technologies progress,
incredible new insights will surely follow. One of the most striking results of
the Human Genome Project is that humans probably have only on the
order of twice the number of genes of other metazoan organisms such as
the fly. While these numbers are still being revised, it is clear that biological
complexity does not come from sheer gene number but from other sources.
For instance, the number of gene products and their interactions can be
greatly amplified by mechanisms such as alternative mRNA splicing, RNA
editing, and post-translational protein modifications. On top of this, addi-
tional levels of complexity are generated by genetic and biochemical net-
works responsible for the integration of multiple biological processes as
well as the effects of the environment on living cells. Surely, DNA and
protein array technologies will contribute to the unraveling of these
complex interactions. At a time when human cloning and organ regenera-
tion from stem cells are on the horizon, arrays should help us to further
understand the old but still largely unanswered questions of nature versus
nurture and perhaps strike a new balance between the reductionist determi-
nism of molecular biology and the role of chance, epigenetic regulation,
and environment on living systems. However, while arrays and other high-
throughput technologies will provide the data, new bioinformatics innova-
tions must provide the methods for the elucidation of these complex
interactions.

As we progress into the genomics era, it is anticipated that DNA array
technologies will assume an increasing role in the investigation of evolution.
For example, DNA array studies could shed light on mechanisms of evolu-
tion directly by the study of mRNA levels in organisms that have fast gener-
ation times and indirectly by giving us a better understanding of regulatory
circuits and their structure, especially developmental regulatory circuits.
These studies are particularly important for understanding evolution for
two obvious reasons: first, genetic adaptation is very constrained since most
non-neutral mutations are disadvantageous; and second, simple genetic
changes can serve as “amplifiers” in the sense that they can produce large
developmental changes, for instance doubling the number of wings in a fly.

On the medical side, DNA arrays ought to help us better understand
complex issues concerning human health and disease. Among other
things, they should help us tease out the effects of environment and life
style, including drugs and nutrition, and help usher in the individualized
molecular medicine of the future. For example, daily doses of vitamin C
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recommended in the literature vary over three orders of magnitude. In
fact, the optimal dose for all nutritional supplements is unknown.
Information from DNA array studies should help define and quantify the
impact of these supplements on human health. Furthermore, although we
are accustomed to the expression “the human body”, large response vari-
abilities among individuals due to genetic and environmental differences
are observed. In time, the information obtained from DNA array studies
should help us tailor nutritional intake and therapeutic drug doses to the
makeup of each individual.

Throughout the second half of the twentieth century, molecular biolo-
gists have predominantly concentrated on single-gene/single-protein
studies. Indeed, this obsessive focus on working with only one variable at a
time while suppressing all others in in vitro systems has been a hallmark of
molecular biology and the foundation for much of its success. As we enter
into the genomics era this basic paradigm is shifting from the study of
single-variable systems to the study of complex interactions. During this
same period, cell biologists have been following mRNA and/or protein
levels during development, and much of what we know about development
has been gathered with techniques like in situ hybridization that have
allowed us to define gene regulatory mechanisms and to follow the expres-
sion of individual genes in multiple tissues. DNA arrays give us the addi-
tional ability to follow the expression levels of all of the genes in the cells of
a given tissue at a given time.

As old and new technologies join forces, and as computational scientists
and biologists embrace the high-throughput technologies of the genomics
era, the trend will be increasingly towards a systems biology approach that
simultaneously studies tens of thousands of genes in multiple tissues
under a myriad of experimental conditions. The goal of this systems
biology approach is to understand systems of ever-increasing complexity
ranging from intracellular gene and protein networks, to tissue and organ
systems, to the dynamics of interactions between individuals, populations,
and their environments. This large-scale, high-throughput, interdiscipli-
nary approach enabled by genomic technologies is rapidly becoming a
driving force of biomedical research particularly apparent in the biotech-
nology and pharmaceutical industries. However, while the DNA array will
be an important workhorse for the attainment of these goals, it should be
emphasized that DNA array technology is still at an early stage of devel-
opment. It is cluttered with heterogeneous technologies and data formats
as well as basic issues of noise, fidelity, calibration, and statistical
significance that are still being sorted out. Until these issues are resolved
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and standardized, it will not be possible to define the complete genetic reg-
ulatory network of even a well-studied prokaryotic cell. In the meantime,
most progress will continue to come from focused incremental studies that
look at specific networks and specific interacting sets of genes and proteins
in simple model organisms, such as the bacterium Escherichia coli or the
yeast Saccharomyces cerevisiae.

