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Preface

During the last five years, the development of new technologies capable of monitoring
genome function has gone from hopeful estimates to very solid depictions of genome
output from individual samples. The application of this technology to the fields of
endocrinology has resulted in new insights as well as the recognition that refinements in
biological sampling, technology, experimentation, and data analysis and interpretation
will yield a wealth of new understandings. In this volume, forty-five plus authors have
contributed descriptions of a variety of investigations that reflect the beginnings of
an integrated understanding of how different biological systems respond to endocrine
signals. The development and application of focused studies that can reveal the mecha-
nisms of endocrine action is a major and exciting challenge. Endocrine actions are
divided over a broad range of mechanisms that encompass development, homeostasis,
reproduction, and environmental adaptiveness of cells, tissues, systems, and organisms.
Given adequate experimental design and analysis, gene expression profiling can provide
considerable insight into endocrine system functions, responses, and interactions.

In our introductory chapter, we describe several issues in hypothesis formulation,
experimental design, data analysis, and follow-up studies that may corroborate, validate,
and extend hypotheses gained through microarray analyses. The contributed chapters
span a variety of applications that we have divided into the areas of (1) genomic insights
into molecular mechanisms responsible for hormone action, (2) genomic characteri-
zations of endocrine producing tissues, and (3) genomic manifestations of diseases of
hormonal systems.

We thank all of the authors for their efforts in summarizing some of their current
understandings and to the members of our departments and institution who have shown
patience and provided support for our efforts. We would also like to thank Humana
Press for their enthusiasm on this project, and Allene Ford and Nancy Fehr for their
invaluable assistance.

Stuart Handwerger
Bruce J. Aronow
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1 Microarray-based Gene Expression
Analysis of Endocrine Systems:
Principles of Experimental Design
and Interpretation

Anil G. Jegga, DVM, Bruce J. Aronow, PhD,
and Stuart Handwerger, MD

CONTENTS

Introduction

Gene Expression Profiling Studies in Endocrinology

Design of Experiments Using Microarray Assays

Principles of Microarray Data Analysis

Microarray Data Complexity and Selection of Appropriate

Statistical Methods

Microarray Experiments and Extraction

of Biological Information

Microarray Data—Storage, Standards and Exchange

Microarray Data Validation

Microarrays—Pitfalls and Limitations

Literature Overview—Further Reading

Conclusions

References

Abstract

The fundamental rationale for the use of microarray-based gene expression profiling to characterize
biological samples is based in part on the principle that cells, tissues, and perturbations applied to
them can be characterized on the basis of their relative expression of genes and transcripts. Different
biological states, cell types, and influences can be distinguished based on transcriptional profiles and the
change in the relative levels of different genes and gene groups. This genomic expression profile-based
discovery of biological states and effector-actions represents an essential element of a systems-based
whole-genome approach to characterizing cells and tissues, and differs from the characterization of
individual gene expression changes in isolation from one another, and has the potential to increase
knowledge in all fields of biomedicine. The past two decades have seen a paradigm shift in which
medical genetics has moved from being a tool of the basic investigator to play a role in the mainstream

From: Contemporary Endocrinology: Genomics in Endocrinology:
DNA Microarray Analysis in Endocrine Health and Disease

Edited by S. Handwerger and B. Aronow © Humana Press, Totowa, NJ
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4 Genomics in Endocrinology

of medical practice. Identification of genetic causal agents of common endocrine disorders, deciphering
underlying molecular pathophysiology of known conditions, development of new predictive tests for
genetic abnormalities, and applications in the field of therapeutics are some of the implications of this
shift. Endocrine systems, in particular, offer tremendous opportunities for the use of genomic analyses
to understand physiological and pathological responses and effectors without being biased to a particular
gene or set of genes. Therefore, the responses of diverse and potentially diversely affected systems can be
broadly evaluated, constrained only by the limitation that there may be either a primary or secondary impact
on transcript abundance. This emerging concept—endocrinomics—thus has the potential to significantly
impact the field of endocrine research and clinical practice. However, advancements in the field are also
limited by problems in collecting comprehensive datasets, the inherent complexity of multiple interacting
systems, genetic variations between individuals, and some cumbersomeness associated with expression
profiling technology and data analysis itself. This chapter discusses some of the issues to be considered
in the design and analysis of microarray experiments for the characterization of endocrine-regulated
systems.

INTRODUCTION

Investigators have observed correlations and cause-and-effect relationships between
the expression and functions of known genes and biological phenotypes or human
diseases for more than a half-century. Previously, this was done for one or a few genes
at a time, relying on the use of nucleic acid (in situ hybridization, Northern blotting,
etc.) or antibody (immunocytochemistry, Western blotting, etc.) probes. Descriptions
of gene expression had been largely dependent on the availability of these probes
and the intuition of researchers. However, continuing advances in the availability of
genomic data associated with the Human Genome Project, the parallel development of
microarray technology, and cross-species insights into conserved and evolved genome
structures and functions have provided the means to perform global analyses of the
expression of thousands of genes in a single assay. This has changed the landscape of
biomedical research, but has created a gap in understanding of the general approaches
that can be used by clinical investigators to map novel genes and biological states
that occur in relatively unique patient populations and experimental conditions. The
application of highly consistent and calibrated approaches to genomic expression
profiling of clinical and experimental samples has considerable promise to generate
new biological opportunities for both basic and clinical scientists. The conventional
paradigm of clinical practice and endocrine research has typically involved the evalu-
ation of single pathways and clinical indications, and the formulation of interventions
that largely separate processes or phenomena, molecules and interactions. Although
generally successful, this approach has limitations that are becoming increasingly
evident as the frontiers of our understanding enter areas of higher complexity, e.g.,
the interactions of individual patient genetics, nutritional state, and co-morbidities in
shaping a physiological or pathophysiological set of conditions and resulting disease
processes. A full understanding of biological processes, including endocrine ones, can
therefore only come from a systems approach in which interacting components are
measured and understood with respect to their participation in normal and disease
processes. Although current biomedical science is still far from this ideal, development
and judicious use of unbiased assessment tools such as whole-genome expression
profiles, combined with well-designed experimental approaches, have the potential to
provide novel insights into biological systems.
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A microarray or “gene chip” measures the relative expression levels of a gene by
determining the amount of messenger RNA that is present (mRNA abundance) in one
sample versus another. A microarray is composed of thousands of nucleotide sequences
(probes), usually DNA, that can hybridize to complementary DNA or RNA that is
usually fluorescently labeled. Nucleotide sequences are placed in specific arrangement,
usually on a silicon microchip or a glass slide. Depending on the type of arrays, the
DNA sequences can be short (oligonucleotide arrays) or long (cDNA arrays). The
underlying principle of microarrays is that complementary sequences will bind to
each other under proper conditions, whereas non-complementary sequences will fail to
bind. Probes are usually designed to be gene- or transcript-specific. On a microarray,
thousands of different nucleotide sequences are arranged in a grid or array, with
each array position containing a DNA sequence from a particular gene. When labeled
transcripts from a biological sample of interest are hybridized to the array, the level
of binding to the array is proportional to the abundance of the labeled molecules that
contain the corresponding sequence. High-intensity binding indicates that there is high
abundance of the corresponding transcript.

To place these new developments in context for endocrinologists, this review will
present an overview of issues to be considered in the experimental design of a
microarray study and in data analysis. In addition, some of the opportunities and perils
offered by public database data storage and data exchange will be discussed.

GENE EXPRESSION PROFILING STUDIES IN ENDOCRINOLOGY

When a target tissue is sampled, it is generally the case that different cell types
in the tissue have different responses. Some cells may be affected directly, while
others may respond secondarily based on an adjacent primary response. Thus, even
a distal endocrine-regulated response may be composed of a combination of different
endocrine mechanisms. Microarray technology has the power to dissect these different
responses, provided that there is separation of different cell types from the target
tissue. Thus, a fundamental consideration in experimental design involves the decision
to profile the entire tissue or specific cell types. Variables include relatively simple
factors such as time of sampling relative to the addition or inhibition of hormones or
drugs, dose-response characteristics, combinatorial interactions, and different modes of
administration. Biological systems are also highly responsive to many factors, such as
genetic, nutritional, environmental perturbations that can lead to alterations in endocrine
status and hormonal responsiveness. Conventional endocrine experiments usually test
in isolation the effects of a single hormone, metabolic, or regulatory state or stimulus
on the expression levels or functional state of one or more gene products. A basic
drawback of this approach is that it disregards the complexity of biological systems.
Some of the reductionism inherent in conventional single gene or protein analysis
is overcome by the advent of microarray technology, but the need to control and
evaluate other physiologic variables in a powerful experimental study design cannot
be overcome by the use highly sensitive whole genome expression profile analysis.
Indeed, the sensitivity to independent transcriptional effects of different individual
stimuli poses a critical requirement for careful control and extensive replication and
sampling in an experimental study design.
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The sensitivity offered by whole-genome transcript profiling is particularly high
with respect to its ability to identify new genes that are endocrine factor-responsive
as well as genes that respond coordinately in characteristic behaviors. For example,
DNA microarray-based gene expression studies have identified 45 genes not previ-
ously identified as thyroid hormone-responsive genes (1). Similarly, the specificity of
insulin versus IGF1 signaling (2) could be discriminated using cDNA microarrays,
with 30 of 2221 genes tested increased in presence of IGF1 but not by insulin. Of
these, 27 genes were not previously reported as being IGF1-responsive genes. A
good example of the application of microarrays to problems in clinical endocrinology
is the characterization of Hurthle cell tumors and a determination of the clinical
significance of identified phenotypes (3). Cancer subtype-specific signature profiling
has the potential to help in treatment option selection, ranging from conservative
to very aggressive, and for the selection of tumors that are likely to respond to
endocrine-based therapies involving systems such as breast cancer, thyroid cancer, and
prostate cancer. Thus, empirically defined relations between outcome and the specific
“expression signature” of the particular tumor may permit more refined decision
making, even before the functional significance of the different expression patterns
is understood (3). In addition, microarray-based gene expression studies have the
potential to unravel very fine and unexpected mechanisms modulated by hormones
(see Table 1 for examples of endocrinology studies using DNA microarrays). As
a first step towards an integrative understanding of biologic responses to hormonal
agents, and the impact of this explosion of data, and to use this information towards
an integrative understanding of biological processes, a wide variety of computational
methods have been developed to detect co-expressed and co-regulated gene groups that
define cellular states, activities, and responses. These state-specific and factor-regulated
based signatures represent building blocks for the assembly of new views of biological
systems.

Table 1
Examples of Some Studies in Endocrinology Using DNA Microarrays

Study Tissue Reference

Aldosterone vasopressin Kidney cells Robert-Nicoud et al. (50)
Androgen Prostate cancer cells Xu et al. (51)
Atherogenic stimulus Human arterial endothelial

cells
de Waard et al. (52)

Corticosteroid Rat hippocampus Datson et al. (53)
ER-alpha Breast carcinoma cells Gruvberger et al. (54)
Estrogen and Progesterone Mouse lacrimal gland Suzuki et al. (55)
Trophoblast differentiation Placenta Aronow et al. (56)
Insulin and IGF1 Mouse fibroblast NIH-3T3 Dupont et al. (2)
Progesterone and dexamethasone Human endometrial cancer

Ishikawa H cells
Davies et al. (57)

Vasopressin Hypothalamoneurohypophyseal
system in rats

Hindmarch et al. (58)
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In the chapters that follow, the authors demonstrate profiling studies of a range
of endocrine systems that reveal the magnitude of the challenge and opportunity
to gain systems-level understanding of hormone actions and mechanisms in health
and disease. In further sections of this chapter, we shall discuss the principles
of experimental design that enable characterization of different endocrine-regulated
systems.

DESIGN OF EXPERIMENTS USING MICROARRAY ASSAYS

In order to characterize biological systems based on their transcriptional states and
responses, it is important to establish that there are reproducible differences between
samples in one condition or state and those in another state. For example, differences
between states that are determined or influenced by differential hormonal treatment
effects. To establish hormonal factor influences on gene expression, one must show
that hormone-induced expression alterations are sufficiently consistent in a base state
and differ from those in the perturbed state (Fig. 1). Several experimental approaches
can accomplish this, including the demonstration of dose-responsiveness, sensitivity
to inhibition, and specificity of effects in a particular context or target cell. It is also
important to use multiple trials for the occurrence of a treatment–effect test of the
observations that demonstrate a significant effect on treated samples (4,5). A variety of
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Fig. 1. Examples of genes whose expression is reproducibly altered in cells by hormone treatment.
Gene expression was measured in four cultures of cells subjected to a single dose of hormone for
a fixed time and was compared to that in four untreated cultures. Gene expression values in each
isolate were referenced relative to the median of gene expression in the untreated samples and a
Student’s t-test corrected with Benjamini-Hochberg false discovery rate testing (FDR < 0.001) was
used to identify the genes that differed in their expression between ± hormone-treated groups.
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interesting phenomena can be observed based on the intrinsic variability of biological
systems. The basic principle is that genes that function together tend to be regulated
together. Thus, when many thousands of genes are measured over a large number of
related samples (usually much greater than 5), coordinate patterns of regulation can
be detected among small groups of genes. A number of factors influence one’s ability
to recognize clusters of coordinate regulation. These include the types of biological
samples, their treatments or perturbations, and the technical accuracy of gene expression
measurements. As increasing numbers of samples and related states are measured, one
is able to detect improved correlations among groups of genes and among groups
of samples. This allows both genes and samples to be clustered according to the
genes and samples that share relative activation patterns. Biological systems vary in
many complex manners. Occurrence of some variability among biological samples
is inevitable, but some strong patterns cannot be fully anticipated prior to initial
experimentation. Thus, pilot experiments can greatly improve insight into biological
variation under different circumstances and can provide useful guidance into the range
of samples necessary to achieve statistical significance. An excellent discussion of
power calculations and a novel system for exploring baseline variation in microarray
experiments can be found in Page et al. (6). Careful control of experimental conditions
can minimize variation due to secondary unknown factors, but stochastic, hidden, or
intrinsic variables can cause significant within-group biological variation. Similarly,
treated samples may differ in the extent of treatment effect, often for reasons that
cannot be identified or stringently controlled.

The range of experimental variables that are able to impact critically on responses
of endocrine systems is large. However, these modifying factors must therefore be
considered carefully in experimental designs. Examples of modifying factors include
hormone forms and combinations, dose, route of administration, cofactors that modify
distribution, metabolism, degradation, elimination, host pre-treatment factors including
environmental, other hormonal influences, target system sampling timings, consistency
of target tissue dissection, and intrinsic compositional variability of target tissues.
Tissue dissection and intrinsic compositional variability can impart very large effects
and may be difficult to control at collection time. It is possible to detect and adjust
for the effects of this following data collection. However, the presence of these
variables in a sample series can seriously affect one’s ability to identify genes that are
regulated by the variable of interest (such as the effect of the hormonal influence or
disease state). Examples include adjacent tissue that is hard to recognize at the time of
dissection or the presence of variable compositions of cell types in blood in different
individuals. Additional non-biologic factors associated with individual samples for
microarray analysis include tissue preservation methods and RNA quality. RNA quality
is critical to assure, particularly for post-mortem samples; and a variety of methods
are available to do this (7–12). Microarray platform and technology factors that impact
on variability include cDNA amplification, probe labeling, hybridization conditions,
and washing (13). There are a variety of methods that can be employed to control,
measure, and normalize these variables (14–16).

As a general rule, experimental conditions should be standardized as much as
possible and measurements should be extensively replicated in separate treatment
trials. As discussed earlier, while there is no single answer to the question of how
many replicates are necessary per treatment condition, various investigations have



Microarray-based Gene Expression Analysis of Endocrine Systems 9

approached this as a “power analysis” problem (6). In general, the number of samples
that are necessary is proportional to the magnitude of the treatment effect relative to
the magnitude of the sum of other factor effects within a biological group. There are
two types of replicates. A technical replicate is a separate analysis of an identical
RNA sample. Highly reproducible technical methods (i.e., labeling, hybridization, and
measurement) require little or no technical replication. However, the accuracy of gene
expression measurements from technologies that are somewhat noisy (i.e., home-built
cDNA microarrays, some RNA amplification methods) can be substantially improved
by the use of technical replication methods. The effect of technical variations is to
increase the numbers of genes falsely changed in repeated measurements. A sample that
is to be technically replicated should be separately sampled from a given RNA aliquot
and subjected to separate labeling, hybridization, washing, and scanning. Conversely,
biological replicates are independently treated samples that have been subjected to
parallel dissection, purification, and quantifications as other samples within its group
(Fig. 2).

If all these issues are taken into account in the experimental design, microarray exper-
iments provide reliable data on gene expression at a systems level (17). Until recently,
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Fig. 2. Distributions of relative gene expression level changes imparted by two doses of a hormonal
factor on independent samples. Even within highly replicated studies, there will be an intrinsic
distribution of the magnitude of the effect in separate samples.
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the amount of RNA required for reliable microarray experiments using conventional
labeling of RNA has been in the range of 5–100 μg of total RNA (18). However,
recent advances in RNA labeling have allowed laser-capture microdissected samples
to approach conventional labeling protocols with respect to signal reliability and
data reproducibility (http://www.epibio.com/targetamp/TargetAmpPoster1005_lg.pdf).
Before one proceeds to interpret microarray data related to a physiological or
pathological state, the important question that needs to be addressed is “What between-
samples and between-groups gene expression differences are signatures of the intro-
duced perturbation?” For any system under study, it is important to understand both
the magnitude and diversity of gene expression in the normal unperturbed state—i.e.,
the range of values presented by independently sampled entities—versus expression
patterning that is introduced by treatments and other factors. For example, variability
between cultured cells that are grown as a pool and then plated separately is generally of
a smaller magnitude than that occurring between independent culture isolates obtained
from genetically diverse individuals—e.g., in a tissue biopsy. Following treatment
with a hormone, cultured cell systems demonstrate subgroups of genes that exhibit
variable responses, with respect to magnitude, time and dose effects. However, a
series of human subjects would be expected to show several additional levels of
variability in their responses, including genetic, nutritional, and a range of other
environmental or situational variables that may impact on the biological response to
hormone treatment. In addition, some markers may respond to the hormone only if
another variable is operative. The combination of these effects may lead to other
secondary responses that in effect make for elaborate levels of complexity. Allison
et al. have summarized the problems presented by biological variability in a recent
review (19). They point out that: (a) biological replication is essential; (b) there is
strength in numbers—power and sample size; (c) pooling biological samples can
sometimes be useful; and (d) avoiding confounding effects introduced by extraneous
factors is crucial (19). The occurrence of extraneous factors, however, may also
be unavoidable. Consequently, an effective adaptation to biological variability is to
undertake an experimental design strategy in which a large number of biologically
similar samples are sampled. This approach allows many individuals within a group
to corroborate the occurrence of expression patterns that are not necessarily shared by
all members of the overall group. Another useful adaptation is to undertake the ascer-
tainment of additional variables that may significantly influence independent sample
responses.

PRINCIPLES OF MICROARRAY DATA ANALYSIS

Data handling, normalization, pattern detection, and biological network and ontology
significance analyses are important issues that can greatly affect the interpretation
of microarray-based gene expression studies. Optimal strategies for the analysis of
microarray data are areas of intense investigation. Two basic approaches are usually
adopted for microarray data analysis: (a) exploratory approaches in which data are
analyzed to identify genes and biological samples within an experimental series that
exhibit similar or correlated patterns of expression; and (b) classifier approaches in
which gene expression variations among samples are related to known classes of
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samples, e.g., genes whose relative expression patterns distinguish normal, hormone-
affected, hormone-deficient, or diseased tissues. The former approach is also referred
to as unsupervised analyses because there is no constraint on which the samples should
be treated as similar. The classification approach is a supervised analysis because the
different samples are treated as separate classes.

The usual computational approach is to discover the optimal number of classes using
an unsupervised learning procedure, i.e., cells or tissues with similar patterns of gene
expression based on a correlation or distance score. There are various methods for
partitioning samples into groups based on their gene expression profiles. A common
unsupervised method is hierarchical pairwise clustering based on average-linkage
between clusters to identify the most closely related classes in a tree representation
of the relationships. Hierarchical clustering has successfully analyzed global gene
expression that occurs in MEN1 (multiple endocrine neoplasia)-associated neuroen-
docrine tumors (20). Many genes were identified that are differentially expressed in
neuroendocrine tumors arising in patients with the MEN1 syndrome as compared to
normal human islet cells. Gene clusters are then subjected to manual or automated
procedures to evaluate whether there is evidence for co-functionality of genes within
the clusters and whether or not other clustering patterns provide additional data insights
for the classification or shared perturbations among the sample series. Other unsuper-
vised methods that have been used for microarray data analysis of endocrine disorders
include principal component analysis to discover cardiovascular risk factors associated
with the insulin resistance syndrome (21).

Supervised learning methods are a step more advanced than supervised analysis
and require building and training a model to classify and then recognize unknown
samples. Models are trained using a set of known samples that conform to predefined
classes, and then a gene classifier is extracted from the training set that can be used to
predict the occurrence of classes within the test set, thus validating the classifier genes.
Alternatively, the same set can be used for both training and validation, by iteratively
removing one or more members of the set from the training step and refining a list of
genes that can validly predict all permutations (22). Genes can be classified as well.
For example, Soinov et al. have employed supervised learning methods to reconstruct
and extend known gene networks from expression data (23). A general problem with
supervised learning methods is that of “overfitting the data” to the training samples. This
leads to the derivation of classifiers that are only useful for classifying samples within
a dataset, but are not able to classify samples that are more variable or diverse (22,24).
This problem tends to result from inadequate numbers of independent experimental
replications, but different circumstances and variance patterns significantly differ in
the strength and reproducibility. This leads to more or less robustness of different
expression profile classifiers.

MICROARRAY DATA COMPLEXITY AND SELECTION
OF APPROPRIATE STATISTICAL METHODS

As listed before, there are many sources of noise and experimental variation in
microarray-based gene expression data. In fact, every stage of the experiment—sample
preparation, RNA labeling, hybridization, signal and background measurement, and
variation between biological samples—is vulnerable to noise and signal variation. The
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net effect makes the task of extracting a list of significantly regulated or differentially
expressed genes a formidable one—replete with both false-negative and false-positive
predictions. Unfortunately, no simple solution can overcome these challenges, and
finding the most suitable experimental design and data analysis for different questions
remains a matter of contention among statisticians and biologists.

Microarray experiments require careful planning and execution as well as creative
statistical and bioinformatics analyses. Experimental design and data analysis should be
based on a clear understanding and statement of the experimental goals and overarching
hypotheses. The experimental design should identify sources of variation and measure
them. For example, the additional measurement of growth response of a tissue to a
hormonal treatment can provide a strong basis for correlating gene expression changes.
Nearly any measurement of biological response of a tissue to a treatment can provide
an excellent basis for examining gene expression patterns. A good yardstick is to use,
at minimum, three or four biological replicates. As cost is always a consideration, the
number of treatments or time points can be reduced in favor of biological replication.
However, discriminating early, middle and late responses can provide powerful insights
into a biological process. In experiments that depend on tissues, samples from patients
in groups that differ in drug sensitivity, clinical outcome, or clinical diagnosis can
provide powerful bases for separating gene expression pattern differences between each
group. Analysis of variance models allow for the detections of gene expression pattern
differences that are greater between groups than within-group variations. Samples
from single individuals should generally not be pooled but rather should be used
to perform individual hybridization reactions. However, pooling samples can allow
for an initially inexpensive approach to very expensive questions. However, there
are also many problems with pooled sample analyses that diminish the usefulness
of observations derived from them. In general, sample-to-sample reproducibility is
a highly powerful significance measure, and sometimes genes that vary by larger
magnitudes are not the ones that are most linked to the underlying difference in sample
treatments. Thus, studies that contain small numbers of samples tend to generate lists
of genes with expression changes that are not fully reproducible over multiple trials.
Genes whose expression changes are not reproducible are termed false-positives. Genes
not identified, whose expression changes are lower but more reproducible, are also
characteristic of small sample experiments (termed false-negatives). Both improved
statistical tests and more extensive experimental replications are necessary to overcome
sensitivity and specificity issues.

A major contribution to microarray data analysis has been the application of formal
statistical methods, including linear and non-linear models, anova, and the appli-
cation of sophisticated background and data normalization methods (14–16). For
instance, the use of linear models for microarray analysis in the BioConductor package
(http://www.bioconductor.org) (25), which is based on the open source R statistical
programming language, supports many of these statistical methods and can allow for
the assessment of differential expression in the presence of multiple interacting and
non-interacting experimental variables.

R is a popular statistical programming language package used by researchers, and
has been vigorously embraced by the microarray data analysis community. R itself
is command-line driven and includes graphics utilities, and enables scripting and
derivation of a wide variety of statistical methods and algorithms. One can, therefore,
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write programs to suit specific tasks or projects, making them ideal for microarray
analysis. R includes both simple statistics, e.g., calculation of variance, standard devia-
tions, chi-square tests, etc., and more complex permutation and machine learning-based
algorithms.

Bioconductor is a collection of many tools that operate on genomic data for various
purposes (25). This is not just restricted to statistical tools, but includes annotation and
database tools also. Each of these tools has a solid grounding on R and data can be
dynamically interchanged between tools. The “Literature Overview—Further Reading”
section later in this chapter lists some of the microarray data analysis packages and
extended descriptions.

GeneSpring (Agilent, Inc. Palo Alto, CA, USA), Spotfire (Göteberg, Sweden), Partek
(St Louis, MO, USA), and GeneSifter (VizXlabs, Seattle, WA, USA) are excellent
commercial tools for microarray data analysis that incorporate lots of Swiss-army
knife-like functions necessary to accomplish the first few stages of data analysis,
including data input, normalization, referencing, statistical group and expression pattern
filtering, and clustering and pattern significance evaluations. Interestingly, GeneSpring
has developed methodologies to interact fully with R and BioConductor, and is quite
versatile and popular.

MICROARRAY EXPERIMENTS AND EXTRACTION
OF BIOLOGICAL INFORMATION

Once the sample-handling and bioinformatics aspects are appropriately managed,
the investigator is still presented with the task of choosing among many potentially
interesting differentially expressed genes for further study and the evaluation of the
overall biological significance. This task can be simplified, e.g., by focusing on genes
with known or putative regulatory functions, or on genes for which quality reagents
(i.e., antibodies) exist. One of the most difficult tasks faced by biologists is what to
do with a long list of genes from an expression microarray experiment. How relevant
are these results biologically? Some of the analyses that can help answer questions
surrounding the biological relevance include the examination of these lists for their
relative enrichment of shared properties of the genes and proteins in the list. There are a
number of emerging approaches to the detection of shared properties. For microarrays
that cover the entire genome, the general approach is to annotate systematically each
gene/transcript for the functions and properties of the corresponding protein and then to
look for commonalities among the genes in the coordinately regulated gene list. Thus,
similar annotations with respect to gene ontology, phenotype or disease-association,
biochemical function, known biochemical and regulatory relationships, and known
protein–protein and gene–gene interactions can all be identified and if the number of
genes that share properties is greater than the number that might be chosen by chance
from the genome, a probability can be derived that compares observed occurrences to
expected occurrences of the shared property. Quantitative significance measures used
to describe the relative enrichment of genes involved in a shared category such as
a common pathway include Fisher’s Exact test and the Hypergeometric Distribution
test. For example, DAVID (Database for Annotation, Visualization, and Integrated
Discovery—http://www.david.niaid.nih.gov) addresses this need via four web-based
analysis modules: (a) Annotation tool rapidly appends descriptive data from several
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public databases to lists of genes; (b) GO charts assign genes to Gene Ontology
functional categories based on user selected classifications and term specificity level;
(c) KEGG charts assign genes to KEGG metabolic processes and enables users to view
genes in the context of biochemical pathway maps; and (d) Domain charts group genes
according to PFAM-conserved protein domains. The functionality provided by DAVID
accelerates the analysis of genome-scale datasets by facilitating the transition from data
collection to biological meaning (26). Similarly, several tools are available to identify
potential cis-regulatory signature modules in a group of co-expressed genes (27–29).

Several complex microarray data analysis methods have been used to uncover previ-
ously unknown gene relationships. Molecular interactions and relevance networks have
been extracted from clinical data using mutual information from genes (30), genome
data, and probabilistic graph models trained by integrating prior information about the
relationships of genes in pathways and processes (31). Inferring complex regulatory
networks from microarray-based gene expression data, has been an active area of
bioinformatics research (27–29,31,32), but has had a tendency to yield mixed results.
Frequently, the resulting network models are in agreement with experimental data but
provide very little insight into novel gene regulatory relationships. A principal reason
for this may be the underlying complexity of the regulatory interactions among genes
and the presence of hidden variables that modify coordinate behaviors such as genetic
polymorphisms in a population affecting the function of key regulatory genes. Never-
theless, these models are useful, and their refinement and eventual application should
lead to a better understanding of the systemic response of cells or tissues to therapeutic
agents.

The approach to extracting biological information from hormone-driven gene
expression experiments should reveal both the individual genes and proteins, as well
as the biochemical pathways and processes that are activated or suppressed in cells
and tissues by hormone treatment. By comparing transcriptional and other biological
responses of different cells and tissues to a range of hormones, maps and circuits
can be generated, which reflect the dependence of diverse cells and tissues on single
and multiple hormone agents. Whereas some actions may be apparent over brief
periods of time, some actions may ensue over much longer periods. The interesting
prospect for systems-based endocrinomics is that improved understanding of shared
and specific gene expression patterns will lead to new biological insights, and that
continued advances into the details of biological responses of target cells and tissues
will improve our ability to extract additional information from the gene expression
profile data.

MICROARRAY DATA—STORAGE, STANDARDS AND EXCHANGE

Microarray-based gene expression studies produce vast amounts of raw data neces-
sitating standardization methods for data representation as well as analysis. An
international collaboration between major research groups and companies, including
the European Bioinformatics Institute (EBI), Affymetrix, Rosetta, and Agilent, has
made major progress in the integration and standardization of microarray data
and microarray experiment descriptions. Large-scale gene expression experiment
databases include ArrayExpress in Britain and Gene Expression Omnibus (GEO) at
the National Center for Biotechnology Information (NCBI). Submissions to expression
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array databases can be made via EBI’s software tool, MIAMExpress. MIAME
(Minimum Information About a Microarray Experiment) provides a logical framework
for describing an array experiment, outlining the content, intent, and implications
of a specific array experiment. MIAME was developed by the MGED Group
at the EBI. It can be split into three types of information content: (a) Sample
information—all relevant information regarding the origin of the hybridized RNA,
physical and chemical parameters, etc.; (b) Gene information—all relevant information

Table 2
Downloadable Large Datasets of Microarray Measurements

CardioGenomics Program in Genomic Applications
(http://cardiogenomics.med.harvard.edu/public-data.html): Microarrays involving mouse
models of cardiac development and signal transduction, including measurements made in
time-series.

Gene Expression Omnibus (GEO—http://www.ncbi.nlm.nih.gov/geo/): Currently holds over
30000 submissions representing approximately half a billion individual molecular abundance
measurements, for over 100 organisms (34).

Human Gene Expression Index (HugeIndex—http://www.hugeindex.org): Contains the results
of gene expression experiments on human tissues.

Integrated Tumor Transcriptome Array and Clinical data Analysis
(ITTACA—http://bioinfo-out.curie.fr/ittaca/): Centralizes public datasets containing both gene
expression and clinical data and currently focuses on breast carcinoma, bladder carcinoma,
and uveal melanoma (59).

L2L (http://depts.washington.edu/l2l/): A database consisting of lists of differentially
expressed genes compiled from published mammalian microarray studies, along with an
easy-to-use application for mining the database with the user’s own microarray data (60).

Oncomine (http://www.oncomine.org/): Contains more than 65 gene expression datasets
comprising nearly 48 million gene expression measurements form over 4700 microarray
experiments. Differential expression analyses comparing most major types of cancer with
respective normal tissues as well as a variety of cancer subtypes and clinical-based and
pathology-based analyses are available for exploration (61).

Public Expression Profiling Resource (PEPR—http://pepr.cnmcresearch.org): Permits
gene-based queries of large Affymetrix array datasets without any specialized software.

Stanford Microarray Database (SMD—http://genome-www.stanford.edu/microarray):
Currently supports the research of more than 1000 users in over 260 laboratories at Stanford
and around the world. These users have entered data generated from more than 50 000
microarrays used to study the biology of 34 organisms, published more than 190 papers
referring to data in SMD and have made the complete raw data from more than 7000
microarrays freely available via the SMD website. The public data can be selected, viewed,
downloaded and analyzed by the public using most of the tools that are available to registered
SMD users (62).

Whitehead Institute Center for Genome Research (http://www.broad.mit.edu/cgi-
bin/cancer/datasets.cgi): Microarrays from 12 publications involving many types of cancer,
including some clinical measurements associated with each sample.
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regarding tethered sequences on the array; and (c) Gene expression levels—actual
numerical values obtained. For additional information, refer to the MIAME website
(http://www.mged.org/Workgroups/MIAME/miame.html) or Brazma et al. (33).

The GEO at the NCBI is the largest fully public repository for gene expression data
(34). The database has a flexible and open design that allows the submission, storage,
and retrieval of many data types. These data include microarray-based experiments
measuring the abundance of mRNA, genomic DNA and protein molecules, as well
as non-array-based technologies, such as serial analysis of gene expression (SAGE)
and mass spectrometry proteomic technology. As an open repository, the data in
GEO have typically been analyzed and studied, and in most cases, the results have
been published in journals. Nonetheless, pooling disparate data into one location and
organizing them to be analyzable and cross-comparable using common interfaces add a
valuable analytic layer not attainable when considering individual experiments. Mining
GEO data can provide clues as to the function of uncharacterized genes and genetic
networks by examining spatial and temporal expression patterns, and co-regulation
with well-characterized markers (34). Cross-comparison of independently generated
but experimentally similar datasets can corroborate interesting gene expression trends
that may be overlooked in one experiment alone (35).The GEO database is publicly
accessible through the World Wide Web at http://www.ncbi.nlm.nih.gov/geo. Table 2
lists some of the publicly available microarray data repositories.

MICROARRAY DATA VALIDATION

Two questions that are fundamental in validating microarray data are whether
the data procured from a microarray experiment is valid in terms of the biological
problem that it seeks to solve and whether the normalized values are biologically
accurate and minimized for technical artifacts (36). Good experimental design should
include steps for ensuring quality control of the technical system, the integrity of
RNA samples, cell viability, array quality, array element annotation, and the technical
reproducibility between batches and samples. The same logic can be extended to
“post-experimental” factors, such as normalization and array-scanning techniques. Data
processing techniques remain under constant improvement. Thus, providing subsequent
investigators access to original raw data files will allow others to take advantage of
the original data for follow-up study. It can also be very useful to perform sampling
of representative genes in the sample series subjected to microarray analysis using
RTQ-PCR as well as large-scale between-platform validations such as by comparing
differences of two very different samples on one microarray platform to the differences
that are detected on another microarray platform. These approaches can be used to
identify erroneous data or technical problems. A good sampling-based approach can
verify whether the observed expression levels on the array are valid.

MICROARRAYS—PITFALLS AND LIMITATIONS

Notwithstanding the initial hype and excitement about microarrays, their pitfalls and
limitations have led to several formal reevaluations, comparisons, and statements of
limitations (37–42). Kothapalli et al., following an examination of microarray data
from two different systems, reported inconsistencies in sequence fidelity of the spotted
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microarrays, variability of differential expression, low specificity of cDNA probes,
discrepancy in fold-change calculations, and lack of probe specificity for different
isoforms of a gene (43). Ntzani and Ioannidis examined 84 large-scale microarray
expression datasets that address major clinical outcomes including death, metastasis,
recurrence, and response to therapy. They found that these studies show variable
prognostic performance (44). Michiels et al. reanalyzed data from seven large published
studies that have attempted to predict prognosis of patients with cancer on the basis
of DNA microarray analysis. The results reveal that the lists of genes identified as
predictors of prognosis were highly unstable and molecular signatures were strongly
dependent on the selection of patients in the training sets (45). Some of the problems
in predictor pattern reproducibility may be attributable to technical variables that
affect the quality of the datasets. Other problems relate to sample sizes that may
be small relative to the complexity of human population genetics. Other reasons
may include overprediction and a tendency that this causes a reliance on marginal
signatures. It is possible that the identification of stronger signatures may provide
somewhat less predictive power but more robust group classification reproducibility
(46). Indeed, using a subtype classification approach, Sorlie et al. (47) have shown
the ability to recognize and classify breast cancer subtypes across separate populations
and microarray platforms.

LITERATURE OVERVIEW—FURTHER READING

A large number of books dealing with experimental and statistical microarray data
analysis have been published. It is beyond the scope of this chapter to provide a
complete list, but some of the books that we found useful for statistical background
(1–5) and for general background (6–8) are listed below:

1. Baldi, P., and G.W. Hatfield DNA Microarrays and Gene Expression, from Experiments
to Data Analysis and Modeling, Cambridge University Press, 2002.

2. Parmigiani, G., E.S. Garett, R.A. Irizarry and S.L. Zeger The Analysis of Gene
Expression Data, Springer, 2003.

3. Speed, T. (ed. and contributor) Statistical Analysis of Gene Expression Microarray
Data, Chapman and Hall, 2003.

4. Ting Lee, M.L. Analysis of Microarray Gene Expression Data, Springer, 2004.
5. Wit, E. and J. McClure Statistics for Microarrays: Design, Analysis and Inference,

Wiley, 2004.
6. Draghici, S. Data Analysis Tools for DNA Microarrays, Chapmann-Hall, 2003.
7. Knudsen, S. A Biologist’s Guide to Analysis of DNA Microarray Data, Wiley, 2002.
8. Blalock, E.M. (ed. and contributor) A Beginner’s Guide To Microarrays. Kluwer

Academic Publishers, 2003.

Several excellent reviews dealing with microarray experimental design and analytical
methods have also been published (15, 19, 48, 49). The amount of software, both
commercial and freeware, available for microarray analysis has exploded in recent
years. When considering what software to use for microarray data analysis, some of the
issues to be considered are: (a) ease of data import; (b) specific versus comprehensive
packages; (c) strength for visualization; (d) freeware—although they are often not
debugged; and (e) support of other statistical and mathematical functions, such as in
SAS or MATLAB, and also the ability to use scripting languages like R statistical
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programming language. While it is beyond the scope of this chapter to list all available
software, two websites that describe a wealth of microarray software resources are
given:

1. http://genome-www5.stanford.edu/resources/restech.shtml
2. https://www.cs.tcd.ie/Nadia.Bolshakova/softwaretotal.html

CONCLUSIONS

DNA microarrays have given biomedical researchers access to a wealth of data.
While there are significant problems, huge opportunities are also available. Microarray
data analysis is far from easy, and the amount of effort required for critical analysis is
nearly always underestimated. Importantly, it is difficult to standardize analysis steps
because different datasets contain unique variance patterns that may need different
approaches to optimize data and knowledge accrual. Much can be gained by thinking
about the experimental design, statistical methods to be adopted, and the underlying
biological processes likely to be reflected in the expression profiles and biological
states. It is apt to quote the advice from the geneticist and statistician Ronald Fisher
in 1938: “To call in the statistician after the experiment is done may be no more than
asking him to perform a post-mortem examination: he may be able to say what the
experiment died of.” It is also important to prioritize the hypotheses and design the
experiment so as to adequately power the possibility of observing repeated occurrences
of a particular state and set of phenomena. It is wise to approach analysis with the same
philosophy as the experiment itself: check after every step. Are the results obtained
reasonable with respect to existing knowledge or intuition? With little prior support,
there may be little to look forward to as well. Lastly, microarray results validation
should be based on at least some additional measures that support principle compar-
isons and significant gene regulation occurrences. Other techniques (e.g., RTQ-PCR
or Northern blotting) and database information can be particularly useful, and in situ
hybridization evidence can confirm regulation occurring in specific cellular compart-
ments. The integration of systems biology experimental approaches with genomics,
transcriptomics, proteomics, molecular, and genetic knowledge will undoubtedly result
in a much greater understanding of molecular, cellular, and systems processes that are
subject to hormonal control.
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Abstract

Parathyroid hormone (PTH), a peptide hormone regulating calcium homeostasis in humans, is also
one of the most effective treatments for osteoporosis, a metabolic bone disease prevailing in the elderly.
Therefore, studying PTH actions and its downstream signaling pathways in osteoblasts has been a focus
of the bone research field. The recent advances in microarray technology have identified many novel
PTH-regulated genes covering a wide range of biological functions and protein families. In this review,
we summarize the implications of DNA microarray data on delineating the mechanism of PTH treatment
of osteoporosis. We also describe a computational promoter analysis method to extract useful information
about PTH-regulated transcription factors from the microarray dataset. The combination of microarray
experiments and bioinformatics analyses will shed light on our final goal to reconstruct the global
regulatory network established by PTH.
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OSTEOPOROSIS AND PARATHYROID HORMONE TREATMENT

Osteoporosis is a metabolic bone disease characterized by low bone mass and
microarchitectural deterioration of bone tissue, leading to enhanced bone fragility and
a consequent increase in fracture risk. Currently, it is a major public health threat for an
estimated 44 million Americans, most of them postmenopausal women or the elderly.
Osteoporotic fractures contribute substantially to morbidity and mortality in an aging
world population, thus consuming considerable health resources. The cause of osteo-
porosis is an imbalance of bone remodeling. Bone, a highly mineralized tissue that
provides mechanical support and metabolic functions, constantly undergoes remod-
eling. Bone remodeling occurs at discrete sites within the skeleton and proceeds in an
orderly fashion, with bone resorption by osteoclasts always being followed by bone
formation by osteoblasts, a phenomenon referred to as coupling. This physiological
process is coordinated and tightly regulated by local and endocrine factors to ensure
that the bone formation rate matches the bone resorption rate. However, in osteo-
porosis patients, osteoclast activity exceeds osteoblast activity, leading to irreversible
bone loss.

The drugs currently available for osteoporosis treatment fall into two categories. The
first, antiresorptives, inhibit osteoclastic bone resorption. This category includes bispho-
sphonates (alendronate, ibandronate, and risedronate) and oestrogenic compounds
(estrogen, tamoxifen, and raloxifene). Although this category of agents dominates
osteoporosis therapeutics, there are limitations to their efficacy. Even the most potent
antiresorptive drugs only reduce the risk of osteoporotic fractures by about 50% (1) and
at best increase bone density by about 10% over ten years’ treatment (2). This is mainly
due to the fact that bone remodeling is coupled and therefore the decrease in bone
resorption usually correlates with a decrease in bone formation. The other category
of therapy, anabolic therapy, promises to overcome this ineffectiveness by primarily
targeting the osteoblast and directly promoting bone formation. To date, parathyroid
hormone (PTH) 1–34 (teriparatide) is the only FDA-approved anabolic agent for osteo-
porosis treatment. Several clinical trials demonstrated that PTH is much more effective
in stimulating the increase in bone mineral density (BMD) of the skeleton, especially
in trabecular bone, than alendronate, the most popular bisphosphonate prescribed for
osteoporosis patients (3,4).

Parathyroid hormone is an 84 amino acid peptide secreted by the parathyroid glands
and is one of the principal regulators of calcium homeostasis for humans and most likely
all terrestrial vertebrates. The amino-terminal region of PTH (the first 34 amino acids)
is associated with most of its known biologic actions and shows high homology among
the different vertebrate species. PTH’s main targets in the body are bone and kidney,
leading to an increase in serum calcium concentrations. Interestingly, administration
of either the full length or N-terminal peptide (1–34) of PTH is a double-edged sword
for bone metabolism, since continuous infusion of PTH causes bone loss (catabolic
action), while intermittent administration induces bone formation (anabolic action).
The disparity of these two actions has attracted intensive studies over a long period,
and a major effort has been made to investigate the mechanism of its anabolic action
because of its use for the osteoporotic patient.

The bone-forming cells, osteoblasts, originate from bone marrow stromal stem cells.
These precursors undergo proliferation and differentiation into preosteoblasts and then
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into mature osteoblasts. The latter cells are the primary PTH-responsive cells because
they express higher levels of the PTH type I receptor (PTH1R) than preosteoblasts
(5,6,7). Although there is some emerging evidence that osteoclasts express PTH1R
and may respond directly to the PTH signal (8, 9), the prevailing view is that PTH
stimulates osteoclast activity indirectly through the osteoblast by upregulating RANKL
expression by the osteoblast (10). Therefore, understanding the PTH signaling pathway
and downstream gene regulation in the osteoblast is the most crucial step toward
revealing the mechanism of PTH treatment of osteoporosis.

DNA MICROARRAY ANALYSES IDENTIFY NOVEL GENES
REGULATED BY PTH IN OSTEOBLASTIC CELLS

At the tissue and cellular levels, daily PTH injection exerts its anabolic effects by
promoting osteoblast differentiation (11,12,13,14) and inhibiting osteoblast apoptosis
(15). At a molecular level, PTH binds to the PTH1R, a G-protein-coupled receptor, on
the osteoblast and strongly activates the G�s/cAMP/protein kinase A (PKA) pathway
and weakly activates the G�q/phospholipase C (PLC)/protein kinase C (PKC) pathway.
Recently, it was found that the increased level of cAMP by PTH treatment also
leads to activation of Epac (also known as cAMP–guanine nucleotide exchange factor,
cAMP-GEF)/Rap1/B-raf pathway in the osteoblast and results in phosphorylation
of extracellular signal-regulated kinases (ERKs) (16). Two decades of studies have
revealed a number of genes that are regulated by PTH, such as c-fos, interleukin-
6, collagenase-3, tissue inhibitors of metalloproteinases, RANKL, type 1 collagen,
regulator of G-protein signaling 2, etc. [reviewed in (17)]. However, how G-protein
activation leads to changes in the above genes’ expression, whether there are other
genes regulated by PTH, when expression of these genes are changed, and how these
genes regulate each other, are all largely unknown. A recent advance in studying global
gene expression patterns using DNA microarray makes it possible to address the above
questions and therefore to reveal PTH’s actions. To date, there are two published
reports adopting this strategy, and each of those results yielded important insights into
the mechanism of PTH action and opens up avenues for future research.

In the first report (18), UMR 106-01, a strongly PTH-responsive rat osteosarcoma
osteoblastic cell line, was chosen for this study. A total of 125 genes and 30 expressed
sequence tags (ESTs) out of 8,799 known rat transcripts and ESTs on the chip
(RG-U34A, Affymetrix) were found to have at least twofold expression changes at
4, 12, 24 h after rPTH (1–34, 10−8 M) treatment. Among those 125 genes, 14 were
previously known to be PTH-regulated, but this was the first report of regulation
of the remainder of the genes. Quantitative reverse transcriptase-PCR indicated that
90% of those genes are truly regulated more than twofold by PTH (1–34) in UMR
106-01 cells, demonstrating the validity of the microarray data. Interestingly, the genes
cover a wide range of different biological functions and most of them belong to the
following protein families: hormones, growth factors, and receptors; signal transduction
pathway proteins; transcription factors; proteases; metabolic enzymes; structural and
matrix proteins; transporters, etc. However, because no in vitro cell culture system can
replicate the dual actions of PTH, it is difficult to know which of the genes seen to be
regulated in vitro contribute to PTH’s anabolic action and which to PTH’s catabolic
action. It is possible that these genes contribute to both of PTH’s actions because a
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recent hypothesis proposed that the different kinetics of PTH anabolic or catabolic
administration leads to different temporal and level of expression of the same set of
genes, rather than different sets of genes being expressed, and it is this difference
which results in opposite outputs (19).

To elucidate PTH’s in vivo function, a second report investigated gene expression
changes in the osteoblast-rich metaphyseal area of the rat distal femur after either
intermittent PTH injection or continuous PTH infusion for a week (20). It was found
that both PTH treatments co-regulated 22 genes including known bone formation genes
(i.e., collagens, osteocalcin, decorin, and osteonectin), while intermittent PTH injection
regulated an additional 19 genes and continuous PTH infusion regulated an additional
173 genes. The genes also covered a wide range of functions, including adhesion,
matrix-associated proteins, signal transduction, catalysis and metabolism, nucleic acid
binding and transcription factors, cell cycle, transporters, etc. It is surprising to find
that compared to continuous treatment (195 genes) intermittent PTH treatment only
regulated 41 genes, 33 of them with less than twofold change. This is probably due to
the fact that, in the intermittent treatment, RNA samples were harvested 24 h after the
last PTH injection. PTH injections mostly transiently regulate gene expression in bone
with a peak change at about 1 h and return to baseline after 4 h (13,21,22). This may
also partially explain why only a total of 14 of the same genes are regulated in the
UMR 106-01 dataset and the in vivo bone dataset. It is possible that the UMR 106-01
dataset more closely resembles the gene expression changes after 1 h of PTH injection
in vivo. Due to the heterogeneity of in vivo bone samples, it should be noted that some
of the genes in the in vivo bone dataset are actually not expressed by the osteoblast
and their response to PTH is not a direct effect. A subsequent study of PDGF�, a
cytokine regulated by continuous PTH treatment, found that it was expressed by the
mast cells in the bone marrow (23).

THE IMPLICATIONS OF DNA MICROARRAY DATA
ON DELINEATING THE MECHANISM OF PTH TREATMENT

OF OSTEOPOROSIS

Taken together, there are about 300 PTH-regulated genes revealed by the above
two microarray assays. Those genes cover nine (binding, catalytic activity, chaperone
regulator, enzyme regulator, motor, signal transducer, structural molecule, transcription
regulator, and transporter) out of fourteen categories grouped by molecular function
according to gene ontology (GO). Several striking features about PTH signaling
emerged after reviewing these gene lists. First, PTH significantly changes the expression
levels of many hormones, cytokines, and growth factors produced by osteoblasts and,
therefore, may influence the behaviors of osteoblasts or their neighboring cells. For
example, PTH regulates the expression of secreted frizzled-related protein 4 (Wnt
signaling), amphiregulin and TGF-� (epidermal growth factor receptor signaling),
Jagged1 (Notch signaling), bone morphogenetic proteins (BMPs, BMP receptor
signaling), etc. Second, several genes (PTH1R, adenylyl cyclase, cAMP phosphodi-
esterases, and protein phosphatase inhibitor-1) are regulated in such ways that will inhibit
the PTH1R/G�s/cAMP/PKA pathway, the major route for PTH action. This feedback
mechanism may explain the mechanism of PTH’s dual functions (19). Third, many
neuron-specific genes that were not expected to be present in the osteoblast are actually
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activated by PTH treatment, revealing brain signaling pathways that may be important
in bone metabolism. Fourth, a substantial number of PTH-regulated genes are extra-
cellular matrix-associated genes, such as collagens, matrix metalloproteinases, various
proteinases and peptidases, suggesting that PTH significantly regulates the microenvi-
ronment of osteoblasts. In this section, several genes revealed in the microarray data and
studied in terms of their functions in PTH treatment and in bone metabolism are discussed.

Amphiregulin
Amphiregulin belongs to a family of epidermal growth factor (EGF)-like ligands,

which also includes EGF, transforming growth factor alpha (TGF-�), heparin-binding
EGF (HB-EGF), betacellulin, and epiregulin (24). All of these ligands bind to the
EGF receptor (EGFR/ErbB1), while the latter three also bind to ErbB4. The EGFR
(ErbB1) is a receptor tyrosine kinase and lies at the beginning of a complex signal
transduction cascade that modulates cell proliferation, survival, adhesion, migration,
and differentiation (25). Upon ligand binding, the EGFR undergoes dimerization and
phosphorylation at tyrosine residues in its intracellular domain, thus activating several
important cellular signal transduction pathways. The major signaling routes are the
Ras-Raf-MAP-kinase (26) and PI-3-kinase-Akt pathways (27).

Amphiregulin was first isolated from conditioned medium of MCF-7 human breast
carcinoma cells exposed to phorbol 12-myristate-13-acetate (PMA) (28, 29). It is
bifunctional since it inhibits the growth of many human tumor cells but stimulates
the proliferation of other cells, such as normal fibroblasts and keratinocytes (30, 31).
Previously, EGF has been shown to have several effects on bone cells or on bone:
it stimulates osteoblast proliferation (32), decreases alkaline phosphatase (33) and
collagen production (34), changes bone nodule formation (35), and yet has catabolic
effects on bone (36), i.e., similar to amphiregulin, bifunctional effects. Nevertheless,
the production, detailed mechanism, and the significance of the EGF signaling pathway
in bone are not well understood.

DNA microarray analysis and subsequent RT-PCR data indicated that amphiregulin
is a general immediate response gene for PTH action, both in osteoblastic cell lines and
in bone (22). In UMR 106-01 cells, the peak regulation occurs at 1 h after 10−8 M rPTH
(1–34) treatment with a 23-fold increase in mRNA. Similar results were obtained with
rat primary osteoblastic cells (23-fold at 1 h) and mouse preosteoblastic MC3T3 cells
(4-fold at 1 h). More interestingly, the level of amphiregulin mRNA in rat osteoblast-
enriched femoral metaphyseal primary spongiosa was dramatically elevated to about
12-fold after 1 h of hPTH (1–38) injection, and quickly decreased to about twofold
after 4 h. Additional promoter analysis demonstrated that the amphiregulin promoter
strongly responds to rPTH (1–34) treatment in UMR cells (37). Functional studies
demonstrated that amphiregulin is a potent growth factor for preosteoblastic cells in an
EGFR-dependent manner. However, continuous treatment of rat primary osteoblastic
cultures with amphiregulin completely inhibited osteogenic differentiation, with no
bone nodule formation, reduced alkaline phosphatase activity, and very low expression
of osteocalcin, a late osteoblast marker. Moreover, amphiregulin-null mice displayed
significantly lesser tibial trabecular bone than wild-type mice, by microCT analysis.
Accordingly, a model has been proposed that PTH acts on the mature or differentiating
osteoblast inducing expression of amphiregulin, and this growth factor then increases
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the preosteoblast population by stimulating their proliferation and inhibiting their
differentiation. Since this is a transient regulation, the overall outcome will be an
increase in the osteoblast population, therefore contributing to PTH’s anabolic effect.
Since bone marrow mesenchymal stem cells express EGFR (38) and can proliferate
and form colonies in a serum-deprived medium as long as EGF is present (39), it is
possible that AR has a role in regulating the mesenchymal stem cell pool and, therefore,
influencing several other cell lineages derived from mesenchymal stem cells, such as
adipocytes and chondrocytes.

Jagged-1
The trans-membrane Jagged and Delta protein families are ligands for Notch

receptors (Notch 1–4) in vertebrates (40). Notch signaling activated by those ligands
plays an important role in cell fate decisions in many different tissues in multicellular
organisms; for example, the nervous system, the vascular system, the hematopoietic
system, somites, muscle, skin, and pancreas. The UMR DNA microarray data revealed
that Jagged-1 is a PTH-regulated gene. Further, RT-PCR studies confirmed that 2 h
of 10−8 M rPTH (1–34) increased Jagged-1 mRNA expression 8-fold and 5 days of
intermittent injections of hPTH (1–34) increased Jagged-1 mRNA levels 4-fold in the
rat osteoblast-rich femoral metaphyses (41), while continuous infusion did not affect
Jagged-1 expression (20).

A separate elegant investigation also found that Jagged-1 protein was overexpressed
in the osteoblasts of transgenic mice having a constitutively active PTH1R under the
control of an osteoblast-specific �1(I) collagen promoter (42). This overexpression of
Jagged-1 led to elevated Notch signaling in the hematopoietic stem cell population and
resulted in expansion of the stem cell compartment. Although this may not directly be
involved in PTH’s anabolic effect and its treatment of osteoporosis, it has significant
pharmacological impact because intermittent PTH injection could be a potent tool for
reducing the damage inflicted on bone marrow by cytotoxic cancer chemotherapeutic
drugs and ionizing radiation (43).

Previous studies have shown that osteoblastic cells express Notch receptors (44,45).
To investigate a potential role of Jagged-1 in PTH’s anabolic effect, rat primary
osteoblastic cells were treated with dish-tethered Jagged-1 protein (41). It was found
that, similar to amphiregulin, Jagged-1 stimulated preosteoblast proliferation but
inhibited its further differentiation. Therefore, the role of Jagged-1 in PTH treatment of
osteoporosis might be similar to that of amphiregulin, increasing the preosteoblast or
even mesenchymal stem cell pool, leading to an increase in osteoblasts and increased
bone formation.

Mitogen-Activated Protein Kinase (MAPK) Phosphatase-1 (Mkp-1),
Cyclin D1 and p21cip1

A prevailing hypothesis to explain PTH’s anabolic effect is that PTH promotes
osteoblast differentiation. As a terminally differentiated cell, the osteoblast must exit
the cell cycle. Therefore, arresting cell cycle progression of the osteoblast could be
part of the mechanism elicited by PTH to facilitate differentiation. While the effect
of PTH injection on osteoblast proliferation is not clear in vivo, in vitro studies were
also contradictory: while PTH could stimulate the proliferation of osteoblastic cells
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under some circumstances, such as low concentrations of PTH (10−11 M) (46), high
cell density (47), short exposure to PTH (48), or in a particular cell line (TE-85) (49),
at a high-concentration (10−8 M) PTH consistently inhibits the growth of several well-
established osteoblastic cell lines [UMR 106-01 (50), MC3T3-E1 (51), SaOS-2 (52),
and rat calvarial primary cultures (22)].

The UMR microarray data revealed that two genes involved in cell cycle progression
(MKP-1 and cyclin D1) were regulated by PTH. MKP-1 is a dual specificity
phosphatase capable of removing both phosphotyrosine and phosphothreonine from the
Thr-X-Tyr motif of MAP kinases (reviewed in (53,54)). Evidence strongly suggests that
one family of the MAP kinases (ERK1/2, p42/p44MAPK), whose dual phosphorylation
correlates with cell proliferation in most cell types, are substrates for MKP-1 (55). Cell
cycle analyses indicated that overexpression of MKP-1 arrested UMR 106-01 cells
in G1 phase (21). In mammalian cells, the cell cycle is governed by the activities of
the cyclin-dependent kinases (CDKs) and their regulatory cyclin partners. Progression
from G1 to S phase requires cyclin D/cdk4(6) and cyclin E/cdk2, and is regulated by
CDK inhibitors (CDKIs): INK4 proteins interfere with cyclin D/cdk4(6), and CIP/KIP
members (p21Cip1, p27Kip1, and p57Kip2) bind to both complexes. Further experiments
confirmed that PTH strongly upregulated MKP-1 and downregulated cyclin D1 in
osteoblastic cell lines at both mRNA and protein levels (21). Screening all cyclin-
related proteins additionally identified p21cip1 as an immediate response gene for PTH
(21). Furthermore, intermittent injections of hPTH (1–38) increased MKP-1 and p21cip1

and decreased cyclin D1 mRNA levels in the distal femoral metaphyses. These data
strongly suggest that arresting the cell cycle progression of the mature osteoblast is
a physiologically relevant event for PTH’s anabolic actions. Since cell cycle arrest
is required for terminal cell differentiation, this could be one mechanism for PTH to
exert its anabolic function by promoting osteoblast differentiation in its target cells.

COMPUTATIONAL PROMOTER ANALYSIS OF PTH-REGULATED
GENES REVEALS TRANSCRIPTION FACTORS INVOLVED

IN PTH SIGNALING

The DNA microarray dataset conveys much more information than just identi-
fying genes regulated at the mRNA level. The use of DNA microarrays to study
global gene expression profiles is emerging as a pivotal technology in functional
genomics. Comparison of gene expression profiles under different biological conditions
reveals corresponding modifications in cellular transcriptional programs. Microarray
measurements do not, however, directly reveal the regulatory networks that underlie
the observed transcriptional modulation. While it successfully identifies transcription
factors regulated at the transcriptional level, it cannot reveal those regulated at post-
transcriptional levels. For example, PTH signaling in the osteoblast quickly results in
phosphorylation of cAMP-response element (CRE)-binding protein (CREB) at Ser-
133, and this phosphorylated CREB is required for the enhanced transcription of the
AP-1 family member, c-fos (56), receptor activator of NF�B-ligand (RANKL), an
inducer for osteoclastogenesis (57), and amphiregulin (37). However, DNA microarray
is unable to identify CREB as an important mediator for PTH function because its
mRNA and protein levels remain the same after PTH treatment. Due to the current
rapid accumulation of complete genome sequences, it is feasible to use both microarray
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results and computational promoter analysis to deduce the transcription factors involved
in signaling pathways. In this section, we will use the UMR microarray dataset as an
example to explain how to identify transcription factors playing an important role in
PTH signaling (18).

Methods
The underlying assumption of using high-throughput expression profiling technology

in computational promoter analysis is that a set of co-regulated genes usually share
a similar set of regulatory motifs, which, in most cases, are the transcription factor
binding sites (TFBSs). Therefore, the principle of computational promoter analysis is to
identify the over-represented TFBSs in the promoter regions of genes in the microarray
dataset. When we performed these analyses, the rat genomic sequences had yet to be
completed, but the human draft was finished. Hence, we mapped all the PTH-regulated
genes in the UMR (a rat cell) dataset to their human orthologs and used promoters
of human orthologs for the subsequent promoter analysis. Among the 125 genes, 73
genes had a human ortholog.

The first step toward analysis was to find the promoter, especially the transcription
start site (TSS). While the translation start site is easily identified by examining the
coding region, it is much more difficult to find the TSS in eukaryotic genes because it
is not always close to the translation start site, sometimes occurring several kilobases
away from the translational start site. To ensure that the 5′ end of the mRNA is
close to the TSS, only mRNAs that encode the N-terminus of the protein were used
for transcript mapping. Furthermore, only sequences in the Genbank Refseq database
were used to reduce gene redundancy. A local alignment software package, AAT,
was used for alignment of the 5′ end of the cDNA with the human genome draft
sequence. To reduce the number of undesirable matches due to interspersed repeats,
the DNA sequence was screened for interspersed repeats using RepeatMasker. Only
genes having 5,000 bp of continuous regions upstream of the first exon start sites were
kept for further transcription factor site analysis. We term this PTH-regulated gene list
as the sample list. It contains 63 genes. Meanwhile, a reference list was constructed
by collecting human genes in the Genbank Refseq section that have more than 5000
bp continuous regions upstream of the first exon start sites. It contains 4221 genes.

Because most transcription factors bind to short (5–25 bp), degenerate sequence
motifs, a position weight matrix (PWM) or International Union of Pure and Applied
Chemistry (IUPAC) string is often used to summarize the binding specificity of these
factors. TRANSFAC (http://transfac.gbf.de/TRANSFAC) is a database of transcription
factors, their binding sites, and TFBS sequence profiles generated from the published
literature and represented in PWM and IUPAC string (58,59). The consensus sequences
represented by the IUPAC string or PWM in TRANSFAC can be used to search
the promoters for known TFBSs. Several programs have been developed to perform
searches based on PWM and IUPAC: SIGNAL SCAN (60), MATRIX SEARCH (61),
Matinspector (62), ConsInspector (63), TFSearch (64), etc.

In order to reveal over-represented TFBSs, we calculated their occurrence frequency
in the sample list and the reference list, respectively. For each gene in the list, 500,
1000, and 2000 bp upstream of the first exon start site were retrieved as possible
promoter sequence. Three different lengths of promoter were used for later analysis
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in order to avoid possible contamination of the wrong annotation of the first exon.
For each distance, all promoter sequences within a list were pooled together and then
checked for TFBSs using the TRANSFAC database. Matrix similarity score (a value to
measure the similarity between the matrix and the actual DNA sequence; complete
match has a value of 1) of 0.8 was used as cut-off score. The matrix’s normal occurrence
frequency is equal to total number of matrix occurrences in the reference database/total
promoter number. Using statistical analyses, we were able to identify those matrices
with significantly higher occurrence frequency in the sample list than in the reference
list. Their corresponding transcription factors are likely to play a role in PTH signaling.

Results and Validation
Using the above computational method, 12 groups of transcription factors and

their matrices were identified from the UMR microarray dataset (Table 1). The
reason that some groups contain more than one transcription factor is that one
transcription factor’s matrix may tolerate another matrix. For example, Bach1’s matrix
(SATGAGTCATGNY) is a stringent version of AP-1’s matrix (TGAGTCAKC).
Therefore, a Bach1 binding site must be also an AP-1 binding site. But an AP-1 binding
site may not necessarily be a Bach1 binding site. In this case, the significance of a
Bach1 binding site occurring in a promoter region may be a consequence of Bach1
playing a role in PTH signaling, or may just reflect an AP-1 binding site.

The fact that previously known PTH-regulated transcription factors (AP-1, CREB,
and c-myc) and transcription factors identified in the UMR microarray dataset (C/EBPs)
are present in Table 1 demonstrates that the above computational approach does
indeed correctly identify transcription factors that may mediate PTH signaling. It
is comforting to see that CREB, a transcription factor regulated by PTH at the
post-translational level and therefore not identifiable in microarray experiments, is
pinpointed by this computational method. Recently, another transcription factor in
this list, activated protein 2 (AP2), was found to be regulated by PTH at the post-
translational level and this regulation is important for PTH activation of insulin-like
growth factor binding protein-5 (IGFBP-5) (65), further demonstrating the validity
of this list. Other transcription factors in this list, such as AP-4, SP1, FoxD3 (also
known as Hfh2, a member of the forkhead family of transcription factors), and MEF2
(myocyte enhancer factor-2), etc., points out an interesting direction for future study
of the PTH regulation network.

Certainly, there will be false-positive results from this method for several reasons.
First, mammalian promoters are very diverse and hard to predict. The transcript
mapping approach (finding TSS by aligning full-length mRNA with their counterpart
genomic sequence) described above usually achieves over 80% accuracy in promoter
localization (66–68). The incompleteness of full-length transcripts and 5′ end splice
variants are the main reasons for the false-positive results. This will be improved
by future advances in gene annotation. Second, although a PWM-based search is
sensitive, it is not very specific because not every putative TFBS binds with its
corresponding transcription factor in vivo and is, therefore, functionally significant.
Comparative genomics (also referred to as phylogenetic footprinting) is a widely used
method by many researchers to reduce the false-positive rate based on the assumption
that functional sequences such as coding regions and regulatory modules are more
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Table 1
The Transcription Factors that May Play a Role in PTH Signaling, as Revealed

by computational Promoter Analysis

Group Transcription
factor

No. of genes
containing matrix

Identifier Consensus binding
sequence

1 AP-1 30 V$AP1_01 TGAGTCAKC
1 Bach1 3 V$BACH1_01 SATGAGTCATGNY
2 AP-2 38 V$AP2_Q6 MKCCCSCNGGCG
3 AP-4 19 V$AP4_Q5 CAGCTG
3 AP-4 39 V$AP4_Q6 CWCAGCTGG
4 ATF4 12 V$ATF4_Q2 SVTGACGYMABG
4 CREB 8 V$CREB_Q2 STGACGTAA
5 C/EBP beta 39 V$CEBPB_02 KNTTGCNYAAY
5 C/EBP 59 V$CEBP_Q2 TTGCNNAA
6 FoxD3 37 V$FOXD3_01 AWTGTTTRTTT
7 GC box 39 V$GC_01 RGGGGCGGGGCNK
7 MazR 16 V$MAZR_01 SGGGGGGGGMC
7 SP1 54 V$SP1_01 GRGGCRGGGW
7 SP1 39 V$SP1_Q6 GGGGGCGGGGY
8 MEF2 8 V$MEF2_02 KCTAWAAATAGM
8 MEF2 4 V$MEF2_03 WKCTAWAAATAGM
8 RSRFC4 4 V$RSRFC4_Q2 RNKCTATTTWTAGMWN
9 MYCMAX 35 V$MYCMAX_B ANCACGTGNNW

10 ZF5 46 V$ZF5_B RNRNRCGCGCW
11 EVI1 12 V$EVI1_04 GATANGANWAGATA
12 MTATA 7 V$MTATA_B BNTWTAAANCNBNVSS
12 TATA 27 V$TATA_01 STATAAAWR

The consensus binding sequences were written in IUPAC 15-letter code.
ATF4, activating transcription factor 4; FoxD3, fork head box D3; MazR, MAZ related factor;
MEF2, myocyte enhancer factor-2; RSRFC4, related to serum response factor C4; EVI1, ectopic
viral integration site 1 encoded factor; MTATA, muscle TATA box, C/EBP: CAAT/enhancer binding
protein.

conserved evolutionarily than nonfunctional regions. Third, this computational method
is also likely to omit some true TFBSs because in multicellular organisms, regulatory
elements are not necessarily located immediately upstream of the TSS when compared
with single-celled organisms, and can be found upstream or downstream of the gene, in
introns, or even spread over tens or even hundreds of kilobase pairs. Lastly, this method
is unable to extract unknown transcription factors or transcription factors with unknown
binding sites. One approach to solve this problem is searching for over-represented
motifs in the collection of co-regulated promoter regions (69,70). Popular programs that
can perform this task are Consensus, MEME, Gibbs Sampler, DIALIGN, ANN-Spec,
AlignACE, PROJECTION, MDScan, YMF, etc. (71). The biggest challenge remaining
is to match those motifs with the corresponding transcription factors.

Despite the limitations mentioned above, the aforementioned computational promoter
analysis is general and can be applied to the analysis of transcriptional networks
controlling any biological process in combination with gene expression microarrays.
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Previously, such methodologies have been successfully demonstrated mainly in
prokaryotes and lower eukaryotic organisms (72,73,74). Our computational promoter
analysis is one of several examples that have been successful with mammalian cells.
In another study, a similar computational approach was used to reveal transcription
factors in E2F target genes and in each phase of cell cycle progression using several
sets of microarray data from human cells (75).

CONCLUSIONS

An ultimate goal of studying hormone regulation is delineating the transcriptional
regulation of the entire genome and reconstructing the global regulatory network.
The rapid accumulation of genome sequences and microarray technology make the
former task a reality. For the latter task, microarray analysis is not enough because
it only captures a small portion of the overall picture. It must be combined with cis-
regulatory element analysis to decipher the regulatory network. The improvements in
various bioinformatics tools make this task feasible. PTH signaling in the osteoblast
provides an excellent example for this kind of study. The data obtained can identify
co-regulated genes, as well as novel transcription factors not known to be involved in
a signaling network. Nevertheless, these microarray and bioinformatics analyses must
be confirmed by further experimentation, either at the single-gene level or by newly
developed techniques, such as ChIP-on-chip.
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Abstract

As indicated by its name, the Growth hormone is the main regulator of longitudinal growth in mammals.
GH is mainly produced in the pituitary gland and acts distantly on target tissues through the activation
of the transmembrane GH receptor. The liver expresses the highest content of GH receptor. Accordingly,
the liver is of key importance for the physiological actions of GH. Global expression analysis of the
hepatic GH actions using microarrays clearly indicate that most of the known physiological effects of GH
can be explained, at least in part, through its effects on the transcription of specific genes. To this end,
GH is known to activate a network of transcription factors in liver that include among others the nuclear
receptor such as PPAR�, CAR or SHP, buts also SREBP CRBP, and STAT5b. The latest is of particular
importance in the regulation of body growth through its regulation of the expression of IGF-I and the ALS
of the IGFBP3 binding protein which in turn mediate many of the GH actions in extra hepatic tissues.
STAT5b and presumably the members of the nuclear receptor family under GH control also influence
genes involve in xenobiotic metabolism. GH actions in liver lead to increase lipogenesis and decreased
aminoacid catabolism, thereby promoting anabolic growth in bone and muscle tissue. These effects can be
explained by increase expression of lipogeneic genes as consequence of the activation of the key lipogenic
transcription factor SREBP1 as well as diminished expression of PPAR�, a transcription factor regulating
genes involved in lipid oxidation. In addition, reduced aminoacid catabolism correlates to diminished
expression of aminotransferases in liver upon GH treatment. Microarray-based expression profiling of GH
actions has not only provided molecular correlates to its known physiological action buts has identified a
large number of regulated genes for which physiological function is unknown or poorly understood. This
opens the opportunity to increase our understanding of liver physiology and the characterization of novel
GH effects.
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Key Words: Growth hormone (GH); GH receptor (GHR); Janus kinase (JAK); acid labile subunit
(ALS); signal transducer and activator of transcription (STAT); mitogen activated protein kinase (MAPK);
insulin receptor substrate 1 (IRS-1); focal adhesion kinase (FAK); protein kinase C (PKC); suppressors
of cytokine signaling (SOCS); histone acetyltransferases (HAT); carbonic anhydrase III (CAIII); n-Myc
interactor (Nmi); hypophysectomized (Hx); sterol regulatory element-binding protein-1c (SREBP-1c);
small heterodimer partner (SHP); farnesoid X receptor (FXR); pregnane X receptor (PXR); hepatocyte
nuclear factor-4 alpha (HNF-4�); liver X receptor (LXR); PPAR alpha; free fatty acids (FFA); major
urinary protein (MUP); apolipoprotein (Apo); constitutive androstane receptor (CAR)

INTRODUCTION

The best known physiological effect of growth hormone (GH) is the regulation of
postnatal longitudinal bone growth (1, 2). GH promotes growth through diverse and
pleiotropic effects on cellular metabolism and differentiation. It regulates carbohydrate,
lipid, nitrogen, and mineral metabolism (3–5), and stimulates DNA synthesis, differen-
tiation, and mitogenesis in a variety of cell types in different tissues (6–9). GH is also
important in the maintenance of the immune system (10, 11), heart development (12)
and has been shown to act on the brain in modulating emotion, stress response, and
behavior (13).

Responsiveness to GH in target cells is primarily dependent upon the expression
of the GH receptor (GHR) (14,15). GHR is a single membrane-spanning cell surface
protein member of the Class I cytokine receptor superfamily (16). Like other members
of the family, GHR lacks intrinsic kinase activity, and signal transduction is mediated
by Janus Kinase 2 (JAK2), a cytoplasmic tyrosine kinase that is associated to the
so-called box 1 in the membrane proximal region of the GHR cytoplasmic domain
(17, 18). JAK2 activation is triggered by GH-induced receptor dimerization, which
induces conformational changes resulting in JAK2 transphosphorylation and catalytic
activation. Subsequently, the receptor and several signaling proteins are phosphorylated
on key tyrosine residues, resulting in the activation of multiple signaling pathways.

In humans, GHR-inactivating mutations cause the Laron syndrome, which is charac-
terized by severe postnatal growth retardation (19). This phenotype is recapitulated in
GHR−/− mice, which show a 50% reduction in normal adult body weight (20). JAK2
is also essential for GHR signaling. Mutation of box 1 in the receptor or deletion of
JAK2 renders the GH receptor inactive (21,22).

GHR is found in multiple tissues, including muscle, bone, kidney, mammary gland,
adipose, and embryonic stem cells. The highest concentration is found in the liver,
specifically in the hepatocytes. Accordingly, GH regulates multiple aspects of liver
metabolism, including urea cycle, bile acid synthesis, cholesterol and lipoprotein
metabolism, glucose homeostasis, xenobiotic metabolism, etc. (23).

The hepatic effects of GH are essential for its physiological actions. This is clearly
illustrated by the mechanisms that control somatic growth. Circulating levels of IGF-1
are under GH control through its actions on hepatic gene expression (24). IGF-1
mediates many of the systemic GH effects and its importance for longitudinal growth
is illustrated by the fact that IGF-1 knockout mice reach 40% of the growth observed in
wild-type mice (25,26). Interestingly, liver specific deletion of the IGF-1 gene reduces
circulating IGF-1 levels by 65% but does not affect growth (27). Further reduction
to 15% of the normal levels can be achieved by the deletion of the Acid Labile
Subunit (ALS), another hepatic GH-regulated gene, resulting in a significant reduction
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of body length (28). We will not discuss in detail the mechanisms governing GHR
expression [reviewed in (29,30)]. Nevertheless, it is important to mention that factors
acting at the transcriptional, translational, and posttranslational levels can influence
GHR synthesis and, thereby, regulate GH sensitivity. These factors, some of which
are listed in Table 1, include nutritional status, endocrine context, developmental stage
(ontogeny), and various tissue/cell-specific control mechanisms.

A long history of GH studies has resulted in a large body of knowledge related to
issues of experimental design. Many aspects that would be left aside when studying
other systems become highly important in the GH field, since they have a direct
impact on the interpretation of experimental data. For example, given that recombinant
human and bovine GHs are readily available, it is common to exogenously administer
recombinant GH to animal or tissue cultures as a way to study GH effects. In this case,
the choice of hormone in relation to the animal models in use can alter the results of the
experiment. Human GH is able to bind and activate both GH and prolactin receptors
in rodents, which is important to consider when analyzing tissues that express both
receptors. On the other hand, bovine recombinant GH is just able to activate the GHR
and therefore constitutes a better choice to study GHR-mediated actions in rodent
models (31).

The way the hormone is administered also has important implications. Male and
female rats show dramatically different GH secretion patterns. Male rats show inter-
mittent peaks of GH secretion every 3–4 hours, with undetectable serum levels between

Table 1
Regulation of GHR Expression

Factor Effect on GHR expression System Reference

Nutrition
Undernutrition and fasting ↓ GHR (mRNA) Liver, rat (123,124)

↓ GHR (mRNA) Hepatocytes, rat (125)
Glucose starvation ↓ GHR (mRNA) Hepatocytes, pig (126)
Endocrine System
Chronic GH treatment ↑GHR (binding) Liver, rat, pig and sheep (127,128)
GH deficiency
(hypophysectomy)

↓ GHR (number) Liver, rabbit (129)

Acute GH treatment ↑GHR, 1h (binding) Liver, rat (130)
↓ GHR, 6h (binding)

GH overexpression ↑GHR (binding) Liver, transgenic mice (131)
Pregnancy ↑GHR (mRNA and binding) Liver, mouse (132)
Estrogen ↑GHR (mRNA) Liver, rat (133)
Dexamethasone ↓ GHR (mRNA) Liver, rat (133)
Insulin ↑GHR (mRNA and protein) HuH7 cells (134)

↓ GHR surface
↓ GHR (binding) H4 cells (135)

T3 ↑GHR (mRNA) HuH7 cells (136)
IGF-1 ↑GHR (mRNA) Liver, rat (137)

The arrow indicates the effect on GHR expression: ↑: increase; ↓: decrease.
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peaks. On the contrary, female rats show a more continued pattern of secretion with
smaller and more frequent GH secretory peaks. The different GH secretion patterns
are the key determinant of gender differences in liver gene expression. Therefore,
continued GH secretion as found in females (and imitated by GH treatment of male
rats with minipumps) is known to feminize the expression of several genes involved in
sterol and drug metabolism. Classical examples are the female specific CYP2C12 and
the male enriched CAIII (carbonic anhydrase III), which are respectively induced and
repressed by GH treatment with minipumps while oppositely regulated by the pulsatile
GH pattern as found in males (32).

It is also important to notice that several mechanisms of negative feedback exist
in GH-responsive tissues that downregulate GHR signaling upon GH binding (33).
Consequently, GH-deficient animals, either because of genetic causes or experimentally
generated by hypophysectomy, are more sensitive than GH-secreting animals to the
actions of exogenously administered GH. On the other hand, GH-transgenic mice have
much higher circulating levels of GH than its normal physiological levels, and the
GH-regulated mechanism described using this model may have more relation with
disease states such as acromegaly than with normal physiological actions of GH (34)).
Finally, GH-activated signaling is a transient phenomenon; therefore, the choice of
treatment time can determine which of the GH effects can be measured and studied.

Although the physiological characterization of GH actions started more than 90 years
ago, it is not until recent times that the molecular mechanisms behind these effects are
starting to be revealed. The human, mouse, and rat genome sequencing projects are
almost completed which promises to dramatically increase our understanding of the
genetic basis of GH actions. To fulfill this promise one must rely on the application
of high throughput technologies to speed up the acquisition of experimental data at
a genomic scale. The use of DNA microarrays for the parallel determination of the
expression of tenths of thousands of genes in an easy-to-perform assay makes this
technology the most widely used source of genome-scale experimental data in life
sciences (35). Microarray analysis of gene expression has already been used to study
GH actions in different models. These include measurements of hepatic changes in
gene expression in livers of male rats upon hypophysectomy and after treatment with
GH in continued (minipump-based, female-like) fashion (36). GH effects have also
been measured in old male rats liver muscle and fat upon daily injections of GH (37).
Several mouse genetic models have been studied, as well, including GH deficient,
Ghrhrlit/lit mice in comparison to wild-type (WT) littermates and after short term GH
treatment (38); also, the hepatic changes detected in liver of GH transgenic mice
(39) and in mice expressing truncated versions of the GHR (40). With the use of
microarrays, our knowledge of GH-responsive genes has greatly increased. It is now
possible to generate and test novel hypotheses regarding some of the GH effects that
lack adequate molecular explanations (36).

TRANSCRIPTIONAL REGULATION BY GH

The transcriptional actions of GH are exerted in a timely fashion by a network
of transcription factors. Several transcription factors are known to be regulated by
GH, including STATs 1, 3 and 5, the �, �, �. isoforms. of the C/EBP family (41–43),
HNF-1 � (44), HNF-6 (45), IRF-1 (46), mtTF1 (47), c-jun, c-fos (48,49), Foxm1b (50),
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Runx2 (51), Hoxa1 (52), ear-2, TAFII28 (36), etc. As shown in Table 2, the number of
DNA binding proteins known to be regulated by GH has been dramatically expanded by
the utilization of microarray technology. How this transcriptional network orchestrates
the physiological actions of GH is until now poorly understood. The discovery that the
Signal Transducer and Activator of Transcription 5 (STAT5a/b) is activated by GH
(53) represented a breakthrough in the understanding of the mechanisms behind GH
transcriptional regulation.

STAT5 is a cytosolic latent transcription factor. Upon GH stimulation, STAT5
associates to GHR and rapidly becomes phosphorylated in tyrosine residues (54). Once
STAT5 proteins are phosphorylated, they dissociate from the receptor, dimerize (homo-
or hetero-dimerization) through the SH2 domains in each STAT molecule, and migrate
to the nucleus, where they bind specific DNA-response elements with the consensus
sequence TTCNNNGAA (53) and activate gene transcription. A multitude of signaling
molecules have been described to be activated by GH, including Mitogen Activated
Protein Kinase (MAPK), Insulin Receptor Substrate 1 (IRS-1), Focal Adhesion Kinase
(FAK), Protein Kinase C (PKC), Ras-like GTPases, and other STATs [recently
reviewed in Zhu et al. (55)].

The contribution of many of these pathways to the physiological actions of GH in
the liver and extrahepatic tissues, and more specifically to its transcriptional effects,
remains unclear in most cases. In many instances the data has been obtained only
from in vitro studies in cultured cells. Moreover, many of these pathways are also
activated by several additional growth factors and cytokines that have limited functional
similarity to GH. This is not the case with STAT5b, where a clear role in GH specific
physiological actions is well demonstrated. Analysis of STAT5b deficient mice shows
that it is directly involved in sexually dimorphic longitudinal growth and hepatic gene
expression in mice. STAT5b deficient mice have a 27% reduction in body growth in
males but not in females, elevated GH plasma levels, and reduced circulating IGF-1,
as well as an inhibition of GH-induced lipolysis in adipose tissue (56). Importantly,
STAT5b mutations have also been found in humans, resulting in a severe growth
deficiency comparable to that of patients with GHR-inactivating mutations (57). The
analysis of GH-induced gene expression shows that STAT5b is required for the hepatic
expression of several GH-regulated genes which are important for somatic growth such
as IGF-1, IGFBP3, ALS, and SOCS2 (58–60).

The molecular mechanisms that regulate STAT5b actions illustrate the complexity
of the GH-regulated transcriptional network. Several mechanisms act to modulate
STAT5b actions in response to GH. First, the activation of STAT5b is transient in
nature due to the rapid action of negative regulatory mechanisms. STAT5b is subject
to negative regulation by the actions of tyrosine phosphatases, such as Shp-2, the
cytoplasmic protein-tyrosine phosphatase 1B (PTP1B), and possibly the T-cell protein-
tyrosine phosphatase (TC-PTP) (33)). GHR activity leading to STAT5b activation
is also negatively regulated by members of the SOCS protein family. As a conse-
quence, sustained effects of GH on target tissues would necessarily require secondary
effector molecules. Accordingly, STAT5 is known to influence the expression of other
transcription factors (see Table 2 and Table 3). An example is the transcriptional
regulation of HNF-6 by GH. STAT5b is known to bind the promoter and to regulate
the transcription of HNF-6, which in turn activates some of the female-enriched
GH-regulated genes (45,61).
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Table 2
Genes with DNA-Binding Activity Regulated by GH in Liver and Skeletal Muscle, Identified

by Microarray Analysis and Classified According to Current Gene Ontology Terms

Tissue Gene Bank Name Exp

Liver Upregulated
AB025017 Zinc finger protein 36 1, 3
AF015953 Aryl hydrocarbon receptor (AhR) nuclear translocator-like 1
AY004663 Nuclear factor, interleukin 3, regulated 1
NM_012591 Interferon regulatory factor 1 1
NM_012603 v-myc avian myelocytomatosis viral oncogene homolog 1
NM_012747 Signal transducer and activator of transcription

(STAT) 3
1

NM_012912 Activating transcription factor 3 1
NM_022671 One cut domain, family member 1 1
NM_022858 HNF-3/forkhead homolog-1 1
U67083 KRAB-zinc finger protein KZF-2 1
AF092840 Nibrin 2, 3
BC029197 X-box binding protein 1 2, 3
AK016949 SWI/SNF related, actin dependent regulator of chromatin,

subfamily a, member 5
3

NM_008416 Jun-B oncogene 3
NM_009883 CCAAT/enhancer binding protein (C/EBP), beta 3
NM_010591 Jun oncogene 3
NM_019963 Signal transducer and activator of transcription (STAT) 2 3
Downregulated
NM_022380 Signal transducer and activator of transcription

(STAT) 5B
1

NM_023090 Endothelial PAS domain protein 1 1
U09229 Cut (Drosophila)-like 1 1
U20796 Nuclear receptor subfamily 1, group D, member 2 1
AF009328 Nuclear receptor subfamily 1, group I, member 3 2, 3
AF374266 Sterol regulatory element binding factor (SREBP) 1 2
BC036982 Thyrotroph embryonic factor 2
X89577 Peroxisome proliferator activated receptor (PPAR)

alpha
2, 3

AK009739 Kruppel-like factor 15 3
NM_008260 Forkhead box A3 (Foxa3) (HNF-3�) 3
NM_010902 Nuclear factor, erythroid derived 2, like 2 3
NM_016974 D site albumin promoter binding protein 3

Skeletal
Muscle

Upregulated

AW144714 Nuclear receptor subfamily 2, group F, member 6 4
NM_008241 Forkhead box G1 (Foxg1) 4
D45210 Zinc finger protein 260 2, 3
M22326 Early growth response 1 2, 3
NM_007564 Zinc finger protein 36, C3H type-like 1 2, 3
NM_007679 CCAAT/enhancer binding protein (C/EBP), delta 2, 3
NM_008416 Jun-B oncogene 2, 3
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NM_010234 FBJ osteosarcoma oncogene (c-fos) 2, 3
NM_013597 Myocyte enhancer factor 2A (Mef2a) 2
AK018370 Bcl6 interacting corepressor 3
BC010786 cAMP responsive element binding protein 3-like 3 (Creb3l3) 3
BC020042 Core promoter element binding protein (Copeb) 3
NM_008390 Interferon regulatory factor 1 3
NM_009029 Retinoblastoma 1 3
NM_010028 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3,

X-linked
3

NM_010902 Nuclear factor, erythroid derived 2, like 2 3
NM_011498 Basic helix-loop-helix domain containing, class B2 3
NM_013468 Ankyrin repeat domain 1 (cardiac muscle) 3
NM_013692 TGFB inducible early growth response 1 3
NM_013842 X-box binding protein 1 3
NM_020033 Ankyrin repeat domain 2 (stretch responsive muscle) 3
NM_020558 Nuclear DNA binding protein 3
Y15163 Cbp/p300-interacting transactivator, Glu/Asp-rich

carboxy-terminal domain, 2
3

Downregulated
BC013461 Downregulator of transcription 1 4
NM_010866 Myogenic differentiation 1 2
BC011118 CCAAT/enhancer binding protein (C/EBP), alpha 2
NM_009557 Zinc finger protein 46 3
NM_016974 D site albumin promoter binding protein 3

Experiments analyzed (Exp): 1. Hypophysectomized rats injected + GH (short term); 2.Ghrhrlit/lit

mouse + GH 2h; 3. SOCS2−/− Ghrhrlit/lit mouse + GH 2h; 4. Old male rats + GH (injection twice per
day for 1 week). In bold: transcription factors that were previously known to be regulated by GH.