In short, the promise of DNA arrays is to help us untangle the extremely
complex web of relationships among genotypes, phenotypes development,
environment, and evolution. On the medical side, DNA arrays ought to
help us understand disease, create new diagnostic tools, and help usher in
the individualized molecular medicine of the future. DNA array technol-
ogy is here and progressing at a rapid pace. The bioinformatics methods to
process, analyze, interpret, and integrate the enormous volumes of data to
be generated by this technology are coming.

Audience and prerequisites

In 1996, Hillary Rodham Clinton published a book titled It Takes a Village.
This book discusses the joint responsibilities of different segments of a
community for raising a child. Just like it takes individuals with different
talents to raise a child “it takes a village” to do genomics. More precisely, it
takes an ongoing dialog and a two-way flow of information and ideas
between biologists and computational scientists to develop the designs and
methods of genomic experiments that render them amenable to rigorous
analysis and interpretation. This book seeks to foster these interdisciplinary
interactions by providing in-depth descriptions of DNA microarray tech-
nologies that will provide the information necessary for the design and exe-
cution of DNA microarray experiments that address biological questions of
specific interest. At the same time, it provides the details and discussions of
the computational methods appropriate for the analysis of DNA microar-
ray data. In this way, it is anticipated that the computational scientists will
benefit from learning experimental details and methods, and that the biolo-
gist will benefit from the discussions of the methods for the analysis and
interpretation of data that results from these high dimensional experiments.

At this time, most biologists depend on their computational colleagues
for the development of data analysis methods and the computational scien-
tists depend upon their biologist colleagues to perform experiments that
address important biological questions and to generate data. Since this
book is directed to both fields, we hope that it will serve as a catalyst to facil-
itate these critical interactions among researchers of differing talents and
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expertise. In other words, we have tried to write a book for all members of
the genomic village. In this effort, we anticipate that a biologist’s full appre-
ciation of the more computationally intense sections might require consul-
tation with a computational colleague, and that the computational
scientists will benefit from discussions concerning experimental details and
strategies with the biologist. For the most part, however, this book should
be generally comprehensible by either a biologist or a computational scien-
tist with a basic background in biology and mathematics. It is written for
students, mostly at the graduate but possibly at the undergraduate level, as
well as academic and industry researchers with a diverse background along
a broad spectrum from computational to biomedical sciences. It is perhaps
fair to say that the primary readers we have in mind are researchers who
wish to carry out and interpret DNA array experiments. To this end, we
have endeavored to provide succinct explanations of core concepts and
techniques.

Content and general outline of the book

We have tried to write a comprehensive but reasonably concise introductory
book that is self-contained and gives the reader a good sense of what is
available and feasible today. We have not attempted to provide detailed
information about all aspects of arrays. For example, we do not describe
how to build your own array since this information can be obtained from
many other sources, ranging from Patrick Brown’s web site at Stanford
University to a book by Schena et al.1 Instead, we focus on DNA array
experiments, how to plan and execute them, how to analyze the results,
what they are good for, and pitfalls the researcher may encounter along the
way.

The topics of this book reflect our personal biases and experiences. A
significant portion of the book is built on material from articles we have
written, our unpublished observations, and talks and tutorials we have pre-
sented at several conferences and workshops. While we have tried to quote
relevant literature, we have concentrated our main effort on presenting the
basic concepts and techniques and illustrating them with examples. The
main focus of this book is on methods – how to design, execute and inter-
pret a gene expression profiling experiment in a way that remains flexible
and open to future developments.