Table 3
Hepatic Genes Regulated by Growth Hormone Treatment in Hypophysectomized Male Rats

Gene ID Gene name Fold change

Lipid and bile acid metabolism
D85189 Acyl-CoA synthetase long-chain family member 4 4.4
J02585 Stearoyl-Coenzyme A desaturase 1 3.9
U13253 Fatty acid binding protein 5, epidermal 2.8
AB071986 ELOVL family member 6, elongation of long chain

fatty acids
2.7

NM_024143 Bile acid CoA ligase 2.5
NM_017332 Fatty acid synthase 2.4
AB005743 Fatty acid transporter 2.1
AF157026 Solute carrier family 34 (sodium phosphate), member 2 2.0
NM_012703 Thyroid hormone responsive protein, spot 14 1.9
NM_012738 Apolipoprotein A-I 1.9
AF202887 Apolipoprotein A-V 1.8
NM_016994 Complement component 3 (C3) 1.8
Y12517 Cytochrome b5, mitochondrial isoform 1.8

(Continued)
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Table 3
(Continued)

Gene ID Gene name Fold change

NM_031712 PDZ domain containing 1 1.8
AB012933 Acyl-CoA synthetase 5 1.7
NM_031976 Protein kinase, AMP-activated, beta 1 non-catalytic

subunit
1.6

AF286470 Sterol regulatory element binding factor 1 (SREBP-1) 1.6
NM_016987 ATP citrate lyase 1.6
AF095449 3-hydroxyacyl-CoA dehydrogenase 0.7
AB004329 Acetyl-Coenzyme A carboxylase beta 0.7
AF309558 SEC14-like 2 0.7
NM_013084 Acyl-Co A dehydrogenase, short/branched chain 0.7
AJ132352 SEC14-like 3 0.6
D00569 2,4-dienoyl-CoA reductase 0.6
NM_017222 Solute carrier family 10, member 2 (ileal sodium/bile

acid cotransporter)
0.5

NM_031559 Carnitine palmitoyltransferase 1, liver 0.5
Steroid and endo-xenobiotic metabolism
M31363 Sulfotransferase, hydroxysteroid preferring 2 10.5
NM_022258 Alpha-1-B glycoprotein 9.9
AF182168 Aldo-keto reductase family 1, member B7 9.1
D50580 Carboxylesterase 5 7.3
NM_031572 P450 2c40 (CYP2C12) 6.8
NM_017158 P450 2c7 (CYP2C7) 6.0
M31031 P450 2f 4.1
J05035 Steroid 5 alpha-reductase 1 3.9
X61233 Gluthatione-S-transferase class pi 3.0
U89280 Hydroxysteroid 17-beta dehydrogenase 9 2.3
NM_012753 P45017a1 1.5
NM_012531 Catechol-O-methyltransferase 1.5
M33313 CYP2A2 (steroid hydroxylase IIA2) 0.7
J02868 P450 2d13 0.6
U66322 Leukotriene B4 12-hydroxydehydrogenase 0.6
AB037424 Aldo-keto reductase family 7, member A2 0.6
NM_017080 Hydroxysteroid 11-beta dehydrogenase 1 0.6
U70825 5-oxoprolinase (ATP-hydrolysing) 0.6
NM_022407 Aldehyde dehydrogenase family 1, member A1 0.6
NM_013215 Aldo-keto reductase family 7, member A3 0.5
U09742 P450 3A2 (CYP3A2) 0.5
NM_022224 Phosphotriesterase related protein 0.5
NM_020540 Glutathione S-Transferase M4 0.4
NM_012693 P450 2A1 0.4
X79991 P450 3a18 0.4
U46118 P450 3a13 0.4
NM_013105 P450 3A3 0.4
NM_032082 Hydroxyacid oxidase 2 (long chain) 0.4
NM_012584 Steroid delta-isomerase, 3 beta 0.3
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J02861 P450 2c13 0.3
L32601 20 alpha-hydroxysteroid dehydrogenase 0.3
U33500 Retinol dehydrogenase type II (RODH II) 0.2
NM_012883 Estrogen sulfotransferase 0.1
NM_019184 Cytochrome P450, subfamily IIC (mephenytoin 4-hydroxylase) 0.1
M13646 P450 3a11 0.1
Transcriptional Regulation
NM_022671 One cut domain, family member 1 3.8
AI407707 Strongly similar to tripartite motif protein 24 [Mus musculus] 3.0
U56241 V-maf musculoaponeurotic fibrosarcoma oncogene family,

protein B (avian)
2.0

NM_138838 POU domain, class 3, transcription factor 1 0.7
NM_013864 N-myc downstream regulated 2 (Ndr2) 0.7
M25804 Nuclear receptor subfamily 1, group D, member 1

(Rev-ErbA-alpha)
0.6

NM_133583 N-myc downstream regulated gene 2 0.6
D25233 Retinoblastoma 1 0.6
L25674 Transcription factor ear-21 0.6
NM_013196 PPAR-alpha 0.6
AF311875 Period homolog 3 (Drosophila) 0.5
NM_012543 D site albumin promoter binding protein 0.5
AW918049 Pirin 0.5
D86580 Nuclear receptor subfamily 0, group B, member 2 (SHP) 0.4
NM_022941 Nuclear receptor subfamily 1, group I, member 3 (CAR) 0.4
BF567013 Transcription factor CP2 (predicted) 0.4
AW918049 Pirin 0.3
Iron metabolism, redox
U76714 Solute carrier family 39 (iron-regulated transporter), member 1 2.4
AF106944 PRx III (peroxiredoxin) 2.1
L38615 Glutathione synthetase 1.8
AW142278 Ubiquinol-cytochrome c reductase hinge protein 1.7
NM_017055 Transferrin (Tf) 1.7
NM_133304 Hephaestin 1.6
NM_012833 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 1.6
NM_030826 Glutathione peroxidase 1 1.6
NM_022500 Ferritin light chain 1 (liver, iron-storage protein) 1.5
NM_013059 Alkaline phosphatase, tissue-nonspecific 0.6
NM_017154 Xanthine dehydrogenase 0.6
AY027527 NADPH oxidase 4(kidney superoxide - producing NADPH

oxidase)
0.4

NM_019292 Carbonic anhydrase 3 0.3
Secreted, membrane proteins
AB039827 Major urinary protein 5 (alpha-2u globulin) 3.9
AF006203 Insulin-like growth factor binding protein complex acid-labile

subunit
2.5

NM_012630 Prolactin receptor 2.4
X70369 Collagen 1 type III 2.1

(Continued)
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Table 3
(Continued)

Gene ID Gene name Fold change

M15481 Insulin-like growth factor 1 2.1
BG671562 Replication factor C (activator 1) 4 (predicted) 2.1
M81785 Syndecan 1 2.1
J00734 Fibrinogen -chain 1.9
AF532184 Coagulation factor VII 1.9
NM_012959 Glial cell line derived neurotrophic factor family receptor

alpha 1
1.9

NM_007467 Amyloid precursor-like protein (mouse) 1.9
NM_031699 Claudin 1 1.9
NM_024486 Activin A receptor, type 1 1.7
Y13413 Amyloid beta (A4) precursor protein-binding, family B,

member 3
1.6

NM_017155 Adenosine A1 receptor 1.6
AF169313 Hepatic fibrinogen/angiopoietin-related protein (HARP) 1.6
X70369 Collagen, type III, alpha 1 1.6
NM_013156 Cathepsin L 1.6
NM_012898 Alpha-2-HS-glycoprotein 1.5
M27883 Serine protease inhibitor, Kazal type 1 (pancreatic secretory

trypsin inhibitor)
0.6

AJ236873 Collagen 1 type XVIII (endostatin precursor) 0.6
NM_031780 Amyloid beta (A4) precursor protein-binding, family A,

member 2
0.5

Signal transduction, motility and transport.
AB075973 Down syndrome critical region homolog 1 (human) 2.0
NM_017317 RAM (low Mr GTP-binding protein) 1.9
NM_022866 Solute carrier family 13 (sodium-dependent dicarboxylate

transporter), member 3
1.9

NM_134457 Seven in absentia 2 1.7
U37252 14-3-3 protein, -subtype 1.7
NM_019378 SNAP-25-interacting protein (delays onset cell spreading in

the early stage of cell adhesion to fibronectin; exocytosis)
1.6

NM_013005 Phosphatidylinositol 3-kinase, regulatory subunit,
polypeptide 1 (p85)

1.6

M14050 Heat shock 70kD protein 5 1.6
NM_022382 Myomegalin (may play a role in cAMP-dependent

intracellular signaling)
1.6

AJ303456 Wiskott-Aldrich syndrome protein interacting protein 1.5
NM_019196 Multiple PDZ domain protein (may play a role in G-protein

coupled receptors)
1.5

AF306457 RAN, member RAS oncogene family 1.5
AW534340 Deleted in malignant brain tumors 1 (putative scavenger

receptor)
0.6

NM_022693 SH3-domain binding protein 4 0.6
NM_139082 BMP and activin membrane-bound inhibitor 0.6
AF033355 Phosphatidylinositol-4-phosphate 5-kinase, type II, beta 0.6
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AF218575 Nibrin (activation cell cycle checkpoints and telomere
maintance)

0.6

NM_022849 Deleted in malignant brain tumors 1 (putative scavenger
receptor)

0.6

AW141364 Mitogen-activated protein kinase associated protein 1 0.6
AF199504 Casitas B-lineage lymphoma b (ubiquitin-protein ligase;

regulate autoimmunity; implicated as a susceptibility gene
for type I Diabetes (IDDM))

0.6

X89603 Metallothionein 3 (growth inhibitory factor) 0.6
AY029283 Caspase 11 0.5
NM_031970 Heat shock 27kDa protein 1 0.4
NM_031548 Sodium channel, nonvoltage-gated, type I, alpha polypeptide

(regulates salt and fluid transport in the kidney)
0.3

NM_031332 Solute carrier family 22 (Oatp 8, organic anion transporter),
member 8

0.3

Intermediary Metabolism
NM_030656 Alanine-glyoxylate aminotransferase (dual metabolic roles of

gluconeogenesis(mitochondria) and glyoxylate detoxification
(peroxisomes)

2.3

Y07744 UDP-N-acetylglucosamine-2-
epimerase/N-acetylmannosamine
kinase

1.9

AW140979 Transketolase 1.8
NM_012624 Pyruvate kinase, liver and RBC (catalyzes conversion of ATP

and pyruvate to ADP and phosphoenolpyruvate in glycolisis)
1.7

AF100154 Cysteine conjugate-beta lyase; cytoplasmic (Class-I
pyridoxal-phosphate-dependent aminotransferase)

1.7

NM_017084 Glycine N-methyltransferase 0.6
NM_019370 Ectonucleotide pyrophosphatase/phosphodiesterase 3 0.6
NM_022635 N-acetyltransferase 8 (camello like) 0.6
NM_030850 Betaine-homocysteine methyltransferase (homocystein

metabolism)
0.6

D28560 Ectonucleotide pyrophosphatase/phosphodiesterase 2 0.5
NM_031039 Glutamic pyruvic transaminase 1, soluble (GPT,

glutamic-piruvate transaminase (alanine transaminase),
gluconeogenesis)

0.5

Miscellaneous
AF169636 Paired-Ig-like receptor A3 (predicted) 3.5
H34199 Similar to chromosome 16 open reading frame 33; minus -99

protein (predicted)
2.0

NM_144743 Carboxylesterase isoenzyme gene 1.9
BF395809 Strongly similar to poptosis-inducing factor (AIF)-like

mitochondrion-associated inducer of death [Mus musculus]
1.9

NM_053714 Progressive ankylosis homolog 1.9
AI229654 Similar to DIP13 alpha (predicted) 1.6
M86870 Protein disulfide isomerase related protein (calcium-binding

protein, intestinal-related)
1.6

NM_012789 Dipeptidylpeptidase 4 1.6

(Continued)
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Table 3
(Continued)

Gene ID Gene name Fold change

D49434 Arylsulfatase B 1.6
Gene ID Gene name Fold change
NM_138530 MAWD binding protein 0.6
Y17328 Crystallin, mu 0.6
X13231 Sulfated glycoprotein 2 0.6
AF023657 Mannosidase, endo-alpha 0.5
NM_022297 Dimethylarginine dimethylaminohydrolase 1 0.5
NM_031073 Neurotrophin 3 0.4

The transcriptional regulation of eukaryotic genes involves the interaction of
transcription factors with chromosomal remodeling complexes and components of the
basal transcriptional machinery. STAT5b is known to interact with different cofactors
such as histone acetyltransferases (HATs), especially CBP/p300 and NCoA1/Src1, to
potentiate STAT5-mediated transactivation (62). In the case of STAT5a, the interaction
occurs with the C-terminal transactivation domain in the STAT molecule. n-Myc inter-
actor (Nmi) interacts with the coiled-coil domain of STAT5 and has been proposed to
facilitate the association of STAT5 with p300/CBP, resulting in the enhanced STAT5-
dependent transcription of STAT5 (63). The co-repressor SMRT also interacts with
the coiled-coil domain of STAT5, but, in contrast with Nmi, it inhibits the expression
of STAT5 target genes (64).

STAT5 also interacts with other transcription factors such as the glucocorticoid
receptor (GR), the specificity protein (Sp)1 (65), Ying Yang-1 (YY1) (66), and
CCAAT/enhancer binding protein (C/EBP�) (67). The GR-STAT5 interaction is of
special importance for the hepatic actions of STAT5b. This interaction is independent
of the DNA binding activity of the GR and results in an increase of the transcrip-
tional activity of STAT5b-regulated genes (68). The physiological importance of the
co-activator function of GR on STAT5b is evident in the liver-specific GR knockout
mice, which show a dramatic reduction in body size and reduced hepatic expression of
STAT5b-dependent genes, such as IGF-1, ALS, and SOCS2 (69). On the other hand,
STAT5b is also known to interact with PPAR alpha, but in this case the interaction
results in the mutual inhibition of the transactivation activity of both transcription
factors (36,70,71).

GH-REGULATION OF HEPATIC GENE EXPRESSION
IN HYPOPHYSECTOMIZED MALE RATS

Hypophysectomy in combination with hormonal replacement in rats has been classi-
cally used to study hormonal regulation of different physiological processes. In an early
example of an application of microarray technology in the endocrine field, we used
an array containing approximately 3000 gene probes to study the effects of hypophy-
sectomy on gene expression in three different tissues: liver, kidney, and heart. The
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effects of chronic (three weeks) hGH replacement therapy on hypophysectomized (Hx)
animals were also analyzed in the same tissues (36). An interesting observation was
that hypophysectomy causes a marked decrease in RNA content in multiple tissues.
In our hands, and in agreement with previous results, the content of RNA per cell
is reduced by approximately 40% in liver by hypophysectomy, and the fraction of
mRNA in the total pool follows this pattern (72),. Accordingly, a large number of
genes downregulated by hypophysectomy were identified in comparison to relatively
few upregulated genes, and there was a large overlapping among genes regulated by
hypophysectomy in the three tissues analyzed (36). Among the upregulated genes in
the liver, the biggest group corresponded to ribosomal proteins, thus suggesting that
ribosomal content is less sensitive to downregulation by hypophysectomy. On the other
hand, the study of GH-induced changes in gene expression showed that a relatively
small fraction of the genes which are regulated in Hx rats are reciprocally regulated by
GH treatment in the tissues analyzed. This clearly indicates the importance of pituitary
hormones other than GH for the transcriptional activity of the tissues under study. In
contrast with the changes induced by hypophysectomy, most of the GH effects are
highly tissue specific (see Fig. 1).

Although the state of hypophysectomy creates a physiological situation unique to the
model itself (of multiple hormonal deficiency), chronic hGH treatment of Hx male rats
results in clear restoration of body growth, among other well documented physiological
and metabolic changes (73). The Hx animal has a higher proportion of fat and a

23

58

19

14

36

158

kidney
liver

heart

kidney

liver

heart

48 11

25

6

4

1

Hx vs N

GH vs Hx

Fig. 1. Summary of the results obtained in the microarray analysis of hypophysectomy and GH
treatment in the liver, kidney, and heart of the male rat. Each circle represents one organ, and the
area is proportional to a number of transcripts. Numbers indicate the amount of different mRNAs
differentially regulated in the comparison between normal and Hx tissues and in the comparison
between Hx and GH-treated Hx liver, kidney, and heart.
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lower proportion of protein in its carcass. Chronic hGH administration improves the
nitrogen balance and reverses the changes in body composition found in Hx animals
(73,74). The protein anabolic effects of GH include increased uptake of amino acids in
peripheral tissues, decreased protein breakdown and usage of amino acids for energy
expenditure, and increased protein synthesis (75).

These anabolic effects are energy costly and are partly accomplished by increasing
the utilization of FFA in peripheral tissues (3, 76). Thus, GH treatment promotes
lipolysis and prevents lipogenesis in adipose tissue, which increases the availability of
FFA for energy expenditure. The liver expresses high levels of GHR and subsequently
plays a key role in the physiological actions induced by the hormone in the Hx animals.
The identification of hepatic GH-regulated genes in this model can help to identify
molecular mechanisms responsible for the physiological changes described earlier.
We have now extended our initial findings regarding GH regulation of hepatic gene
expression in Hx male rats (36) to the analysis of 7000 gene probes using a microarray
technology. The results are shown in Table 3. In this model, GH induced changes in
the expression levels of approximately 170 different genes. As expected, genes with a
known role in the regulation of body growth, such as IGF-1 and ALS, were induced by
the treatment. A functional classification of the regulated genes using Gene Ontology
terms revealed that most identified genes are involved in regulating several aspects of
cellular intermediary metabolism, specifically lipid, amino acid, and sterol/xenobiotic
metabolism.

In contrast with its lipolytic effects in adipose tissue, GH exerts lipogenic actions
in the liver. At the physiological level, these actions are characterized by increased
hepatic lipoprotein and triglyceride production, increased secretion of very low density
lipoprotein (VLDL), and increased expression of low-density lipoprotein (LDL)
receptors and hepatic cholesterol transport (77–79). The analysis of microarray gene
expression profiles provides some clues about how these effects are achieved. In the
first place, there seems to be a stimulatory effect of GH on lipogenesis that is evident in
the induction of genes for lipogenic enzymes FAS, ATP-cytrate lyase, SCD-1 and fatty
acid elongase 2, Acetyl CoA synthase (80), and for genes involved in lipid transport:
FABP-5, Apolipoprotein A-I, Apolipoprotein A-V, and PDZ domain-containing protein
1. Importantly, GH stimulates the expression of SREBP1c, a transcription factor that
constitutes the master regulator of lipogenesis through its effects in the expression
of genes involved in fatty acid synthesis (Fig. 2). Indeed, GH-regulated FAS, ATP-
cytrate lyase, SCD-1 and fatty acid elongase 2, Acetyl CoA synthase, and spot 14
are known to be transcriptionally regulated by SREBP1c (80). Another mechanism
whereby GH might promote lipogenesis in the liver is through the downregulation of
lipid oxidation. This seems to be achieved through the transcriptional downregulation
of PPAR alpha, a key regulator of genes involved in lipid catabolism (36,81). Accord-
ingly, the expression of gene carnitine palmitoyltransferase 1, liver 2,4-dienoyl CoA
reductase 1, and Acyl-CoA dehydrogenase, which are involved in mitochondrial fatty
acid beta oxidation, are repressed by GH.

The expression of small heterodimer partner (SHP) is oppositely regulated by
hypophysectomy and GH treatment. GH downregulates the expression of SHP, a
nuclear receptor family member that negatively affects the transcriptional activity of
several liver-enriched transcription factors (e.g., GR, LXR, TR, HNF-4� LRH-1, PXR)
that are involved in bile acid and cholesterol homeostasis, as well as other import
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Fig. 2. Effect of GH treatment of hypophysectomized male rats in the hepatic expression of genes
involved in fatty acid synthesis. Fold changes in gene expression after GH treatment are indicated
in italics.

liver functions (82). SHP is known to negatively regulate LXR stimulatory actions on
SREBP1c gene expression (83). Consequently, negative regulation of SHP by GH can
contribute to its lipogenic actions. SHP is also known to inhibit PXR in addition to
LXR and LRH-1. PXR is involved in cholesterol catabolism and excretion of choles-
terol, as well as in the metabolism of xenobiotics. GH induction of the known PXR
regulated gene Mrp2 (84), responsible for the excretion of bilirubin glucoronides and
glucoronidated bile salts, may also be secondary to SHP downregulation. Upregulation
of Mrp2 and also bile Acid CoA ligase (85), which catalyzes the first step in the conju-
gation of bile acids with taurin and glycine, possibly contributes to GH stimulation of
bile flow in Hx rats (86,87). A confirmation of the importance of SHP as a mediator of
GH actions comes from microarray analysis of gene expression in mice overexpressing
SHP (88), which shows that many of the GH-regulated genes (e.g., CD36, mouse
major urinary protein (MUP), serum amyloid A2, complement component 3, etc.) also
change expression in this model.

Despite the stimulation of genes involved in fatty acid synthesis, chronic GH
treatment is known to reduce triglyceride content in liver (77, 87), an effect that
is probably related to an increased capacity for liver VLDL secretion concomitant
to increased utilization of fat in muscle tissue. GH increases triglyceride secretion
in rat liver through the increased expression of the microsomal triglyceride transfer
protein (89), and by promoting RNA processing from ApoB100 into apoB48, thereby
promoting VLDL lipoprotein assembly and secretion (77,78). Upregulation of FAS and
downregulation of ACC� could also contribute to reducing liver triglyceride content, a
hypothesis supported by the phenotype of liver specific FAS−/− and ACC beta−/−. In
the first case, the mice show fatty liver, while ACC� −/− mice show reduced hepatic
triglyceride levels in comparison to controls (90,91). On the other hand, upregulation
of Apo A-V can contribute to reducing circulating levels of triglycerides in GH-treated
rats. Although its mechanism of action remains unclear, Apo A-V overexpression
reduces triglyceride levels in mice, while Apo A-V−/− mice have hypertriglyceridemia.
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Moreover, several polymorphisms of Apo A-V have been described in humans
associated to increased circulating levels of triglycerides (92). Hx animals have
increased LDL and reduced HDL levels, an effect that is normalized upon GH treatment
(87). These effects could be related with the increased production of Apo A-I, the
major apolipoprotein in HDL particles and a cofactor for LCAT, which is responsible
for the formation of most cholesteryl esters in plasma (93).

GH treatment in animal models and in humans causes positive changes in the
serum lipid profile (87). Nevertheless, the pharmacological use of GH has been
restricted for concerns regarding its anti-insulinic actions (3). How and in which
tissues GH antagonizes insulin activated pathways is a poorly understood matter. Some
of the GH-regulated genes in the liver can negatively impinge on insulin signaling.
The stimulation of phosphatidylinositol PI3-kinase, regulatory subunit, polypeptide
1 gene, which encodes for the p85 alpha regulatory subunit of PI3 kinase, could
negatively influence insulin signaling. The catalytic subunit (p110) of PI3-kinase
is essential in the activation by insulin of several downstream signaling pathways.
The p85 alpha regulatory subunit of PI 3-kinase is required to mediate the insulin-
dependent recruitment of PI3-kinase to the plasma membrane, yet mice with reduced
p85 expression have increased insulin sensitivity (94). Moreover, overexpression of p85
alpha results in the sequestration of IRS-1 into cytosolic complexes that are defective
in phosphatidylinositol-3,4,5-trisphosphate production (95). Another GH-induced gene
alpha-2-HS-glycoprotein (fetuin), is also known to have an inhibitory activity on the
insulin receptor tyrosine kinase in vitro and in vivo (96). On the other hand, Cbl-b,
which is downregulated by GH, is being proposed to exert positive actions on insulin
signaling (97,98), although other reports deny these initial findings (98).

GH treatment in animal model and humans causes dramatic changes in
endo/xenobiotic-metabolizing enzyme activities (99,100). The analysis of GH effects in
Hx rats has traditionally been used to study GH effects in xenobiotic metabolism and has
resulted in the identification of genes such as CYPs, sulfotransferases, and glutathione-
S-transferases as being GH-regulated. In keeping with the key role of GH secretory
patterns to establish and maintain gender dimorphism in rat liver, GH treatment of
Hx rats affect the expression of several genes known to be sexually dimorphic. Given
that GH was given in a continued (female-like) fashion, we could identify many of
the induced genes to be specific or predominant in female rat liver. These include the
induction of CY2C12 (101), steroid 5�-reductase (102), CYP2C7 (103), and several
other genes (104–106) that are activated by the female-specific GH pattern or are
female-predominant. Conversely, continuous administration of GH to Hx male rats
dramatically decreased the transcription of CYP2C11, CYP2C13, carbonic anhydrases
as well as other genes known to be male specific and inhibited by the female-specific
GH pattern.

CYP2C11 is the most abundant member of the P450 xenobiotic-inducible super-
family in non-stimulated liver that metabolizes testosterone (steroid 16�-hydroxylase)
and also xenobiotics (e.g., mephenytoin). Unlike 2C12 and 2C11 genes, the expression
of the male-specific 2C13 is not dependent on GH pulsation, as judged by its high level
of expression in Hx rats of both sexes. The male-specific expression of 2C13 gene
is primarily derived from the lack of a major suppressive influence of the continuous
pattern of plasma GH seen in females. Other CYP genes that were markedly downreg-
ulated by the continuous administration of GH to Hx male rats include members
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of the CYP3A subfamily of P450 enzymes (e.g., CYP3A3, CYP3A11, CYP3A13,
CYP3A18) (see Table 3). CYP3A enzymes are very active in steroid and bile acid
6�-hydroxylation and the oxidation of several xenobiotics (100,107). Because of their
wide substrate specificity and prominent expression in the liver (and gut), they are the
most important group of enzymes involved in xenobiotic (drug) metabolism (108).

The nuclear receptor PXR is the master regulator of CYP3A genes. On the other
hand, the constitutive androstane receptor (CAR) can also transactivate CYP3A genes.
Similarly to PXR, CAR is a nuclear receptor abundantly expressed in the liver and
regulates the metabolism of xenobiotics. CAR is best known for its role as an inducer
of the phenobarbital-responsive CYP2B gene family, which metabolizes phenobarbital
(109). Sixty-eight years ago, female rats were already observed to be more sensitive to
the effects of barbiturates (i.e., a more prolonged sleeping time) than male rats (110). A
later study conducted by Shapiro et al. showed that male, but not female, rats respond
to the effects of phenobarbital by increasing hexobarbital hydroxylase activity, and
aminopyrine N-demethylation (111). Interestingly, we have now shown that continuous
GH administration to Hx male rats has no effects on PXR expression but downregulates
CAR, thus suggesting that GH control of some of the male predominant genes can be
exerted through its effect on CAR. Sex-dependent differences have also been observed
in the expression of conjugative enzymes (phase II drug metabolizing enzymes),
such as sulfotransferases (112), glutathione S-transferases (113), and glucuronyl-
transferases (114). Using microarray-based gene expression profiling to study the
feminizing effects of GH in Hx rats, we and others have reported sexual dimor-
phism of phase II drug metabolizing enzymes (105,106). For example, hydroxysteroid
sulfotransferase (Sult2A1), a female-predominant enzyme that catalyses the metabolic
activation of potent carcinogenic polycyclic arylmethanols (112,115) is upregulated by
continuous GH administration to Hx male rats. In contrast, estrogen sulfotransferase
and glutathione S-transferase M4 (Gstm4) are downregulated by the same treatment.

In human subjects, sex differences in metabolism and pharmacokinetics have been
observed with several clinically important drugs (116). With some drugs, shorter plasma
average-lives (associated with greater clearance rates) are seen in male humans, while
with other drugs the female is more active in drug metabolism. Unfortunately, we do not
know yet if the mechanisms that operate to regulate P450-dependent drug metabolism
in rodent models are directly applicable to human drug metabolism. However, the
relevance of GH signaling pathways in humans, particularly STAT5b regulatory mecha-
nisms, in relation to liver sex dimorphism is supported by some experimental evidence.
GH secretion in humans is also sexually dimorphic and qualitatively similar to the
pattern observed in rodents (117,118). Moreover, several clinical studies indicate that
GH treatment can alter P450-dependent drug metabolism in humans (99). In the near
future, additional microarray experiments may be useful to further characterize the
sex dependence of liver gene expression and to identify the role that GH plays in
establishing and maintaining this sexual dimorphism in endo/xenobiotic metabolism
both in rodents and humans.

GH treatment stimulates growth by promoting the conservation of amino acids.
This effect is achieved by increasing nitrogen retention and reducing ureagenesis and
amino acid oxidation. The amino groups are removed from nearly all �-amino acids by
transamination to �-ketoglutarate in order to form L-glutamate. Oxidative deamination
of L-glutamate in the mitochondria by glutamate dehydrogenase releases ammonia,
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which is transformed into urea by the enzymes involved in the urea cycle. An inhibitory
effect of GH on the activity of the urea cycle enzymes has been reported (119). GH
can also affect this process by inhibiting glutamate production through downregu-
lation of transaminases. Indeed, we detected that glutamate pyruvate transaminase gene
expression was induced in Hx compared with normal rats and was repressed upon hGH
treatment.

Another aspect of GH action that can influence somatic growth is its effect on erythro-
poiesis. Erythrocyte numbers are in proportion to body mass during the growth period in
mammals,whichguarantees that increasedoxygenconsumptionduringgrowth ismatched
by an increased oxygen transport capacity. GH treatment of Hx rats is known to increase
erythropoiesis in proportion to increased blood volume without affecting erythrocyte
concentration (121). These effects are achieved by a complex mechanism that includes
the stimulation of erythropoietin (Epo) synthesis, as well as direct effects of IGF-1 on
erythropoietic cell precursors. Erythropoiesis requires a balanced supply of iron for the
synthesis of the haemoglobin in the erythroid cell. The hepatocyte plays a key role in
this process as the main site of iron storage. In line with its erythropoietic actions, GH
stimulates the expression of ferritin, transferrin, and haphaestin and iron-regulated trans-
porter 1 (IREG1) in liver (Table 3). Most of the iron circulates as a diferric anion bound to
transferrin. This complex is recognized by the transferrin receptor in immature erythroid
cells, other body cells, and internalized and utilized. The excess of iron is stored in the
liver in conjunction with ferritin. Iron transported to the circulation through the actions
of IREG1 acts in coordination with haphaestin. The IREG1/haphaestin system is active
both in the basal membrane of the enterocyte and the hepatocyte, thereby regulating
the availability of dietary and liver stored iron (121). The actions of GH seem then
to enhance liver storage capacity and the mobilization of hepatic iron into circulation,
as well as increased circulating iron through its action on transferrin expression.

SUMMARY

More than 100 years of GH research have resulted in the accumulation of a body
of knowledge regarding its physiological actions that is unparalleled by most of the
known proteins. This knowledge is not restricted to a few animal models but based
on studies on numerous species, from fish to mammals, representing a big portion
of the recent evolutionary history. Importantly, the use of recombinant human GH
as a pharmacological treatment for growth disorders has allowed the development of
in-depth studies of its physiological effects in humans.

Despite the dramatic advances in recent years in the understanding of the basic
molecular mechanisms of GH actions, many of the physiological actions of GH still lack
molecular explanation. The use of high throughput technologies applied to genomic,
proteomic and metabolic research can help us to clarify those mechanisms. The study of
GH physiological actions at a molecular level is specially challenging, since it includes
coordinated effects of the hormone in multiple tissues. Moreover, those effects may
vary in relation to the time of treatment, mode of GH administration, and some effects
may be specific for certain species.

The study described here represents an early step in the application of gene
expression profiling to GH research and uses a relatively simple experimental design.
Even with this limited scope, gene expression profiling offers multiple novel insights
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at the molecular level that can be readily related to physiological changes. As the
technology evolves and the data analysis tools are developed to deal with the large
amount of information generated by this kind of experiments, one would expect that
more complex experiments are performed. Future experiments in GH research should
have sophisticated experimental designs to match the complex and pleotropic actions
of GH. Those studies will include time courses, simultaneous assessment of GH actions
in multiple tissues, in various species, and in isolated cell types. The challenge, with
this information at hand, is to build a model of GH actions that link molecular events
to physiological actions at a systemic level. This model will not only be valuable to
understand the GH system, but it will also help us to identify molecular targets for
pharmacological intervention with the goal of mimicking many of the positive effects
associated to GH treatment in humans without the secondary effects associated to
direct hormonal treatment.
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Abstract

Microarray technology has proven to be a powerful tool for simultaneous profiling of the expression of
a large number of genes in various cells and tissues under normal physiological or pathological conditions.
The introduction of microarray in profiling the pattern of gene expression in various female reproductive
tract tissues and cells resulted in the generation of a large body of new information representing their
molecular environments under both normal physiological and pathological conditions. The identification
of transcripts for many genes, whose products’ functional relevance in reproductive tissues was not
previously predicated, has opened new research opportunities in the field of reproductive endocrinology.
Here, we shall discuss the application of microarray in studying gene expression profiling in myometrium
and leiomyoma and the consequence of GnRHa therapy on their expression, as well as their profiles in
smooth muscle cells isolated from these tissues in response to direct action of GnRHa. We shall also
discuss the influence of transforming growth factor beta (TGF-�), a profibrotic cytokine, on leiomyoma
and myometrial smooth muscle gene expression profile and the consequence of TGF-� receptor type
II antisense treatment as an alternative approach to suppress leiomyoma growth. Furthermore, we shall
discuss the experimental design with appropriate steps and procedures for RNA preparation, microarray
hybridization, image acquisition and data analysis, interpretation, confirmation, and finally the biological
significance of these genes.

Key Words: leiomyoma; myometrium; GnRH; TGF-�; tissue; cell culture; microarry; Western blotting;
immunohistochemistry; antisense oligomers

INTRODUCTION

Leiomyomas, or fibroids, are benign uterine tumors, which develop during the repro-
ductive years and regress after menopause. It is estimated that approximately 70% of
women are affected by leiomyoma, with higher risk of developing clinically significant
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tumors in African-American women. Although the transformation of normal myome-
trial smooth muscle cells/connective tissue fibroblasts leiomyomas is believed to cause
leiomyoma, molecule(s) that initiate such cellular transformation and orchestrate their
subsequent growth still remains unknown. Clinically, ovarian steroids are leiomyomas’
major growth promoting factors and medical management to control their growth center
around therapies that suppress the sex steroid production and actions. Gonadotropin
releasing hormone agonists (GnRHa) therapy acting at the level of pituitary-ovarian axis
has remained the common approach to suppress leiomyoma growth. Recent preclinical
and clinical trials with selective estrogen and progesterone receptor modulators (SERM
and SPRM), such as Raloxifene, Mifepristone and Asoprisnil, and CDB-2914, have
also shown efficacy in regressing leiomyomas’ growth (1–5). Despite these advances
in medical management of leiomyoma, our knowledge of the molecular environment
that distinguishes leiomyoma from myometrium remains limited. Our current under-
standing of leiomyomas’ molecular environment has been based on the results derived
from several conventional methods. These investigations revealed the identification
of many locally expressed molecules with ability to mediate cellular transformation,
growth, differentiation, hypertrophy and apoptosis, as well as extracellular matrix
(ECM) accumulation, events central to leiomyoma growth and regression (5–7).

The recent introduction of microarray technology, allowing simultaneous assessment
of the expression of a large number of genes in various cells and tissues, has proven to
be a powerful tool for obtaining the signature of their molecular environment during
normal physiological and/or pathological conditions. This approach has been utilized
in studying the pattern of gene expression in several reproductive tract tissues and cells,
including leiomyoma and myometrium, as well as their isolated smooth muscle cells
(8–23). In this chapter, we shall discuss the application of microarray in studying gene
expression profiling in leiomyoma and myometrium and the consequence of GnRHa
therapy on their expression. We have presented an experimental approach for examining
gene expression profile of the smooth muscle cells isolated from these tissues following
treatment with GnRHa and TGF-�. In the following, we present the experimental design
with appropriate steps and procedures for RNA preparation, microarray hybridization,
image acquisition and data analysis, interpretation, confirmation, and finally assays to
define the biological significance of these genes.

EXPERIMENTAL DESIGN

Materials and Methods
Portions of leiomyoma and matched myometrium are collected from premenopausal

women scheduled to undergo hysterectomy for indications related to symptomatic
leiomyomas. Since leiomyoma develops during reproductive years, consideration is
given to the influence of menstrual cycle prior to collection. In addition, if comparative
analysis is being made between leiomyoma from patients who received hormonal
therapy, the untreated (control) group must include patients who did not receive any
medications (including hormonal) during the three months prior to surgery. According
to standards and to minimize variability, leiomyoma sampling must be made from
similar size tumors, and if large tumors were to be used, samples should be obtained
from identical locations.
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Following collection, the tissues are cut into several pieces and either immediately
snapped frozen and stored in liquid nitrogen for RNA and protein extraction, or
fixed and paraffin-embedded for histological evaluation and immunohistochemistry,
or used for preparation of isolated leiomyoma and myometrial smooth muscle cells
and culturing. Approval from appropriate Institutional Review Board must be obtained
prior to the initiation of any study.

Isolation and Culture of Leiomyoma and Myometrial Smooth Muscle Cells
To determine the global gene expression in leiomyoma and myometrial smooth

muscle cells (LSMC and MSMC) in response to locally expressed molecules or agents
that influence their cellular behavior, these cells must be isolated and cultured in
a defined condition. Only untreated tissues must be used for isolation of LSMC
and MSMC. There are several well-described procedures for isolation of LSMC and
MSMC, including the one from our laboratory (24, 25). Prior to being used in any
experiments, the primary culture of LSMC and MSMC must be characterized. This
is performed by seeding the cells in 8-well culture slides (Nalge Nunc, Naperville,
IL, USA) and culturing in DMEM-supplemented media containing 10% FBS for 24 h.
The cells are washed in serum-free media and characterized using immunofluroscence
microscopy and antibodies to � smooth muscle actin, desmin, and vimentin (24, 25).
The LSMC and MSMC cell preparation selected for further experiments should be 95%
pure. The cells are cultured in 6-well plates at a density of approximately 106 cells/well
in the presence of 10% FBS. After the cells reach visual confluence, they are washed in
serum-free media and incubated for 24 h under serum-free, phenol red-free condition.
The cells can then be used to study the effect of estrogen, progesterone, SERM, SPRM
or, in the case of our study, GnRHa (leuprolide acetate, Sigma Chemical, St Louis,
MO, USA), and TGF-�. In either case, the cells are often treated with several doses
for one time point, or with one concentration for different time points. Because of the
cost associated with microarray experiments, dose- and time-dependent experiments
can be designed based on previous experience and/or when adequate data are available
with the test agent to support the specific selection of dose and time of treatment. For
examining the effect of GnRHa and TGF-� on gene expression profile in LSMC and
MSMC, we selected one dose and three treatment time points of 2, 6 and 12 h based
on our previous work with the effects of GnRHa and TGF-� on regulation of other
genes in these cells (21,24,26).

Gene Expression Profiling
Currently, there are several microarray platforms for profiling gene expression

in cells and tissues. These platforms are classified into two types, oligonucleotide
and cDNA arrays. They utilize synthesized gene-specific oligonucleotides or single-
stranded DNA probes of different length, respectively, incorporated on nylon
membrane or glass and are exposed to labeled cDNA prepared from cell and
tissue RNA samples (27–29). The membrane arrays are hybridized with radioactive-
or chemiluminescent-labeled cDNA, whereas oligonucleotide arrays are hybridized
with a single fluorescently labeled cDNA. The high-density oligonucleotide arrays
use photolithography and solid-phase DNA synthesis to generate synthetic 25-base
oligomers (25mers) probes. Each gene on these arrays is represented by 11 to
20 different 25mers, either as “perfect match” or “mismatch” sequence pairs, the
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latter serving as an internal control for every gene. These probes are generated to
represent a unique part of a gene transcript allowing discrimination between closely
related genes, or between splice variants of a gene. Longer oligonucleotide (50
to 100mers) microarrays are also available and provide even greater hybridization
specificity (27–29). The probes imprinted on these arrays represent both known
genes and expressed sequence tags (ESTs) denoting partially sequenced novel
genes, some corresponding to a segment of a known gene. The online database at
http://www.ncbi.nlm.nih.gov/dbEST/index.html contains all the EST sequences, and
http://www.ncbi.nlm.nih.gov/UniGene/index.html contains genes assigns overlapping
sequences to a single cluster, which may or may not have a known identity.

Although both platforms have been extensively utilized, results obtained from cDNA
microarray platforms are less reproducible as compared to oligonucleotide microarray
because of irregularity in probe sizes and target RNA that results in variable binding
capacity (27–29). Restriction guidelines must be established for utilizing different
commercial oligonucleotide and cDNA microarrays, as well as individually constructed
cDNA microarrays (27–29). This is specifically critical when the study design involves
comparative analysis of results obtained from different experiments using different or
similar platforms, even if similar analysis is employed to obtain a list of significant
genes (30,31). Table 1 provides a list of commercially available arrays.

RNA Preparation and Hybridization
In our studies, we used both membrane (http/www.clontech.com; (10) and oligonu-

cleotide arrays (Affymetrix at http://www.affymetrix.com, (20, 21) for profiling gene
expression in leiomyoma, myometrium and their isolated smooth muscle cells. In each
case, total RNA was isolated from paired leiomyoma and myometrium, as well as
from LSMC and MSMC cultured in a defined condition, using Trizol (Inverogen,
Carlsbad, CA, USA). The total RNA was treated with DNase I (Roche Applied Science,

Table 1
Commercial Microarrays

Company Web address

Affymetrix http://www.affymetrix.com
Agilent Technologies http://www.home.agilent.com
Applied Biosystems http://www.appliedbiosystems.com
CombiMatrix Corporation http://www.combimatrix.com
Illumina http://www.illumina.com
Mergen http://www.mergen.com
NimbleGen Systems http://www.nimblegen.com
Oxford Gene Technologies http://www.ogt.co.uk
Panomics http://www.panomics.com
Phalanx Biotech http://www.phalanxbiotech.com
Plexigen http://www.plexigen.com
Spectral Genomics http://www.spectralgenomics.com
SuperArray Bioscience Corporation http://www.superarray.com
Xeotron Corporation http://www.xeotron.com
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Indianapolis, IN USA.) at 1 unit/10 �g of RNA, incubated at 25�C for 20 min, heat-
inactivated at 75�C for 10 min, and subjected to a further purification step using RNeasy
Kit (Qiagen, Valencia, CA, USA) according to the protocol. The isolated RNA was
subjected to amplification by reverse transcription using SuperScript Choice system
(Invitrogen), with final concentrations in the 20-�l first-strand reaction of 100 pmol
of T7-(dT)24 primer (high performance liquid chromatography-purified, Genset Corp.,
La Jolla, CA, USA.), 8 �g of total RNA, 1× first-strand buffer, 10 mM dithiothreitol,
500 �M of each dNTP, and 400 units of Superscript II reverse transcriptase. The
second-strand cDNA synthesis was performed in a 150-�l reaction consisting of, in
final concentrations, 1× second-strand reaction buffer, 200 �M of each dNTP, 10 units
of DNA ligase, 40 units of DNA polymerase I, and 2 units of RNase H (Invitrogen). The
double-stranded cDNA was purified with phenol:chloroform extraction using phase
lock gels (Eppendorf-5 Prime, Inc. a division of Eppendorf AG, Boulder, CO, USA.
Westbury, NY) and an ethanol precipitation (T7 Megascript kit; Ambion, Austin, TX,
USA).

The mRNA present in 5 �g of total RNA is reverse-transcribed into cDNA and
amplified using an oligo (dT) primer containing a T7 RNA polymerase promoter
(T7-primer), followed by transcription into cRNA. In a newly developed protocol, the
amplification step using a T7-primer is repeated by allowing only 50 ng total RNA
utilization. Although this alternative approach is useful when sample size is small, or
total cellular RNA is limited, the correlation between the two different protocols using
the same sample is not very high (r2 < 0�7). This is because the T7-primer binds to
the 3′ flanking region of mRNA and sometimes fails to amplify sufficient amount of
5′ sequences in the small-sample protocol. Five micrograms of purified cDNA was
reverse transcribed using the Enzo BioArray high-yield RNA transcript labeling kit
(Affymetrix Inc., Santa Clara, CA, USA), and the product was purified in RNeasy spin
columns (Qiagen) according to the manufacture’s instructions. Following an overnight
ethanol precipitation, cRNA was resuspended in 15 �l of diethyl pyrocarbonate-treated
water (Ambion) and quantified using UV-visible spectrophotometer.

Following the quantification of cRNA, to reflect any carryover of unlabeled total
RNA according to the equation given by Affymetrix; adjusted cRNA yield = cRNA
(mg) measured after in vitro transcription (starting total RNA) (fraction of cDNA
reaction used in in vitro transcription), 20 �g of cRNA was fragmented (0�5 �g/�l),
according to the instructions of Affymetrix using 5× fragmentation buffer containing
200 mM Tris acetate, pH 8.1, 500 mM potassium acetate, and 150 mM magnesium
acetate (Sigma-Aldrich, Inc, St. Louis MS, USA). Twenty micrograms of the adjusted
and fragmented cRNA was added to 300 �l of an hybridization mixture containing,
at final concentrations, 0.1 mg/ml herring sperm DNA (Promega/Fisher, Madison,
WI, USA), 0.5 mg/ml acetylated bovine serum albumin (Invitrogen), and 2× MES
hybridization buffer (Sigma). Two hundred microliters of the mixture is used for
hybridization to human Affymetrix GeneChip arrays each consisting of a specific
number of probe sets representing known and expressed sequence tags (ESTs)
according to Affymetrix procedures. Each probe set typically consists of 16 perfectly
complementary 25-base long probes as well as 16 mismatch probes that are identical
except for an altered central base.

To maintain a standard, all the microarray GeneChips should be purchased at once
from the same lot numbers and used shortly after purchase. An aliquot of random
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samples should be first hybridized to an Affymetrix Test 2 Array to determine sample
quality according to manufacturer’s criteria. After fulfilling the recommendation criteria
for use of expression arrays, hybridization is performed for 14–16 h at 45�C, followed
by washing, staining, signal amplification with biotinylated antistrepavidin antibody,
and final staining according to manufacture’s protocol (Affymetrix).

Data Acquisition
Following the hybridization process, the membrane or GeneChips, are scanned to

obtain raw hybridization values (for review see 27–29). In the case of membrane array,
scanning is carried out using a phosphorimager screen. Following image acquisition,
the membrane arrays are subjected to specific alignment according to commercially
available software to identify spots and quantify signal intensity GeneChips and glass
microarray scanners are used for fluorescent image acquisition, and depending on
the system utilized, they differ accordingly (http://www.biocompare.com). In the case
of Affymetrix GeneChips, Genepix 5000A scanner is used to obtain the level of
fluorescence spot intensity of the 25mer oligonucleotides and their mismatches. These
intensity values represent the rate of hybridization and are used for analysis of multiple
decision matrices to determine the presence or absence of hybridization and an average
difference score representing the relative level of expression of a given gene on the
array. The qualities of spots and local background for each array are automatically
assessed by Genepix software with manual supervision to detect any inaccuracies in
automated spot detection. Background and noise corrections are made to account for
nonspecific hybridization and minor variations in hybridization conditions to obtain
net hybridization values.

Data Analysis
The net hybridization values are first subjected to Affymetrix Analysis Suit V 5.0

to identify alteration in gene expression values. Briefly, probe sets that were flagged
as absent on all arrays using default settings must be removed from the datasets. This
filtering results in a substantial reduction in the datasets; in our study, the datasets
reduced from 12,625 probe sets to 8552 probe sets. After obtaining the dataset values for
each array, they are subjected to normalization to reduce experimental variability across
different arrays while maintaining biological variability. Several statistical methods
have been developed to normalize microarray datasets, as well as further analyses were
conducted to address biological variability, some containing useful and simplified,
step-by-step procedure to achieve normalization of hybridization values (32–36). We
used a global normalization method for the analysis of data obtained from membrane
and Affymetrix arrays (28, 29). Briefly, the net hybridization intensity value for each
gene is multiplied by a scaling factor so that the average intensity of elements on a
given array is equal after scaling, with scaling factors ranging from 2.5 to 10 within
each array. The globally normalized values are then used for comparative analysis. To
identify changes in the pattern of gene expression, the average and standard deviation
(SD) of globally normalized values are calculated, followed by the subtraction of mean
value from each observation and division by the SD. The mean transformed expression
value of each gene in the transformed dataset was set at 0 and the SD at 1 (10, 20).
After filtering, the coefficient of variation is calculated for each probe set across all
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chips and the probe sets are ranked by the coefficient of variation of the observed
single intensities.

The datasets are then analyzed either by grouping or classifying samples and genes
according to their expression patterns (unsupervised methods such as hierarchical and
K-mean clustering) and dimensionality-reduction methods that map high-dimensional
expression datasets into low dimensional space based either on structure of covariance
matrix or local similarity (35–40). These methods are useful in describing changes in
gene expression and obtaining a list of genes whose expression is considered to change as
compared to control. However, because of differences in stringency of different statistical
methods, careful attention must be given to the quality of data obtained at this stage.

Currently, there are several statistical methods available to obtain a list of differen-
tially expressed genes (30–46). Many software packages are available for data normal-
ization, statistical analysis and visualization. They include Focus (44), the statistical
language “R” (47, 48); http//www.r-project.org), SAM (49), QVALUE (50), Cyber-T
(51), and BRB-ArrayTools (http://linus.nci.nih.gov/BRB-ArrayTools). Most of these
and other statistical software packages are based on “R” commands, and because of
the requirement for a familiar software application, a user-friendly version is made

Table 2
List of Useful Web Sites for Microarray Data Analysis

FatIGO (GEPAS) Fisher Exact test,
various multiple testing correction,
permutation (52,53).

http://fatigo.bioinfo.cnio.es

GO-cluster Pearson’s correlation
coefficient (54)

http://mpibpc.mpg.de/go-cluster/

GOget, GOview Visual, search tool (55) http://db.math.macalester.edu/goproject
Gominer Fisher Exact test, Relative
enrichment (56)

http://discover.nci.nih.gov/gominer/

GOStat Fisher Exact test, multiple
testing correction (57)

http://gostat.wehi.edu.au/

Gosurfer Pearson’s �2, q value (58) http://biostat.harvard.edu/complab/gosurfer/
MAPPfinder Standardized difference
score (z) from hypergeometric
distribution ((59))

http://genmapp.org

NetAffx GO mining tool (60) http://affymetrix.com/analysis/query/goanalysis.affx
Pathway Miner/Biocarta/GenMAPP/
KEGG (61)

http://biorag.org/pathway.html

Gene Ontology project (GO) http://geneontology.org
The Kyoto Encyclopedia of Genes and
Genomes (KEGG) provides searchable
pathways

http://genome.jp/kegg/)

GenMAPP provides an image of a
pathway

http://genmapp.org

Database for Annotation, Visualization,
and Integrated Discovery (DAVID)

http://david.niaid.nih.gov)

Gene Expression Profile Analysis Suite http://gepas.org
High-Throughput GoMiner http://discover.nci.nih.gov/gominer/htgm.jsp
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available at http://www.bioconductor.org. We used R and SAM statistical packages in
our studies (Table 2).

For statistical analysis, we used normalized datasets obtained from all experiments
involving tissues and cells and subjected either to SAM or “R” analysis (47–50). The
“R” analysis uses multiple test correction and false discovery rate to identify statisti-
cally significant gene expression values. For the final list, we selected genes whose
expression values displayed a statistical significance at p < 0�02 between leiomyoma
and myometrium from GnRH-treated and untreated cohorts, and p < 0�005 and 0.001
between GnRHa- and TGF-�-treated and untreated cells (control), respectively (20,21).
The validity of probe sets identified at these p values in predicting treatment class
was established using “leave-one-out” cross validation where the data from one array
were left out of the training set and probe sets with differential hybridization signal
intensities were identified from the remaining arrays.

Microarray data are also normalized against the expression level of certain house-
keeping genes, total mRNA quantity, or other assessments considered universal
among samples. However, such relative measurements cannot be applied beyond
different sample protocols or microarray platforms. The Toxicogenomic Projects at
National Institute of Health Sciences have established a bioinformatics system called
“Percellome” allowing normalization of gene expression values on a per cell basis
(62). Briefly, the system uses internal standards and a compensation program for each
transcriptional level, thus the data once normalized from all samples and studies can
be expressed as a copy number per genomic DNA level. This system was primarily
for use with the Affymetrix GeneChip but can be expanded to other platforms.

Gene Classification, Ontology Assessment and Biological Pathways
The above analysis provides a list of genes whose expression is considered to change

as compared to control without revealing any of their cellular and functional signifi-
cance. To further extend the information, the data can be subjected to pathway analysis
allowing the identification of more subtle changes in expression than the gene lists
obtained from statistic p-value and/or fold-change. Although genes with large changes in
expression might be interesting, so might those in which there are more subtle changes,
such as small, but consistent, changes in expression of a group of genes with related
function. Pathway analysis is suited to detecting such trends. There are three main
sources of pathway and functional information, which can be either generic or species-
specific and describe metabolic and cellular processes and genetic networks. The Gene
Ontology project (GO) (http://www.geneontology.org) classifies genes into a hierarchy,
placing gene products with similar functional category. Because GO is hierarchical, a
gene that is in one category is automatically a part of all its parent classifications. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/)
provides searchable pathways, and GenMAPP (http://www.genmapp.org) provides an
image of a pathway that is annotated with accession numbers. Many gene ontology
classifications are available from GenMAPP (Table 2).

Some of the above mentioned software designed for data normalization and
classification can also assess functional annotation and visualization of differentially
expressed genes. One such useful software is Database for Annotation, Visualization,
and Integrated Discovery (DAVID; http://www.david.niaid.nih.gov), which contains



Gene Expression Profiling in Leiomyoma 75

integrated GoCharts that assign genes to specific gene ontology functional categories
based on selected classifications, KeggCharts that assign genes to KEGG metabolic
processes and context of biochemical pathway maps, and Domain Charts that allow
genes to be grouped according to PFAM conserved protein domains (56–63). We used
this software for assessing functional annotation and visualization of differentially
expressed and regulated genes in leiomyoma and myometrium from GnRHa-treated
and untreated cohorts as well as LSMC and MSMC treated in vitro with GnRHa
and TGF-�. A major drawback of pathway annotation is that, for a large number
of genes, no pathway or functional classification exists; this might be the case for
more than half the number of genes represented on a microarray. However, most of
the above mentioned software allow for other analysis such as promoter elements,
chromosome position, protein structure or interaction data, and text enrichment to gain
more information about an individual gene or group of genes.

Verification

mRNA Expression

Although gene microarray provides a substantial amount of information with respect
to the molecular environment of cells and tissues at the time of assay, the biological
significance of the expression of any gene may be difficult to interpret without verifi-
cation of the information by quantitative means. Many reasons for such assumptions
are recognized and reviewed in numerous articles, which include, but not limited to,
differences in array platform, lack of uniform standards for experimental procedures,
sample variability, and method of data analysis (64–67).

After obtaining the list of genes based either on statistical significance or fold change,
the expression of the gene(s) of interest must be validated and confirmed. Standard
RT-PCR, semi-quantitative or quantitative RT-PCR as well as Northern blot analysis or
RNase protection assays are the methods of choice for confirming mRNA expression.
Although RT-PCR is used to confirm the expression of a gene of interest with a “yes”
or “no” answer, the semi-quantitative RT-PCR is more accurate in determining the
expression of a gene in relation to a housekeeping gene, i.e., beta action or GAPDH.
Quantitative RT-PCR is an accurate and highly sensitive assay and requires a low
level of RNA as compared to Northern blot analysis, and is useful for assaying genes
with low expression levels, or limited availability of sample for RNA isolation (68).
Northern blot and RNase protection assay are not only quantitative but also allow
for identification of the number and size of transcripts (67). To further define tissue
distribution of mRNA expression of a given gene identified by microarray, in situ
hybridization is the method of choice and may provide important information reflecting
the potential function of the gene product in that tissue.

We used RT-PCR to confirm the expression of more than 30 genes identified as
differently expressed and regulated in leiomyoma and myometrium, as well as in
LSMC and MSMC in response to TGF-� and GnRHa treatments. The selection of
those genes was based not only on their expression values (up- or downregulation)
but also on classification and biological functions important to leiomyoma growth
and regression, regulation by ovarian steroids, GnRHa and TGF-� as indicated in
the literature, and genes whose expression has not been previously reported in these
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cells and tissues. For realtime PCR, cDNA was generated with 2 �g of total RNA
using Taqman Reverse Transcription (RT) reagent (Applied Biosystems Foster City,
CA, USA). The RNA was incubated in 100 ml of a RT reaction mixture (1 × RT
buffer, 5.5 mM MgCl2, 2 mM dNTP, 2.5 mM random hexamers, 0.4 U Rnasin (RNase
inhibitor), and 1.25 U MultiScribe reverse transcriptase at 25�C for 10 min and then
at 48�C for 30 min. The reverse transcriptase was inactivated by heating at 95�C for
5 min. PCR was performed in 96-well optical reaction plates (Applied Biosystems)
on cDNA equivalent to 100 ng RNA in a volume of 50 ml, containing 25 ml TaqMan
universal master mix and optimized concentrations of FAM-labeled probe, forward
and reverse primers for the above genes selected from Assay on Demand and/or
Assay by Design (Applied Biosystems). RT-PCR was using ABI-Prism 7700 Sequence
System (Applied Biosystems) at the following conditions: 2 min at 50�C, 10 min at
95�C for 1 cycle; and 15 s at 95�C, 1 min at 60�C for 40 cycles. Controls included
RNA subjected to RT-PCR without reverse transcriptase and PCR with water replacing
cDNA. All the controls gave a Ct value of 40, indicating no detectable PCR product
under these cycle conditions. ABI Sequence Detection System 1.6 software (Applied
Biosystems) was used to determine the cycle number at which fluorescence emission
crossed the automatically determined threshold level (Ct). Results were analyzed using
the comparative method; values were normalized to the 18S rRNA expression by
subtracting mean Ct of 18S rRNA from mean target Ct for each sample, to obtain the
mean DCt. Mean DCt values were then converted into fold change based on a doubling
of PCR product in each PCR cycle, according to the manufacturer’s guidelines (Applied
Biosystems).

Protein Expression

Confirming the mRNA expression of a differentially expressed gene identified by
microarray and correlating that with the gene products at protein level allows for
a better assessment of their biological function. Western blotting or ELISA of total
protein isolated from the same tissue or cells used in microarray study is the method
of choice, allowing for the establishment of whether gene transcription and translation
are co-coordinately regulated. However, utilization of these methods depends on the
availability of the antibody specific to the gene product. In addition, the specificity of
the available antibodies for such applications may limit the detection of any protein
in these samples. Immunohistochemical and immunocytochemical techniques can also
be utilized to localize tissue distribution and cellular compartment assessment of the
protein.

For immunoblotting, total protein was isolated from small portions of the tissues
or cells cultured in defined conditions. The tissues and cells were directly lysed in a
lysating buffer and the tissue homogenates and cell lysates centrifuged, supernatants
collected and their total protein content was determined using a conventional method
(Pierce, Rockford, IL, USA). An equal amount of protein sample is subjected to
SDS-polyacrylamide gel electrophoresis and transferred to polyvinyldiene difluoride
(PVDF) membrane. Subsequently, the blots are processed according to established
procedures and then incubated with antibody specific to the target protein and/or anti-b
actin (control) antibodies. The membranes are exposed to the corresponding HRP-
conjugated IgG, and immunostained proteins are visualized using enhanced chemilumi-
nesence reagents (Amersham-Pharmacia Biotech, Piscataway, NJ, USA). Many ELISA
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kits are commercially available for various proteins with detailed procedure for their
application. For immunohistochemical localization, tissue sections are prepared from
formalin-fixed and paraffin-embedded or frozen tissues. We have utilized Western blot
analysis and immunohistochemistry to confirm protein production and tissue local-
ization of several newly discovered gene products in leiomyoma and myometrium.

Biological Function
To define the biological function(s) of differentially expressed genes, a well-defined

in vitro experiment using primary culture isolated from the tissue of interest, or
isolated cell or cell line utilized for gene expression profiling, is recommended.
Functional studies may include examining the effect of gene products on cell survival
and regulation of other genes whose products are known to be essential for various
biological activities of the cells/tissues. Further investigation may include dominant-
negative vectors, RNA interference, or antisense morpholino oligonucleotides to
determine the function of the gene of interest at cellular level in vitro. Under in vivo
condition, experiments may be designed using antisense oligonucleotides, knockout or
conditional knockout technologies as part of functional analysis of microarray experi-
mental design stage.

NOTES

Microarray technology has been useful in profiling the expression of a large number
of genes in many reproductive tract tissues. In recent years, this technology has been
applied in leiomyoma and myometrium to identify their overall molecular environ-
ments. Several studies, including that of our own, have utilized different microarray
platforms consisting of membrane and GeneChip arrays and a wide range of methods
of data analysis identifying the expression of several hundred genes as differentially
expressed in these tissues and their isolated smooth muscle cells (Table 3). Perhaps
the most critical aspect of a microarray experiment is data analysis (27–50). As such
the analysis to identify genes whose expression displays significant difference between
leiomyoma and myometrium used simple fold change, ANOVA, SAM and “R” statis-
tical programs (Table 3). However, obtaining the list of genes is not the end-point
of microarray investigation; rather the results provide a direction toward selection
and confirmation of specific gene expression. With integration of gene expression
data combined with proteomic analysis and in vitro regulation, these approaches can
become effective tool toward understanding the monocular environment that govern
normal physiological and pathological conditions associated with uterine and other
reproductive tract tissues.

Using these tools, we have obtained large-scale gene expression profiling of
leiomyoma and myometrium as well as their response to GnRHa therapy. We validated
the expression of several genes at tissue level and in response to time-dependent
action of GnRHa and TGF-� in LSMC and MSMC. Many of these genes and their
products are known to play a key role in cellular transformation, growth, differentiation,
apoptosis and matrix accumulation. Since these processes are critical in leiomyoma
growth and regression, the information should assist us in forming specific hypothesis
with therapeutic strategies for leiomyoma medical management.
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Abstract

Androgens, particularly testosterone and its potent metabolite 5-�-dihydrotestosterone, serve as critical
mediators in the development and maintenance of the male reproductive and non-reproductive systems.
Androgen-dependent signaling is conveyed by the androgen receptor (AR), which is a member of the
nuclear receptor superfamily. AR binding of androgen stimulates its ability to bind DNA and regulate gene
transcription. The importance of the AR in human physiology is exemplified by the fact that disruption of
this key receptor is causative for androgen insensitivity syndrome (AIS) and spinal and bulbar muscular
atrophy (SBMA), also known as Kennedy’s disease. In contrast, AR activity is essential for benign
prostatic hyperplasia (BPH) and the development and progression of prostate cancer. The advent of
microarray technology has provided significant contributions toward the understanding of the underlying
mechanisms that govern the AR function in these physiological and pathophysiological conditions. The
aim of this chapter is to summarize the recent advances using genomics to study the role of androgens in
developmental and reproductive processes, AIS, Kennedy’s disease, and prostate cancer. As the body of
work relative to prostate cancer is large, a gene list comparison was performed with prostate cancer studies
that utilized a well-characterized human prostatic adenocarcinoma cell line treated with physiological
concentrations of androgen. The consensus targets were then evaluated on their physiological relevance as
well as on their potential as direct AR targets. In addition, alternate models of AR action in prostate cancer
were examined. These studies provide evidence for AR-dependent regulation of other identified genes
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involved in metabolism, transcription, and signaling pathways. Together, these collective observations
reveal insightful information concerning androgen action in human health and disease.

Key Words: Microarray; androgen; androgen receptor (AR); androgen response element (ARE);
androgen responsive genes (ARG); androgen insensitivity syndrome (AIS); spinal and bulbar muscular
atrophy (SBMA); Kennedy’s disease; prostate cancer; development; spermatogenesis; LNCaP cells; animal
models; T877A mutation; alternate ligands; metabolism; transcription; proliferation; signaling

INTRODUCTION

Androgens are essential to a variety of developmental and physiological responses.
The most freely circulating androgen is testosterone, which is produced primarily in
the testes. Additional androgen synthesis occurs within the adrenal gland. However,
in distinct androgen-responsive organs (e.g., prostate, penis, scrotum), testosterone
is converted to the more potent 5-�-dihydrotestosterone (DHT) by the enzyme 5-�
reductase (1). Alternatively, the enzymatic activity of aromatase can convert testos-
terone to estradiol, resulting in estrogen receptor (ER) activation. Testosterone exerts
its biological effect through the androgen receptor (AR) (Fig. 1).

The AR is a member of the steroid subclass of the ligand-activated nuclear receptor
superfamily of transcription factors (2). Receptors in this transcription factor family
share a conserved structure (3) consisting of an amino terminal transactivation domain
containing transactivation functions (AF1), a conserved DNA-binding domain (DBD),
and a carboxyl terminus containing the ligand-binding domain (LBD) and a second
transactivation domain (AF2). In contrast to most nuclear receptors that rely on the
AF2 domain for activity, the majority of AR activity is based within the amino-
terminal domain (NTD), which contains two alternate transactivation domains (AF1
and AF5). In the absence of ligand, cytoplasmic AR is sequestered and held inactive
through its association with heat shock proteins (HSP). Subsequent to stimulation
with androgen, the receptor disassociates from the HSPs, followed by rapid dimer-

Fig. 1. Androgen receptor domains and androgen signaling. (a) The functional domains of the
androgen receptor depicting the amino-terminal domain (NTD), DNA-binding domain (DBD), hinge
region, and the ligand-binding domain (LBD). Amino acid designations depicted in parenthesis. (b)
Testosterone or DHT act through the AR to stimulate expression of target genes. Refer to the text
for more detail.
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ization and translocation to the nucleus. These events confer the proper configuration
of the receptor necessary for activity and recruitment of accessory proteins. Within the
nucleus, the receptor occupies distinct promoter regions that contain androgen response
elements (ARE). The consensus ARE is GG(A/T)ACAnnnTGTTCT and plays an
essential role in transcription factor initiation (4). Additionally, many gene regulatory
regions contain multiple AREs that work in a cooperative fashion with each other
or additional regulatory elements to promote AR binding or activity (5–9). Once the
receptor is bound to its cognate DNA sequence, subsequent recruitment of co-regulatory
proteins to the AREs facilitates gene regulation through chromatin modification and
complex stabilization. Thus, androgens act through the AR to induce a specific
gene expression program that can elicit a wide spectrum of biological outcomes,
including cellular differentiation and proliferation. In addition to this classical paradigm
of AR action, recent evidence suggests that androgens can exert rapid effects on
cellular processes through modulation of discrete signal transduction pathways (e.g.,
MAPK). These immediate responses to androgen occur with kinetics that exclude
the AR function at AREs and are proposed to occur via membrane-associated and/or
cytoplasmic receptors (10). The relevance of these “non-genomic” effects for the
biological functions of androgens has yet to be discerned.

Androgen and AR activity are critical for a myriad of processes, including devel-
opment of the male reproductive tract, muscle formation, body composition, bone
mineralization, fat metabolism, and nervous system development (11). The importance
of androgen is illustrated by the alterations in AR function, which are tightly associated
with a number of diseases in these tissue types. Specifically, disruption of AR function
is causative in spinal and bulbar muscular atrophy (SBMA), also termed Kennedy’s
disease, and androgen insensitivity syndrome (AIS). By contrast, the AR activity plays
an essential role in the development of benign prostatic hyperplasia (BPH), prostatic
intraepithelial neoplasia (PIN), and prostatic adenocarcinoma. For these hyperplastic
and neoplastic diseases of the prostate, AR is the major therapeutic target for patient
management. For each condition, delineation of AR function is essential for clarifying
the mechanisms by which these disease states arise. Recent advances in genomics
have been paramount to the study of genome-wide changes initiated by androgen and
have yielded preliminary insight into AR function. This chapter is focused on the
use of DNA microarray technology to reveal AR function under physiological and
pathophysiological conditions.

DEVELOPMENT AND REPRODUCTIVE FUNCTION

The role of the AR in development is prominent in male sexual dimorphism and
function (12). Androgen action is most notable at the onset of puberty, wherein males
become sexually competent. However, the requirement for androgen begins much
earlier, wherein androgen is necessary for the development of Wolffian ducts, vas
deferens, seminal vesicle, prostate, penis, and scrotum. Androgen signaling is also
pivotal in the differentiation of bone between males and females during puberty,
allowing for greater bone volume and length that is associated with the increased size
of males after puberty (13). Despite the established importance of androgen in these
systems, few studies have investigated the AR-dependent gene targets that govern its
influence over development. By contrast, several studies have addressed the action of
androgen and AR in spermatogenesis.
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Spermatogenesis occurs initially in the testes and is critical for male reproduction. It
is well established that initiation and progression of spermatogenesis requires androgen
action, and the testicular action of AR has been addressed using murine model systems.
To assess androgen action, hypogonadal mice were utilized, which lack gonadal
releasing hormone (GnRH), a positive regulator of testosterone production (14). These
mice exhibit infantile testes and halted spermatogenesis, which can be qualitatively
rescued through androgen supplementation. Using this model, testes were analyzed
to identify genes that respond to testosterone after either acute (up to 24 hours) or
chronic (up to 21 days) stimulation. Interestingly, short-term testosterone exposure
at short times (<12 hours) led to a uniform decrease in transcripts. These changes
were attributed to testosterone-induced stimulation of meiosis in the immature testes.
However, at 24 hours of treatment, changes resulted in a net increase of androgen-
dependent gene transcription (139 upregulated genes at t = 24 hours, compared to
19 at t = 4 hours). From these studies, placentae and embryos oncofetal (Pem) gene
expression was induced by 8 hours and was sustained during acute exposure. Although
the mechanism of altered Pem expression was not determined, Pem has been previously
identified as an androgen-responsive target gene. Long-term exposure to androgen
allowed for study in postmeiotic germ cells and revealed induction of 78 genes, of
which only three were shared with the 24-hour treatment.

A second study examining the effects of androgen on testicular action utilized
the effects of androgens on neonatal mice as well as the AR antagonist flutamide
(Chimax® and Drogenil®) on adult mouse testes (15). As neonatal mice lack a
definitive hypothalamus-pituitary-testis axis, they provide a model by which androgen
supplementation can be examined in the absence of global signaling effects. Pem
was utilized in this study as a control and was upregulated 3.8-fold at 16 hours by
treatment with testosterone. As expected for an AR target gene, Pem expression was
significantly repressed in the adult testes of mice treated with flutamide. Interestingly,
androgen treatment did not induce transcripts of numerous cell cycle markers such as
PCNA or Myc. AR, a putative target of itself, was also unchanged. Among the notable
regulated genes were steroidogenic proteins such as CYP17a1, also identified in the
GnRH model, which converts C(21) to C(19) steroids. Combined, these studies identify
Pem as a putative marker of AR action in the murine testes, although it remains to be
determined whether Pem is a direct AR target gene.

Spermatozoa maturation in the epididymis is also dependent on androgen action, and
murine model systems have proved useful in assessing AR action in this tissue (16).
For these studies, intact or castrated mice were treated with oil (vehicle) or DHT for 48
hours (10 mg total). Subsequently, the epididymis was dissected into the cauda, caput,
and corpus, regions for RNA extraction and subjected to microarray analysis. As such,
each functional region was separately analyzed to identify the androgen-responsive
genes. Of the regions examined, the cauda was identified as the most androgen-
responsive, with 133 uniquely regulated genes. The caput and corpus demonstrated 62
and 55 gene-specific effects, respectively. Among the notable genes proposed to be
androgen regulated was myo-inositol 1-phosphate synthase A1 (Isyna1) corresponding
to a loss of myo-inositol, which regulates osmolarity, seen in the epididymis lumen after
castration. In addition, within the cauda region, members of the kallikrein family of
serine proteases and serpine-2, a thrombin and urokinase inhibitor previously identified
as critical for spermatogenesis, were also upregulated by androgen. Again, these gene
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targets await further validation and analyses to be assigned as direct or indirect targets
of AR action. However, these studies provide further evidence that the action of
androgen and its effect on gene regulation are tissue-specific. Moreover, these studies
indicate that murine model systems may prove useful in the analysis of tissue-specific
AR activity.

ANDROGEN INSENSITIVITY SYNDROME

Given the importance of androgen in mediating development of multiple tissues,
aberrations in AR are known to give rise to multiple disease states (17). Loss or
reduction of AR function results in AIS, which is subclassified into categories of
complete (C) or partial (P) AIS based on severity (18). Severe CAIS results from
plenary loss of AR function. Consequently, CAIS patients with 46XY genotypes display
external female genitalia, gynecomastia, and present with absence of all male sexual
organs, pubic and axillary hair. Patients with PAIS exhibit a range of symptoms from
a predominantly female phenotype to an ambiguous or male phenotype. However, all
AIS results in infertility. The predominant cause of AIS is mutations within the AR
gene, resulting in a functionally impaired protein product. A list of AR mutations
known to result in AIS is banked in the McGill’s Androgen Receptor Gene Mutations
Database (19).

Although there is a clear link between loss or reduction of AR function and AIS,
the use of microarray technology to reveal the basis of disease has been very limited.
One study utilized genital fibroblasts from a CAIS patient to delineate the effects of
androgen (20). The AR expression was retained within these cells and two comparisons
were made. First, baseline alterations in gene expression were compared between
AIS-derived and normal genital fibroblasts. Second, gene expression in the presence
and absence of androgen was analyzed, so as to specifically identify defects in AR
signaling. While differences in homeobox A13, T-box, cell adhesion, and matrix genes
were detected between AIS and normal cells, no effects of androgen were significant
in either of the genital fibroblast backgrounds. These findings may indicate that the
effects of androgen are cell type and temporally specific, thus creating difficulty for
identification of critical AR target genes during development. Generation of additional
models that recapitulate AIS will assist in identifying AR targets that are critical for
disease development.

KENNEDY’S DISEASE

SBMA is another X-chromosome-linked disease that is attributed to aberrations
in AR function. The disease is characterized by progressive muscular weakness and
atrophy that usually presents at the beginning of the third decade of life in males.
Muscular weakness often leads to trembling and muscle cramps, concurrent with loss
of motor neurons in the brain stem and spinal cord (21). Patients also demonstrate some
signs of androgen insensitivity but display increased serum testosterone levels (22).
The underlying genetic basis of SBMA is attributed to expansion of a trinucleotide
(CAG) repeat region within the AR gene (23). While the modal number of repeats is
below 35, in SBMA individuals these repeats can be present in excess of 60 copies.
These CAG or polyglutamine (polyQ) repeats are known to result in protein misfolding,
aggregation, and general reduction in AR activity. However, since AIS patients do
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not present symptoms of SBMA, it is hypothesized that the polyQ repeats render a
“gain of function” effect (21). The increase in repeats confers a new activity to AR in
neurons generated by protein aggregation and results in cell death. Moreover, ligand
stimulation results in an increase in disease progression theorized to be generated by
AR dissociation from HSPs (24). As HSPs tend to stabilize protein conformation,
they may also inhibit protein aggregation. Therefore, dissociation of HSPs from AR
may increase disease progression. As such, the role of AR in the development and
progression of SBMA is not associated with its canonical function, which is diminished,
but with novel activity associated with the polyglutamine extension.

Due to the known etiology of SBMA, characteristic symptoms, and cell-specific
background, it provides a tantalizing model to study using genomic approaches. To
address the causes of the disease, mouse motor neuron neuroblastoma cell lines have
been generated, wherein AR variants expressing either 24 or 65 polyglutamine repeats
were integrated into the genome (25). Expression of the expanded polyglutamine AR
generated a basal change in transcription of genes involved in ubiquitin-mediated
degradation as compared to cells expressing a wild-type AR. Among these genes are
components of the 20S proteasome, Lmp7 and MECL1, as well as the proteasome
activator PA28. In addition, the molecular chaperone HSP22 was also upregulated. The
effect of ligand in this system caused changes in 57 genes for the Q24 receptor and 17
genes for the Q65 receptor. In the Q65 receptor group, three genes were unique: retinol-
binding protein, adrenomedullin precursor, and PP2A-� (reduced expression). Many of
the genes activated by the wild-type receptor were unchanged by the expanded polyQ
receptor, supporting the theory of diminished ligand activity associated with the mutant.
Thus, microarray analyses have yielded early insight into the effect of the polyQ region
on AR function in vivo. Interestingly, a transgenic mouse model of Kennedy’s disease
has been developed and further investigation using microarray analysis should reveal
novel insights into the development and progression of the disease (24).

PROSTATE CANCER

Advances in our knowledge of AR function have largely emerged from the study
of AR function in the prostate. It is known that AR is required for the development,
growth, and secretory function of the prostate. The action of the AR during devel-
opment is complex and is mediated by stromal–epithelial interactions (26). During
development, it is actually the stromal cells that are AR positive and it is thought that
activation of the AR in this cell type promotes induction and secretion of paracrine
factors that promote epithelial cell growth and differentiation. This hypothesis was
borne out using models of tissue recombination, wherein proliferation of the epithelia
requires AR stimulation in the stromal compartment (27). However, the gene targets of
stromal cell action have yet to be clearly defined. Postdevelopment, the differentiated
epithelia gain AR expression and AR activation in this cell type induces expression of
the well-characterized AR target gene, PSA (prostate-specific antigen). PSA expression
is generally confined to the secretory epithelia and the PSA protein encodes a protease
that contributes to the overall function of the prostate. Most importantly, this marker
has been proven to be invaluable in the diagnosis and monitoring of therapeutic efficacy
in prostate cancer (28).
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AR Function in Prostate Cancer
Prostate cancer is a major health concern as it is the most diagnosed malig-

nancy and second leading cause of cancer death among American men. For organ-
confined disease, radical prostatectomy or radiation therapy results in a high cure
rate. However, for metastatic disease, androgen deprivation therapy is the mainstay of
treatment, as prostate cancer cells require AR activity for growth and survival (29).
Androgen ablation therapies target AR action through removal of endogenous androgen
production and/or through the use of direct AR antagonists. This treatment is initially
effective, in that tumor cells either undergo cell cycle arrest (30) or programmed cell
death (31), resulting in disease remission. Efficacy of therapy is monitored biochem-
ically, wherein tumor regression is accompanied by dramatic reductions in serum
PSA (28). However, recurrent tumors ultimately arise (within a median time of 2–3
years), wherein AR has been re-activated (32). Tumor recurrence is almost invariably
preceded by a rise in serum PSA levels, also referred to as “biochemical failure” (33).
Unfortunately, there is no effective treatment for recurrent tumors that fail androgen
deprivation therapy, leading to significant patient morbidity. Thus, substantial efforts
have been directed at delineating the multiple mechanisms by which AR is regulated
and re-activated in recurrent disease. A large body of evidence has demonstrated that
AR can be re-activated in therapy-resistant tumors by at least four mechanisms (34),
including: (a) AR amplification (thus sensitizing to environments of low ligand); (b)
mutation of the AR LBD (thus broadening ligand specificity); (c) overexpression of
AR co-activators; and (d) ligand-independent AR activation (typically mediated by
growth factor pathways). These examples illustrate common mechanisms by which
tumors evade therapeutic intervention and underscore the substantial selective pressure
for AR activation that is induced by hormone therapy. However, the precise mecha-
nisms by which AR regulates prostate cancer cell proliferation remain elusive. It is
hoped that, through DNA microarray analyses, critical targets of AR action in early
and recurrent tumors will reveal novel mechanisms to control AR function in prostate
cancer development and progression.

Consideration of Parameters in Cell-based Assays: The LNCaP Model
The study of androgen action in prostate cancer has been significantly aided by the

use of many prostate cancer cell lines, arguably the most common and well charac-
terized being the LNCaP cell line (35). These cells, derived from a metastatic lymph
node deposit of prostate cancer, exhibit many of the properties of androgen depen-
dence seen in clinical disease. These cells retain AR and PSA expression and, therefore,
provide good biochemical markers for the analysis of AR activity in response to ligand
stimulation. LNCaP cells are also dependent on physiological levels of androgen for
cellular proliferation both in vitro and in vivo, thus providing analyses of androgen-
dependent tumor growth when utilized as a xenograft. Lastly, LNCaP cells undergo
growth arrest (36) and exhibit reduced PSA expression in response to bicalutamide
(Casodex®), which is an AR antagonist that is frequently utilized in prostate cancer
therapy. Bicalutamide both prevents DHT binding to the receptor (37) and also facil-
itates the recruitment of co-repressors to the AR complex (38), thus utilizing both
active and passive mechanisms to block AR function. Thus, LNCaP cells respond
appropriately to both androgen deprivation therapy and to therapeutic AR antagonists.
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Despite the obvious utility of this model system in analyzing AR action, several
critical parameters must be considered in experimental design. First, it is essential to
note that these cells express a relatively common tumor-derived mutant of the AR
(T877A), which broadens its ligand specificity (39). Study of androgen-dependent gene
regulation in this model system, therefore, requires careful manipulation of cultured
cells under steroid-depleted conditions, wherein androgen is re-supplemented as the
only steroid source. Second, androgen dosage is a critical factor for data interpre-
tation. As PSA is considered the gold standard for AR activity and its expression is
directly dependent on the dose of ligand, many investigators have performed assays
with supraphysiological concentrations of androgen (1 to 10 nM) (40–43). These supra-
physiological androgen levels preclude the chance of identifying physiologic targets
that are important for prostate cancer proliferation. As with most hormone-dependent
cancer cells, there is a bell-shaped response of LNCaP cells to androgen stimulation,
wherein physiological androgen levels (0.1 to 1 nM) stimulate cell cycle progression,
while doses above 10 nM and below 0.01 nM potently inhibit cellular proliferation.
The mechanism of “high androgen”-mediated growth inhibition has been attributed to
increased p27kip1 (44) and TGF � (45) levels and holds limited biological relevance.
Therefore, delineating the significance of AR target genes identified using high-dose
androgen requires subsequent stringent analyses using physiologic conditions. In sum,
identification of AR target genes using the LNCaP model system necessitates a priori
consideration of culture conditions and appropriate androgen dosage.

AR Activity in the LNCaP Model
To identify AR target genes critical to cancer growth and survival, a multitude

of studies have utilized the LNCaP model. However, disparities in experimental
design and platform have resulted in abundant putative target genes, thus confounding
comparison between datasets. To circumvent these issues and bolster the potential for
identifying AR target genes, we refined the datasets for a baseline comparison of nine
LNCaP studies (46–53) that utilized androgen at concentrations less than 10 nM and/or
utilized bicalutamide to confirm the AR association. Selection for analysis also required
that gene lists were available. In the majority of studies, an initial period of steroid
deprivation (1–5 days) was utilized to achieve residual androgen activity, followed by
a 24 to 72- hour stimulation of androgen in the presence or absence of bicalutamide. To
complement the LNCaP studies, two additional genome-wide comparisons were incor-
porated. The first compared androgen sensitive- (LNCaP, 22Rv1, LAPC4, MDA PCa
2a and 2b) and androgen insensitive- (PC-3, PPC-1, DU 145) prostate cancer cell lines
(15), and the second analyzed therapy-resistant human tumors as compared to changes
in LNCaP cells under the conditions of androgen ablation (54). Each study was repre-
sented as a sample within the expression data analysis software package GeneSpring
GX 7.3 (Agilent Technologies) using a binary score to indicate the presence or absence
of genes. Genes were filtered for those appearing in a minimum of three samples
and clustered using Pearson correlation around zero (complete linkage) for genes and
Euclidean distance (complete linkage) for conditions. The cross-comparison revealed
104 common targets, with PSA (gene designation KLK3) being the most frequently
identified target (>90%) (Fig. 2). This observation validates the established utility of
PSA as a universal marker of AR action in prostate cancer cells and lends confidence
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to subsequent gene comparisons. Henceforth, the genes mentioned in the text will be
referred to by their abbreviations as a full description of each gene; and the frequency
within the dataset is summarized in Table 1. Although these genes are scored as
androgen-responsive, most are yet to be validated as direct AR target genes.

By comparison to the large number of identified androgen-responsive genes, few
loci have been established as direct AR targets. For the purposes of this chapter, the
existing literature was scrutinized to identify androgen-induced genes with functional
AREs, as defined by the ability of AR to bind directly to oligonucleotide AREs in
vitro or associate with ARE-containing promoter regions as determined by chromatin
immunoprecipitation analysis (ChIP). At least 30 genes were identified, which meet the
criteria stated above, and summarized in Table 2. Of the genes commonly identified in
the LNCaP microarray analysis (Fig. 2), 8% were validated direct AR targets, while an
additional 14% of the genes have been shown to harbor putative (but not yet validated)
AREs, shown in Table 3. Other microarray studies using androgen or anti-AR therapies
have documented similar androgen-responsive targets. For instance, the genes KLK2,
TMPRSS2, and DBI were among six common targets similarly regulated at 48 hours
by antisense AR treatment or androgen deprivation in combination with bicalutamide
in LNCaP cells (55). Likewise, serial analysis of gene expression after 24 hours of
androgen treatment in LNCaP cells identified ACPP, CLU, and KRT19, while 72 hours
of treatment identified only KRT18 using a proteomic approach (56). Combined, these
analyses lend further confidence in the identification of these genes as potential AR
targets. The known and potential AR targets identified represent a myriad of cellular
processes, thus revealing the diversity of the androgen-dependent signaling pathways.
Of significant concern, however, is that few of the identified or putative AR targets
have clear implications for prostate cancer growth or survival. This is surprising as AR
activation is clearly linked to these biological outcomes in prostate cancer cells. This
disparity in AR function and biological outcome indicates the need for parallel study
of gene expression with analyses of cellular proliferation in cancer model systems.

Comparison to Animal Models of AR Action
An alternate model for studying androgen action can be achieved in rodents

through removal of endogenous androgen by orchiectomy. Generally, young adult male
Sprague-Dawley rats are castrated and, following a period of 7 to 10 days, are injected
daily with 5 to 7 mg/kg androgen. One particular study identified 234 differentially
expressed transcripts in the ventral prostate by 6 hours of androgen treatment, of which
36% of the genes were cell signaling and response related (57). Unfortunately, the
data was not available for comparison against the LNCaP model. A separate study,
wherein rodents were supplemented with androgen for 48 hours, identified 162 upreg-
ulated and 143 downregulated genes in the prostate (58). Of these, selected genes
were also identified in the LNCaP cluster analysis (Fig. 2), including ALDH, CLU,
DBI, and FKBP5. Similar targets were identified using subtractive hybridization of
the rat ventral prostate (59). The Dunning Rat model has also been employed to
assess AR function, which utilizes transplantable prostate-derived tumors that progress
after castration to a therapy-resistant state. A comprehensive castration study using
this model revealed a number of differentially expressed transcripts (60); however, 73
transcripts identified with human homologs had no commonality with the 104 human
genes in the LNCaP dataset.
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Table 1
Description and Frequency of Genes Appearing in Fig. 2

Gene Accessionƒ Frequency Description

ABCC4 NM_005845 45% ATP-binding cassette, sub-family C
(CFTR/MRP), member 4

ABHD2 NM_007011 36% Abhydrolase domain containing 2
ACPP† NM_001099 45% Acid phosphatase, prostate
ACSL3‡ NM_004457 27% Acyl-CoA synthetase long-chain family member 3

(Fatty-acid-Coenzyme A ligase, long-chain 3)
ALDH1A3 NM_000693 36% Aldehyde dehydrogenase 1 family, member A3
AMACR NM_014324 27% Alpha-methylacyl-CoA racemase
ANKH‡ NM_054027 27% Ankylosis, progressive homolog (mouse)
AR† NM_000044 27% Androgen receptor (Dihydrotestosterone receptor)
ASAHL NM_014435 27% N-acylsphingosine amidohydrolase (acid

ceramidase)-like
ATP2B4 NM_001684 27% ATPase, Ca++ transporting, plasma membrane 4
AZGP1‡ NM_001185 36% Alpha-2-glycoprotein 1, zinc
B2M‡ NM_004048 27% Beta-2-microglobulin
B4GALT1 NM_001497 27% UDP-Gal:betaGlcNAc beta 1,4-

galactosyltransferase, polypeptide 1
BCHE NM_000055 36% Butyrylcholinesterase
BICD1‡ NM_001714 27% Bicaudal D homolog 1 (Drosophila)
BM039 NM_018455 27% Uncharacterized bone marrow protein BM039
C1orf21 NM_030806 27% Chromosome 1 open reading frame 21
CAMKK2‡ NM_006549 36% Calcium/calmodulin-dependent protein kinase

kinase 2, beta
CCNG2 NM_004354 36% Cyclin G2
CDK8 NM_001260 27% Cyclin-dependent kinase 8
CLU NM_001831 36% Clusterin (Testosterone-repressed prostate

message 2, Apolipoprotein J)
CMKOR1 NM_020311 27% Chemokine orphan receptor 1
CRAT NM_000755 27% Carnitine acetyltransferase
CREM NM_183013 27% cAMP responsive element modulator
CTBP1 NM_001328 36% C-terminal binding protein 1
CYR61 NM_001554 36% Cysteine-rich, angiogenic inducer, 61 (Insulin-like

growth factor-binding protein 10)
DBI NM_020548 55% Diazepam binding inhibitor (GABA receptor

modulator, Acyl-Coenzyme A binding protein)
DDC AK057400 27% Homo sapiens cDNA FLJ32838 fis, clone

TESTI2003299.
DHCR24‡ NM_014762 45% 24-dehydrocholesterol reductase
DKFZP564B167 NM_015415 27% Brain protein 44
DNAJB9 NM_012328 27% DnaJ (Hsp40) homolog, subfamily B, member 9

(Microvascular endothelial differentiation gene 1)
DPYSL2 NM_001386 27% Dihydropyrimidinase-like 2
ELL2 NM_012081 36% Elongation factor, RNA polymerase II, 2
FKBP5† NM_004117 55% FK506 binding protein 5 (Androgen-regulated

protein 6)

(Continued)
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Table 1
(Continued)

Gene Accessionƒ Frequency Description

FN1‡ NM_002026 36% Fibronectin 1
FOLH1 NM_004476 36% Folate hydrolase 1 (Prostate-specific membrane

antigen 1, Glutamate carboxypeptidase II)
FSCN1 NM_003088 27% Fascin homolog 1, actin-bundling protein

(Strongylocentrotus purpuratus)
FXYD3 NM_021910 27% FXYD domain containing ion transport regulator 3

(Mammary tumor 8 kDa protein)
GATA2 NM_002050 36% Endothelial transcription factor GATA-2 (GATA

binding protein 2, NFE1B)
GCG NM_002054 27% Glucagon
GPR126 NM_020455 27% G-protein coupled receptor 126
GRB10 NM_005311 27% Growth factor receptor-bound protein 10
GREB1 NM_014668 27% GREB1 protein
GUCY1A3 NM_000856 45% Guanylate cyclase 1, soluble, alpha 3
HERC3 NM_014606 45% Hect domain and RLD 3
HGD NM_000187 27% Homogentisate 1,2-dioxygenase (Homogentisate

oxidase)
HLA-E NM_005516 27% Major histocompatibility complex, class I, E
HOXB13 NM_006361 36% Homeo box B13
HPGD NM_000860 27% Hydroxyprostaglandin dehydrogenase 15-(NAD)
HPN NM_182983 27% Hepsin (Transmembrane protease, serine 1)
HYAL1 NM_007312 27% Hyaluronoglucosaminidase 1
HYAL3 NM_003549 27% Hyaluronoglucosaminidase 3
ID1 NM_181353 27% Inhibitor of DNA binding 1, dominant negative

helix-loop-helix protein
IER3 NM_052815 27% Radiation-inducible immediate-early gene IEX-1

(Immediate early response 3)
IFRD2 NM_006764 27% Interferon-related developmental regulator 2
IL1R1 NM_000877 27% Interleukin 1 receptor, type I
IQGAP2 NM_006633 36% IQ motif containing GTPase activating protein 2
JAG1 NM_000214 36% Jagged 1 (Alagille syndrome)
KLK2† NM_005551 82% Kallikrein 2, prostatic
KLK3 (PSA)† NM_001648 91% Kallikrein 3, (Prostate specific antigen)
KRT18‡ NM_000224 27% Keratin 18
KRT19 NM_002276 27% Keratin 19
KRT8 NM_002273 27% Keratin 8
LAMC1 NM_002293 27% Laminin, gamma 1 (formerly LAMB2)
LMAN1 NM_005570 36% Lectin, mannose-binding, 1
LRIG1 NM_015541 27% Leucine-rich repeats and immunoglobulin-like

domains 1
MAF NM_005360 27% v-maf musculoaponeurotic fibrosarcoma oncogene

homolog (avian)
MCCC2 NM_022132 36% Methylcrotonoyl-Coenzyme A carboxylase 2 (beta)
MMP16 NM_005941 45% Matrix metalloproteinase 16 (membrane-inserted)
MRF2 BU616749 27% Modulator recognition factor 2 (AT-rich interactive

domain-containing protein 5B)
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MYB NM_005375 27% v-myb myeloblastosis viral oncogene homolog (avian)
MYC NM_002467 27% v-myc myelocytomatosis viral oncogene homolog

(avian)
MYH10 NM_005964 27% Myosin heavy chain, nonmuscle type B
NDRG1† NM_006096 45% N-myc downstream regulated gene 1
NEBL NM_006393 27% Nebulette
NEDD4L NM_015277 27% Neural precursor cell expressed, developmentally

down-regulated 4-like
NKX3-1† NM_006167 45% NK3 transcription factor related, locus 1

(Drosophila)
NUCB2 NM_005013 27% Nucleobindin 2
PAM‡ NM_000919 27% Peptidylglycine alpha-amidating monooxygenase
PDHA1 NM_000284 27% Pyruvate dehydrogenase (lipoamide) alpha 1
PIK3R1 NM_181523 27% Phosphoinositide-3-kinase, regulatory subunit,

polypeptide 1 (p85 alpha)
PIK3R3 NM_003629 27% Phosphoinositide-3-kinase, regulatory subunit,

polypeptide 3 (p55, gamma)
PLA2G2A‡ NM_000300 27% Phospholipase A2, group IIA (platelets, synovial fluid)
PRAME NM_006115 27% Melanoma antigen preferentially expressed in tumors

(MAPE)
RAB4A‡ NM_004578 27% RAB4A, member RAS oncogene family
RAP1GA1 NM_002885 27% RAP1, GTPase activating protein 1
RINZF NM_023929 27% Zinc finger and BTB domain containing protein 10

(ZBTB10)
SAT NM_002970 27% Spermidine/spermine N1-acetyltransferase
SEC61B NM_006808 27% Sec61 beta subunit
SEMA3B NM_004636 27% Sema domain, immunoglobulin domain (Ig), short

basic domain, secreted, (semaphorin) 3B
SGK NM_005627 27% Serum/glucocorticoid regulated kinase
SLC4A4 NM_003759 27% Solute carrier family 4, sodium bicarbonate

cotransporter, member 4
SMARCA1 NM_003069 27% SWI/SNF related, matrix associated, actin dependent

regulator of chromatin, subfamily a, member 1
SMCY NM_004653 27% Selected cDNA homolog, Y-linked (mouse)

(Jumonji/ARID domain-containing protein 1D)
SORD‡ NM_003104 36% Sorbitol dehydrogenase
THBS1 NM_003246 36% Thrombospondin 1
TMEPAI† NM_020182 27% Transmembrane, prostate androgen induced RNA
TMPRSS2‡ NM_005656 36% Transmembrane protease, serine 2
TPD52‡ NM_005079 27% Tumor protein D52
TPM1 NM_000366 27% Tropomyosin 1 (alpha)
TRGV9 BC030554 27% T cell receptor gamma variable 9
UAP1 NM_003115 27% UDP-N-acteylglucosamine pyrophosphorylase 1

(Sperm-associated antigen 2)
UGT2B17 NM_001077 27% UDP glycosyltransferase 2 family, polypeptide B17
UQCRC2 NM_003366 27% Ubiquinol-cytochrome c reductase core protein II

Bold type genes with frequency ≥45%.
†Genes common to Fig. 2 and Table 2.
‡Genes common to Fig. 2 and Table 3.
ƒ Human Ref. Seq
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While rodents provide a unique perspective about AR action, a few considerations
must be noted about the use of rodents for studies involving the prostate. First, rodents
are not especially prone to prostate cancer without genetic manipulation (e.g., transgenic
expression of SV40 T-antigen or loss of either p27 or PTEN). Second, androgen-action
in a normal prostate involves complex stromal–epithelial interactions, whereas isolated
prostate cancer cells are often directly dependent on androgen. Third, cross-comparison
of datasets is complicated by the observation that rodents do not express the same
complement of prostate-specific genes. For example, rodents do not express common
human prostatic markers such as KLK2 or KLK3 (61). Finally, elimination of androgen

Table 2
Functional Androgen Response Elements

Gene Accessionƒ Sequence Reference

ACPP† NM_001099h Multiple (130)
ANDPRO NM_012718r Multiple (131)
AR† NM_000044h Multiple (8,47)
CASP2 NM_032982h Multiple (132)
CFLAR NM_003879h Multiple (133)
CRISP1 NM_009638h Multiple (134)
CRISP3 NM_006061h Multiple (134)
FGF8 NM_033165h Multiple (135)
FKBP5† NM_004117h Multiple (136)
F2R NM_001992h Multiple (137)
KLK2† NM_005551h Multiple (138,139)
KLK3† NM_001648h Multiple (7,9,50,140,141)
MAK NM_005906h Multiple (142,143)
NKX3-1† NM_006167h Multiple (47,50)
PBSN NM_017471m Multiple (9,144,145,148)
PIGR NM_002644h Multiple (146,147)
SARG NM_023938h Multiple (148)
SLP NM_011413m Multiple (6)
F9 NM_000133h AGCTCAgctTGTACT (47)
GPX5 NM_001509h TGTTCTctcTCAACA (149,150)
GUSB NM_000181h AGTACTtgtTGTTCT (151)
P21 NM_000389h AGCACGcgaGGTTCC (47)
MME NM_000902h CTCACAaagAGTTCT (152)
NDRG1† NM_006096h TGATTAaccTGTTCT (47)
ODC NM_002539h AGTCCCactTGTTCT (153)
P22K12 NM_199266r AGAAGAaaaTGTACA (154)
SCAP NM_012235h TGCACAtgtTGTTCT (50,87)
SCGB2A2(PBP) NM_002567h AGTACGtgaTGTTCT (155)
TAT NM_000353h TGTACAggaTGTTCT (156)
TMEPAI† NM_020182h TGAAGAatgTGTTCT (47,54,157)

†Genes common to Fig. 2.
ƒRef.Seq. and speices (h = human, r = rat, m = mouse) with the identified ARE.
Consensus ARE excluding multiple AREs was generated using WebLogo.
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Table 3
Putative Androgen Response Elements

Gene‡ Accessionƒ Sequence Reference

DHCR24 NM_014762h Multiple (47,54)
TMPRSS2 NM_005656h Multiple (47,88)
ACSL3 NM_004457h GAAAGAtaaTGTTCT (47)
ANKH NM_054027h AGAACAcacTTTCCT (?,47)
AZGP1 NM_001185h AGAATAgcaTGTTGC (47)
BICD1 NM_001714h AGAATAttcTGTTGT (54)
B2M NM_004048h AGATCTtaaTCTTCT (47)
CAMKK2 NM_006549h GGCACActtTGTTAT (47)
FN1 NM_002026h AGAACAcagAGTTCT (157)
KRT18 NM_000224h AAATCAcagTGTTCC (47)
PAM NM_000919h AAGACCtttTGTTCT (157)
PLA2G2A NM_000300h GAGGTAaatGGTATTCTC (76)
RAB4A NM_004578h ACAAAAgtaTGTACT (47)
SORD NM_003104h AAATCAccgTCTTCT (47)
TPD52 NM_005079h AAAACAgatTTTTAT (47)

‡Genes common to Fig. 2.
ƒRef.Seq. and species (h = human) with the identified ARE.
Consensus ARE excluding multiple AREs and PLA2G2A was generated using WebLogo.

in vivo by castration does not eliminate androgen production of the adrenal glands.
Combined, these mitigating factors may explain why few common targets have been
identified using rodent models. However, additional microarray studies and a more
detailed comparison between rodents and human data may increase concordance.

AR Alterations in Prostate Cancer Progression
As described earlier, androgen deprivation therapy selects for AR mutations that

alter ligand specificity. These mutants assist in restoring AR activity and are directly
related to therapeutic relapse. A detailed listing of tumor-derived mutants has been
catalogued (see McGill’s Androgen Receptor Gene Mutations Database) (19), and these
analyses reveal that the majority of AR mutations occur within the LBD. These LBD
mutants are capable of using androgen as an agonist, but gain responsiveness to a broad
spectrum of endogenous hormones (e.g., progesterone, estrogen, or cortisol). Selected
mutants have also adapted to utilize therapeutic AR antagonists (e.g., flutamide) as
agonists (62). The clinical relevance of this finding was documented in the “flutamide
withdrawal syndrome,” wherein tumor regression was observed in a subset of patients
when flutamide treatment was halted (63). Examination of these tumors revealed that
T877A mutation in AR altered the receptor confirmation, allowing flutamide to be
perceived as an agonist rather than an antagonist (64). Thus, a plethora of clinical
data demonstrates that AR mutation and alternate AR ligands can play a major role
in therapeutic relapse. In addition, there is some evidence that the wild-type AR can
be activated by other steroids (e.g., estrogen) in the presence of selected co-activators
known to be overexpressed in cancer. For example, the ARA70 co-activator sensitizes
AR to activation by estrogen, and its expression is increased as a function of prostate
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cancer grade (65). Lastly, recent evidence suggests that even low-dose exposure to
estrogens or diethylstilbestrol (DES) can also have profound effects on prostate (66,67).
In sum, the response of AR to alternate ligands may contribute to its effect on prostate
cancer progression.