In Chapter 1 we present a brief history of genomics that traces some of

Preface xiii

1 Brown, P. http://cmgm.stanford.edu/pbrown; Schena, M. (ed.) Microarray Biochip
Technology. 2000. Eaton Publishing Co., Natick, MA.
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the milestones over the past 50 years or so that have ushered us into the
genomics era. This history emphasizes the technological breakthroughs –
and the authors’ bias towards the importance of the model organism
Escherichia coli in the development of the paradigms of modern molecular
biology – that have led us from the enzyme period to the genomics era.

In Chapter 2 we describe the various DNA array technologies that are
available today. These technologies range from in situ synthesized arrays
such as the Affymetrix GeneChip™, to pre-synthesized nylon membrane
and glass slide arrays, to newer technologies such as electronic and bead-
based arrays.

In Chapter 3 we describe the methods, technology, and instrumentation
required for the acquisition of data from DNA arrays hybridized with
radioactive-labeled or fluorescent-labeled targets.

In Chapter 4 we consider issues important for the design and execution
of a DNA array experiment with special emphasis on problems and pitfalls
encountered in gene expression profiling experiments. Special considera-
tion is given to experimental strategies to deal with these problems and
methods to reduce experimental and biological sources of variance.

In Chapter 5 we deal with the first level of statistical analysis of DNA
array data for the identification of differentially expressed genes. Due to the
large number of measurements from a single experiment, high levels of
noise, and experimental and biological variabilities, array data is best
modeled and analyzed using a probabilistic framework. Here we review
several approaches and develop a practical Bayesian statistical framework
to effectively address these problems to infer gene changes. This framework
is applied to experimental examples in Chapter 7.

In Chapter 6 we move to the next level of statistical analysis involving the
application of visualization, dimensionality reduction, and clustering
methods to DNA array data. The most popular dimensionality and cluster-
ing methods and their advantages and disadvantages are surveyed. We also
examine methods to leverage array data to identify DNA genomic
sequences important for gene regulation and function. Mathematical
details for Chapters 5 and 6 are presented in Appendix B.

In Chapter 7 we present a brief survey of current DNA array applica-
tions and lead the reader through a gene expression profiling experiment
taken from our own work using pre-synthesized (nylon membrane) and in
situ synthesized (Affymetrix GeneChip™) DNA arrays. Here we describe
the use of software tools that apply the statistical methods described in
Chapters 5 and 6 to analyze and interpret DNA array data. Special empha-
sis is given to methods to determine the magnitude and sources of experi-

xiv Preface

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521800226 - DNA Microarrays and Gene Expression: From Experiments to Data Analysis
and Modeling
Pierre Baldi and G. Wesley Hatfield
Frontmatter
More information

http://www.cambridge.org/0521800226
http://www.cambridge.org
http://www.cambridge.org


mental errors and how to use this information to determine global false
positive rates and confidence levels.

Chapter 8 covers several aspects of what is coming to be known as
systems biology. It provides an overview of regulatory, metabolic, and sig-
naling networks, and the mathematical and software tools that can be used
for their investigation with an emphasis on the inference and modeling of
gene regulatory networks.

The appendices include explicit technical information regarding: (A)
protocols, such as RNA preparation and target labeling methods, for DNA
array experiments; (B) additional mathematical details about, for instance,
support vector machines; (C) a section with a brief overview of current
database resources and other information that are publicly available over
the Internet, together with a list of useful web sites; and (D) an introduction
to CyberT, an online program for the statistical analysis of DNA array
data.

Finally, a word on terminology. Throughout the book we have used for
the most part the word “array” instead of “microarray” for two basic
reasons: first, in our minds DNA arrays encompass DNA microarrays;
second, at what feature density or physical size an array becomes a microar-
ray is not clear. Also, the terms “probe” and “target” have appeared inter-
changeably in the literature. Here we keep to the nomenclature for probes
and targets of northern blots familiar to molecular biologists; we refer to
the nucleic acid attached to the array substrate as the “probe” and the free
nucleic acid as the “target”.
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