Although it is known that AR target gene selection is heavily influenced by differ-
ential ligand binding, only a handful of studies have addressed the impact of these
ligands on AR target gene expression. Microarray analysis has been used to determine
the genes involved in primary prostatic stromal cells treated with 100 nM estradiol
(68). Ninety-six genes were shown from a total of 933 estrogen-regulated genes in at
least two out of three time points. However, MYC was the only gene common with the
LNCaP list (Table 1). This disparity is likely attributed to either the differential ligand
utilized or the cellular context, and more study will be required to assess estrogen
action directly in prostate cancer cells. The effects of DES have also been examined,
as this estrogenic compound has been utilized clinically to block testosterone synthesis
in prostate cancer patients. Gene expression profiles were collected from DES-treated
androgen-dependent (LNCaP) and androgen-independent, AR negative (PC-3) cells
(69). Six genes were regulated exclusively in LNCaP cells, while 18 genes were
common to both cell lines, thus indicating that DES elicits AR-independent effects in
prostate cancer cells. Two DES-regulated genes, CCNG2 and GRB10, were identified
as frequent AR target genes (Fig. 2). The signal transduction adaptor molecule GRB10
was specifically regulated in the LNCaP cells, suggesting that DES and androgen may
regulate numerous metabolic and mitogenic signaling responses (70). It is important
to note that the AR mutation present in LNCaP (AR-T877A) is responsive to DES
as a ligand (71). Moreover, the study of estrogenic compounds in the prostate is
further complicated by the fact that. ER. has been shown to be present and functionally
important in the prostatic epithelia (72). Thus, discerning the effects of these substances
acting aberrantly through the AR or more canonically through ER will be difficult.
Continued study of AR action in the presence of these alternate ligands will facilitate
our understanding of AR action in cancer progression.

Distinct from the alternate ligands, growth factors and cytokines such as EGF, IGF-I,
and IL-6 have been implicated in “ligand-independent” activation of AR in the absence
of androgen (73). The mechanisms by which ligand-independent AR activation occurs
are poorly understood, but likely involve the MAPK and/or AKT signal transduction
pathways. A recent article attempted to profile the outcome of EGF treatment on
LNCaP cells and a derivative of the same cell line that has been passaged to select
for therapy-resistant sublines (74). Results from these studies suggested a very high
percentage of overlap (75%) between genes regulated by androgen and EGF. Of the
limited number of genes presented, KLK2, KLK3, and BCHE were in common with
the LNCaP comparison (Table 1). Further study of these factors will most definitely
enhance our knowledge concerning the role they play in modulating prostate cancer.

POTENTIAL ANDROGEN RECEPTOR TARGETS

Based on the LNCaP comparisons shown in Table 1, commonly identified androgen-
responsive genes can be classified into functional categories of genes affecting
metabolism, transcriptional regulation, cellular proliferation, and signal transduction
pathways.
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Metabolism and Protein Metabolism Targets
Consistent with androgens being critical for growth and maintenance of the prostate,

and/or its malignant transformation, a number of potential androgen-regulated genes
can be unified as participating in specific metabolic processes. Four putative ARE-
containing metabolic genes, DHCR24, SORD, ASCL3, and PLA2G2A, were identified
as part of the androgen-responsive pathway in LNCaP cells. The most frequently
identified of these metabolic genes is DHCR24 (45%), with SORD being the second most
common (36%). While the androgen-mediated events of SORD have not been defined,
DHCR24 may influence androgen biosynthesis through its involvement in cholesterol
production. Some evidence exists that mRNA of ASCL3, a fatty acid synthetase important
for regulating acyl-CoA levels, is modestly increased in the presence of androgen
(proliferative), but is synergistic with vitamin D3 (antiproliferative) in prostate cells
(75). Similarly, PLA2G2A is another enzyme involved in fatty acid regulation and
its mRNA is increased in response to androgens in LNCaP cells (76). The homeo-
static signals that modulate these two enzymes may be pivotal for their many fatty
acid-mediated functions such as energy production and ability to influence apoptosis.

Several other metabolic genes were identified as androgen-responsive in the LNCaP
comparison, which include CRAT, SAT, and UGT2B17 (27%), but no ARE has yet
been identified in the regulatory regions. Early data have shown that the activity of
CRAT, an important enzyme in the regulation of carnitine levels, is under andro-
genic control in rat testes and epididymis, with the highest activity occurring in the
spermatozoa (77, 78), although the androgen dependence of CRAT in prostate has
not been tested. SAT is also induced by androgen (79); the encoded protein is the
rate-limiting enzyme in the catabolism of spermidine/spermine, and is implicated in
altering proliferation (80). Others have documented a similar upregulation in the kidney
of androgen-treated female mice that express low levels of SAT (81). Interestingly,
the offsprings from SAT over-expressing mice crossed with mice genetically predis-
posed for prostate cancer (TRAMP mice) have reduced prostate growth (82), clearly
indicating that SAT has physiological implications for prostate function.

Genes associated with steroid regulation were also revealed by the analysis. For
example, UGT2B17, a detoxification-related enzyme important for steroid inactivation,
is decreased in androgen-treated LNCaP cells (83). Downregulation of UGT2B17 may
reveal a mechanism by which androgen levels are auto-regulated. Protein analysis
also demonstrated a potential increase in PDHA1 in androgen-treated rat ventral
prostate (84), which is thought to increase acetyl-CoA for energy production and
sterol biosynthesis. Either androgen or estrogen treatment of LNCaP cells resulted in
increased HPGD (85), a key enzyme for the destruction of prostaglandins. Moreover,
immunomodulatory hormones such as IL-6 can synergize with androgens to enhance
HPGD activity in LNCaP cells (86). These data may reveal a potential link between
immune response and prostate cancer progression. Finally, a key component in the
regulation of lipid metabolism is DBI, an acyl-CoA binding protein, which is associated
with the LNCaP gene list (54%). It appears that androgen-dependent regulation of DBI
likely occurs through a transcriptional mechanism involving sterol regulatory-element
binding protein (SREBP) (160), which in turn is presumably regulated by an ARE-
containing gene coding for an escort protein known as SREBP cleavage-activating
protein (SCAP) (87).
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Functions relating to androgen-mediated protein metabolism can also be generated
from the list of LNCaP-associated genes. The most notable gene with an ARE is
TMPRSS2 (36%); other genes include ANKH, BICD1, and PAM (27%). TMPRSS2
is a transmembrane serine protease that is elevated in neoplastic prostate epithelium
(88,89). The protease domain is auto-catalytically cleaved and secreted into the extra-
cellular environment, and has recently been suggested to function in prostate cancer
metastasis through proteolysis of the protease-activated receptor-2 (PAR-2) (90). PAM
is an important enzyme for the amidation and subsequent activation of many peptide
hormones and growth factors. However, conflicting evidence concerning the androgen-
dependence of PAM has been documented. A series of reports using xenograft models
suggests that PAM is decreased after castration (91–93). However, a second group has
shown a modest increase in PAM after castration in another xenograft model (94) or
androgen-withdrawal in cell lines (95). Both groups demonstrate an increase in PAM
from human prostate; therefore, the discrepancy may be attributed to differences in the
xenograft models or cell lines used.

HPN is one of the few genes identified in the protein metabolism group, which
lacks a consensus, putative ARE. HPN is a serine protease thought to be increased
during prostate cancer progression (96–101), although its function and dependence
on androgen has not been clearly discerned. Lastly, genes involved in the ubiquitin-
mediated protein metabolism pathway have been identified as putative AR targets. One
of the potential androgen-regulated genes identified is NEDD4L, a ubiquitin ligase,
which has been shown to be highly expressed in prostate and under the control of
androgen in LNCaP cells (102). Further study of androgens in protease and proteasome-
mediated events will possibly reveal important ramifications for prostate physiology.

Transcription and Proliferation Targets
In addition to metabolic targets, androgen-dependent regulation of transcriptional

factors is likely to be important for the cancer survival and proliferation. Commonly
identified targets in the LNCaP studies include the ARE-containing gene FN1 (36%)
and other genes such as ID1, MYC, and MAF (27%). FN1 is a component of the
seminal coagulum and a biologically relevant substrate for PSA during the semen
liquefaction process (103). While the function of prostate-derived FN1 has not been
studied, it is hypothesized to affect formation of the extracellular matrix (104) and may
be involved in protection from protease activity. Likewise, another probable action for
FN1 is its ability to regulate proliferation or apoptosis in prostate cells (105). A second
potential androgen-regulated transcriptional target is ID1, a dominant negative helix-
loop-helix (HLH) protein. ID1 binds and alters the activity of HLH containing proteins
and non-HLH proteins such as the retinoblastoma protein to assist in the control of
cellular proliferation (106). Gene expression profiling of the prostate from androgen-
treated 20-day-old rats identified a minimal decrease in ID1 transcripts (107); however,
in this model system, ID1 downregulation is not consistent with the proliferative
action of androgen, but may be related to the development/differentiation process. The
MYC family of transcription factors is known to control proliferation and tumorogenic
potential (108), and MYC expression in prostatic cell lines is reported to be induced
by mitogenic doses of androgen (109,110), which is inconsistent with its proliferative
functions. Interestingly, the MYC expression was inhibited at higher doses of androgen,
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consistent with its role in stimulating proliferation (111). MAF is a member of the
basic-leucine-zipper (bZIP) transcription factor family and has been shown to have
oncogenic potential as well as important roles in differentiation (112). Evidence of
MAF as an androgen-induced gene is limited, but a recent report has shown MAF to
be induced in calf prostate after androgen stimulation (113).

Finally, two androgen-repressed genes were identified, which may impact prostate
cancer. Several genes of the keratin family were found within the LNCaP comparison:
KRT8, KRT18, and KRT19 (27%). Although keratins are generally considered useful
as epithelial markers, some evidence suggests that keratin regulation may be involved
in cancer progression (114). In agreement with the LNCaP studies, transcript levels of
KRT8 in the rat prostate increase after castration and partially rebound with androgen
re-stimulation (115). Second, CLU was identified as an androgen-repressed gene (36%).
CLU is a stress-activated survival factor and appears to be regulated in a similar fashion
as KRT8 in rat testes and prostate (115–117). Moreover, recent antisense strategies
against CLU have indicated that it might serve as an efficacious target for combinatorial
therapy in the treatment of prostate cancer (118).

Signaling and Other Targets
The last class of AR target genes identified in the LNCaP comparison is associated

with signal transduction. Two potential androgen-regulated genes with putative
AREs are CAMKK2 (36%) and RAB4A (27%). CAMKK2, a calcium/calmodulin-
activated kinase, has the potential to regulate multiple processes through activation of
downstream kinases such as CAMKI and CAMK4 as well as other pathways, including
AKT (119). The small-GTPase RAB4A has frequently been associated with its ability
to regulate endocytosis (120). While neither gene has been shown to be regulated
by androgen, they could potentially regulate important functions in the prostate such
as proliferation. TPD52 is an adaptor protein known for its regulation of vesicular
trafficking and secretion, and is frequently overexpressed in many human malignancies
(121) including prostate cancer (122). Immunoblot analyses of LNCaP cells have
confirmed that androgen induces a modest increase in TPD52 (122,123).

A number of potential androgen-responsive genes involved in signaling were identified
by the LNCaP model. In particular, two genes had a higher association, GUCY1A3 (45%)
and HOXB13 (36%), while most others had a lower association (27%). Furthermore,
the evidence for their androgen dependence is somewhat circumstantial. For instance,
SGK, a serum/glucocorticoid-induced kinase with high homology to protein kinase B
(PKB), may be linked to androgen regulation in granulose cells differentiated for 24
to 48 hours with androgen in combination with follicle-stimulating hormone (124).
Likewise, GUCY1A3, a guanylate cyclase, has been reported to have no significant
correlation in transcript levels in androgen- and estrogen-treated prostate from calves
(113). In both studies, the individual contributions of each differentiation component
were not evaluated, making it difficult to solidify conclusions. Lastly, a few potential
androgen targets identified have been investigated for their direct androgen depen-
dence and appear not to be regulated or minimally regulated by androgen; these genes
include AMACR (125), CREM (126), IER3 (127), HOXB13 (128), and SMCY (129).
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POTENTIAL AR TARGET GENES FROM THE LNCAP MODEL
IN PROSTATE CANCER

A goal for understanding the contributions of androgen in the LNCaP model is
to apply this paradigm to prostate cancer pathogenesis. To this end, a supervised
clustering analysis was performed using the 104 potential AR-target genes (Fig. 2)
and 84 prostate samples (5 BPH, 79 adenocarcinoma) (161) within GeneSpring GX
7.3 using Pearson correlation around zero (complete linkage) for genes and Euclidean
distance (complete linkage) for conditions. Two principle clusters were identified
(Fig. 3). Significantly over-represented biological processes and pathways in each of
the clusters were classified using DAVID 2.1 (Database for Annotation, Visualization
and Integrated Discovery). Approximately, 45% of the genes identified by the LNCaP
model were also associated within major functional pathways in the prostate samples.

Fig. 3. Cluster analysis of potential AR-regulated genes and human prostate tissue samples. The 104
potential AR-regulated genes identified by comparison of 11 microarray studies were clustered across
84 human prostate tissue samples, consisting of 5 BPH (red) and 79 adenocarcinoma (blue). Genes
in cluster one are significantly associated with response to wounding, cell migration, carboxylic acid
metabolism and amine metabolism, development, and the insulin receptor signaling pathway. Genes
in cluster two are associated with antigen processing and presentation.
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Interestingly, 20% of the annotated genes contained a functional- (KLK3, ACPP, AR,
NKX3-1, NDRG1) or a putative-ARE (FN1, TPD52, B2M, ACSL3, KRT18).

Cluster one contained 72 genes. A large number of genes within this cluster were
significantly associated with development (AR, CYR61, HOXB13, IER3, IFRD2,
JAG1, KLK3, KRT18, LAMC1, MYH10, NDRG1, NKX3-1, THBS1, TPD52) and
response to wounding (FN1, HOXB13, IL1R1, LMAN1, MYH10, THBS1, TRGV9).
Additional significant functional annotations included cell migration (FN1, JAG1,
MYH10), carboxylic acid metabolism (ACSL3, CRAT, CTBP1, DDC, HPGD,
MCCC2), amine metabolism (CTBP1, DDC, MCCC2, SAT, UAP1), and the insulin
receptor signaling pathway (GRB10, PIK3R3).

Eight genes (11%) in cluster one were consistently upregulated (80% of samples
with normalized data ≤1.5) across the 79 adenocarcinoma samples (AMACR,
DKFZP564B167, FOLH1, GUCY1A3, HPN, LRIG1, MYC, UAP1). AMACR has
been shown to have increased expression in the androgen-sensitive cell lines MDA PCa
2a and MDA PCa 2b (158) as well as in tumors and LNCaP cells (53). AMACR was
repressed in LNCaP cells after treatment with bicalutamide (46) and was downregulated
in androgen-independent cell lines (DU 145, PPC-1, PC-3) (158). DKFZP564B167
was induced with synthetic androgen in LNCaP cells (51), but was downregulated in
androgen-insensitive cell lines (158) and in prostate tumors after 3 months of androgen
ablation therapy (54). FOLH1 had increased expression in the androgen-sensitive cell
lines LAPC4, LNCaP, MDA PCa 2a, and MDA PCa 2b (158). In contrast, FOLH1
was repressed with synthetic androgen in LNCaP cells (51) and was downregulated in
the androgen-insensitive cell lines PPC-1 and PC-3, as well as in prostate tumors after
3 months of androgen ablation therapy (54). GUCY1A3 was induced in LNCaP cells
by treatment with synthetic androgen (47,48,51) or DHT (52), but was downregulated
in androgen-insensitive cell lines (158). HPN has been shown to be upregulated in
tumors and LNCaP cells (53,158), but was downregulated in androgen-insensitive cell
lines (158) and in prostate tumors after 3 months of androgen ablation therapy (54).
LRIG1 had increased expression in LNCaP cells (158) and was induced with synthetic
androgen (51). Conversely, LRIG1 was repressed in the androgen-insensitive cell lines
DU 145 and PPC-1 (158). MYC was upregulated in androgen-independent DU145
cells after treatment with bicalutamide (46). However, in LNCaP cells, MYC was
repressed with synthetic androgen (47) and bicalutamide treatment (46). UAP1 was
induced with synthetic androgen in LNCaP cells (46, 51), but downregulated in the
androgen-sensitive cell line 22Rv1 as well as the androgen-insensitive cell line PC-3
(158). Thus, with the exception of MYC, genes displaying increased expression in
androgen-sensitive cell lines or after treatment with DHT or synthetic androgen were
consistently upregulated in human prostate tumors.

Cluster two is composed of 32 genes. The only significant functional annotations of
cluster two were antigen processing and antigen presentation, associated with the genes
B2M and HLA-E. Ten genes (31%) within cluster two were consistently downregulated
across the 79 adenocarcinoma samples (ACPP, C1orf21, CLU, CMKOR1, DBI,
DPYSL2, MAF, PIK3R1, TPM1, UGT2B17). ACPP has been shown to be repressed
after bicalutamide treatment in LNCaP cells (46), repressed in LNCaP cells with DHT
treatment (52), downregulated in PC-3, 22Rv1, LAPC4, and LNCaP cell lines (158),
and downregulated in prostate tumors after 3 months of androgen ablation therapy
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(54). C1orf21 was downregulated in androgen-insensitive cell lines (158). In contrast,
C1orf21 was induced with synthetic androgen (51) and bicalutamide treatment (49)
in LNCaP cells. CLU was downregulated in PPC-1, PC-3, LAPC4, and LNCaP cell
lines (158). In LNCaP cells, CLU was repressed by treatment with DHT (52) or
synthetic androgen (48). However, CLU had increased expression in DU 145, 22Rv1,
MDA PCa 2a, and MDA PCa 2b cell lines. In prostate tumors, CLU had varied
expression (53). CMKOR1 was repressed in LNCaP cells by treatment with DHT (52)
or synthetic androgen (51), but was upregulated in prostate tumors after 3 months of
androgen ablation therapy (54). DBI was downregulated in prostate tumors after 3
months of androgen ablation therapy (54). Conversely, DBI was induced with synthetic
androgen (47,48,159) or DHT (52) in LNCaP cells. DBI was also induced in LNCaP
cells after treatment with bicalutamide (49). DPYSL2 had decreased expression in
LAPC4, LNCaP, MDA PCa 2a, and MDA PCa 2b cells, but was upregulated in
androgen-insensitive cell lines (158). In LNCaP cells, DPYSL2 was repressed with
synthetic androgen (51). MAF was downregulated in DU 145, PC-3, 22Rv1, and
MDA PCa 2a cells but had increased expression in LAPC4, LNCaP, and MDA PCa
2b cell lines (158). MAF was also induced in LNCaP cells with synthetic androgen
(47,51). PIK3R1 was repressed in LNCaP cells with synthetic androgen (51) and had
decreased expression in DU 145, PC-3, 22Rv1, and MDA PCa 2b cell lines, but was
upregulated in PPC-1, LAPC4, LNCaP, and MDA PCa 2a cells (158). TPM1 was
downregulated in tumors and LNCaP cells (53), had decreased expression in androgen-
independent cell lines (158), and was downregulated in prostate tumors after 3 months
of androgen ablation therapy (54). In LNCaP cells, UGT2B17 was repressed with
synthetic androgen (159) and bicalutamide (46). UGT2B17 had decreased expression
in androgen-insensitive cell lines as well as MDA PCa 2b cells, but had increased
expression in 22Rv1, LAPC4, LNCaP, and MDA PCa 2a cells (158). Surprisingly, a
number of genes induced in LNCaP cells with DHT or synthetic androgen treatment
were consistently downregulated in human prostate tumors. Collectively, the biological
processes identified from our clustering analysis using potential AR-regulated genes
from the LNCaP comparison suggests that androgen directly or indirectly regulates a
diverse set of pathways to control growth and development of the prostate.

CONCLUSIONS

While the effects of androgens encompass a broad range of physiological and
pathophysiological conditions, the specific targets of the AR are only beginning to be
fully understood. These effects have been best characterized in the prostate in relation
to the development and progression of prostatic adenocarcinoma. Interestingly, while
these cells are dependent on androgens for growth and survival, few validated targets
of the AR have been attributed to this function. The use of microarray technology
in both cell line and animal models in this effort has had mixed success. While new
targets have been identified and potential targets validated, the critical mediators of
growth driving prostate cancer remain elusive. Alternate study into the mechanisms of
cancer progression has also been investigated through microarray analysis. Specifically,
activation of AR through alternate ligands and signaling cascades imitate the restored
activity seen in therapy-resistant tumors. These studies have demonstrated similarities
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between these mechanisms and canonical activation of the receptor, further implicating
these processes in re-activation of AR in advanced disease.

While each individual study has provided insight into androgen action, a consensus
of the whole is difficult to ascertain. Further studies using microarray analysis need to
be in agreement with physiological constraints of the experimental model, specifically
the use of biologically relevant concentrations of ligand. Furthermore, the distinction
of primary versus secondary targets can also be addressed through time-point selection
and validation through alternate biochemical assays. The understanding of androgen
action through microarray analysis is still in the future, but the growing body of
knowledge continues to elucidate and excite.
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Abstract

Breast cancer growth is regulated by the coordinated action of estrogen receptor � and multiple
signaling pathways. Profiling of estrogen-regulated gene expression provides mechanisms on estrogenic
control of proliferation in breast cancer cells. However, little is known of the hierarchy and the trans-
acting factors in ER� signaling network. Chromatin immunoprecipitation microarray (or ChIP-chip) has
emerged as a powerful technique to identify the binding sites of transcription factors and profile the
histone modifications in a genome-wide scale. This technology permits, for the first time, comprehensive
identification and characterization of direct ER� target genes. Recruitment of ER� to the genome does
not only occur at proximal promoter regions, but also involves distal enhancer elements. By using
integrated ChIP-chip and bioinformatics analyses, new transcription factor partners (FoxA1 and c-MYC)
are being uncovered that play critical roles in ER�-mediated transcription. Based on these findings, a
model is constructed to show the complex network of ER� signaling. These new insights will support the
development of more precise therapeutic regimen for breast cancer treatment.
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INTRODUCTION

The steroid hormone estrogen plays a key role in many physiological processes,
including reproduction, cardiovascular and nervous functions. In addition to normal
homeostatic functions, estrogen is implicated in the development of breast cancer. Data
from clinical and animal studies suggested breast cancer is positively correlated with
cumulative exposure of the breast epithelium to estrogen (1). The action modes of
estrogen are mediated through binding to two genetically distinct estrogen receptors,
ER� and ER�, which belong to the nuclear receptor superfamily of transcription
factors.

Here, we further discuss the regulatory role of ER� in target gene expression. In
general, ER�-mediated transcription is through its direct binding to specific estrogen
response element (ERE) in the promoters of target genes or to other promoter-bound
transcription factors via protein–protein interaction. Co-activators or -repressors are
further recruited to form a functional complex that remodels chromatin structure speci-
fying transcriptional activities of target genes (2,3). In addition to the nuclear actions,
estrogen regulates target genes in a “nongenomic” manner through the interactions
of ER� located in or adjacent to the plasma membrane. Activation of the membrane
ER� confers a rapid change in cellular signaling and kinase stimulation resulting in
transcription activation (4–6). The ER�-regulated target genes, regardless via a genomic
and nongenomic manner, would further signal a cascade of downstream targets, which
subsequently lead to cytoarchitectural and phenotypic alterations.

Key insight into the ER� signaling has come from microarray studies on the
expression of responsive genes in breast cancer cells (7–9). These studies suggested
that growth and development of breast cancer is regulated by coordinated actions of
ER� in conjunction with signaling pathways (10, 11). Nevertheless, little is known
with regard to the hierarchy and the trans-acting factors in ER� signaling network.

In this chapter, we outline the recent advances in chromatin immunoprecipitation
microarray (or ChIP-chip) followed by detailed discussion on new insights into ER�
signaling in breast cancer revealed by this technology. ChIP-chip contributes, for the
first time, a comprehensive understanding of direct ER� target genes. More impor-
tantly, new transcription factor partners are being uncovered that play critical roles in
ER�-mediated transcription. With this knowledge, more precise therapeutic regimen
could be developed to tackle the regulatory targets in ER� signaling for breast cancer
treatment.

ChIP

DNA–protein interactions play a crucial role in many cellular processes including
regulation of gene expression. Transcription is shaped by the binding of transcription
factors and cofactors to cis-regulatory elements on DNA that influence the chromatin
structure of target promoters. The basic building block of chromatin is the nucleosome,
which comprises a histone octamer wrapped with 146-bp DNA in two turns. Nucle-
osomes can restrict or enhance the access of transcription factors to DNA through
diverse histone modifications and thereby modulate gene expression (12).
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ChIP is an important technique for determining the genomic locations of endogenous
proteins including transcription factors and histones (13). Procedures involved in a
standard ChIP are briefly outlined in Fig. 1. First, DNA and proteins within the cells
are cross-linked by chemicals (e.g., formaldehyde) or UV light. The chromatin is then
isolated from the cells and subjected to fragmentation. The size of smeared chromatin,
spanning from ∼0.2 to 1 kb, determines the detection limit by subsequent PCR-based
assays. Fragmented chromatin is then immunoprecipitated with an antibody, which
binds specifically to the nucleosomal protein of interest. The quality of antibody is
crucial for the recovery of DNA fragments. Upon the removal of unbound DNA, the

Antibody
Transcriptional Factors
or Histones 

Cy5 Labeled Targets

Cy3 Labeled Targets

Oligonucleotide Array

Cross-link

Fragment

Immunoprecipitate

Reverse cross-link,
purify and label 

IP Input

Pull-down

Co-hybridize

Fig. 1. Schematic diagram for ChIP-chip. The live cells are subjected to cross-linking, followed by
shearing. The derived fragmented chromatin DNA is immunoprecipitated with specific antibody.
The chromatin DNA of interest is pulled down (IP) while the genomic DNA is collected (Input).
After reversal of cross-links and purification, the immunoprecipitated and input DNA is labeled with
Cy5 and Cy3 fluorescent dyes, respectively, and co-hybridized onto DNA microarray. An example
of scanned image of an oligonucleotide array containing 44,000 60-mer oligonucleotides is shown
on the right.
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cross-linkage is reversed and the immunoprecipitated DNA is purified. Although ChIP
comprises highly versatile procedures, it requires optimization of conditions to achieve
a successful DNA extraction. The critical parameters and the variants of ChIP have
been discussed in detail in Das et al. (14).

Many standard detection and quantification methods (e.g., real-time PCR) can be
applied to study the isolated gene fragments (15). However, they are only useful
for investigating DNA–protein interactions of a few selected targets. ChIP combined
with microarray (ChIP-chip) has emerged as a powerful technique to interrogate
DNA–protein interactions in a genome-wide scale (Fig. 1) (16, 17). This new high-
throughput strategy enables the discovery of novel transcription factor targets and
provides detailed information regarding specific chromatin architecture along the
genome (18).

ChIP-chip and Its Applications
Pioneered in yeast, the ChIP-chip technique was first used to identify binding sites

of various transcription factors in a genome-wide manner (19–21). These experiments
were conducted on microarrays derived from PCR products of yeast open reading
frames, intergenic regions, or a combination of both. The sizes of the mammalian
genomes are vastly greater and contain a large number of repetitive elements and,
therefore, it is a challenge to construct mammalian DNA microarrays.

Several strategies of microarray construction have been adopted for the human
studies. Using a CpG island (CGI) microarray, Weinmann and colleagues have isolated
and characterized novel E2F4 targets in HeLa cells (22). This DNA microarray contains
7776 human genomic fragments, which were isolated by methyl-binding MeCP2
protein due to their high CpG content (23). CGIs often correspond to promoter regions
(24) and, in fact, provide a reliable measure for promoter prediction (25, 26). This
approach was later applied to identify target promoters of other transcription factors,
namely Rb (27), c-MYC (28), and ER� (29). In addition, genes silenced by specific
histone modification, histone 3-lysine 9 dimethylation, were identified in cancer cells
using the same approach (30). An extended version of CGI microarray, which contains
20782 genomic fragments, has been developed and characterized recently (31). Coupled
with the online CpG Island Library browser (http://data.microarrays.ca/cpg/), this new
microarray platform will facilitate ChIP-chip analysis of transcription factor binding
and histone modifications in human cells.

A second strategy is to construct arrays from PCR fragments of target promoters.
A DNA microarray, which contains approximately 900-bp PCR products spanning the
proximal promoters of 4839 human genes, has been utilized to identify the genomic
binding sites of c-MYC in Burkitt’s lymphoma cells (32). A more elaborate promoter
microarray containing approximately 13 000 genomic regions [−750 to +250 bp
relative to the transcription start site (TSS)] was constructed and used to discover
targets of HNF transcription factors in human hepatocytes and pancreatic island cells
(33). This microarray platform was also used to map the gene promoters bound by
all five NF-�B proteins before and after stimulation of monocytic cells with bacterial
lipopolysaccharide (34). This custom-made microarray excludes repetitive sequences
that would interfere with the hybridization, but interrogation of binding sites is biased
by the selected 5′-end regions of known genes. Although a significant percentage of
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transcription factor binding sites (TFBSs) are located within proximal promoters, this
promoter array cannot detect binding site that is further upstream of TSS.

The estimates of genomic binding sites based on promoter arrays probably represent
only the tip of the iceberg. Intergenic regions and introns in higher eukaryotes
comprise a large part of the genome and augment enormous protein-binding potential.
Oligonucleotide arrays containing probes spaced on average every 35-bp along all
nonrepetitive sequences on human chromosomes 21 and 22 were developed (35). This
high-density oligonucleotide arrays have been employed to map binding sites for three
transcription factors, Sp1, c-MYC, and p53 (36). Surprisingly, results obtained from
these unbiased mappings suggested that the human genome contains roughly compa-
rable numbers of protein-coding and noncoding genes that are bound by common
transcription factors and regulated by common environmental signals (36). These
microarrays were also used to construct chromosome-wide maps of histone 3-lysine 4
di- and tri-methylation, as well as lysine 9/14 acetylation (37). More recently, a series
of DNA microarrays containing ∼ 14�5 million of 50-mer oligonucleotides have been
designed to represent all the nonrepetitive sequences throughout the human genome
at 100-bp resolution (38). Genome-wide mapping of active promoters using these
microarrays has suggested extensive usage of multiple promoters by the human genes
and widespread clustering of active promoters in the genome (38). Whole-genome
location analysis of OCT4, SOX2, and NANOG in human embryonic stem (ES) cells
using oligonucleotide arrays have revealed that these transcription factors co-occupy a
substantial portion of their target genes, indicating the presence of a complex network
of autoregulatory and feedforward loops (39). Subsequently, the binding sites of the
Polycomb Repressive Complex 2 (PRC2) subunit SUZ12 were mapped across the
entire nonrepeat portion of the genome in human ES cells (40). The results indicated
that PRC2 occupies a special set of developmental regulator genes in ES cells that
must be repressed to maintain pluripotency and that are poised for activation during
ES cell differentiation (40). The utility of human genome tiling arrays will deliver
an unbiased view of the entire genome, enabling scientists to look beyond the known
protein-coding gene sequences and thoroughly study gene function, structure, and
regulation.

Bioinformatics

The massive datasets derived from these genome-wide mapping experiments pose
great challenges for data analysis. A growing number of bioinformatics approaches
have been developed to detect enriched sites of transcription factor binding and
histone modification from the ChIP-chip experiments performed on different DNA
microarrays (41–43). While classical DNA binding motif prediction was based on a
limited number of experimentally validated binding sites (44), unbiased motif screen
from all the authentic sites mapped by ChIP-chip reveals unanticipated biological
phenomenon. For example, many in vivo target sites of c-MYC, Sp1, and p53 lack the
respective consensus binding motifs, suggesting that these transcription factors are often
recruited to their target loci by other proteins rather than through direct protein–DNA
interactions (36).

Upon identification of binding sites, valuable information can be gained by
characterizing the target genes based on their functions (Gene Ontology, http://
www.godatabase.org/cgi-bin/amigo/go.cgi). Online bioinformatics resources are also
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available to organize the target genes according to different metabolic or signaling
pathways, e.g., KEGG database (http://www.genome.ad.jp/kegg/kegg2.html).

Whole-genome binding maps can help to unravel the interactions between
transcription factors (and other regulatory proteins). Combined ChIP-chip and
expression array analysis has indicated that transcription factor binding is not
necessarily associated with transcriptional regulation (45). Perhaps these “inactive”
transcription factor sites are conditional cis-acting elements whose regulatory activity
depends on the presence or absence of other factors (46). Accumulating evidences
have postulated that sets of transcription factors can operate in functional cis-regulatory
modules to achieve specific regulatory properties (44). Thus, new algorithms have been
recently developed to detect and select patterns of TFBSs in the regulatory regions
that can distinguish activated targets from repressed ones (47, 48). These integrated
ChIP-chip and bioinformatics analyses have led to comprehensive views of genetic
and epigenetic regulatory networks (46).

IDENTIFICATION AND CHARACTERIZATION OF ER� TARGET
GENES USING CHIP-CHIP

Aberrant responses to the mitogenic actions of estrogen occur in the majority of
malignant breast tumors. It has been postulated that binding of estrogens to ER�
stimulates proliferation of mammary cells which further leads to an increase in the
number of target cells within the breast. Enhanced cell division along with elevated
DNA synthesis may promote the risk for replication errors, which would render the
acquisition of detrimental mutations that disrupt normal cellular processes, such as
apoptosis, cellular proliferation, or DNA repair (49). Microarray profiling of gene
expression have shed light on estrogenic control of proliferation and cell phenotype in
breast cancer cells (7,50,51). However, this experimental approach failed to distinguish
direct ER� target genes from downstream secondary genes. To further understand
the hierarchy of ER� signaling network, we, and others, have utilized ChIP-chip
for the comprehensive identification and characterization of direct ER� target genes
(29,47,52,53).

Genome-wide screening of ER� target genes in MCF7 breast cancer cells was first
performed using a CGI microarray containing approximately 9000 genomic fragments
(29). Within the list of 70 putative targets, a number of enriched DNA-binding motifs
were identified, including ERE half site, SP1, and AP2 (54). Using a more recently
constructed CGI microarray containing 12 288 genomic fragments, we further identified
92 ER�-responsive promoters (47). When these promoter sequences were subjected to
a database for mammalian ER� target promoters, ERTargetDB (55), 74% of the targets
were found to have EREs. This result was complimentary with the previous finding
that around one-third of known target genes indirectly associate with ER� through
intermediary transcription factors (56). We further demonstrated that estrogen stimu-
lation led to the recruitment of co-activators, CBP and SRC-3, to specific promoters
and enhanced the association of RNA polymerase II. These findings support the notion
that different ERE sequences modulate the interaction of ligand-bound ER� with
co-activators (57).
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The CGI microarrays mentioned earlier contain a total of 8842 single-copy CGI
promoters (31), and ER� was found to bind to approximately 1.8% of the promoters
in breast cancer cells (29, 47). In a promoter array study, Laganiere and colleagues
demonstrated that ER� binds nearly 0.8% of all tested promoters in MCF7 cells (52).
This density of promoter binding by ER� resembles some human transcription factors,
including E2F4 (22), HNF1�, and HNF6 (33). Other transcription factors seem to
associate with a much larger proportion of promoters in the genome (28, 32, 34, 36).
The binding patterns of many transcription factors are highly dynamic, depending
on different stages of cell cycle (27), cellular differentiation (58), or different cell
types (33). Thus, it is anticipated that ER� binding patterns in normal breast cells are
different from those in cancer cells.

The ER� target genes are involved in a variety of biological processes, including
cellular metabolism, transport, cytoskeleton, and defense response (Fig. 2). These
findings highlight the diverse gene networks and pathways through which estrogen
operates to achieve its widespread effects on breast cancer cells. Given the well-
known property of estrogen in stimulating cell cycle progression of MCF7 and
other cancer cell lines (59), it was surprising to find that cell cycle-related genes
constitute a relatively small portion of ER� targets identified by ChIP-chip. Profiling
of estrogen-regulated gene expression in MCF7 cells has demonstrated a general
upregulation of growth promoting molecules, including survivin, multiple growth
factors, and genes involved in cell cycle progression (7). Altogether, these results
suggest that ER� indirectly governs proliferation regulators via specific transcrip-
tional regulators, which were well-represented among direct ER� target genes
(Table 1).
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Fig. 2. Biological functions and processes of target genes bound by ER� in estrogen-treated MCF7
cells. Functional categories of 162 targets identified from two independent ChIP-chip studies (29,47)
were assigned by Gene Ontology (www.fatigo.org).
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Table 1
A Partial List of Direct ER� Target Genes with Transcriptional Regulatory Function

ER� target gene Symbol GeneID Function

B-cell CLL/lymphoma 11A BCL11A 53335 Transcriptional repressor
Basic helix-loop-helix domain containing,
class B, 5

BHLHB5 27319 Transcription factor

Basic leucine zipper nuclear factor 1 BLZF1 8548 Transcription factor
Chromosome 10 open reading frame 48 C10orf48 283078 Transcription factor
Cold shock domain protein A CSDA 8531 Transcription

co-repressor
Friend leukemia virus integration 1 FLI1 2313 Transcriptional activator
Forkhead box D3 FOXD3 27022 Transcription factor
GA binding protein transcription factor,
beta subunit 2

GABPB2 2553 Transcription factor

Homeo box 1 HMX1 3166 Transcription factor
v-myc myelocytomatosis viral oncogene
homolog

c-MYC 4609 Transcription factor

Retinoblastoma binding protein 8 RBBP8 5932 BRCA1 transcriptional
regulation

MADS box transcription enhancer factor 2 RFXANK 8625 Transcription factor
Sine oculis homeobox homolog 1 SIX1 6495 Transcription factor
Sine oculis homeobox homolog 2 SIX2 10736 Transcription factor
Sphingosine kinase type 1-interacting
protein

SKIP 80309 Transcriptional
co-activator

Transcription factor 4 TCF4 6925 Wnt signaling pathway
Zinc finger protein, Y-linked ZFY 7544 Transcriptional activator
Zinc finger protein 143 ZNF143 7702 Transcriptional activator

Distal Er� Binding Domains Act as Transcriptional Enhancers
Combining ChIP with tiled microarrays, which contain the complete nonrepetitive

sequence of human chromosomes 21 and 22, has identified previously undocumented
ER�-chromatin interaction sites in MCF7 cells (53). In this study, a total of 57
estrogen-stimulated ER� binding sites within 32 discrete clusters were found. Almost
all of which were not in promoter proximal regions, but rather existed up to 150 kb
from putative target genes. These distal ER� binding domains functioned as binding
sites for RNA polymerase II and the p160 cofactor, AIB-1, in an estrogen-dependent
manner. In two tested cases, the distal enhancer physically interacted with the promoter
of target genes following estrogen addition, suggesting that the distal regions function
by recruiting the proteins at the enhancers in contact with the promoter (60). This
finding shifts the paradigm that functional EREs are not necessarily located in the
promoter regions, but also in distal cis -regulatory enhancer regions. Nevertheless,
over two-thirds of the ER� binding clusters did not correlate with gene transcription
following estrogen stimulation and their functions remain unclear.



Interrogating Estrogen Receptor � Signaling in Breast Cancer 123

Forkhead Proteins Play an Essential Role in ER� Binding
and ER�-Mediated Transcription

ER� was shown to bind to significantly less target sites than the predicted EREs on
human chromosomes 21 and 22, suggesting that the presence of ERE within DNA is
insufficient to determine all putative ER� sites (53). The search for enriched motifs
from 57 ER� binding sites found that in addition to EREs, a Forkhead protein named
FoxA1, was recruited to almost half of these binding sites (53). Interestingly, FoxA1
was generally associated with chromatin in the absence of estrogen and dissociated
from the DNA upon the addition of estrogen. The specific knockdown of FoxA1
in breast cancer cells inhibited ER� association with the chromatin followed by
abrogated estrogen-mediated transcription. A ChIP-chip study using promoter arrays
has confirmed the essential role of FoxA1 in ER�-mediated transcription (52). It was
further demonstrated that targeted silencing of FoxA1 inhibited re-entry into the cell
cycle upon estrogen stimulation. Thus, FoxA1 may serve as a licensing factor to
propagate a specific domain of estrogen response in breast cancer cells (52). A corre-
lation between FoxA1 and ER� expression in breast cancers further supports the
importance of this interaction in breast cancer development (61).

COMPUTATIONAL MODELING REVEALS CIS-REGULATORY
MODULES

The combinatorial theory of gene regulation by transcription factors states that
transcription factors act cooperatively to mediate target gene activation (44). Accordingly,
the identification of the putative cis-regulatory modules in ER�-responsive promoters
enables the discovery of interacting transcription factors that are involved in crosstalk
with the ER� signaling pathway. Our ChIP-chip analysis revealed concerted action
of ER� binding and histone modifications in estrogen-responsive promoters in breast
cancer cells (47). Maximal ER� binding occurred at 3 h after estrogen treatment and
returned to near basal levels at 12- and 24-h time periods. Consistent with this dynamic
binding pattern, the enrichment levels of either acetylation or dimethylation of histone
3-lysine 9 were maximal at 3 h after treatment and then subsided. Based on recent
studies demonstrating a correlation between acetylation and dimethylation at histone
3-lysine 9 with gene activation and repression, respectively (15, 62–64), we catego-
rized the ER�-responsive promoters into activated and repressed groups according to
their histone modification status. The promoter sequences with the predicted TFBSs
were retrieved by specific databases (65, 66). Based on the discovery of overrepre-
sented TFBSs by computational modeling, five cis-regulatory modules, i.e., ERE + CRX,
ERE + MYB, ERE + c-MYC, ERE + SMAD3, and ERE + E47, were identified
for activated targets, whereas two modules (ERE + HNF3� and ERE + E47+ETS-
1) were identified for repressed targets (47). These transcription factor partners
have been previously documented to be involved in breast carcinogenesis (61,67–69).

ER� and C-Myc Co-regulate Estrogen-Responsive Genes
c-MYC is an important transcription factor known to be involved in estrogen-

stimulated proliferation and survival of breast cancer cells (70, 71). In one of the
cis-regulatory modules, c-MYC binding sites were found to be located near (13 to
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214 bp) EREs of 13 ER-responsive promoters (47). Estrogen stimulation enhanced
the c-MYC-ER� interaction and facilitated the association of ER�, c-MYC, and
TRAAP with these estrogen-responsive promoters. TRRAP was previously identified
as a c-MYC-interacting co-activator that mediates histone acetyltransferase recruitment
and c-MYC-dependent oncogenesis (72). The deletion of c-MYC binding site in
ER�-responsive promoter abolished estrogen responsiveness. Furthermore, targeted
silencing of both ER� and c-MYC in breast cancer cells abrogated estrogen-
mediated transcription, supporting the notion that ER� and c-MYC co-regulate
responsive targets at the transcription level (47). Collectively, these results suggest
that ER� and c-MYC physically interact to stabilize the ER�-co-activator complex,
thereby permitting other signal transduction pathways to fine-tune ER� signaling.

ER� SIGNALING NETWORK IN BREAST CANCER

While most studies focus on the mechanisms of ER�-mediated gene activation,
transcriptional repression by ER� is poorly understood. Recently, a new algorithm for
identifying ER�-related TFBSs has been developed for analyzing ChIP-chip dataset
(48). The results of this advanced analysis showed that rather than randomly distributed
within ER�-responsive promoters, these binding sites form distinctive patterns of
both target promoters up- and downregulated by ER�. ER�-activated promoters were
specified by the binding pairs DBP + MYC and DBP + MYC/MAX. In contrast,
ER�-repressed promoters were characterized with the binding pair of DBP + CETS-1.
CETS-1 acts as a transcriptional repressor or activator depending on the promoter
context (73) and is overexpressed in various primary and metastatic tumors (74).
Thus, the cis-regulatory element CETS-1 might be required for ER�-mediated gene
repression. Hence, the use of integrated ChIP-chip and bioinformatics analyses has led
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Direct
Targets 

Secondary
Targets 

FoxA1 c-MYC

Fig. 3. Graph representation of a partial ER� signaling network. Circle represents either activated
(red) or repressed (green) gene in response to ER�. If a transcription factor binds to the regulatory
region of a target gene, the two genes are connected by a line. ER� forms feedforward loop with
transcription factor partners (FoxA1 or c-MYC) to activate transcription of subsets of target genes
(blue lines). Multi-input motif is formed by ER� and CETS to repress expression of target genes
(orange lines). While the expression array cannot distinguish between primary and secondary genes,
direct targets bound by ER� are identified by ChIP-chip.
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to the discovery of transcription partners (FoxA1, c-MYC, and CETS-1) involved in
ER� signaling. Based on these findings, a model is constructed to show the complex
network of ER� signaling (Fig. 3).

It demonstrates the complexity of ER� signaling and its multiple regulatory inter-
actions with other signal transduction pathways. Crosstalk between ER� and growth
factor receptor pathways is considered to be a fundamental factor in endocrine therapy
resistance in breast cancer.11 The full understanding of the ER� signaling network will
support the development of combinatorial therapies targeted against ER� and the key
regulators involved in the network.

POTENTIAL OF CHIP-CHIP TO IMPROVE UNDERSTANDING
OF ENDOCRINE SYSTEMS

The findings on ER� signaling exemplify the power of combining both ChIP-
chip and bioinformatics methods to identify regulatory elements in complex signaling
network. The integrative approach can be broadly applicable to the elucidation of
regulatory networks of other endocrine systems. Most endocrine systems are under
genetic control and that the genetic underpinnings of both normal and deranged condi-
tions are polygenic rather than specified by a single gene. The entire repertoire of genes
modulated by a particular hormone or regulatory protein on the transcriptional level can
be revealed by microarray. However, it will be essential to move from the descriptive
expression profiling to understanding the combinatorial interactions that control gene
regulatory networks.46 This functional information may be obtained by combining
genomic location maps with maps of gene expression changes after selective removal
of the protein of interest. The role of epigenetic regulation on most endocrine systems
is largely unexplored. A complete picture of gene regulatory network will require the
integration of genome-wide location maps of histone modifications and DNA methy-
lation. The availability of improved high-throughput techniques like ChIP-chip and
computational methods will allow us to not only initiate the systematic identification
of the building components but also to define their functional interactions in the global
genetic and epigenetic networks of any endocrine systems.

CONCLUSIONS

Estrogen signaling has been intensively studied for many years, and the complexity
of this pathway is beginning to be unraveled. Integrated ChIP-chip and bioinfor-
matics analyses have revealed the specific target genes of ER� and their regulatory
mechanisms. The discovery of transcription factor partners has defined the regulatory
elements in ER� signaling network, which might orchestrate the growth of breast
cancer cells in response to the mitogenic estrogen. The knowledge of cis-regulatory
targets and trans-acting factors of ER� action will support the development of precise
molecular targeting regimen for breast cancer.
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Abstract

A cure for adrenocortical cancer remains elusive despite rapid advances in the molecular understanding
of many biological processes underlying the function of these steroid-producing cells. With the promise
of state-of-the-art molecular technologies and the tools provided by the human genome project, a number
of investigators are trying to identify molecular targets of adrenocortical tumorigenesis. One path in this
endeavor was the identification by positional cloning of genes that are mutated in rare adrenocortical
tumors. The subject of this chapter is an updated summary of the results of experiments in the second path
that was followed by us and others: that of using genome-wide expression analysis of adrenocortical cells
in normal and various disease states. Transcriptomic analysis is a rapidly evolving technology; one would
think that the data would be hard to summarize in a chapter that will be quickly outdated. However, there
are a limited number of such studies of the adrenal cortex, and their results are surprisingly reproducible.
This chapter summarizes all that has been published so far on this subject and points out the most important
genes and molecular pathways that have been identified in both normal and diseased adrenal cortex.

Key Words: Adrenal cortex; microarrays; serial analysis of gene expression (SAGE); oligonucleotides;
complementary DNA (cDNA); messenger RNA (mRNA); gene expression; adrenal hyperplasia

INTRODUCTION

Although intensively studied, the genetics of the development of adrenocortical
tumors remains poorly characterized. Clonal composition analyses and comparative
genomic hybridization (CGH) experiments have suggested that adrenocortical tumori-
genesis is a multistep process that follows a sequence of genetic alterations that lead
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to malignancy (1–4). However, the rarity of adrenal cancer compared to the relative
frequency of benign lesions suggests that either the accumulation of mutations most
often does not lead to cancer, or that there are additional pathways to adrenal carcino-
genesis. Just like CGH in the past allowed an instant and clear comparison of the DNA
from tumor and normal tissues, the examination of the adrenal transcriptome allows
for the detection of expressed genes in normal and abnormal cells and provides an
even higher resolution image of the differences between physiology and pathology.
Expression analysis does not replace DNA genomic approaches; it supplements other
tools developed by the human genome project and should be used in conjunction with
such techniques as CGH and traditional cytogenetics. For example, expression arrays,
due to their higher resolution, can often lead to the identification of DNA alterations
that would otherwise have been missed by contemporary molecular cytogenetics. At
the end, an analysis of the transcriptome can only be meaningful when it is compared to
genomic and proteomic studies. In this chapter, we have summarized the latest findings
in adrenocortical whole-genome expression analysis; these relatively few studies are
quite similar in their results and provide a solid basis for the next step, that of the
proteomic analyses.

METHODS: APPROACHES IN THE STUDY OF ADRENAL
GENE EXPRESSION

Currently, transcriptional profiling of any tissue is performed applying various
types of microarrays and the alternate technology of generating libraries of expressed
sequence tags (ESTs). An advanced expansion of EST libraries, especially in terms
of high-throughput and transcript quantitation, is serial analysis of gene expression
(SAGE). SAGE is based on generating, cloning, and sequencing concatenated short
sequence tags, each representing a single transcript derived from mRNA from target
tissue (5). Analysis of the transcriptional data gained by the above methods is most
commonly performed using clustering algorithms that group genes and samples on the
basis of expression profiles, and statistical methods scoring the genes on the basis of
their relevance to the clinical manifestations.

The method of choice in consideration for global expression profiling depends on
several factors including technical, labor, price, time and effort involved, and, most
importantly, the type of information that is sought. When comparing microarrays
to EST libraries, an appreciable advantage of the latter is its inherent ability to
identify transcripts without prior knowledge of the genes’ coding sequences; hence it is
important for cloning and sequencing novel transcripts and genes. On the other hand,
recent technical advances in the development of expression arrays, their abundance
and commercial availability, and the relative speed with which analysis can be done,
are all factors that make arrays more useful in routine applications. In addition, array
content can now be readily customized to cover from gene clusters and pathways of
interest to the entire genome: some studies examine series of tissue specific transcripts
and/or genes known to be involved in particular pathology; others directly use arrays
covering the whole genome.

Another factor that needs to be considered prior to embarking on any high-throughput
approach is whether individual or pooled samples will be investigated. Series of pooled
samples reduce the price, the time spent, and the number of the experiments down
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to the most affordable. Investigating individual samples, however, is important for
identifying unique expression ratios in a given type of tissue or even individual cells.

Two EST libraries and five different microarray studies on human adrenals have
been published so far. In the first library, normal, non-diseased human adrenals were
profiled (6). For this study, RNA from two adult individuals was used. Totally 20 626
ESTs were assembled into 9175 gene clusters (3979, 3074, and 4116 clusters in
hypothalamus, pituitary, and adrenal glands, respectively). Of these clusters, 30.3%
corresponded to known genes, 44.8% to dbESTs, and 24.3% did not correspond to
known coding sequence. One of the main outcomes of this study was cloning and
sequencing of 200 previously unknown transcripts, 97 of which were adrenal-specific.

The second adrenal global profiling study compared two SAGE libraries, one from a
normal adrenal gland and another from a form of bilateral adrenocortical hyperplasia—
primary pigmented nodular adrenocortical disease (PPNAD), both from adolescent
females (7). 14 846 and 16 698 unique mRNAs from the normal adrenal tissue and
PPNAD, respectively, were catalogued and their expression quantified. Compared to
the previous study, this one found only 842 (∼6% of the total) sequences that did
not match any known expressed sequences and, thus corresponded to novel genes
and transcripts. Interestingly, however, most unknown transcripts were also among the
most abundant or most adrenal-specific transcripts, indicating, like the previous study,
that there are quite a number of adrenal-specific genes with unknown function and
with limited expression elsewhere. Our laboratory is now attempting to clone the most
significant adrenal-specific sequences from this library.

The first of the microarray studies that was published addressed primarily normal
adrenal tissue and compared fetal and adult adrenal expression (8). Total RNA from 18
fetal (between 15 and 20 weeks of gestation) and 12 adult adrenal glands were studied
in this analysis. The RNA samples were pooled and hybridized to five independent
microarrays containing between 7075 and 9182 cDNA elements.

Our laboratory used the same approach to study another form of adrenal
hyperplasia—corticotropin (ACTH)-independent, bilateral adrenocortical hyperplasia
or massive macronodular adrenocortical disease (MMAD); these data were recently
published by Bourdeau et al. (9). This analysis was performed on eight tissues (three
of them from patients with food-dependent Cushing syndrome) and compared them
with the expression profile of pooled adrenal gland RNA that was obtained from 62
healthy individuals and is commercially available. The arrays utilized for this study
contained approximately 10 000 human PCR-amplified cDNA clones and were made
at the National Cancer Institute (Bethesda, MD, USA) core facility. As a criterion of
differential expression, a cutoff of two along with alteration in at least 75% of the
patients was applied. According to these stringent criteria, 82 and 31 genes were found
to be consistently up- and downregulated, respectively.

Two other microarray studies compared adrenocortical adenomas and carcinomas
(10, 11). The first among them generated transcriptional profiles of eleven carcinomas,
four adenomas, three normal adrenal cortices, and one macronodular hyperplasia using
Affymetrix HG_U95Av2 oligonucleotide arrays that represented 10 500 unique genes.
The second investigated a series of 230 candidate adrenal-specific genes, an “adrenochip,”
that included 187 cancer-related genes (including genes encoding cell cycle control
proteins, growth factors, growth factor receptors, transcription factors, cell adhesion
molecules, and proteins involved in cell invasion, angiogenesis, and chemoresistance
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that were previously shown to be expressed in the adrenal and were suspected to do
so), 34 adrenal cortex-specific genes (including genes encoding hormone receptors,
components of the cAMP signaling pathway, steroidogenic enzymes, and components
of the IGF2 system), and nine control genes, most of them classic housekeeping
sequences. This gene set was examined in a series of 57 well-characterized human
sporadic adrenocortical tumors (33 adenomas and 24 carcinomas). Quite amazingly and
despite differences in their design, these two studies revealed highly concordant results.

Finally, a recent study attempted to catalogue the genes expressed in aldosterone-
producing adenomas and, more specifically, to determine the degree of alteration
of G-protein-coupled receptor’s expression, when compared to the normal adrenal
cortex (12). For this analysis, RNA from an adult adrenal and a pool of three RNA
samples from aldosterone-producing adenomas were hybridized to an Affymetrix
human HG-U133+2 oligonucleotide microarray set containing 54 675 probe sets repre-
senting approximately 40 500 independent human genes.

A requirement of all high-throughput approaches is confirmation of findings
(expression level of a given gene/sequence) by other methods. A select group of genes
are tested usually—these genes are picked from the series of sequences that were
analyzed either because they were found to have significant changes or due to their
particular interest with regard to their expression in adrenocortical tissue or their previ-
ously identified relationship to pathology or developmental stage. The confirmation
process attempts to support the findings on three different levels: (a) reliability of the
high-throughput experiment—for this purpose, the same samples examined by the EST
libraries or microarrays are used; (b) trustfulness of the observations in general—to
achieve that, larger number of samples are examined, assessment of which by high-
throughput approaches is often unaffordable (price- or labor-wise); and (c) verification
of the expression changes at the protein level.

All the above-mentioned studies used at least one conventional method, and
occasionally two or even three, to confirm the high-throughput findings. Most utilized
the recently evolved quantitative real-time reverse transcription PCR (Q-RT-PCR),
although a classic Northern blot could also be used. The latter, unfortunately, requires
several fold higher amounts of mRNA which is often hard for adrenocortical studies.
For verification at the protein level, immunohistochemistry (IHC) and Western blot
are the two most commonly chosen techniques. IHC is not quantitative but has the
advantage of allowing for the observation of the exact localization of a signal within
a cell (cytoplasmic versus nuclear) and the tissue (identifying histologically the tissue
that is stained). Modern Western blot methods require smaller amount of protein
lysate than older techniques, and have the advantage of offering high-resolution quanti-
tation of expression without the use of radioactivity. Application of these confirmation
approaches in adrenal high-throughput expression studies has shown a high degree of
reliability for both microarrays and EST libraries. Recent reviews have pointed out the
significance and reproducibility of these data (13).

Genes Expressed in Normal Adrenals
The global expression profile of normal human adrenals reflects this steroido-

genic tissue’s functional characteristics (6, 7, 14). Genes involved in fundamental
biological processes, including protein synthesis and processing, energy metabolism,
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and cell structure, are prevalent. And accordingly, the most adrenal-specific gene cluster
included in all studies deals with genes involved in steroidogenesis, such as steroido-
genic acute regulator (STAR), 11-beta-hydroxylase (CYP11B1), 17-alpha- monooxy-
genase (hydroxylase) (CYP17A1), 21-monooxygenase (hydroxylase) (CYP21A2), 3
beta- and steroid delta-isomerase 2 (HSD3B2), and other enzymes. Developmental
genes with known function in the adrenal cortex were also among the most adrenal-
specific expressed transcripts, including the nephroblastoma overexpressed gene
(NOV), chromogranin B (CHGB), and delta-like 1 homolog (DLK1).

The overall analysis of the existing studies revealed STAR as the most highly
expressed, tissue-specific gene for normal human adrenal cortex. It is noteworthy
that a number of adrenal ESTs represented rare transcripts of otherwise ubiquitously
expressed genes. These included �2-microglobulin (B2M), plasminogen (PLG), myosin
light polypeptide 6 (MYL6), and many more. For these genes, more than one transcript
has been identified, and the adrenal preferential expression of this transcript did not
correspond to the most common and ubiquitously expressed sequence. This finding is
suggestive of an extensive presence of alternatively spliced transcripts of known genes
in adrenal cells (15).

In our SAGE library, a high proportion of the identified adrenal-specific ESTs
did not correspond to known genes and thus represent potentially novel genes or
alternative transcripts. To assess the degree of differentiation of the adrenocor-
tical cells, criteria for tissue specificity previously employed for SAGE libraries by
Velculescu et al. (16) were applied. In brief, the proportion of the transcripts present
at 10 and more copies/cell and expressed at very low levels or absent in all other
tissues was assessed. This percentage was 1.71% of the transcripts in the normal
adrenal tissue library, ranking adrenal expression among the highest in specification
for normal human tissue-specific gene expression (in the prostate, for example, it
stands at 0.05%) and suggesting a high level of differentiation for adrenocortical
cells.

The age-related differentiation and functional development of the adrenals have
been studied by comparing the gene expression profiles of human fetal adrenal
and adult adrenal gland. Sixty-nine transcripts were found to have a greater than
2.5-fold difference in expression between fetal and adult adrenals (8). Interest-
ingly, the vast majority of these transcripts have not been studied before with
regard to adrenal function. The largest differences were observed for transcripts that
encode insulin-like growth factor 2 (IGF2) (25-fold higher in fetal adrenal) and
3�-hydroxysteroid dehydrogenase (HSD3B) (24-fold higher in adult). The enhanced
fetal expression of IGF2 transcripts (second only to the liver) is well documented
(17). This finding probably reflects the ability of the adult adrenal to secret aldos-
terone, cortisol, and dehydroepiandrosterone (DHEA) sulfate, while the mid-gestational
fetal adrenal secretes substantial amounts of DHEA sulfate but minimal amounts
of cortisol or aldosterone. It is noteworthy that the vast majority of the differ-
entially expressed transcripts have not been studied before with regard to adrenal
function.

A group of IGF2-related transcripts that were expressed higher in the fetal adrenal
were those related to growth and development. The fact that adrenal IGF2 expression as
well as the expression of other growth-related transcripts drops dramatically after birth
has led to the hypothesis that IGF2 could play an important role in the unique functions
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and/or hyperplasia of the fetal adrenal gland (18). The size of the fetal adrenal (similar
to the kidney at 18 weeks) has caused investigators to search for altered growth factor
expression that might regulate its hyperplasia. In addition, growth factors have been
studied as potential paracrine regulators of steroidogenic capacity of the fetal adrenal.
In vitro studies have shown that IGF2, acting through the IGF1 receptor, increases
expression of the enzymes in steroid hormone biosynthesis (19).

Another group of transcripts that were found highly expressed in the fetal adrenal was
those involved in de novo cholesterol biosynthesis. Human fetal adrenal has been found
to possess the greatest ability to produce cholesterol of all fetal tissues (20). In addition,
elevation in the expression of low density lipoprotein (LDL) receptor was observed.
A number of studies support the idea that the fetal adrenal rapidly metabolizes any
available circulating LDL to provide cholesterol for steroidogenesis (21,22). Transcripts
related to cellular immunity and signal transduction were preferentially expressed in the
adult adrenal. In addition, this study outlined two potentially important adrenal function
genes with differential expression between fetal and adult adrenal: (a) NGFIB—an
orphan nuclear receptor that appears to be an important regulator of transcription
of certain steroid-metabolizing enzymes (23) and (b) KIAA0018—one of the most
highly expressed transcripts in the fetal adrenal gland. GenBank searches indicated
that the only protein with structural similarity to KIAA0018 is the plant enzyme,
DIMINUTO/DWARF1, which is involved in plant steroid biosynthesis and is critical
for plant reproduction (24). The role of these and others highly expressed in the normal
adrenals transcripts identified by microarrays and other high-throughput techniques
warrant further study.

Genes Expressed in Adrenal Hyperplasia
The two forms of ACTH-independent cortisol-producing bilateral adrenal hyper-

plasia that have been comprehensively profiled so far are PPNAD and MMAD.
PPNAD is characterized by small to normal-sized adrenal glands containing multiple
small cortical pigmented nodules (25, 26). PPNAD may occur in an isolated form or
associated with a multiple neoplasia syndrome, the complex of spotty skin pigmen-
tation, myxomas, and endocrine overactivity, or Carney complex (CNC), in which
Cushing’s syndrome is the most common endocrine manifestation (27). PPNAD,
isolated or associated with CNC, is caused mostly by inactivating mutations of the
PRKAR1A gene, which codes for regulatory subunit type I of protein kinase A (PKA),
the main mediator of cAMP signaling in mammals (28–30). The PPNAD SAGE library
was generated from PPNAD from a patient carrying a germline inactivating mutation
of the PRKAR1A gene and compared with that of control healthy adrenal gland from
an age- and gender-matched individual.

MMAD is a rare condition in which cortisol secretion may be mediated by non-
ACTH circulating hormones such as gastric inhibiting polypeptide (GIP) [leading
to food-dependent Cushing’s syndrome(S)], vasopressin, catecholamines, luteinizing
hormone, serotonin, angiotensin-II, or leptin. A form of MMAD may develop during
the first year of life with McCune–Albright syndrome, whereas the majority present as
the isolated type in the fifth decade of life (31,32). Although the most frequent clinical
presentation of MMAD is CS, cases with excess gluco-mineralocorticoid, cortisol-
estrogen, and -androgen secretion have also been reported (33–35). Usually, computed
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tomography reveals clear enlargement of both adrenal glands. Histological examination
is characterized by non-pigmented nodules composed of two types of cells, those with
a clear cytoplasm (lipid-rich) that form cordon nest-like structures, and others with a
compact cytoplasm (lipid-poor) that form small nest or island-like structures (36,37).

Analysis of the global expression profiles in these two adrenal hyperplastic tissues
showed significant differences but also some important similarities (7, 9). An inter-
esting finding was the involvement of the Wnt signaling pathway in both types
of hyperplasia. The expression levels of several members of the pathway were
found significantly elevated; these included catenin (cadherin-associated protein)-
like 1 (CTNNAL1), disheveled, dsh homolog 2 (Drosophila; DVL2), casein kinase 1
(CSNK1E), axin 1 (AXIN1), catenin-�1 (CTNNB1), WNT1-inducible signaling pathway
protein 2 (WISP2), and glycogen synthase kinase-3� (GSK3B).

Wnt signaling transduction pathway regulates many important cellular and devel-
opmental processes, including proliferation, cell-to-cell adhesion, cell fate decisions,
and differentiation. The involvement of this pathway in adrenocortical tumorigenic
processes was recently supported by finding somatic activating mutations in �-catenin
(CTNNB1) in as high as approximately 30% in both adrenal adenomas and carci-
nomas (38); all these mutations were observed in tumors with abnormal �-catenin
accumulation.

Another finding in common for the two hyperplastic tissues was the increased
degree of expression of PKA-related genes, specifically PRKAR2B, which is known
to be involved in adrenocortical tumors (30). This observation was consistent with
upregulation of the PKA signaling pathway in human tissues bearing PRKAR1A-
inactivating mutations, as well as in Prkar1a-deficient mice (34–43).

Finally, another similarity between the two hyperplastic conditions was the increased
presence of transcripts involved in cell cycle, adhesion, growth- and proliferation-
regulating signal transduction pathways, suggesting an elevated potential for growth
and proliferation for these lesions.

An important group of genes that were found inversely regulated in PPNAD and
MMAD were those involved in steroidogenesis, and particularly, in cortisol production.
In PPNAD, as expected from a high cortisol producing tissue, CYP11B1, CYP17A1,
CYP21A2, and HSD3B2, were overexpressed. In contrast, the MMAD expression
levels of CYP11B1, CYP17A1, and CYP21A2 were found downregulated, a fact that
was confirmed by immunohistochemistry studies (44) and was proposed to reflect the
relatively low efficiency with which MMAD cells produce cortisol compared to the
volume of the tissue and the degree of their hypertrophy in EM studies (25).

Genes Expressed in Adrenal Adenomas and Carcinomas
Studies on individual genes and pathways that may be differentially expressed

in adrenal tumors have repeatedly found several genes/gene clusters activated or
repressed. One of the most commonly present alterations in the adrenal carcinomas
was IGF2 overexpression. It has been identified in as many as 85% of the carcinomas
in examination on selected markers for adrenal malignancy (45, 46). In a search for
related and other genes involved in adrenal carcinogenesis, two different microarray
studies examining a total of 75 adrenocortical tumors have been published. The first
among them generated transcriptional profiles of eleven carcinomas, four adenomas,
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three normal adrenal cortices, and one macronodular hyperplasia using Affymetrix
HG_U95Av2 oligonucleotide arrays representing 10 500 unique genes (10). The other
one covered a series of 230 adrenal-specific candidate genes (“adrenochip”) that
included 187 cancer-related genes (including genes encoding cell cycle control proteins,
growth factors, growth factor receptors, transcription factors, cell adhesion molecules,
and proteins involved in cell invasion, angiogenesis, and chemoresistance), 34 adrenal
cortex-specific genes (including genes encoding hormone receptors, components of
the cAMP signaling pathway, steroidogenic enzymes, and components of the IGF2
system), and nine control genes (11). Using this gene set in a series of 57 well-
characterized human sporadic adrenocortical tumors (33 adenomas and 24 carcinomas)
not only confirmed the IGF2 increased transcription levels in carcinomas but also
identified the cosegregation of additional overexpressed and related genes, forming
the so-called IGF2 cluster. Interestingly, overexpression of this cluster, combined with
underexpression of a second cluster (steroidogenesis cluster) appeared to be extremely
powerful discriminator between adrenal adenomas and carcinomas.

The IGF2 cluster contained eight genes that encode growth factors [IGF2 and
transforming growth factor beta (TGFB2)], growth factor receptors [fibroblast growth
factor receptor type 1 (FGFR1), FGFR4, macrophage stimulating 1 receptor (MST1R),
and TGFBR1), as well as KCNQ1OT1 (also known as LIT1, i.e., long QT internal
transcript 1] and glyceraldehyde-3-phosphate dehydrogenase (GAPD), a presupposed
housekeeping gene. It is noteworthy that fibroblast growth factor receptors FGFR1 and
FGFR4 are the two of the family of four most strongly expressed in the adrenal cortex
tyrosine kinase FGF receptors (47, 48). They bind fibroblast growth factors FGF-1
and FGF-2, which are known as the most powerful mitogens for adult steroidogenic
adrenocortical cells (49) as well as for the human adrenocortical tumor cell line NCI-
H295R (50). They are also known to stimulate the proliferation of endothelial and
mesenchymal cells. Thus, the overexpression of the above two FGFRs in adrenocortical
cancers is likely to reflect their participation in the cellular increased proliferation and
vascularization of this tissue during tumorigensis.

The second cluster (steroidogenesis cluster) contained 14 genes, six of them encoding
proteins directly involved in the steroid biosynthetic pathway: STAR, CYP11A,
HSD3B1, CYP11B1, CYP21A2, and CYP17. It also contained protein phosphatase
1A (PPM1A), S100B (S100 calcium-binding protein, �-chain), glypican 3 (GPC3),
cAMP response element modulator (CREM), retinoblastoma 1 (RB1), and TGFBR3.
It is noteworthy that the correlation between the level of expression of these different
enzymes in each individual tumor and their steroid secretion profile was not trivial.
Why the steroidogenesis cluster is underexpressed in adrenal malignant tumors remains
to be clarified, but one hypothesis is that it reflects the overall decreased level of
tissue-specific functional differentiation that is commonly associated with advanced
stages of carcinogenesis.

This study also identified 14 genes, whose expression levels were able to strongly
predict the probability of recurrence of the adrenal carcinomas: the group of recurring
carcinomas could be separated from the group of non-recurrent tumors on the basis of
overexpression of six genes, including ISGF3G, IL2RG, GZMA, PTPN2, ITGB2, and
ATF1, and underexpression of eight genes, including GAPD, ACTG1, TLN1, PRKCSH,
VIL2, ECE1, CDKN2A, and FOS. However, this latter group of carcinomas was not
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large enough to provide significant data; additional validation in a larger sample set
and by other techniques is required.

The second microarray study on adrenal adenomas and carcinomas utilized the
Affymetrix HG_U95Av2 chip with 10 500 unique human genes. One of the most
important findings again was the elevated expression of IGF2: significantly increased
expression of IGF2 was observed in 10 of 11 (90.9%) adrenocortical carcinomas
(compared to the mean of the normal cortex/adrenal adenomas cohort) for all three
probe sets representing IGF2 gene in the U95A expression chip. Only one carcinoma
did not show increased IGF2 expression and this was one of the two carcinomas
identified by all the statistical means as outliers in that study.

A second important finding in agreement with the previous studies was the signif-
icant elevation of FGFR1 in adrenocortical carcinomas as opposed to adenomas.
FGFR1, which was represented four times on the array, showed 5.6-, 2.1-, and 2.8-fold
increased expression in three of the probe sets (with statistical significance P = 0.00009,
P = 0.0003, and P = 0.003, respectively). In contrast, no other receptor tyrosine kinases
were found to be differentially expressed. These included EGFR, ERB-B2, HER3,
PDGFRA, PDGFRB, KIT, FGFR4, IGF1R, IGFR2, INSR , ESR1, ESR2, PGR, and
others.

The application of hierarchical clustering and principal component analysis on the
three diagnostic groups (normal cortex, adrenocortical adenomas plus micronodular
hyperplasia, and adrenocortical carcinomas) revealed, in addition to IGF2 and FGFR1,
89 other genes that displayed at least threefold differential expression between adreno-
cortical carcinomas and the normal cortex, and the adrenocortical adenomas (P < 0.01).
Included in these genes were, along with those already known to be upregulated in
adrenocortical tumors such as IGF2, FGFR1, TOP2A, Ki-67, and also some novel and
differentially expressed genes such as osteopontin (SPP), serine threonine kinase 15
(STK15), angiopoietin 2 (ANGPT2), UBE2C, and others. A particular gene is worth
mentioning: the ectodermal-neural cortex-1 (ENC1) gene was overexpressed in carci-
nomas; interestingly, ENC1 appears to be upregulated in colorectal carcinoma and was
recently identified as a potential target of the �-catenin/T-cell factor complex (51).
Upregulation of ENC1 transcripts in adrenocortical carcinomas is yet another link to
the Wnt signaling pathway.

Finally, a very recent microarray study focused on the expression profiles of
G protein-coupled receptors in aldosterone-producing adenomas (12). Although the
results indicated greater than 25-fold over normal expression for several genes,
including CD47 antigen receptor, the putative purinergic receptor FKSG79, and the
cholinergic receptor CHRM1, major overexpression was observed for the luteinizing
hormone receptor (LHR) and the aldosterone synthase genes (CYP11B2).

Further analysis of the CYP11B2 and LHR expression levels by means of real-
time quantitative PCR in 20 normal adrenals and 18 aldosterone-producing adenomas
indicated that, as expected, all aldosterone-producing samples expressed levels of the
CYP11B2 gene that were outside the range seen in normal adrenals. In addition, nine
of the 18 aldosterone-producing adenomas also exhibited elevated levels of LHR.
To determine whether LH treatment is able to increase the expression of CYP11B2,
transient transfections were performed in H295R adrenocortical cells with expression
vectors for LH receptor and reporter constructs for the CYP11B2 promoter. It was
shown that LH is indeed able to mediate CYP11B2 promoter activity in the presence
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of LH receptor with a maximal 25-fold induction, indicating that LH receptor levels
in the adrenal can drive aldosterone production in the presence of LH. Why aberrant
expression of the LHR would cause hypercortisolism in some cases and hyperaldos-
teronism in others is still unclear and further studies are necessary to answer this
question.

CONCLUSIONS

To date, a total of 91 adrenal tissue samples have been profiled by various genome-
wide expression studies, investigating thousands of genes and transcripts: one of the
most significant findings, consistent with a large body of evidence, both from high-
throughput and individual marker studies, is increased IGF2 expression as a charac-
teristic transcriptional event in the pathogenesis of adrenocortical carcinomas. The
significance of this finding is twofold: not only it identifies IGF2 as an important
marker for adrenocortical cancer, but it also points to its uniqueness since there is
really no other such major and consistent signal transduction-related alteration. This
suggests that interruption of IGF2-induced signal transduction may lead to a signif-
icant therapeutic advance in the treatment of adrenocortical cancer. A second, and
equally important discovery is the involvement of the Wnt-signaling pathway in both
benign and malignant tumors of the adrenal cortex regardless of their molecular or
histologic background, from hyperplasia to malignancy. Finally, the fact that a signif-
icant number of novel transcripts were also identified among the most abundant and
tissue-specific ones, emphasizes the gaps in current knowledge about adrenocortical
cell function and differentiation. We conclude that adrenal expression studies provided
reproducible and important data in the search of better understanding of the process of
this tissue’s differentiation, normal function, and tumorigenesis. As this chapter went
into press, three more relevant studies, including one on the Y1 mouse adrenal cells,
were published, which largely supported the above data (52–54).
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INTRODUCTION

During the late luteal phase of the menstrual cycle, human endometrial stromal cells,
under the influence of progesterone and estradiol, differentiate to decidual cells by a
process known as decidualization. The decidual cells form the maternal component
of the maternal-fetal interface and are critical for successful implantation and the
maintenance of pregnancy. Until the availability of microarray technology, studies on
the biology of human decidualization were performed by immunohistochemistry, in
situ hybridization, and selective mRNA and protein analyses. Because of the limita-
tions imposed by these techniques, relatively little was known about the genetic
program and molecular mechanisms that direct the decidualization process. However,
investigations of human decidualization over the past five years or so using DNA
microarray analyses have provided important new insights into the genetic program of
decidualization. These studies provide considerable information about genes that are
induced and repressed during human decidualization, the sequence of changes in gene
expression during decidualization, the signal pathways that are involved in decidual-
ization and changes in gene expression resulting by different factors, and diseases that
are known to affect decidualization. This chapter summarizes new information from
our laboratory about gene expression during in vitro decidualization of human uterine
stromal cells and the transcription factors and other factors involved in the regulation of
decidualization.
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BIOLOGY OF DECIDUALIZATION

The endometrium is a dynamic tissue that undergoes cyclic changes in response
to the ovarian sex steroids, estradiol and progesterone as it prepares for possible
implantation. The first half of the menstrual cycle, the proliferative phase, is primarily
under the influence of estradiol. During this phase, the endometrial cells undergo
proliferation that results in development of blood vessels and a glandular network and
the proliferation of stromal cells. The second half of the menstrual cycle, the secretory
or luteal phase, is primarily under the influence of progesterone and estradiol. Decidu-
alization begins during the late luteal phase, occurring initially in stromal cells adjacent
to vascular structures. The stromal cells transform from an elongated fibroblast-like
phenotype to the larger, round phenotype of decidual cells. The decidual cells acquire
the characteristics of a secretory cell, such as a euchromatic nucleus, numerous
Golgi cisternae, dilated rough endoplasmic reticulum, and dense membrane bound
secretory granules. Following decidualization, the decidual cells express numerous
new cellular products that provide a nutritive and hormonal environment for the
developing embryo. These include many proteins that are not expressed by the cells
prior to decidualization, such as prolactin and insulin-like growth factor binding
protein-1 (IGFBP-1). However, the sequence and molecular events associated with
the transformation of stromal cells to secretory decidual cells are incompletely
understood.

IN VITRO MODELS OF DECIDUALIZATION

Several in vitro models have been used to study human decidualization, including
primary cultures of endometrial stromal cells (1,2), primary cultures of human uterine
fibroblast cells, and cultures of the N5 (3) and St-2 (4) immortalized human endome-
trial stromal cell lines. Treatment of endometrial stromal cells with progesterone in
combination with estradiol or relaxin or with high levels of cAMP in the absence
of exogenous hormones can induce decidualization. Human uterine fibroblast cells
undergo decidualization in response to treatment with medroxyprogesterone acetate
(MPA) and estradiol in combination with PGE2 or cAMP, while MPA and estradiol
alone have little or no effect on decidualization. As discussed below, most studies from
our laboratory of the genetic program that directs human uterine decidualization have
utilized uterine fibroblast cells. Treatment of N5 cells with progesterone and estradiol
alone or in combination with prostaglandin E2 stimulates the synthesis and release of
prolactin (3). Like uterine decidual cells, St-2 cells decidualize in response to stimu-
lation with MPA plus 8-bromo-cAMP, but treatment with progesterone, alone or in
combination with estradiol, is without effect (4). Taken together, studies with these
model systems have shown that cAMP is a key factor for induction of decidualization
(5). The increase in cAMP levels is dependent upon activation of the protein kinase
A pathway (5, 6). Sustained elevation of cytoplasmic cAMP levels during decidual-
ization can be induced by factors secreted by the endometrium (CRF, relaxin, PGE2),
ovary (relaxin), and pituitary (gonadotropins) (5,7,8).



Microarray Analysis of Human Uterine Decidualization 149

EARLY STUDIES OF DECIDUALIZATION

Early studies identified several decidualization-specific genes that are induced
endometrial stromal cells as the cells undergo decidualization. These include prolactin
(6, 9–11), IGFBP-1 (12), laminin, TIMP3, M-CSF, renin, angiotensinogen, and
leukemia inhibitory factor (LIF). However, the biological roles for most of these
proteins are poorly understood. Since decidual cells express both prolactin and
the prolactin receptor and M-CSF and its receptor, it has been suggested that the
relatively large amounts of prolactin and M-CSF released by decidual cells may have
autocrine/paracrine effects on the local proliferation and differentiation of cells at the
maternal-fetal interface. The roles of IGFBP-1 as an IGF-binding protein and as a
trophoblast integrin ligand suggest that the binding protein may have multiple roles
in endometrial development and in interactions between decidua and the invading
trophoblast (13). Laminin selectively decreases the expression of prolactin and IGFBP-
1 during in vitro decidualization of human endometrial stromal cells (14) and may act
to limit the extent of decidualization. The role of the local renin-angiotensin system
in the decidua is unknown, but may have a role in the pathogenesis of pre-eclampsia
(15). LIF stimulates proliferation of endometrial stromal fibroblasts in vitro; and there
are suggestions that decreased LIF expression may contribute to human infertility (16).
The observation that TIMP-3 mRNA is upregulated by progesterone both in vitro
and in vivo suggests that TIMP-3 plays a critical role in the control of trophoblastic
invasion, probably by limiting ECM degradation.

MICROARRAY STUDIES OF DECIDUALIZATION

Studies from our laboratory (17) utilized sequential DNA microarray analyses of
human uterine fibroblasts decidualized in vitro to identify genes that are dynamically
regulated during decidualization and their expression pattern. Decidual fibroblast cells
used in the microarray studies responded to estradiol, progesterone and cAMP exposure
with a progressive change in morphology and induction of prolactin and IGFBP-1 gene
expression. Regulated genes were selected based on exhibition of a twofold increase
or 50% decrease in their expression relative to time 0 pre-decidualization reference
samples. The findings suggest that decidualization is characterized by “categorical
reprogramming” in which there is simultaneous upregulation and downregulation of
a set of genes with related function (Table 1). Of the 6918 genes on the microarray,
281exhibited twofold or greater induction or 50% or more repression. The 281 dynam-
ically regulated genes were separated into nine different K-means cluster groups
composed of induced, biphasic, and repressed regulatory behaviors. Of these, 127 genes
were induced, and 154 were repressed.

Microarray analysis identified genes that were known to be induced by
decidualization as well as genes that were not known previously to be induced by
decidualization. The most induced annotated genes detected included IGFBP-1,
Lefty2, somatostatin, FOX1A, decorin, spermidine/spermine N1-acetyltransferase,
EGF-containing fibulin-like extracellular matrix protein 1, IGFBP-4, TIMP3, solute
carrier family 16, member 6, and IGFBP-3. The annotated genes whose mRNAs
exhibited the largest repression include cysteine-rich angiogenic inducer 61, collagen
type I, �1, transgelin, regulator of G protein signaling 4, fibronectin 1, hexabrachion,
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and IGFBP-5. Table 2 shows a complete list of the 100 most regulated genes, along
with the accession numbers and fold change from day 0 level of expression.

The 281 dynamically regulated genes were divided into similar functional categories.
These include cell regulation (77 genes), cell and tissue function (74 genes), cell and
tissue structure (79 genes), unknown function (6 genes), and expressed sequence tags
(45 genes). Table 1 shows the most dynamically regulated induced and repressed genes
(fourfold changes) in the categories of cell regulation, cell and tissue function, and cell
and tissue structure at different stages of differentiation. In each gene category, several
members were strongly induced while several others were strongly downregulated.
Members of the integrin, collagen, and laminin gene families varied widely in their
regulation during decidualization. The microarray studies also indicate striking changes
in extracellular matrix protein genes during decidualization of decidual fibroblasts.
There was early induction of the extracellular matrix proteins decorin and fibromodulin
and early repression of collagen type X �1, collagen type XI �1, collagen type I �1,
collagen type XVI �1, collagen type IV �1, laminin-�4, integrin-�4, vimentin, glycan-
1, and fibronectin-1. There was also induction of the proteolytic enzymes matrix
metalloprotienases-2 and -11 and TIMP3 and repression of plasminogen activator
inhibitor type I. Taken together, these findings indicate that striking reprogramming
of genes that determine extracellular matrix and tissue strength and integrity occurs
during decidualization and suggest that these changes are a prominent feature of
decidualization. Dramatic changes were also observed in many members of the IGFBP
family. IGFBP-1, which is known to be a marker of decidualization, was the most
induced gene in decidual fibroblasts undergoing differentiation, whereas IGFBP-5 was
the most repressed gene. IGFBP-5 binds IGF-I and enhance its effects on target cells
(18). IGFBP-5 also exerts IGF-independent effects that may be mediated via a distinct
receptor and signal transduction pathway (19). IGFBP-5 also has a nuclear targeting
sequence, is translocated into the nucleus of actively dividing cells, and may have
effects on cell growth (20). IGFBP-5 is also thought to induce apoptosis (21).

Microarray analyses have also provided new information about the signal pathways
that are involved in decidualization. Early in decidualization there is an induction
of genes involved in the mitogen-activated protein (MAP) kinase signaling pathway
as well as the TGF-�1 family member genes Lefty2 and inhibin-�, and later in
decidualization there is an induction of several other genes involved in the phospho-
inositide signal transduction pathway. A major increase was noted also in c-myc,
other oncogenes, and other factors involved in cellular mitogenic response, including
members of the cyclin and the retinoic acid receptor families.

Chen and co-worker (22) utilized microarray analysis to study early gestational decidua
and chorionic villi. They identified 641 genes that were highly expressed in both decidua
and villi, 49 genes with higher expression in decidua, and 75 genes with higher expression
in chorionic villi. Many of the genes had not been reported previously during pregnancy;
these include myeloid leukemia factor 2, lymphotoxin-� receptor, integrin-linked kinase,
disintegrin and metalloproteinase domain 12, GTPase-activating protein ras p21, and
some cell surface antigens. IGFBP-1, IGFBP-3, IGFBP-4 were found to be highly
expressed in decidua both in vitro and in vivo. In contrast to Brar et al., this study showed
that IGFBP-5 is also highly expressed in the decidua. IGFBPs bind IGF-I and IGF-II
with high affinity and can either enhance or attenuate IGFs effects on target cells (23).
IGFBPs can also exert IGF-independent effects (24). The insulin receptor was also found



T
ab

le
2

T
he

10
0

m
os

t
st

ro
ng

ly
up

-
or

do
w

n-
re

gu
la

te
d

ge
ne

s
du

ri
ng

de
ci

du
al

fi
br

ob
la

st
di

ff
er

en
ti

at
io

n
(1

7)

In
du

ce
d

R
ep

re
ss

ed
A

cc
.

N
o.

G
en

e
F

un
ct

io
na

l
G

ro
up

R
at

io
A

cc
.

N
o.

G
en

e
F

un
ct

io
na

l
G

ro
up

R
at

io
.

N
M

_0
00

59
6

IG
FB

P-
1

po
ly

pe
pt

id
e

ho
rm

on
e

13
1.

38
M

92
64

2
co

lla
ge

n,
ty

pe
X

V
I,

�
1

cy
to

sk
el

et
on

or
ga

ni
za

tio
n

0.
3

A
F0

81
51

1
en

do
m

et
ri

al
bl

ee
di

ng
as

so
ci

at
ed

fa
ct

or
po

ly
pe

pt
id

e
ho

rm
on

e
44

.3
9

X
54

23
2

gl
yp

ic
an

1
ex

tr
ac

el
lu

la
r

or
ga

ni
za

tio
n

0.
3

A
W

58
38

34
so

m
at

os
ta

tin
po

ly
pe

pt
id

e
ho

rm
on

e
19

.8
A

F0
06

04
3

3-
ph

os
ph

og
ly

-c
er

at
e

de
hy

dr
og

en
as

e
m

et
ab

ol
is

m
0.

3

A
F0

32
88

5
fo

rk
he

ad
bo

x
O

1A
tr

an
sc

ri
pt

io
n

16
.0

2
N

M
_0

02
43

2
m

ye
lo

id
ce

ll
nu

cl
ea

r
di

ff
er

en
tia

tio
n

an
tig

en

tr
an

sc
ri

pt
io

n
0.

3

N
M

_0
01

92
0

de
co

ri
n

ex
tr

ac
el

lu
la

r
or

ga
ni

za
tio

n
14

.9
3

X
98

56
8

co
lla

ge
n,

ty
pe

X
,�

1
cy

to
sk

el
et

on
or

ga
ni

za
tio

n
0.

29

A
A

85
67

63
E

ST
s

E
ST

11
.5

9
A

A
45

19
28

vi
m

en
tin

cy
to

sk
el

et
on

or
ga

ni
za

tio
n

0.
29

Z
14

13
6

sp
er

m
id

in
e/

sp
er

m
in

e
N

1-
ac

et
yl

tr
an

sf
er

as
e

m
et

ab
ol

is
m

10
.4

4
H

63
16

3
ki

ne
si

n-
lik

e
5

cy
to

sk
el

et
on

or
ga

ni
za

tio
n

0.
29

N
M

_0
04

10
5

E
G

F-
co

nt
ai

ni
ng

fi
bu

lin
-l

ik
e

ex
tr

ac
el

lu
la

r
m

at
ri

x
pr

ot
ei

n
1

ce
ll

ad
he

si
on

10
.0

6
D

14
13

4
R

A
D

51
D

N
A

da
m

ag
e

0.
29

M
62

40
3

IG
FB

P-
4

po
ly

pe
pt

id
e

ho
rm

on
e

10
.0

3
M

14
08

3
pl

as
m

in
og

en
ac

tiv
at

or
in

hi
bi

to
r,

ty
pe

I

ex
tr

ac
el

lu
la

r
pr

ot
eo

ly
si

s
0.

29

A
I2

45
47

1
tis

su
e

in
hi

bi
to

r
of

m
et

al
lo

pr
ot

ei
na

se
3

pr
ot

eo
ly

si
s

9.
62

W
49

82
0

hy
al

ur
on

an
sy

nt
ha

se
2

m
et

ab
ol

is
m

0.
29

U
79

74
5

so
lu

te
ca

rr
ie

r
fa

m
ily

16
,

m
em

be
r

6
tr

an
sp

or
te

rs
8.

39
A

I9
23

53
2

pr
ot

ea
so

m
e

su
bu

ni
t,

be
ta

ty
pe

,9
pr

ot
eo

ly
si

s
0.

29

(C
on

ti
nu

ed
)



T
ab

le
2

(C
on

ti
nu

ed
)

In
du

ce
d

R
ep

re
ss

ed
A

cc
.

N
o.

G
en

e
F

un
ct

io
na

l
G

ro
up

R
at

io
A

cc
.

N
o.

G
en

e
F

un
ct

io
na

l
G

ro
up

R
at

io
.

A
W

05
18

24
E

ST
s

E
ST

8.
38

W
56

89
1

gu
an

in
e

nu
cl

eo
tid

e
ex

ch
an

ge
fa

ct
or

fo
r

R
ap

1

si
gn

al
tr

an
sd

uc
tio

n
0.

29

N
M

_0
06

47
2

up
re

gu
la

te
d

by
1,

25
-d

ih
yd

ro
xy

vi
ta

m
in

D
-3

E
ST

8.
35

A
I5

21
64

5
in

te
gr

in
,�

2
(C

D
49

B
)

ce
ll

ad
he

si
on

0.
28

M
31

15
9

IG
FB

P-
3

po
ly

pe
pt

id
e

ho
rm

on
e

8.
23

N
M

_0
01

85
4

co
lla

ge
n,

ty
pe

X
I,

�
1

cy
to

sk
el

et
on

or
ga

ni
za

tio
n

0.
28

A
L

02
32

82
tis

su
e

in
hi

bi
to

r
of

m
et

al
lo

pr
ot

ei
na

se
3

pr
ot

eo
ly

si
s

8.
1

M
29

69
6

in
te

rl
eu

ki
n

7
re

ce
pt

or
in

fl
am

m
at

or
y

m
ed

ia
to

r
0.

28

A
F0

07
14

4
de

io
di

na
se

,
io

do
th

yr
on

in
e,

ty
pe

II
m

et
ab

ol
is

m
8.

09
N

M
_0

01
80

9
ce

nt
ro

m
er

e
pr

ot
ei

n
A

ce
ll

cy
cl

e
0.

27

Y
00

47
2

su
pe

ro
xi

de
di

sm
ut

as
e

2,
m

ito
ch

on
dr

ia
l

st
re

ss
re

sp
on

se
7.

95
M

26
57

6
co

lla
ge

n,
ty

pe
IV

,�
1

cy
to

sk
el

et
on

or
ga

ni
za

tio
n

0.
27

N
M

_0
00

24
0

m
on

oa
m

in
e

ox
id

as
e

A
m

et
ab

ol
is

m
6.

56
D

79
99

7
K

IA
A

01
75

ge
ne

pr
od

uc
t

E
ST

0.
27

X
54

93
7

ca
nn

ab
in

oi
d

re
ce

pt
or

1
(b

ra
in

)
si

gn
al

tr
an

sd
uc

tio
n

6.
46

N
M

_0
03

32
8

T
X

K
ty

ro
si

ne
ki

na
se

si
gn

al
tr

an
sd

uc
tio

n
0.

27

X
91

66
2

tw
is

t
(D

ro
so

ph
ila

)
ho

m
ol

og
tr

an
sc

ri
pt

io
n

5.
95

N
M

_0
06

09
4

de
le

te
d

in
liv

er
ca

nc
er

1
E

ST
0.

26

N
M

_0
02

02
3

fi
br

om
od

ul
in

ex
tr

ac
el

lu
la

r
or

ga
ni

za
tio

n
5.

9
X

59
89

2
tr

yp
to

ph
an

yl
-t

R
N

A
sy

nt
he

ta
se

tr
an

sl
at

io
n

0.
26

A
I7

45
62

5
C

D
24

an
tig

en
ce

ll
ad

he
si

on
5.

86
A

I4
36

09
0

A
T

Pa
se

,
C

a+
+

tr
an

sp
or

tin
g,

pl
as

m
a

m
em

br
an

e
1

tr
an

sp
or

te
r

0.
26

K
02

76
5

co
m

pl
em

en
t

co
m

po
ne

nt
3

in
fa

m
m

at
or

y
m

ed
ia

to
r

5.
55

Z
24

72
7

tr
op

om
yo

si
n

1
(a

lp
ha

)
cy

to
sk

el
et

on
or

ga
ni

za
tio

n
0.

25



N
M

_0
01

83
1

cl
us

te
ri

n
ap

op
to

si
s

5.
31

M
75

16
5

tr
op

om
yo

si
n

2
(b

et
a)

cy
to

sk
el

et
on

or
ga

ni
za

tio
n

0.
25

X
82

15
3

ca
th

ep
si

n
K

pr
ot

eo
ly

si
s

5.
04

A
B

02
31

55
K

IA
A

09
38

pr
ot

ei
n

E
ST

0.
25

N
M

_0
00

94
9

pr
ol

ac
tin

re
ce

pt
or

po
ly

pe
pt

id
e

ho
rm

on
e

4.
85

N
M

_0
05

71
1

E
G

F-
lik

e
re

pe
at

s
an

d
di

sc
oi

di
n

I-
lik

e
do

m
ai

ns
3

ce
ll

ad
he

si
on

0.
24

N
M

_0
05

92
3

m
ito

ge
n-

ac
tiv

at
ed

pr
ot

ei
n

ki
na

se
ki

na
se

ki
na

se
5

si
gn

al
tr

an
sd

uc
tio

n
4.

79
A

L
04

76
03

ac
tin

in
,�

4
cy

to
sk

el
et

on
or

ga
ni

za
tio

n
0.

24

N
M

_0
12

34
2

pu
ta

tiv
e

tr
an

sm
em

br
an

e
pr

ot
ei

n
m

em
br

an
e

re
ce

pt
or

4.
65

N
M

_0
05

19
6

ce
nt

ro
m

er
e

pr
ot

ei
n

F
ce

ll
cy

cl
e

0.
21

A
W

15
68

90
sy

nu
cl

ei
n,

�
ap

op
to

si
s

4.
61

A
F0

69
60

1
m

yo
si

n,
lig

ht
po

ly
pe

pt
id

e
ki

na
se

cy
to

sk
el

et
on

or
ga

ni
za

tio
n

0.
21

N
M

_0
05

94
0

m
at

ri
x

m
et

al
lo

pr
ot

ei
na

se
11

ex
tr

ac
el

lu
la

r
pr

ot
eo

ly
si

s
4.

43
A

I0
42

26
1

E
ST

s
E

ST
0.

21

A
B

00
08

89
Ph

os
ph

at
id

ic
ac

id
ph

os
ph

at
as

e
ty

pe
2b

si
gn

al
tr

an
sd

uc
tio

n
4.

43
X

76
93

9
la

m
in

in
,�

4
ex

tr
ac

el
lu

la
r

or
ga

ni
za

tio
n

0.
21

M
55

59
3

m
at

ri
x

m
et

al
lo

pr
ot

ei
na

se
2

ex
tr

ac
el

lu
la

r
pr

ot
eo

ly
si

s
4.

3
U

28
74

9
hi

gh
-m

ob
ili

ty
gr

ou
p

pr
ot

ei
n

is
of

or
m

I-
C

tr
an

sc
ri

pt
io

n
0.

21

N
M

_0
00

88
7

in
te

gr
in

,�
X

ce
ll

ad
he

si
on

3.
99

U
74

61
2

fo
rk

he
ad

bo
x

M
1

tr
an

sc
ri

pt
io

n
0.

21
A

L
02

11
54

in
hi

bi
to

r
of

D
N

A
bi

nd
in

g
3,

do
m

in
an

t
ne

ga
tiv

e
he

lix
-l

oo
p-

he
lix

pr
ot

ei
n

tr
an

sc
ri

pt
io

n
3.

96
X

16
98

3
in

te
gr

in
,

al
ph

a
4

(a
nt

ig
en

C
D

49
D

)
ce

ll
ad

he
si

on
0.

19

N
M

_0
03

65
2

ca
rb

ox
yp

ep
tid

as
e

Z
m

et
ab

ol
is

m
3.

88
A

F0
16

05
0

ne
ur

op
ili

n
1

m
em

br
an

e
re

ce
pt

or
0.

19
M

77
01

6
tr

op
om

od
ul

in
cy

to
sk

el
et

on
or

ga
ni

za
tio

n
3.

73
M

14
66

0
in

te
rf

er
on

-i
nd

uc
ed

pr
ot

ei
n

54
in

fl
am

m
at

or
y

m
ed

ia
to

r
0.

18

A
A

50
56

76
E

ST
s

E
ST

3.
73

X
82

83
5

so
di

um
ch

an
ne

l,
vo

lta
ge

-g
at

ed
,

ty
pe

IX
,a

lp
ha

po
ly

pe
pt

id
e

tr
an

sp
or

te
rs

0.
18

(C
on

ti
nu

ed
)



T
ab

le
3

(C
on

ti
nu

ed
)

In
du

ce
d

R
ep

re
ss

ed
A

cc
.

N
o.

G
en

e
F

un
ct

io
na

l
G

ro
up

R
at

io
A

cc
.

N
o.

G
en

e
F

un
ct

io
na

l
G

ro
up

R
at

io
.

A
W

15
76

84
cu

lli
n

4B
ce

ll
cy

cl
e

3.
72

X
12

88
1

ke
ra

tin
18

ke
ra

tin
0.

17
N

M
_0

06
48

6
fi

bu
lin

1
ex

tr
ac

el
lu

la
r

or
ga

ni
za

tio
n

3.
71

X
82

83
5

so
di

um
ch

an
ne

l,
vo

lta
ge

-g
at

ed
,

ty
pe

IX
,a

lp
ha

po
ly

pe
pt

id
e

tr
an

sp
or

te
rs

0.
17

S7
70

35
IG

F-
2

po
ly

pe
pt

id
e

ho
rm

on
e

3.
68

D
13

63
3

K
IA

A
00

08
ge

ne
pr

od
uc

t
E

ST
0.

15

D
87

25
8

pr
ot

ea
se

,
se

ri
ne

,
11

(I
G

F
bi

nd
in

g)
m

et
ab

ol
is

m
3.

62
A

F0
38

00
7

fa
m

ili
al

in
tr

ah
ep

at
ic

ch
ol

es
ta

si
s

1
m

et
ab

ol
is

m
0.

15

N
M

_0
04

84
4

SH
3-

do
m

ai
n

bi
nd

in
g

pr
ot

ei
n

5
si

gn
al

tr
an

sd
uc

tio
n

3.
61

Y
12

08
4

cy
st

ei
ne

-r
ic

h,
an

gi
og

en
ic

in
du

ce
r,

61

po
ly

pe
pt

id
e

ho
rm

on
e

0.
15

N
M

_0
02

66
2

ph
os

ph
ol

ip
as

e
D

1,
ph

op
ha

tid
yl

ch
ol

in
e-

sp
ec

if
ic

si
gn

al
tr

an
sd

uc
tio

n
3.

61
A

F0
13

71
1

tr
an

sg
el

in
ce

ll
ad

he
si

on
0.

14

X
85

75
0

m
on

oc
yt

e
to

m
ac

ro
ph

ag
e

di
ff

er
en

tia
tio

n-
as

so
ci

at
ed

m
em

br
an

e
re

ce
pt

or
3.

6
A

W
57

74
07

co
lla

ge
n,

ty
pe

I,
�

1
cy

to
sk

el
et

on
or

ga
ni

za
tio

n
0.

14

A
I0

89
79

1
cy

cl
in

-d
ep

en
de

nt
ki

na
se

in
hi

bi
to

r
1C

(p
57

,
K

ip
2)

ce
ll

cy
cl

e
3.

59
A

A
58

79
12

E
ST

,
H

ig
hl

y
si

m
.

to
ph

os
ph

o-
se

ri
ne

am
in

ot
ra

ns
fe

r

E
ST

0.
14

M
13

43
6

in
hi

bi
n,

�
A

(a
ct

iv
in

A
,

ac
tiv

in
A

B
al

ph
a

po
ly

pe
pt

id
e)

po
ly

pe
pt

id
e

ho
rm

on
e

3.
35

X
02

76
1

fi
br

on
ec

tin
1

ex
tr

ac
el

lu
la

r
or

ga
ni

za
tio

n
0.

07

A
F0

52
11

0
de

ca
y

ac
ce

le
ra

tin
g

fa
ct

or
fo

r
co

m
pl

em
en

t
(C

D
55

)

pr
ot

eo
ly

si
s

3.
24

L
27

56
0

IG
FB

P-
5

po
ly

pe
pt

id
e

ho
rm

on
e

0.
05



Microarray Analysis of Human Uterine Decidualization 157

to be highly expressed in decidual cells, both in vitro and in vivo. These findings suggest
that IGFBPs and insulin receptor may modulate trophoblast invasiveness and hormone
secretion during early pregnancy. TGF-�, interferon-�, TNF-�, TNF-R, angiotensin
receptor, PDGF-R and several other hormone or cytokine-related factors (PDGF-R�,
IL-1 receptor, INF-� induced protein, and neuropeptide Y receptor-1) were also found
to be highly expressed in decidua. The genes that were found to be highly expressed
in decidua relate to cell growth and cell cycle, apoptosis, hormones and cytokines,
stress response, signal transduction, cell surface antigens/cell adhesion, metabolism,
transcription factors, cytoskeleton/extracellular matrix, and housekeeping functions.

Microarray studies of in vitro decidualization of endometrial stromal cells obtained
from two different subjects in the late proliferative phase by Popovici et al. (25)
found marked changes in several interleukins such as IL-5, -6, -8, -10, -13, and -14.
Changes were also noted in the expression of several growth factor families, such
as induction of the insulin receptor, GM-CSF and its receptor and VEGF, and the
VEGFR/KDR receptor. Increases in several chemotactic factors and inflammatory
cytokines were also noted. Microarray analysis also identified several neurotransmitter
receptors and neuromodulators that undergo changes during endometrial stromal cells
decidualization. Some members of the renin/angiotensin system were induced as well as
several integrins. Integrins regulate cell-cell adhesion as well as adhesion between cells
and components of the extracellular matrix and play an important role in the endometrial
phenotype change that occurs during the secretory phase of the menstrual cycle.
At the beginning of pregnancy, the change in integrin expression is synchronized with
trophoblast attachment and embryo invasion of the decidua. Several diseases, including
pre-eclampsia and intrauterine growth retardation, are associated with abnormal integrin
expression (26). A major increase was noted also in c-myc, other oncogenes, and other
factors involved in cellular mitogenic response, including members of the cyclin and
the retinoic acid receptor families. TNF-related apoptosis inducing ligand (TRAIL), a
killer of activated lymphocytes, was also induced (25).

IL-11 plays a role in decidualization of endometrial stromal cells in vitro. White
et al. (27) identified genes regulated by IL-11 in decidualizing human endome-
trial stromal cells in vitro by utilizing microarray. Microarray analysis revealed 16
upregulated and 11 downregulated genes in decidualizing endometrial stromal cells
treated with IL-11 compared with decidualizing endometrial cells not treated with
IL-11. There were 11 genes and 1 expressed sequence tag (EST) upregulated and
10 genes downregulated in the presence of exogenous IL-11. Many of these genes were
associated with extracellular matrix. The most upregulated gene was IL-1�, which is
thought to play a role in implantation. The most down-regulated gene was IGFBP-5.

RECENT STUDIES BASED ON MICROARRAY FINDINGS

Okada et al. (28) demonstrated by DNA microarray analysis that fibulin-1, which
codes for an extracellular matrix and plasma glycoprotein, is induced by progesterone
in human endometrial stromal cells in short-term culture prior to the morphological
cellular transformation. Fibulin-1 binds calcium and extracellular proteins including
fibronectin, laminin, nidogen, and fibrinogen. A subsequent study (29) showed that
fibulin-1 mRNA levels in human endometrial tissues were increased significantly during
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the secretory phase rather than the proliferative phase. Real-time PCR analysis demon-
strated that the fibulin-1 mRNA expression level is augmented during the menstrual
cycle in human endometrium. Immunohistochemical analysis revealed that fibulin-1
protein expression switched from the glandular epithelium cells during the prolifer-
ative phase to the stromal cells during the secretory phase. Fibulin-1 mRNA expression
during in vitro decidualization of human endometrial cells was induced by progesterone
after three days of culture, as was suggested by the microarray analysis (28).

Based on the microarray finding, we performed a study aimed to investigate the role
of the cannabinoid receptor I (CBR-1) in decidualization (30). We found that the CBR-
1 agonist R(+)-WIN 55,212-2 mesylate (WIN) causes a dose-dependent inhibition of
decidualization of decidual fibroblasts and endometrial stromal cells that was secondary
to the inhibition of cAMP. Decidual fibroblasts decidualized in the presence of WIN
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Fig. 1. The CBR-1 agonist WIN inhibits decidualization of decidual fibroblasts. Decidual fibroblasts
were exposed for six days to MPA, estradiol and cAMP in the presence and absence of different
concentrations of WIN (2, 5, and 10 μM). At the end of days 3 and 6, the relative amounts of
the mRNAs for IGFBP-1, prolactin, TIMP3, laminin, decorin, forkhead (FKHR) and GAPDH were
determined by RT-PCR. The top figure shows the PCR bands for each mRNA. The bottom table
shows the relative changes in the mRNAs for each marker gene following densitometric analyses.
The value for each mRNA was normalized to the value for GAPDH mRNA in the same sample.
Each of the values for the WIN-treated samples is expressed as a percent of the amount of mRNA
in control cells cultured in the absence of WIN (30).
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expressed considerably less mRNA levels for genes known to be induced during human
decidualization than control cells decidualized in the absence of WIN (Fig. 1). In addition,
WIN had a dramatic effect on the morphology of decidual fibroblasts and endometrial
stromal cells undergoing decidualization. The CBR-1 agonist caused apoptosis of the
fibroblast cells, while the CBR-1 antagonist AM-251 enhanced decidualization.

Numerous transcription factors change in response to decidualization. FOX1A, a
member of the forkhead family of transcription factors, was identified by microarray
analysis as one of the most induced genes during decidualization (17). To determine
whether FOXO1A is critical for decidualization, we examined whether silencing
FOX1A gene expression during decidualization would repress the induction of decid-
ualization in response to progesterone, estradiol and PGE2. We observed that silencing
FOX1A gene expression markedly inhibits in vitro decidualization (Fig. 2), strongly
suggesting an important role for FOXO1A in the induction of the differentiation process.

DNA microarrays analyses also suggested that the transcription factor ETS1 might
play a role in the regulation of human uterine decidualization (17). ETS1 protein
expression increased 9- to 20-fold in human endometrial stromal cells undergoing
in vitro decidualization in response to progesterone and estradiol (31). Furthermore,
computer analysis of the most regulated genes during in vitro decidualization revealed
that the promoter regions of 23 of the 25 most induced genes and 8 of the 10 most

Fig. 2. The effects of a FOXO1A siRNA on selected decidualization-specific marker genes after 6
days of decidualization. Human decidual fibroblast were exposed to FOXO1A siRNA-B and decidu-
alized for 6 days as described in Fig. 1. FOXO1A, IGFBP-1, prolactin, EBAF, and GAPDH mRNA
levels were determined at the end of day 6. The results show the means from 4 separate experiments
in which triplicate wells were analyzed. Each bar represents the mean of the 4 separate experiments
±SEM. The mRNA levels for each of the marker genes in the scrambled mRNA-treated cells in
each of the experiments showed the anticipated increases during the 6 days of in vitro decidualization
(data not shown). The effects of the FOXO1A siRNA on each of the mRNAs is expressed as the
percent change from the corresponding mRNA level in the control cells treated with scrambled RNA.
Each bar represents the mean and standard error of triplicate wells. *, p < 0.05, **, p < 0.01 (44).
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repressed genes have one or more ETS binding sites. To examine whether ETS1 plays
a critical role in the regulation of human decidualization, we subsequently examined
whether silencing of ETS1 gene expression during in vitro decidualization with an ETS1
morpholino antisense oligonucleotide would block the induction of decidualization
(32). The ETS1 antisense oligonucleotide markedly blocked the induction of genes that
are known to be induced during human decidualization, such as prolactin, IGFBP-1,
Lefty2, TIMP-3, decorin, and laminin (Fig. 3).

The peptide hormone relaxin has been shown to induce intracellular cAMP in
endometrial stromal cells and hence in vitro decidualization (33). Bartsch et al. (34)
evaluated the complement of phosphodiesterases in human endometrial stromal cells
and their possible role in relaxin-induced in vitro decidualization. By measuring PDE
activity and relaxin-stimulated cAMP accumulation in the presence of diverse PDE
inhibitors, they identified PDE4 and PDE8 as the principal PDE isoforms involved in
human stromal cells.

DECIDUALIZATION IN PATHOLOGICAL CONDITIONS
OF PREGNANCY

Golander et al. (35) observed that prolactin secretion by decidual explants from
patients with pre-eclampsia is significantly less than that from normal controls.
Incubation of normal decidual tissue in the presence of serum obtained from pre-
eclamptic patients did not induce an inhibitory effect on prolactin production. Since
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Fig. 3. The effect of ETS1 oligo on markers of decidualization. Decidual fibroblast cells were decidu-
alized in vitro for six days following a 3-h incubation with an ETS1 antisense oligonucleotide or a control
morpholino oligonucleotide as described in Methods. At the end of the sixth day, mRNA was extracted
from the cells and analyzed for the indicated marker mRNAs. The left panel shows the mRNA results
from a representative experiment comparing the mRNA bands from undecidualized decidual fibroblast
cells and fibroblast cells decidualized for six days in the presence of the ETS1 antisense oligonucleotide
or the control oligonucleotide. The numbers indicate the percent decrease in the amount of mRNA for
each marker gene in the ETS1 antisense oligo-exposed cells relative to the amount in the control cells
that had been exposed to the control oligo. In each instance, the mRNA level for the marker gene was
normalized to the GAPDH mRNA level in the same sample. The right panel shows the relative change
in mRNA levels in four separate experiments, including the representative experiment depicted in the
left panel and three other experiments. The bars indicate the mean decrease in relative mRNA levels for
the ETS1 antisense oligonucleotide compared to the control oligonucleotide. The error bars indicate the
SEM of the four experiments. *, p < 0.0001, **, p < 0.005 (32).
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prolactin is a marker of decidualization, this study suggests that pre-eclampsia may be
characterized by decreased decidualization.

In pre-eclampsia, invasion of the intrauterine decidual blood vessels by placental
cytotrophoblast cells is significantly reduced. Gallery et al. (36) examined the secretion
of matrix metalloproteinase by cultured human decidual endothelial cells from normal
and pre-eclamptic pregnancies. They found lower MMP1 expression by decidual
endothelial cells from pre-eclamptic women may inhibit endovascular invasion by
cytotrophoblast cells. Furthermore, IL-2 expressed in pre-eclamptic decidua might
reduce the angiogenic substances arising from trophoblast cells by inducing activation
of lymphocytes from decidual lymphocytes, which might be relevant to deranged
vasculature of the placenta, a characteristic histology in pre-eclampsia (37). In
addition, co-culture experiments showed that decidual endothelial cells downregu-
lated cytotrophoblast migration in placentas from normal pregnancies but not pre-
eclampsia placentas. These results suggest dysfunctional interactive regulation of
migration and matrix metalloproteinase secretion in pre-eclampsia that could result
in abnormal endovascular trophoblast invasion of the maternal vasculature. While
Huisman et al. (39) confirmed the presence of metalloproteinase-2 and -9 in first
trimester placental bed biopsies, no differences in metalloproteinase activity between
pre-eclampsia and normal placentas.

Halvorsen et al. (40) demonstrated elevated levels of the oxidative stress marker 8-
isoprostaglandin F (2 alpha) (8-isoprostane) and lipids in pre-eclamptic decidual tissue.
8-isoprostane is released from tissue phospholipids by phospholipase A2. A subse-
quent study (41) found significantly higher total phospholipase A2 activity in pre-
eclamptic decidua compared to control tissue. The investigators speculated that an
elevated phospholipase A2 activity in pre-eclamptic decidual tissue could be important
in the pathogenesis of acute atherosis, which is frequently observed in pre-eclampsia.
Acute atherosis is characterized by an accumulation of lipid-laden macrophages and a
mononuclear perivascular infiltrate. However, the mechanisms by which macrophages
are activated and recruited to the placental bed in early, uncomplicated pregnancy
and in pre-eclampsia are unclear. The presence of monocyte chemoattracant protein-1
(MCP-1), the primary monocyte/macrophage chemoattractant, in cycling endometrium
and first trimester decidua suggests that the protein is involved in this infiltration.
Lockwood et al. (42) recently observed a significant increase in macrophage (CD68-
positive cells) in the decidua of pre-eclamptic patients and noted that TNF-� and
IL-1� enhance MCP-1, in first trimester decidua. These finding suggests a mechanism
by which recruitment of excess macrophages to the decidua impairs endovascular
trophoblast invasion.

Gratton et al. (43) showed altered IGF-II and IGFBP-1 expression at the fetomaternal
interface in pre-eclampsia. IGF-II and IGFBP-1 are abundantly expressed by cells at the
maternal-fetal interface and mediate cell-to-cell communication between trophoblasts
and decidua.

SUMMARY

The endometrium is a dynamic tissue that undergoes cyclic changes in response to
estradiol and progesterone. Endometrial stromal cells differentiate into decidual cells
by the process known as decidualization. Decidualization is critical for successful
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blastocyst implantation. Prior to the availability of microarray technology, studies on
human decidualization relied on the investigation of individual genes or gene families.
DNA microarray studies have greatly expanded our knowledge about gene expression
during human uterine decidualization. These studies have not only identified a large
number of genes that are induced during decidualization but also have identified for the
first time a large number of repressed genes. Based on these studies, decidualization
can be characterized by “categorical reprogramming” in which there is simultaneous
upregulation and downregulation of a set of genes with related function. Major gene
changes were seen in several functional categories, such as genes that encode for
extracellular matrix proteins. This is consistent with our knowledge that extracellular
matrix remodeling occurs during decidualization and is essential for embryo implan-
tation. Microarray analysis allows us not only to understand the normal process of
decidualization but also to understand the genetic basis of abnormal states, such as pre-
eclampsia and intrauterine growth retardation. Studies of pre-eclamptic decidua have
shown defects in gene expression compared to control tissue. Recent studies using in
vitro model system of decidualization have shown a critical role of FOX1A and ETS1
in the induction of human decidualization, while factors such as cannabinoids inhibit
the decidualization process. Further DNA microarray studies should provide additional
information about the decidualization process in normal and pathological states.
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Abstract

Glucocorticoid receptor (GR) activation can inhibit breast epithelial and cancer cells from under-
going programmed cell death in response to diverse apoptotic stimuli. Understanding the mechanisms
underlying inappropriate cell survival mechanisms is important for treating breast cancer because if we
can reverse these mechanisms, therapies designed to kill tumor cells are likely to be more effective.
Recently, genome-wide DNA microarrays have provided a glimpse into the signals and interactions within
regulatory pathways of the cell. These arrays enable simultaneous measurement of mRNA abundance
of most, if not all, identified genes in a genome under different physiological conditions. Currently,
two types of microarray experiments are frequently performed in laboratories. The first is a single time
point microarray experiment, and the second is a time course microarray experiment. Single time point
microarray experiments are effective in identifying genes regulated by a given treatment, e.g., direct target
genes of a hormone treatment. However, because molecular pathways are dynamic processes that take
place over time, single time point microarray experiments may not allow us to identify dynamic molecular
pathways. This problem can be approached by performing a time course microarray experiment, which
measures gene expression changes at various time points following a given treatment. In this chapter, we
first describe how to identify target genes of a given treatment using a single time point microarray data
analysis. We then present three alternate bioinformatics approaches to uncover molecular mechanisms
from time course microarray data. Finally, we present a novel bioinformatics approach for analyzing time
course microarray data in order to identify novel GR-mediated breast cancer cell survival pathways.
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INTRODUCTION: THE ROLE OF THE GLUCOCORTICOID
RECEPTOR ACTIVATION IN BREAST CANCER

Glucocorticoids are steroid hormones synthesized and secreted by the adrenal cortex.
Glucocorticoids regulate a variety of physiologic functions and play an important role
in maintaining basal and stress-related homeostasis. At the cellular level, the actions
of glucocorticoids are mediated by the glucocorticoid receptor (GR), which belongs
to the nuclear receptor family of ligand-dependent transcription factors (TFs). Upon
hormone binding, the GR undergoes an allosteric change, resulting in its dissociation
from hsp90 and other proteins, followed by phosphorylation at five serine residues
(positions 113, 141, 203, 211, and 226). In its new conformation, the phosphorylated,
ligand-bound GR translocates into the nucleus, where it binds as a homodimer to a GR
response element (GRE) located in the promoter region of target genes. The GR then
communicates with the basal transcription machinery to either up- or downregulate the
expression of target genes, depending on the GRE sequence and promoter context (1).
The receptor can also modulate gene expression independently of DNA binding through
physical interaction with other TFs, such as activator protein (AP)-1 and nuclear factor
(NF)-�B (2, 3). In addition, rapid “nongenomic” effects of activated GR have been
described that do not require regulation of gene expression and are extranuclear (4).

Previously, GR activation has been associated with induction of apoptosis in lympho-
cytes and other cell lines (5). However, we (6) and others (7) have demonstrated that GR
activation can inhibit apoptosis in mammary epithelial and cancer cells. Similar findings
have recently been reported in human and rat hepatocytes (8), vascular endothelial cells
(9), and osteoclasts (10). Therefore, there appears to be a cell-type-specific role for GR
activation in the regulation of cell death (11). Understanding mechanisms that inhibit
apoptosis in breast cancer cells is important because if we can reverse these mechanisms,
therapies designed to kill tumor cells are likely to be more effective. Therefore, GR-
mediated cell survival in breast cancer cells provides an ideal model for identifying novel
anti-apoptotic mechanisms in breast cancer cells that may have therapeutic implications.

Because GR is a TF, its activation can induce or repress the expression of specific
target genes, which may in turn contribute to GR-mediated cell survival. Therefore, to
better understand the direct GR-mediated gene expression changes that might promote
cell survival in mammary epithelial cells, we initially used high-density oligonu-
cleotide microarrays to identify GR-activated or repressed genes 30 min after dexam-
ethasone (Dex) treatment in immortalized mammary epithelial cell line MCF10A-Myc.
The analysis of “single time point” microarray data has allowed us to identify a
group of novel GR-regulated target genes whose expression changes contribute to the
mechanism of GR-mediated cell survival. Although somewhat informative, single time
point microarray experiments do not reveal much information about dynamic survival
pathways that exist downstream of GR activation. Therefore, we also performed
“multiple time point” or “time course” microarray experiments in MCF10A-Myc cells
at 30 min, 2 h, 4 h, and 24 h following GR activation. The analysis of time course
microarray data has allowed us to identify novel mechanisms underlying GR mediated
cell survival. In this chapter, we first describe the most widely used bioinformatics
methodologies for analyzing both single time point and time course microarray data.
We then describe in detail how these methodologies can be used to analyze gene
expression data in biological context (e.g., GR-mediated cell survival). Finally, we will
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discuss possible directions for whereby microarray data analysis can be used to predict
dynamic biological pathways.

MICROARRAY DATA ANALYSIS FOR STUDYING
HORMONE ACTIVATION

Single Time Point Microarray Data Analysis
Genome-wide DNA microarrays are powerful tools, and provide a glimpse of the

signals and interactions within regulatory pathways of the cell. Microarrays allow
simultaneous measurement of mRNA abundance of most, if not all, identified genes
in a genome under different physiological conditions. Single time point microarray
experiments are done by treating cells with a given external stimulant (i.e., hormones)
for a certain length of time, and then measuring the expression of genes. In order
to examine whether or not genes change their expression levels following a given
treatment, a control experiment is also carried out where cells are treated with vehicle
(e.g., ethanol). These experiments have to be repeated at least twice in order to ensure
statistical significance. For each replicate, the ratio of the expression of a gene in the
treated sample to that in the control-treated sample is calculated. If this ratio is larger or
equal to a certain cutoff, then the given gene is considered to be upregulated; if smaller
than 1/cutoff, then the gene is considered to be downregulated. The statistical likelihood
that an up- or downregulation may occur due to chance is then calculated using a
Student t-test. The Student t-test generates “p-values,” with smaller p-values indicating
the probability that gene expression differs in the treated sample from the control
due to chance is lower. Genes significantly up- or downregulated in all replicates or
with averaged expression values satisfying the up- or downregulation criteria and with
significant p-values are selected for further study.

There are three important issues in single time point microarray data analysis that
can improve the likelihood of success. First, determination of the criteria for up- or
downregulation is a critical component of any microarray data analysis. Inaccurate
assignment of up- or downregulation cutoffs may cause real target genes to be missed
and false target genes to be identified. Because of physiologically variable systems,
there are no fixed cutoffs for determining up- or downregulation. The most widely
used cutoffs for determining upregulation are higher than twofold expression change
and less than 0.5-fold for downregulation, although the level of expression changes
following certain treatments (or in certain cell types) may vary. Expression changes
in genes following certain treatments (or in certain cell types) may be very dramatic,
while modest changes may result following other treatments or in other cell systems.
However, minor changes in gene expression may be physiologically important as well.
Therefore, an arbitrary choice of cutoffs may cause some real target genes to be missed.
In general, the best way to determine a gene expression cutoff for a specific treatment
and cell type is by having an internal standard, such as the expression change of a
known physiologically relevant target gene for a given treatment.

The second important issue in single time point microarray data analysis is the
method used to select the final set of target genes for further study. Currently, this is
done using one of the following two methods. The first method focuses on selecting
genes that are up- or downregulated in all replicates and with relatively small p-values
(i.e., p ≤ 0.05 representing that the probability that a gene has differential expression
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due to chance is less than 5%). The second method selects genes with averaged
expression satisfying the up- or downregulated criteria and with significantly small
p-values as final target gene set. Both of these methods have been widely used.
However, the second method may be more reasonable because the up- or downregu-
lation cutoff used in the first method may artificially delete some genes if the expression
of the gene is slightly below the cutoff. For example, if a gene’s fold change in one of
the replicate experiments is 1.49-fold, while the criterion for upregulation is 1.5-fold,
then this gene will be omitted if using the first method. Therefore, the second method
may be a more reasonable approach to select the final gene set for further study.

The third issue is the use of a p-value cutoff as an absolute criterion for deter-
mining which genes are significantly up- or downregulated. The p-values are important
indicators of the probability that an up- or downregulation occurs due to chance.
However, a p-value is primarily affected by two factors. First, the standard deviation
of the expression values of a given gene in all replicates, and second, the degree
of gene expression changes as compared to the control. This means that if there
is an error in the measurement of the expression of a gene in any one of the
replicates, its standard deviation will be relatively high, and the gene will be
excluded due to a high p-value. Similarly, if the expression change of the gene is
modest, its p-values may be relatively high, thereby excluding the gene from further
consideration.

Since reducing false positives and false negatives is in inherent conflict, one has to
maintain a good balance between the two. In order to avoid missing important genes
that may have relatively high p-values, several strategies can be adopted. One is to
repeat the experiment as many times as possible to reduce a large standard deviation.
The other is to use p-values of known target genes of a given treatment, which has
modest expression changes as internal standards to determine a reasonable p-value
cutoff for a given experimental system.

Time Course Microarray Data Analysis
A time course microarray experiment is composed of data from several time points,

each of which measures gene expression changes following a given treatment. Unlike
single time point experiments, time course experiments can provide valuable infor-
mation about dynamic mechanisms (e.g., molecular pathways) leading to a specific
phenotype resulting from a given treatment. Usually, for each time point, gene
expression levels in the control sample (e.g., vehicle treated) are also measured in
order to correct time dependent expression variation. The first step of a time course
microarray data analysis is to identify up- or downregulated genes at each time point
following treatment. This can be done using the same procedure as for single time
point microarray experiments described in Section “Single time point microarray data
analysis”. The second step is to combine regulated genes from each time point to
obtain a complete set of regulated genes following the treatment. In order to discover
molecular mechanisms contributing to the phenotype being studied, systematic and
relatively unbiased bioinformatics approaches need to be used to analyze time course
microarray data. In this chapter, we discuss three bioinformatics approaches used to
identify molecular pathways underlying a phenotype from large-scale time course
microarray data.
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Local Clustering Analysis

Eisen et al. developed a “clustering method” that identifies groups of genes whose
expression levels simultaneously rise and fall; in other words, clusters of co-expressed
genes (12). This method, however, cannot identify regulatory relationships between
genes where a time-delay between the expression of the regulator gene and its target
gene(s) exists. Recognizing this limitation, Qian et al. developed another clustering
method, called “local clustering analysis” that can identify time-delayed relation-
ships (13). This method uses a degenerate dynamic programming algorithm to discover
time-shifted and inverted time-shifted correlations between temporal gene expression
profiles, where time-shifted correlation indicates an activation relationship between
the corresponding pair of genes, and inverted time-shifted correlation suggests an
inhibition relationship.

Suppose there are N time-point measurements in a gene expression profile (n = 1,
2, 3…). First, the expression ratio is normalized in “Z-score” fashion, so that for each
gene the average expression ratio is 0 and standard deviation is 1. The normalized
expression level at time point i for gene x is denoted as xi, and the expression level
for gene y at time point j is denoted as yj . A simple scoring scheme is assumed where
M(xiyi)=xiyj . For simplification, it will be referred as Mi�j . Then, two (n+1)×(n+1) sum
matrices E and D are created, where

Ei�j = max�Ei−1�j−1 +Mi�j� 0� and Di�j = max�Di−1�j−1 −Mi�j� 0��

The initial conditions are E0�j=0 and Ei�0=0, where i,j = 0, 1, 2, …,n. The same initial
conditions are also applied to the matrix of D. The central idea is to find segments of
the expression profiles of two genes that match each other, and which have the maximal
accumulated score (i.e., the sum of Mi�j in this segment). This can be accomplished
by standard dynamic programming as in local sequence alignment of DNA or protein
sequences, and results in an alignment of “m” time points, where m≤n.

After scoring matrices E and D are filled, an overall maximal value S is found by
comparing the maximums for matrices E and D. This is the match score S for the
two expression profiles. If the maximum is “off-diagonal” in its corresponding matrix
[Fig. 1(E)], the two expression profiles have a time-shifted correlation. A maximal
value from matrix D indicates that these two profiles have an inverted correlation.
At the end of this procedure, one obtains a match score as well as a relationship,
designated as “simultaneous,” “time-shifted,” “inverted,” or “inverted time-shifted.”
For the gene pairs with a very low match score, even though they are also assigned a
relationship, they are then classified as “unmatched.”

An example illustrating identification of regulatory relationships between genes
using this method is presented as below. Fig. 1(A)–(C) shows three time course
gene expression profiles corresponding to simultaneous, time-shifted, and inverted
relationships, where the number of time points n = 8 for each gene expression profile.
Fig. 1(D)–(E) shows the corresponding scoring matrices for the gene expression profiles
in Fig. 1(A)–(C). Here, matrix E for the two expression profiles in Fig. 1(C) is not
shown, because the maximal accumulated score is not in this matrix, indicating this is
an inverted relationship. From Fig. 1(A), the maximal accumulated score for the two
expression profiles is S = 16, located at the lower-right corner of the matrix (shaded and
bolded cell). The fact that the maximal accumulated score is on the diagonal of
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the matrix indicates that the two expression profiles in Fig. 1(A) are simultaneous.
The segments in the two expression profiles in Fig. 1(A) that match each other are
represented by a single path starting from this maximal accumulated score and ending
at the first encountered “0,” represented by the shaded path in Fig. 1(D). Similarly,
segments in the two expression profiles in Fig. 1(B) and (C) that match each other are
constructed and represented by the shaded paths in Fig. 1(E) and (F), respectively. The
fact that the path in Fig. 1(E) is off-diagonal indicates that the two expression profiles
in Fig. 1(B) have time-shifted relationship.

Local clustering analysis has been used to analyze yeast cell cycle time course
gene expression data, and was able to detect many known gene–gene relationships,
which demonstrates its potential in identifying novel gene–gene relationships from
time course expression data.

Dynamic Bayesian Network Analysis

The second method to identify molecular pathways from time course microarray data
is the Dynamic Bayesian Network (DBN) analysis (14–16). To our knowledge, Murphy

Fig. 1. Three examples showing (A) simultaneous, (B) time-delayed, and (C) inverted relationships in
the expression profiles. (D) The corresponding matrix E for the expression profile shown in (A). The
corresponding profile matrix D is not shown because in this case the match score (the maximal score)
is form E and not D. The numbers outside the border of the matrix are the expression ratio shown in
(A). The boldly shaded cell contains the overall match score S for these two expression profiles, and
the lightly shaded cells indicate the path of the optimal alignment between the expression profiles.
The path starts from the match score and ends at the first encountered 0. (E) The corresponding
matrix E for the expression profile shown in (B). Note the time-shifted relationship and how the
length of the overall alignment can be shorter than eight positions. (F) The corresponding matrix D
for the expression profiles shown in (C). The matrix E is not shown because the best match score
is not from this matrix in this case. (This figure modified from Figure 1 in Journal of Molecular
Biology (2001) 314:1053–1066 with permission).
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and Mian (14) are to be credited with first employing DBN for modeling time series
expression data. In a DBN analysis, regulator–target gene pairs are usually identified
based on a statistical analysis of their expression relationships across different time
slices. For example, time slices are designated T1 for the regulator gene and T2 for
the target gene, where T1 precedes T2. The time period between the time slices of the
regulator and target (T2 − T1) is considered to be the transcriptional time lag. Specifi-
cally, it is the time it takes for the regulator gene to express its protein product and the
transcription of the target gene to be affected (directly or indirectly) by this regulator
protein. The statistical analysis of the gene expression relationship between the regulator
gene and the target gene focuses on determining how the expression of the target gene
changes with that of the regulator gene over time. Conditional probabilities are often
used to represent such statistical reliability. For example, suppose we have two genes,
gene A and gene D with their transformed time course gene expression data [Fig. 2(A)].
There are many ways to transform time series gene expression data. One popular way
is to calculate the averaged gene expression level across all time points, and assign “2”
to a gene expression level at a time point if it is larger or equal to the averaged gene
expression level, and “1” to a gene expression level if it is less than the average gene
expression level. If one measures the time series gene expression levels for genes A and
D and estimates the transcriptional time lag between genes A and D as t = 2 time units,
then gene A’s expression occurs two time units earlier than that of gene D. One can next
generate a data matrix where the expression of gene A at time 1 (T 1) is aligned with the
expression level of gene D at T3 (due to t=2 time units transcriptional time lag between
gene A and gene D), and expression level of gene A at T2 is aligned with expression level
of gene D at T4, and so on. Therefore, you will have a data matrix as depicted in Fig. 2(A).

The next step is to calculate the probabilities of the expression of gene D conditioned
on the expression of gene A. This is computed, for example, by first calculating the
number of occurrences for expression of gene D = 1 when that of gene A = 1, which

Fig. 2. (A) Transformed expression levels of genes A and D, and the generated data matrix. (B)
Conditional probability table of expression of gene D in relation to that of gene A.
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is denoted by C (D = 1/A = 1) (C accounts for counts), and C (D = 2/A = 1), C
(D = 1/A = 2), and C (D = 2/A = 2). In this hypothetical case, based on the data matrix
generated above, C (D = 1/A = 1) = 1, C (D = 2/A = 1) = 0, C (D = 1/A = 2) = 1, and
C (D = 2/A = 2) = 2. Therefore, the conditional probabilities for expression of gene
D = 1 when that of gene A = 1 is P (D = 1/A = 1) = 1. Similarly, P (D = 2/A = 1) = 0,
P (D = 1/A = 2) = 1/3, and P (D = 2/A = 2) = 2/3. This step is illustrated in Fig. 2(B).
A marginal likelihood score is then calculated based on the conditional probabilities
as calculated earlier. In this hypothetical case, P (D = 1/A = 1) is much larger than P
(D = 2/A = 1), and similarly, P (D = 2/A = 2) is much higher than P (D = 1/A = 2).
Therefore, the marginal likelihood score for gene pair A and D will be relatively high.
If this marginal likelihood score is higher than a given threshold, gene A will be
assigned as the regulator gene of gene D.

There is a very important issue in DBN analysis. Estimation of the transcriptional
time lag between a potential regulator gene and its target gene is critical for the DBN
analysis. This is because an incorrect estimate of the transcriptional time lag directly
affects conditional probabilities, and thus causes real gene–gene relationships to be
missed and false gene–gene relationships to be identified. However, most existing
DBN approaches do not have a sound approach to estimate the transcriptional time lag
between potential regulator gene(s) and target gene(s). Therefore, we have developed
a new DBN-based approach, which more accurately estimates the transcriptional time
lag between a pair of genes and significantly increases the accuracy of predicting
gene–gene relationships (17). In this method, we estimate the transcriptional time lag
as the time difference between the first expression change of the regulator gene and
that of the target gene. Using this more accurate estimation of the transcriptional time
lag, the accuracy of the gene–gene relationship prediction is significantly increased.

Both local clustering and DBN analyses are capable of identifying novel gene–
gene relationships from time course microarray data with little prior knowledge of
the system being studied. This is because both methods discover novel gene–gene
relationships solely based on correlation or statistical expression relationships between
potential regulator genes and their target genes. However, the disadvantage of these
two methods is that both require a relatively large number of time points. Therefore, we
have developed another approach that combines time course microarray data analysis
with promoter element and phosphorylation site analysis to discover novel downstream
target genes of important signaling pathways, which requires fewer time points. This
new method is described in detail in the following section.

An Integrated Bioinformatics Approach (Time Course Gene

Expression Profiling, Promoter Element, and Phosphorylation

Site Analysis)

Our laboratory has developed an integrated approach in which (a) time course gene
expression profiling and (b) promoter element analysis and/or phosphorylation site
analysis are used to identify downstream target genes of signaling pathways activated
after a given treatment. This approach is based on the idea that the expression changes
of downstream target genes occur subsequent to expression changes of genes encoding
proteins, which regulate the downstream genes. This is simply because an upstream
gene has to be first translated into protein, and its protein product can only then directly
or indirectly affect the expression of the “downstream” target gene.
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Fig. 3. Schematic representation of identification of putative target genes of a transcription factor
(TF) using a combination of promoter element and time course microarray data analyses.

Based on the importance of the “time lag” between the expression changes of the
upstream gene and that of the downstream gene as discussed earlier, we first select
putative downstream target genes as those whose expression changes occur later than
that of the upstream gene. Here, we are more interested in upstream genes that encode
either TFs or signaling proteins such as kinases or phosphatases. If the upstream gene
encodes a TF, a search for a consensus binding motif of the TF in the predicted
proximal promoter regions of the putative target gene is carried out. If the upstream
gene encodes a kinase or phosphatase, then a phosphorylation or dephosphorylation site
analysis is carried out to identify putative substrates of the given kinase or phosphatase.
Substrates (or sometimes secondary substrates) that are TFs are then identified, and a
search for the consensus binding motifs of these TFs will be carried out to further select
their putative target genes. A schematic representation of this analysis is presented
in Fig. 3. This method can identify further downstream target genes of signaling
pathways. Another condition for using this method is that the consensus binding motifs
of TFs and the phosphorylation/dephosphorylation residues targeted by the kinases and
phosphatases, respectively, are known.

USING MICROARRAY DATA ANALYSIS TO UNCOVER
GR-MEDIATED BREAST CANCER CELL SURVIVAL PATHWAYS

Identification of GR Direct Target Genes Using Single Time Point
Microarray Data Analysis

In this section, we describe an example of a single time point analysis—our identifi-
cation of direct target genes of the GR in mammary epithelial cells. To better understand
these direct GR-mediated gene expression changes that might promote cell survival
in MECs, we used high-density oligonucleotide microarrays to identify GR-regulated
genes activated or repressed 30 min after Dex or co-treatment of Dex and RU486
(an antagonist of GR) (Fig. 4) (18). Three independent microarray experiments were
performed to identify gene expression changes occurring 30 min after Dex treatment.
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Fig. 4. Schematic representation illustrating activation or inhibition of GR directly regulated target
genes may mediate GR-induced cell survival.

Affymetrix 4.0 software calls a gene “present,” “marginal,” or “absent” depending on
the intensity of normalized gene expression defined by a complex algorithm.

In these three experiments, an average of 13.2% of the marginal or present genes met
the criteria for 50% downregulation by Dex (1467±144 genes/experiment), whereas
an average of 9.7% of these genes met the criteria of higher than 1.5-fold upregulation
by Dex (1090 ± 116 genes/experiment). Interestingly, using these fold-change criteria,
only 69 downregulated and 95 upregulated genes were found to be commonly regulated
in all three experiments (Fig. 5). To examine the consistency of gene regulation by Dex
or Dex/RU486 across all three experiments, we performed a paired Student t-test on the
expression intensity after hormone treatment (compared with vehicle alone) for each
gene. From Fig. 5(C), we found that 45 of the 95 upregulated genes and 30 of the 69
downregulated genes had expression levels that were similar enough to yield a p≤0.05.
These 75 up- and downregulated genes could be further divided into five functional
groups: signal transduction, metabolism, putative TF, proapoptotic, or cell cycle/DNA
repair genes (Fig. 6). Conversely, 260 genes had significantly similar p-values for
expression across all three experiments, but did not meet the fold-change criteria of
a 1.5-fold increase or a 50% decrease in all three experiments. This number reflects
genes for which small differences in expression, although statistically consistent, were
relatively insignificant in magnitude.

Fig. 5. Venn diagrams showing both the number of genes down-regulated (A) or upregulated (B) by
Dex in each of three separate experiments and the number of genes common to all three replicates.
(C) P-values for down- and upregulated genes. (This figure is modified from Figure 1(a) in Cancer
Research (2005) 64:1757–1764, with permission.)
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Fig. 6. Functional clustering of Dex-regulated genes that meet both the fold change cutoff (downreg-
ulation, ≤0.5; upregulation, ≥1.5) and p<0.05. EST, expressed sequence tags. (This figure is
modified from Figure 1(b) in Cancer Research (2005) 64:1757–1764, with permission.)

We also identified 34 putative direct GR target genes that were both induced higher
than 1.5-fold by Dex and also had their expression inhibited by at least 20% by the
addition of the GR antagonist RU486 (Table 1). Of these 34 genes, 19 had consistent
enough expression values for Dex upregulation that the intensities across all three
experiments achieved p ≤ 0.05. RU486 caused downregulated gene intensities that
were significantly consistent (p ≤ 0.05) for 11 of these 34 genes. However, 29 of 34
genes had a p < 0.10 for upregulation with Dex alone and 24 of 34 had p < 0.10 for
repression with RU486. Four of these likely GR target genes, (SGK), MKP-1, inhibitor
of nuclear factor �B � (I�B	) and growth arrest and DNA damage-inducible protein
� (GADD45	), were further validated for gene induction following Dex treatment and
inhibition following Dex/RU486 treatment by Northern blot analysis.

Unlike previous reports examining GR-induced expression of genes in hepatocytes
(8), gastric cancer cells (19), and mouse MECs (7), no prosurvival Bcl-2 family
members or inhibitors of apoptosis genes were upregulated in our screen at 30 min,
nor proapoptotic genes including death ligands or receptors (e.g., FasL/Fas), caspases
(e.g., caspase-3, -8, -9) or proapoptotic Bcl-2 family members were downregulated
30 min after Dex treatment. Instead, gene expression profiling of MCF10A-Myc cells
suggests that early GR-regulated genes predominantly include genes that encode signal
transduction, metabolism, and TF genes in epithelial cells rather than the cytokine
and proapoptotic genes that have been identified in analogous experiments in lympho-
cytes (20,21).

Two targets of GR activation identified from the single time point microarray
analysis were chosen for further study. First, SGK-1, a downstream target of the
phosphatidylinositol 3-kinase (PI3K) pathway, is a serine/threonine kinase that was
shown previously to mitigate growth factor deprivation-induced apoptosis in neurons
(22) and MECs (23). Second, upregulation of MKP-1, a gene encoding an MAPK
phosphatase, results in cell survival in prostate cancer cells (24) and mouse fibroblast
C3H10T1/2 cells subjected to an apoptotic stimulant (25). Overexpression of MKP-
1 is also associated with increased tumorigenicity in breast (26), ovarian (27), and
pancreatic cancers (28). We have demonstrated that endogenous SGK-1 and MKP-1
protein levels are increased in breast cancer cell lines treated with Dex. Furthermore,
ectopic expression of either SGK-1 or MKP-1 inhibits chemotherapy-induced apoptosis
to approximately the same degree as does Dex pretreatment. Using small interfering
RNA (siRNA) to decrease SGK-1 and MKP-1 expression after GR activation, we have
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shown a corresponding decrease in Dex-mediated protection from chemotherapy in the
presence of either SGK-1 siRNA or MKP-1 siRNA. In summary, these observations
suggest that GR-mediated transcriptional activation of both SGK-1 and MKP-1
contribute to a GR-mediated signal transduction pathway that ultimately inhibits
chemotherapy induced apoptosis.

Identification of Novel GR-mediated Cell Survival Pathways Using Time
Course Microarray Data Analysis

In this section, we will describe how we identified further downstream events
following activation (or inactivation) of GR directly regulated target genes in MECs
using an integrated bioinformatics approach of time course microarray data and
promoter element analyses as described in Section “An integrated bioinformatics
approach” (Fig. 3). As discussed in Section “Identification of GR direct target genes
using single time point microarray data analysis,” we have discovered two previously
unrecognized GR direct target genes as being associated with cell survival signaling,
Serum and glucocorticoid-inducible kinase (SGK) and Map kinase phosphatase-1
(MKP-1), using single time point microarray data analysis. In an effort to further
dissect the dynamic mechanisms of GR-mediated breast epithelial cell survival, we
performed time course microarray experiments in MCF10A-Myc cells at 30 min, 2
h, 4 h, and 24 h following GR activation. In this section, we will focus on how we
discovered downstream events following GR-mediated MKP-1 induction from time
course microarray data. A similar approach can likely be used to identify dynamic
events following other hormone treatment as well. Figure 7 illustrates a schematic
representation showing how direct target genes of GR (e.g., genes up- or downregu-
lated 30 min after GR activation) and indirect target genes of GR (e.g., genes up- or
downregulated 2 h following GR activation) form molecular pathways that contribute
to GR-mediated cell survival.

MKP-1 has previously been shown to dephosphorylate and inactivate MAP kinases
such as extracellular signal-regulated kinase 1/2 (ERK1/2) (29, 30), c-Jun N-terminal
kinase (JNK) (31), and p38 (32, 33). Recently, we have demonstrated that in breast

Fig. 7. A schematic representation illustrating how direct target genes of GR (e.g., genes up- or
downregulated 30 min after GR activation) and indirect target genes of GR (e.g., genes up- or
downregulated 2 h following GR activation) form molecular pathways that contribute to GR-mediated
cell survival.
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cancer cell lines, GR-mediated MKP-1 induction also results in dephosphorylation
and inactivation of ERK1/2 and JNK, while p38 activity is minimally affected (34).
Furthermore, inactivation of ERK1/2 and JNK results in inactivation of downstream
substrates ELK-1 and c-Jun, both of which are TFs. Inactivation of ELK-1 and c-Jun
is sustained for 24 h after Dex treatment. Furthermore, we have shown that ELK-1
and c-Jun inactivation are required for GR-mediated cell survival (Wu and Conzen,
unpublished data). Together, these results prompted us to identify further downstream
target genes of GR-mediated MKP-1 induction by identifying proapoptotic target genes
of ELK-1 and c-Jun, which when downregulated, may contribute to GR-mediated cell
survival. In this section, we will describe how we used an integrated bioinformatics
approach of time course microarray data and promoter element analyses as described in
the Section “An integrated bioinformatics approach” to identify transcriptional target
the genes of ELK-1. Similar analyse can also be used to identify transcriptional target
genes of c-Jun.

As discussed in the Section “An integrated bioinformatics approach,” this analysis is
based on the idea that gene expression changes of downstream target genes occur later
than that of upstream genes. Our microarray data show a significant induction of MKP-1
mRNA 30 min following GR activation in MCF10A-Myc cells (18). We hypothesize
that because of the time required for translation of MKP-1 mRNA and subsequent
ERK1/2 and ELK-1 dephosphorylation and inactivation, a time lag of at least 2 h may
exist between the increase of MKP-1 mRNA steady-state levels and the subsequent
downregulation of ELK-1 target genes. This estimation of time lag is further supported
by the phosphorylation studies of p-ELK-1, which shows that p-ELK-1 level starts
decreasing at least 2 h after Dex treatment. Therefore, we then identified 907 genes
that were downregulated with an averaged fold change (Dex versus vehicle) ≤ 0.7-fold
following GR-activation at either 2, 4 or 24 h. However, not every GR-downregulated
gene is an ELK-1 target gene; some of these genes are downregulated by GR through
other mechanisms. Therefore, we further identified 2860 genes in the human genome
that have one or more consensus ELK-1 binding motifs (e.g., CAGGAAG, CCGGAAG,
(C/A)GGA(A/T) and GGAANNTTAA where N = A, T, G, or C) between −1000 nt
and +200 nt. An intersection of the set of GR-downregulated genes and the set of
genes in human genome that have at least one ELK-1 binding motifs resulted in 42
putative targets of GR-mediated ELK-1 inactivation (Fig. 8). Among these 42 putative
ELK-1 target genes, 17 have known roles in signal transduction. Furthermore, nine of
these 17 signal transduction genes have gene expression levels consistent enough in all
three replicates to achieve p ≤ 0.05, while the other eight genes have p > 0.05. Due to
the fact that gene expression changes following GR activation are relatively modest,
p-values of up- or downregulated genes by Dex tend to be relatively high. Therefore,
in order to reduce possible type II (false negative) errors, we considered genes with
both p ≤ 0.05 and p > 0.05 for further studies as long as the genes encode proteins
involved in cell survival. As a result, we focused on three signal transduction genes,
Disabled (Drosophila) 2 (DAB2 ) (p=0.04), PMA-induced protein 1 (Noxa) (p = 0.05),
and tissue plasminogen activator (tPA) (p = 0.25) for further investigations.

Tissue-type plasminogen activator (tPA) is a serine protease primarily involved in
the intravascular dissolution of blood clots. We chose to examine tPA as a putative
ELK-1 target gene based on published studies showing that tPA protein expression
can be proapoptotic (35, 36). Low intratumoral tPA levels have also been associated
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Fig. 8. Identification of putative ELK-1 target genes using a combination of time course microarray
data and promoter element analyses. Putative target genes (e.g., DAB-2, Noxa, and tPA) with possible
roles in apoptosis were selected for further investigation.

with aggressiveness and poor prognosis in breast cancer patients (37). Furthermore,
expression of tPA has been shown to be inhibited by Dex in rat mesangial cells (38).
In addition, activation of JNK-signaling pathway has been demonstrated to increase
expression of tPA in endothelial cells (39). In order to validate that the expression
of tPA is indeed inhibited by GR, we performed quantitative RT-PCR experiments
in MCF10A-Myc cells and the results confirmed the downregulation of tPA by GR
(34). The next step was to test whether tPA is a transcriptional target gene of ELK-1.
We performed luciferase assay and confirmed that the promoter activity of tPA is
indeed sensitive to glucocorticoid treatment in an ELK-1 specific manner (34). Further
experiments will be carried out to verify specific binding of ELK-1 to the promoter of
tPA using a ChIP assay. Functional assays will include downregulating tPA by siRNA
(independently of GR activation) to determine whether or not this is associated with a
prosurvival effect in breast cancer cells. In addition, we will ectopically express tPA
to determine whether or not this can reverse GR-mediated cell survival.

Two additional putative ELK-1 target genes, Noxa and DAB2, have also been impli-
cated in proapoptotic activities. For example, Noxa mediates apoptosis both depen-
dently and independently of p53 activation in a wide range of cancer cell lines, such
as head and neck cancer, lung cancer, and breast cancer cells (40–44). DAB2 is a
putative tumor suppressor in breast and ovarian cancers. DAB2 expression has been
shown to be absent or very low in the majority of breast and ovarian cancer cell lines
and primary tumors (45). However, the downregulation of Noxa and DAB2 following
GR activation in MECs has not been previously demonstrated and Noxa and DAB2
are not known to be ELK-1 target genes. Thus, this approach revealed a hypothetical
network that can be tested using traditional molecular biology. The downregulation of
both Noxa and DAB2 by GR in MECs has been confirmed by quantitative RT-PCR
and we are currently validating whether or not Noxa and DAB2 are indeed ELK-1
transcriptional target genes, and whether or not their downregulation contributed to the
prosurvival signaling of the GR. Furthermore, we will test whether downregulation of
Noxa and DAB2 contribute to GR-mediated breast epithelial cell survival using similar
approaches as for tPA.

The integrated bioinformatics approach of time course microarray data and
promoter element analysis we have employed earlier appears to be an efficient
approach for identifying putative downstream target genes of signaling pathways that
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involve transcriptional regulation. This is demonstrated by the identification of novel
downstream target genes of GR-MKP-1-ERK-ELK-1 signaling pathway. We predict
this approach can be applied to discover novel downstream target genes of signaling
pathways following many other pharmacological treatments.

CONCLUSIONS

Genome-wide DNA microarrays are powerful tools, and provide a glimpse of the
signals and interactions within regulatory pathways of the cell. They enable the simul-
taneous measurement of mRNA abundance of most, if not all, identified genes in
a genome under different physiological conditions. Because signaling pathways are
events that take place over time, time course microarray experiments should allow
us to identify dynamic molecular mechanisms underlying well-established pheno-
types. A wide variety of time course microarray data analysis approaches have been
proposed in the past decade, which have succeeded to some extent in discovering
novel molecular pathways from time course microarray data. However, the accuracy
of pathway prediction using existing approaches is still limited, and this is largely
due to our incomplete understanding of complex molecular biological systems. As
our basic understanding of gene regulation advances, computational approaches will
become increasingly sophisticated and useful for generating testable hypotheses.
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INTRODUCTION

DNA microarrays, when used as tools for measuring RNA transcript levels, enhance
our ability to understand how genes or their transcripts are involved in disease processes
and their complications. The measurement of gene transcript levels provides researchers
with an estimation of the global gene expression within cells and helps researchers to
elucidate pathways of biological or disease processes. Modern microarray techniques
have the potential to improve medical treatment by allowing physicians to identify
deregulated genes and the molecular and biochemical pathways that they influence.
One of the most important contributions of microarray techniques is the development
of experimental hypotheses that are based on the analysis of gene transcript profiles.
Moreover, the technology provides the opportunity to identify biomarkers of disease
and targets for drug treatment. As a result, patient care may be enhanced by the
measurement of whole-cell gene transcript levels within an individual person, which
may allow physicians to facilitate a personalized treatment approach.

In the last several years, gene transcript measurements have been used to make
numerous achievements in the field of endocrine health and disease. For example, in
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1999, the National Institute of Diabetes and Digestive and Kidney Diseases promoted
genomic research in Endocrinology by providing funding for the program “Functional
Genomics of the Developing Endocrine Pancreas”. As a result of this RFA, the
Endocrine Pancreas Consortium was formed to create and sequence cDNA libraries
of genes related to pancreatic development. One of the products of this work was a
glass cDNA microarray, called the PancChip (1). The first release contained 3,400
cDNA clones from IMAGE, dbEST, and Incyte Genomics libraries that are expressed
by the mouse pancreas or affected by diabetes. In later studies, the mouse PancChip
was updated to include more than 10,000 mouse genes, homologs, and ESTs (2,3), and
a human version of the PancChip was assembled, which includes over 13,000 gene
transcripts (3). In addition to this work, many other groups, including our own, have
made use of the wide variety of microarray platforms to study the expression of genes
related to type 2 diabetes (4,5).

Indeed, the ability of microarrays to interrogate virtually all known and putadive
genes within a cell makes this tool especially useful for the study of complex diseases.
The complications associated with type 2 diabetes exhibit an interrelated series of
phenotypic and genotypic manifestations. Although much is yet to be learned, greater
understanding of the pathophysiology of disease has been afforded by studies that
employed microarrays for the measurement of gene transcript levels.

A previous review summarized the technical concepts of microarray design as well
as experimental methods to perform gene expression analysis with custom-spotted
microarrays (6). The current review will provide an overview of recent advances in
the understanding of type 2 diabetes as well as some of the challenges inherent in
microarray data analysis. In addition, we will summarize a select group of microarray
platforms that are used commonly today.

METHODOLOGICAL DEVELOPMENTS

Several different DNA microarray platforms are available currently to measure gene
expression. They can be classified into two broad categories. Spotted microarrays
include PCR-amplified complementary DNA (cDNA) clones or oligonucleotides
spotted onto solid or flexible substrates (Fig. 1). This platform was developed origi-
nally for glass microarrays at Stanford University in 1995 and continues to be used by
research labs across the country (7). Historically, cDNA amplification products were
used as targets for hybridization. These products usually range in size from 500 bp
to 2 kb, thus allowing for great sensitivity during the hybridization process. However,
cDNA arrays required that thousands of bacterial clones be grown and maintained.
Once the clones are grown, PCR amplification, agarose gel electrophoresis, and DNA
purification are necessary to generate fragments suitable for microarray spotting. This
process is both costly and time-consuming. As a result, many research groups that
prefer to fabricate their own arrays now use oligonucleotide targets that are purchased
from commercial vendors. Oligonucleotide targets, which usually range in size from
25 to 80 bp, often provide a higher level of specificity to the hybridization reaction
than do cDNA targets, and delivery formats make pre-spotting standardization of the
oligo concentrations relatively easy.

The second platform, represented by the GeneChip® array from Affymetrix (Santa
Clara, CA, USA; www.affymetrix.com), uses short oligonucleotide probes synthesized
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Fig. 1. The steps involved in cDNA microarray analysis. The DNA clones are amplified, purified,
and printed onto the glass slides for gene of interest. The total RNA from control and patients
samples were separately reverse transcribed, followed by labeling with Cy3 and Cy5 dyes. The
labeled RNA is hybridized onto the array and scanned. The image is analyzed for differential
expression of transcripts of interest. Adapted from Duggan et al., Jan 1999, Nature Genetics Supp.,
Vol 21, pp 10–14.

in situ on silicon wafers (8). The Affymetrix array has become one of the most widely
used platforms today. Both platforms quantify the levels of gene transcripts within a
tissue and allow simultaneous measurement of the expression of tens of thousands of
gene transcripts in a single array.

The experimental protocols for performing microarray experiments vary depending
on the technology and the detection method. In cDNA microarray analysis, a gene
transcript level is quantified by the ratio of the gene-specific intensities between two
biological samples (Fig. 2). For Affymetrix GeneChip™ analyses, each biological
sample is hybridized to one array. In order to identify gene expression differences
within two or more biological samples, intensity data from the arrays is compared.
Regardless of the platform, each microarray experiment produces a dataset containing
vast numbers of gene expression values and, therefore, requires powerful statistical
and analytical tools for data analysis.

Merits and Limitations of Selected Microarray Platforms

Custom-spotted Microarrays

Since the description of custom-spotted arrays in 1995 (7), numerous institutions
have established laboratories for the fabrication of microarrays and subsequent labeling
and hybridization of experimental samples. Indeed, several courses and seminars are
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Fig. 2. The steps involved in the Affymetrix gene expression analysis. Total RNA isolated from
tissue or serum sample is converted into cDNA followed by in vitro transcription assay, which
convert the cDNA to biotin-labeled cRNA. The labeled cRNA is fragmented with heat (45°C) in
presence of magnesium chloride. The fragmented cRNA is hybridized onto the Affymetrix GeneChip
(e.g., U133 2.0 Plus) and stained with streptavidin–phycoerythrin, washed and scanned to obtain the
image which is subsequently analyzed for calculating the differential expression of 54 000 transcripts
expression levels.

held each year, which teach prospective microarray researchers how to label and
hybridize samples, scan arrays, and analyze the data. Compared to commercial arrays,
home-brew arrays may be considerably less expensive, depending on the number of
genes included and arrays to be hybridized.

However, considerable expertise is required to design and construct spotted arrays.
Labeling and hybridization of custom arrays requires strict attention to detail and
superior quality control in order to generate data that can be trusted. The quality of RNA
samples should be tested by agarose gel or microcapillary electrophoresis (Agilent
2100 Bioanalyzer, Palo Alto, CA, USA) and proven to be adequate prior to labeling.
RNA samples that are deemed to be of poor quality should be removed from the sample
set. Labeling efficiency and the dye incorporation rate should be assessed for each
sample and numerical cutoff values for acceptance should be assigned. It is necessary
to include both positive and negative spotting controls in each run. Housekeeping
genes are often included on microarrays as relatively stable elements that can be
used as normalization factors. But they can also be used to determine the overall
quality of the hybridization. Oligonucleotides derived from nonhomologous species are
generally included on spotted microarrays to provide controls for the labeling reactions.
Validation studies should include an analysis of the spike controls to show that they are
performing as expected. All controls, including the positive controls mentioned above
and negative controls, in the form of blank wells and spotting solution without nucleic
acid target, should be placed into each block of the array so that the pin-associated array
quality can be determined during the process of data analysis. Subsequent to spotting,
representative arrays should be scanned to provide an assessment of the overall run
quality. Most custom arrays are constructed on glass or nylon substrates. Glass arrays
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are normally coated with substances such as poly-l-lysine, aminosilane, or aldehyde
that allow DNA targets to adhere either by nonspecific binding or by covalent bonds.
Fluorescent labeled probes, such as cy3 and cy5 or the Alexa fluors 555 and 647,
are often used to detect transcript-specific probe intensity. Several different vendors
market laser or CCD-based scanners that can be used for scanning and capturing
fluorescent intensities. Radiolabeled or chemiluminescent probes, which require the
use of a phosphorimager, are routinely used to detect transcript levels on flexible
substrates such as nylon.

Research Genetics Mammalian GeneFilters

One of the first companies to offer commercial spotted arrays to the research
market was Research Genetics (http://www.resgen.com/products/MammGF.php3).
Now marketed under the name “Mammalian GeneFilters ®” and distributed by Invit-
rogen (Carlsbad, CA, USA), the nylon cDNA arrays have been developed for human,
rat, and mouse. Recommended RNA input ranges from 1 to 10 μg of total RNA
for hybridization of up to four different GeneFilters at a time. Hybridization is
detected by radiolabeled nucleotides. Currently, nine different releases for the human
GeneFilters array are available, each containing 5184 known genes or ESTs derived
from I.M.A.G.E. and Lawrence Livermore National Lab cDNA clones. In addition,
specialty arrays are available for genes expressed in bone and skin as well as genes
important for pharmacology-related research. In an age of fluorescent and chemilumi-
nescent detection, many labeling protocols for nylon or filter-based arrays still call for
radioactive labeled targets. One of the potential advantages of nylon membrane arrays
is that they may be stripped and used again. However, this process should be validated
with test arrays to ensure complete stripping and adequate hybridization of subsequent
targets.

SuperArray GEArray Bioscience

SuperArray (Frederick, MD, USA; http://www.superarray.com) uses a specialized
3D nylon matrix to create membrane arrays that are marketed under the trade name
GEArray®. Although many array vendors have focused on providing whole-genome
arrays, SuperArray has chosen to provide microarrays for those interested in very
specific disease pathways including, but not limited to, diabetes, cardiovascular disease
markers, and apoptosis. Indeed, microarrays containing from 100 to 500 cDNA or
60mer oligonucleotide probes have been created for about 75 different pathways.
The arrays interrogate genes from three mammalian species, including human, rat,
and mouse. Detection of gene expression occurs by chemiluminescent or fluorescent-
labeled targets from as little as 100 ng of total RNA. In addition, the company offers a
custom array service for investigators who do not have access to specialized laboratory
instrumentation.

BD Biosciences Clontech Atlas

Glass, nylon, and plastic substrate arrays are offered by BD Biosciences Clontech
as Atlas™ Microarrays (Mountain View, CA, USA; http://www.clontech.com/
clontech/atlas/index.shtml). Glass and plastic arrays contain long oligos (80mers) and
are available for human, rat, and mouse applications. Expression-related spot intensity
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derived from glass arrays can be measured by fluorescence or radio-labeled isotopes
(33P). Detection of transcript levels on plastic and nylon arrays is performed with 33P,
32P, or chemiluminescence. Nylon cDNA arrays containing nucleic acid probes ranging
from 200 bp to 600 bp are also available for human, rat, and mouse. Glass arrays
interrogate 1,081 or 3,800 known genes. Nylon and plastic arrays detect 1,176 and
8,000 genes, respectively.

Applied Biosystems Genome Survey Arrays

Applied Biosystems (Foster City, CA, USA; http://www.appliedbiosystems.com)
offers a comprehensive system for microarray analyses, including the 1,700 Chemi-
luminescent Microarray Analyzer and a series of spotted microarrays for human, rat,
and mouse. The Applied Biosystems Genome Survey arrays consist of 60mer oligonu-
cleotides spotted on to a modified glass substrate and then enclosed in a plastic case. The
Human Survey Microarray version 2.0 interrogates almost 30,000 different genes from
both public and Celera databases. Rat and Mouse Survey microarrays each detect more
than 32,000 known genes. Hybridized products are detected with digoxigenin/alkaline
phosphatase in the Microarray Analyzer. One of the advantages of this system is that it
employs an internal control for assessing spot quality and location. A 24-mer oligonu-
cleotide probe, labeled with the fluorescent molecule LIZ, is hybridized along with
the gene-specific probe. This molecule is complementary to a fragment that is spotted
concurrently on the array, allowing investigators to assess each spot independent of
the hybridization of experimental samples. Long known for their real-time PCR appli-
cations, Applied Biosystems has also created off-the-shelf PCR-based gene expression
assays, thus providing a complete workflow for microarray-based identification and
confirmation of candidate genes.

CodeLink Bioarray Systems

In a departure from standard spotted arrays, CodeLink™ Bioarrays (Piscataway,
NJ, USA; http://www5.amershambiosciences.com) use a proprietary three-dimensional
polyacrylamide matrix containing amine-terminated 30mer oligonucleotide to detect
gene expression. According to the vendor, the matrix causes the probe to be held away
from the surface of the slide, allowing improved access for hybridization than what is
observed for longer probes. Whole genome arrays are available for human (∼57 000
transcripts), rat, and mouse. In addition, the company provides 20K arrays for human
and mouse, as well as a P450 Human SNP array for SNP genotyping and pharma-
cogenetic profiling. As little as 200 ng of total RNA is required in labeling reactions
and hybridized products are detected with biotin-labeled dUTP and a streptavidin:cy5
conjugate.

Illumina

Illumina (San Diego, CA, USA; http://www.illumina.com) provides high-throughput
platforms for both genotyping and gene expression profiling. For purposes of this
review, we will limit our discussion to the gene expression platform. Illumina offers
yet another unique gene expression analysis method via its Sentrix® Array Matrix
and Sentrix Beadchip arrays. Available for human, mouse, and Arabidopsis, these
arrays utilize 3-micron-diameter beads coated with thousands of copies of 50mer
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oligonucleotides and then set into a microwell substrate. The Sentrix® Array Matrix is
in a 96-well format that provides high-throughput analyses. Sentrix® Beadchip arrays
offer moderate throughput with each chip containing from 6 to 16 unique array sets.
Recommended starting input amount ranges from 50 ng to 200 ng of total RNA.
Human and mouse arrays interrogate up to 46,000 and 47,000 transcripts, respectively.

Affymetrix GeneChipArrays

One of the most widely used platforms is the GeneChip®, which is produced and
distributed by Affymetrix. The Affymetrix platform was one of the early leaders in
gene expression technology and continues to hold a large market share. GeneChips®

are created by photolithography, consisting of a series of light-directed oligonucleotide
syntheses, combined with location-specific masking. Currently, Affymetrix markets
ready-made gene expression arrays for 21 different species, including human, rat,
mouse, Arabidopsis, bovine, canine, Caenorhabditis elegans, porcine, and chicken.
The Affymetrix GeneChip® uses short oligonucleotide probes (25 bp) and, therefore,
are more specific but less sensitive as compared to the cDNA microarrays. A unique
feature of the GeneChip® array is to use multiple probes, referred to as a “probe set,”
to target a single transcript, providing multiple measurements that yield a more robust
expression estimation of the transcript (8). Within each probe set are 11 to 20 probe
pairs. Each pair represents one probe that is a perfect match to the complementary
sequence and another probe that contains a single mismatch. The purpose of this
mismatch is to provide a measurement of nonspecific binding that may be subtracted
from the intensity derived from the perfect match probe.

EXPERIMENTAL DESIGN

A critical aspect in all microarray studies is the proper design of the experiment.
Numerous factors come into play and specific decisions about tissue type, collection,
storage, and RNA isolation should be considered carefully. Labeling and hybridization
protocols, use of replicates, and analysis methods should be based on the overall exper-
imental design. One of the most important considerations in any design is the quantity
and purity of RNA obtained for array hybridization. In some tissue types, the total RNA
samples used for microarray hybridizations are extracted from highly homogenous
groups of cells, which result in relatively reliable microarray data. However, surgically
obtained tissue samples from various cancers often contain both normal and cancer
cells and are not homogenously populated, which may also introduce bias.

In this situation, special collection methods, such as Laser Capture Microdissection
(LCM), are very useful. The LCM method permits the isolation of specific cells
(normal or cancer cells) and can improve sample homogeneity (9). Sample pooling is
another method commonly used to improve sensitivity when RNA is limited. However,
pooling is seen as “biological averaging.” If a given characteristic is common across the
multiple samples, then pooling will amplify sensitivity for the gene in question, while
decreasing the number of false-positive results for uninteresting genes. But, pooling
may confound the interpretation of data in studies that attempt to identify subgroups
within a phenotype. In cases where the RNA amount is limited, often the case in human
organ studies, pooling is not by choice but by necessity. An alternative approach is
to amplify the RNA samples. However, like pooling, there are both advantages and
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drawbacks to this procedure as well. Although numerous commercial kits are available
for this purpose and laboratory protocols are relatively straightforward, amplification
may introduce to the data more noise due to nonlinear amplification. In order to
eliminate bias, amplified samples in the same microarray experiment should only be
compared with other amplified samples, even when these other samples may have
enough starting material for standard labeling methods.

MICROARRAY DATA ANALYSIS

Data Acquisition and Quality Assessment
Regardless of the platform, the process of data reduction begins with a high-

level analysis meant to extract the raw gene-specific intensity values from the
microarray images. In general, preliminary data analyses are conducted in several
distinct steps, which include image scanning and acquisition of raw data, background
subtraction, normalization, removal of genes obscured by artifact, and outlier removal.
Optimal methods for background subtraction, normalization, and calculation of outlier
thresholds are the subject of much discussion within the research community and should
be chosen carefully, based on the overall experimental design of the study (10,11).

Spotted Microarray

For spotted array applications, commercial scanning software, such as Axon GenePix
(Molecular Devices, Sunnyvales, CA, USA) and Imagene (Biodiscovery, El Segundo,
CA, USA), reduce spot-associated signal to numerical values and provide several
algorithms for artifact removal, quality control, and normalization. Freeware appli-
cations, such as Scanalyze (http://rana.lbl.gov/), provide image analysis functions
that are similar to comparable payware versions, although they may offer fewer
analysis options. During image analysis, PMT settings should be balanced to minimize
instrument bias of the intensity data for respective lasers, and the overall gain should be
set to minimize the number of saturated spots in the image. Array background should
be assessed and spots obscured by artifact should be flagged for removal from the
analysis. Likewise, negative control intensity values should be monitored from array
to array and acceptable thresholds incorporated into the quality assessment scheme.
Spike controls also play an important role in determining the quality of microarrays.
Normally added to labeling reactions at varying concentrations, spike intensity values
can be plotted to ensure that labeling reactions are efficient and to determine the level
of array-to-array variability. Once the preliminary assessment is conducted, the data
can then be transformed in order to minimize nonbiological variance.

Affymetrix GeneChip

In some platforms, such as the Affymetrix GeneChip®, the expression values of
multiple oligonucleotides designed to interrogate the same gene must be reconciled in
order to obtain a single gene expression value. This process is transparent for those
using Affymetrix arrays and the proprietary GeneChip® Operating System software
(Affymetrix), but not for spotted arrays that contain replicate spots. Upon extraction
of data from GeneChip® arrays, data quality is assessed by observing values for
background, scale factor, and noise. Multiple probes are available on the arrays for
some control genes, which interrogate 3′, middle, and 5′ locations of the control genes.
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The 3′/5′ ratio of GAPDH, Beta Actin, and the spike controls Lys, Dap, Trp, Phe, and
Thre are especially useful for determining how well the transcripts are represented by
the data.

Data Reduction and Filtration

Detailed analyses are usually performed on normalized datasets and may include a
comparison of sample groups, gene set analysis, functional annotation, and biochemical
pathway analysis of candidate genes. Group comparisons usually require the aid
of software applications that combine statistical analyses with graphic visualization
methods in order to identify differences in gene expression amid thousands of spot-
associated intensity values. The goal of such comparisons is to identify genes that are
differentially expressed in treatment groups. Sometimes, data are filtered to remove
genes that are unchanged. The remaining data points are subject to statistical tests,
such as anova or t-tests that can determine the validity of the data, and other analysis
methods, like hierarchical or K-means clustering, Self-Organizing Maps, and Principle
Components Analysis (10) Alternatively, Statistical analysis conducted on whole data
sets. During cluster analysis, expression patterns may also be colored by intensity
to visually enhance data points for genes that are most changed. Numerous appli-
cations are currently available for this purpose, including payware versions, such as
GeneSpring (Silicon Genetics, Palo Alto, CA, USA) and ArrayAssist (Stratagene, La
Jolla, CA, USA), as well as freeware applications, such as Cluster (12). GeneSpring and
ArrayAssist provide normalization and visualization algorithms as well as statistical
tools for reduction of microarray data. Significance Analysis of Microarrays (SAM)
(13) employs a supervised learning algorithm to estimate the false discovery rate (FDR)
of differentially expressed genes. Depending on the chosen cutoff value for the test
statistics, SAM evaluates the expected proportion of false positives in the resulting
gene list through a permutation scheme.

Multiple testing errors are common problems when analyzing microarray data.
When searching for genes that are differentially expressed between different condi-
tions/phenotypes in microarray studies, a statistical test is often conducted for each
gene using a t-test, Wilcoxon test, or permutation test. These statistical tests yield a
probability (p-value) for every gene. However, tens of thousands of such statistical tests
are conducted simultaneously, which may result in high false-positive rates. Therefore,
individual significant p-values no longer correspond to significant findings. Therefore,
it is necessary to adjust for multiple testing when assessing the statistical significance
of findings in microarray data analysis. One of the algorithms commonly used to
make adjustments to the microarray data is the Bonferroni Correction, where adjusted
p-values = raw p-value/number of genes tested simultaneously. For example, if there
are 500 genes on the chip, instead of 0.05, 0.0001 (i.e., 0.05/500) is the significant
cutoff p-value. Because of the statistical concerns described above, the t-statistic is no
longer an absolute measurement for the identification of the differentially expressed
genes in a microarray experiment. Instead, the p-values often serve merely as a ranking
standard.

Functional Annotation

Once a list of differentially expressed genes is identified, the process of compiling
functional annotations and the assignment of coregulated genes to biochemical
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pathways can proceed. By incorporating biological knowledge, one can hope to detect
modest but coordinate expression changes between sets of functionally related genes.
There are usually many sets of genes of interest in a given microarray experiment.
Examples include genes in biological (e.g., biochemical, metabolic, and signaling)
pathways, genes associated with a particular location in the cell, or genes having a
particular function or involved in a particular process. For example, the Gene Ontology
Consortium (www.geneontology.org) produces a controlled vocabulary that can be
applied to gene functions in all organisms. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) (www.genome.jp/kegg/) is a suite of databases and associated
software integrating current knowledge on molecular interaction networks in biological
processes. It contains the information about the universe of genes and proteins, and
chemical compounds and reactions. GenMAPP [(14); www.genmapp.org] is a free
computer application designed to visualize gene expression and other genomic data on
maps representing biological pathways and groups of genes. The idea of “gene set”
analysis exploits the idea that alterations in gene expression manifest at the level of
biological pathways or co-regulated gene sets, rather than individual genes. Subtle but
coordinated changes in expression might be detected more readily (15).

In order to identify differentially expressed gene sets in microarray experiments,
we first define the genes included within each set. For example, all genes involved
in “ATP biosynthesis” belong to the gene set “ATP biosynthesis.” We define a set as
being differentially expressed when a relative majority of member genes are up- or
downregulated and are distinctly modified with respect to other gene sets represented
on the array. There are multiple computational tools for gene set analysis, including
GenMAPP and MAPPFinder (14, 16), GOTree Machine (17), the Ingenuity Pathway
Analysis (Ingenuity Systems Inc., Redwood City, CA, USA), and Gene Set Enrichment
Assay (GSEA) (15).

GENE TRANSCRIPT LEVEL ALTERATIONS IN TYPE 2 DIABETES

Type 2 diabetes is a major cause of blindness, kidney failure, ischemic heart disease,
loss of limbs, stroke, and overall mortality. The disease affects approximately 140
million people worldwide (18). Its prevalence in human populations ranges from over
50% among Pima Indians to 2% among Indian tribes in Chile (19). In addition, a
substantial increase in the prevalence of diabetes among migrant populations has also
been reported (19), suggesting a potential interaction between genetic and environ-
mental factors. Decreased insulin-induced glucose disposal in skeletal muscle (insulin
resistance) is a common pathophysiological trait implicated in the development of
type 2 diabetes (20, 21). Several lines of evidence clearly point to genetic factors as
important determinants of insulin sensitivity (22). It has also been reported that first-
degree relatives of people with type 2 diabetes exhibit insulin resistance to glucose
disposal without being diabetic, further supporting that insulin resistance has a genetic
basis (23–26). A number of candidate genes for insulin resistance have been evaluated,
including insulin receptor substrate 1 (27), glycogen synthetase (28), UCP-3 (29),
GLUT-4 (30), hexokinase II (31), PI3-kinase (32), MAP kinase (33), serine-threonine
kinase (34), rad genes (35), and calpain-10 (36). Although the expression of several of
these genes is altered in type 2 diabetes, none has emerged as the leading candidate
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for causing type 2 diabetes. It is highly likely that type 2 diabetes results from inter-
action between many genetic factors and environment. Identification of genes involved
will hopefully allow modifications of life style to prevent or delay the onset of
diabetes.

Gene Transcript Levels in Skeletal Muscle of Type 2 Diabetes
Genomic analysis techniques offer powerful tools to decipher the pathophysiology

of type 2 diabetes at the molecular level, thereby leading to a better fundamental
understanding of muscle insulin resistance and providing new therapeutic targets for
treatment of this common disease. Several recent investigations have examined human
skeletal muscle gene transcript profiles in patients with type 2 diabetes, since muscle
is the predominant site of both insulin-induced glucose disposal and insulin resis-
tance in type 2 diabetes (4, 15, 37–39). Overall, patients with type 2 diabetes had
impaired transcripts of genes involved in oxidative metabolism (4, 15, 39), glucose
metabolism (4), and lipid metabolism (39). We recently measured by Affymetrix
GeneChip® array the gene transcript alterations in patients with type 2 diabetes
two weeks after withdrawing insulin treatment (D2−), and then again following
10 days of insulin treatment (D2+) (Tables 1A–D) (4). The diabetic subjects were
compared with control subjects with no family history of diabetes. Insulin treatment
for 10 days normalized the impaired transcript levels of many genes involved in
energy metabolism, including insulin signaling, transcription factors, and mitochon-
drial maintenance, but it altered transcription of genes involved in signal trans-
duction, structural and contractile components, cell development, and metabolism of
protein and fat (4). This study enabled us to determine the gene transcripts that
are altered by poor glycemic control and the effect of insulin treatment to achieve
euglycemia. Transcripts that were normalized by insulin treatment may represent the
genes that are responsible for diabetes complications resulting from poor glycemic
control. Gene transcripts that cannot be corrected by insulin treatment may contribute
to the pathophysiology of type 2 diabetes. Several gene transcripts were altered by
the treatment. Insulin infusion to normalize blood glucose increased systemic insulin
concentrations, which may have altered gene transcript levels. These early studies were
performed in a relatively small number of subjects and only reported gene transcript
alterations that were common among all participants. Later studies examined larger
numbers of subjects and used sophisticated bioinformatics tools to interpret the results
(15,37–39). One of the studies investigated the effect of euglycemic hyperinsulinemic
clamp on gene transcript levels in muscle (37), while others studied type 2 diabetes
(15, 38, 39). These studies did not investigate whether the altered gene transcripts
in skeletal muscle of type 2 diabetes are related to alterations in insulin or glucose
levels.

Mootha et al. discussed the importance of Gene Set Enrichment Analysis (GSEA),
which is a technique that detects small changes in gene expression between functionally
similar sets of genes (15). Gene transcript levels in skeletal muscle from the 43 of
54 participating northern European men of varying glucose tolerance was assessed by
Affymetrix GeneChip. Preliminary analysis indicated that, after adjusting for multiple
comparison errors, there was no statistically significant genetic distinction between type
2 diabetes and nondiabetic subjects. The authors then used GSEA, a novel statistical
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Table 1A
Differences in Gene Transcript Levels of Type 2 Diabetic Patients (D2−) and Insulin-treated

Type 2 Diabetic Patients (D2+) in Comparison with Control Subjects

Probe set Fold � Gene name
A B

Structural/contractile
HG2743–HT2846 ↑ 3.3∗ (↑ 1.5)† Caldesmon 1
HG1862–HT1897 ↑ 2.0‡ (↑ 2.9)§ Calmodulin type 1
HG2175–HT2245 ↓ 4.9∗ (↓ 1.4)† Myosin heavy chain polpeptide
HG2260–HT2349 ↓ 3.9� (↓ 1.4)† Duchenne muscular dystrophy protein
M21984 ↓ 3.2∗ (↓ 1.7)† Troponin-T
M21665 ↓ 3.1∗ (↓ 1.7)† MHC-I
HG3514–HT3708 ↓ 2.5∗ (↓ 1.2)† Tropomysin (cytoskeletal)
X04201 ↓ 2.4∗ (↓ 1.9)∗ Tropomyosin (1.3 kb)
X66276 ↓ 2.4∗ (↓ 2.0)§ Skeletal muscle C-protein
L21715 ↓ 2.3� (↓ 2.1)§ Troponin-I fast-twitch
J04760 ↓ 2.2∗ (↓ 2.0)∗ Troponin-I slow-twitch
M20642 ↓ 2.1‡ (↓ 1.4)† Myosin light chain
M20543 ↓ 2.0� (↓ 1.5)† Skeletal muscle <0001> actin
U35637 ↓ 2.0‡ (↓ 1.5)† Nebulin
X13839 ↓ 1.9‡ (↓ 1.8)† Smooth muscle <0001>actin
M33772 ↓ 1.9† (↓ 2.1)∗ Troponin-C fast-twitch

Mitochondrial maintenance/chaperone

X93511 ↓ 2.4∗ (↓ 1.3)† Telomeric DNA-binding protein
X83416 ↓ 2.4§ (↓ 1.4)† PrP
V00594 ↓ 2.2‡ (↓ 1.6)† MT
X82200 ↓ 2.2� (↓ 1.8)† Staf50
X65965 ↓ 2.2� (↓ 1.2)† SOD2
HG2855–HT2995 ↑ 2.0∗ (↑ 3.2)∗ Heat shock protein, 70 kDa

Growth factors/tissue development/maintenance

L27560 ↑ 2.5∗ (↑ 2.9)∗ IGFBP-5
M55210 ↓ 3.9∗ (↓ 1.7)† Laminin B2 chain
L08246 ↓ 3.4‡ (↓ 2.2)§ MCL1
AB000897 ↓ 2.8� (↓ 2.1)§ Cadherin FIB3

Insulin signaling/signal transduction/glucose metabolism

HG2702–HT2798 ↓ 5.6� (↓ 1.4)† Serine/threonine kinase
D23673 ↓ 2.8∗ (↓ 1.3)† IRS-1
L10717 ↑ 2.9‡ (↓ 1.3)† T-cell-specific tyrosine kinase
L33881 ↓ 3.1† (↓ 1.4)† Protein kinase C-�
K03515 ↓ 2.3‡ (↓1.4)† Neuroleukin
J04501 ↓ 2.4� (↓ 1.6)† Muscle glycogen synthase
U27460 ↓ 2.3∗ (↓ 1.2)† UDP-glucose pyrophosphorylase
M91463 ↓ 2.1§ (↓ 1.3)† GLUT4
M32598 ↓ 2.0∗ (↓ 1.2)† Muscle glycogen phosphorylase
Energy metabolism



Application of Microarrays for Gene Transcript Analysis 197

D17480 ↑ 3.1∗ (↑ 1.6)† Mitochondrial enoyl-CoA hydratase
D10523 ↑ 3.1� (↑ 1.2)† 2-Oxoglutarate dehydrogenase
AF001787 ↓ 2.7§ (↓ 1.4)† UCP-3
X13794 ↓ 2.7‡ (↓ 1.4)† Lactate dehydrogenase B
M83186 ↓ 2.5� (↓ 1.7)† COX VIIa
M19483 ↓ 2.4� (↓ 1.4)† ATP synthase � submit
U65579 ↓ 2.3‡ (↓ 2.0)‡ NADH dehydrogenase-ubiquinone
X69433 ↓ 2.2� (↓ 1.2)† Mitochondrial isocitrate dehydrogenase
U94586 ↓ 2.2� (↑ 1.2)† NADH-ubiquinone oxidoreductase
HG4747–HT5195 ↓ 2.1∗ (↓ 1.1)† NADH-qbiquinone oxidoeductase MLRQ
M22760 ↓ 2.1‡ (↓ 1.3)† COX Va
U09813 ↓ 2.0§ (↑ 1.2)† ATP synthase subunit 9
X83218 ↓ 2.0§ (↓ 1.1)† ATP synthase
U17886 ↓ 2.0§ (↓ 1.2)† Succinate dehydrogenase (SDHB)
L32977 ↓ 1.9§ (↑ 1.4)† Ubiquinol cytochrome C reductase

Transcription factors/protein metabolism

HG1428–HT1428 ↓ 2.1‡ (↓ 1.4)† Globin-� submit
HG3635–HT3845 ↓ 3.8∗ (↓ 1.6)† Zinc finger protein, krupple
X69116 ↓ 3.7∗ (↓ 1.7)† Zinc finger protein
X16064 ↓ 2.2∗ (↓ 1.5)† Translationally controlled tumor protein
U37690 ↓2.0� (↓1.3)† RNA polymerase II subunit
U95040 ↓ 2.1‡ (↓ 1.2)† hKAP1/TIF1B
U65928 ↓ 1.9∗ (↓ 1.1)† Jun activation domain binding protein
HG3214–HT3391 ↑ 2.9∗ (↓ 1.8)† Metallopanstimulin 1
U73379 ↑ 2.3‡ (↓ 1.3)† Cyclin-selective ubiquitin carrier
X03689 ↑ 2.3‡ (↓ 1.4)† Elongation factor TU
M17886 ↓ 2.1∗ (↓ 1.7)† Acidic ribosomal phosphoprotein P1
U49869 ↓ 2.1∗ (↓ 1.5)† Ubiquitin
Z21507 ↓ 2.0‡ (↓ 1.5)† Elongation factor – 1�
U14968 ↓ 1.9‡ (↑ 1.5)† Ribosomal protein L27a
U14973 ↓ 1.9‡ (↓1.4)† Ribosomal protein S29

A, control versus D2 (patients; B, control versus D2 + patients. ∗p<0.01; †p>0.05; ‡p<0.05; §p<0.0001;
�p<0.001, with p-values calculated from t-test on the average difference between control subjects and
D2( (A) or D2+(B) patients.))

approach based on a normalized Kolmogorov–Smirnov statistics and determined that
the gene group of “oxidative phosphorylation” are down-regulated in type 2 diabetes
(15). The expression of this functional group is increased in locations where insulin-
mediated glucose disposal occurs and is modulated by PGC-1�.

Using glass cDNA arrays containing 42,557 unique spots that represented 29,308
Unigene clusters, Rome et al. analyzed RNA preparations from six human subjects
(two men and four women) (37). A 3-hour euglycemic hyperinsulinemic clamp was
conducted to allow the affect of insulin to be studied. The software application SAM
(13) was then used to identify 762 unique genes that were differentially expressed.
Among these transcripts, 478 showed increased expression and 284 displayed a
decreased expression. Hypothetical proteins and ESTs made up 353 of the regulated
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Table 1B
Additional Genes Altered in Type 2 Diabetes (D2− and D2+)

Probe set Fold � Gene name Class/function
A B

HG2239–HT2324 ↑ 11∗ (↑1.5)† Potassium channel
protein

Ion channel

U90546 ↑ 5.8∗ (↑ 1.7)† Butyrophilin 4 Immune system
X89267 ↑ 3.6∗ (↑ 1.5)† Uroporphyrinogen

decarboxylase
Heme biosynthesis

L24564 ↑ 3.2‡ (↑ 1.8)† Rad Ras-oncogene
associated with diabetes

D43951 ↑ 3.1§ (↑ 1.3)† KIAA0099 Unknown
D79986 ↑ 2.3§ (↑ 1.3)† KIAA0164 Unknown
J02611 ↑ 2.1‡ (↑ 1.8)† Apolipoprotein D Lipid transport
L11238 ↓ 3.2§ (↓ 1.6)† Platelet membrane

glycoprotein V
Homoeostasis

X59405 ↓ 3.0� (↓ 1.5)† Membrane cofactor
protein

Regulatory
glycoprotein

X63575 ↓ 2.8‡ (↓ 1.5)† Calcium ATPase Calcium homeostasis
M16714 ↓ 2.6§ (↓ 1.6)† MHC I lymphocyte

antigen
Immune system

X00371 ↓2.5∗ (↓ 1.8)† Myoglobin Oxygen transport
X91103 ↓ 2.5§ (↓ 1.2)† Hr44 Immune system
X01060 ↓ 2.4‡ (↓ 1.6)† Transferrin receptor Iron uptake
U90313 ↓ 2.3§ (↓ 1.4)† Flutathione-S-

transferase
Glutathione metabolism

X75755 ↓ 2.3‡ (↓ 1.3)† PR264 Unknown
U33286 ↓ 2.2§ (↓ 1.2)† Chromosome

segregation gene CAS
Cell
proliferation/apoptosis

X15729 ↓ 2.1§ (↓ 1.5)† Nuclear p68 protein Cell proliferation
X06700 ↓ 2.1§ (↓ 1.7)† Pro-�(III) collagen Extracellular matrix

protein
AB000220 ↓1.9∗ (↓ 1.4)† Semaphorin E Immune system

A, control versus D2( patients; B, control versus D2+ patients. ∗p<0.01; †p>0.05; ‡p<0.05; §p<0.0001;
�p<0.001, with p-values calculated from t-test on the average difference between control subjects and
D2((A) or D2+ (B) patients.

transcripts. Most of the remaining genes were involved in a variety of different
functions, including transcription and translation, metabolic functions, and signaling
pathways. Additional functions regulated by insulin were cytoskeletal and vesicle
traffic, immune response and cytokine actions, and the ubiquitin-proteasome pathway.
Nine of the genes identified as differentially expressed were analyzed by RT-PCR in
order to confirm the results of the microarray analysis. Expression values for all but
one of the nine genes were confirmed.

Increased fat in the diet tends to downregulate genes involved in oxidative phospho-
rylation in skeletal muscle mitochondria, simulating the changes observed in diabetes
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Table 1C
Gene Transcripts Remain Unaltered by 10 Days of Insulin Treatment

in Type 2 Diabetic Patients

Fold � Gene name

Structural/contractile genes
↑ 2.9∗ Calmodulin Type I
↓2.1∗ Troponin I fast-twitch
↓ 2.1† Troponin C fast-twitch
↓ 2.0∗ Skeletal muscle C-protein
↓ 2.0† Troponin I slow-twitch
↓ 1.9† Tropomyosin
Stress response/energy metabolism
↑3.2† Heat shock protein, 70 kDa
↓2.0‡ NADH dehydrogenase-ubiquinone
Growth factor/tissue development
↑ 2.9† IGFBP-5
↓ 2.2∗ MCL1
↓ 2.1∗ Cadherin FIB3

and insulin resistance (40). The authors used custom oligonucleotide arrays to assess
gene transcript levels in 10 healthy young men, finding that 297 unique genes were
differentially expressed. Six of these genes were involved in oxidative phosphory-
lation and were decreased an average of twofold. Similarly, Hulver et al. (41) deter-
mined that expression of stearoyl-CoA desaturase-1 is increased in obese patients
causing abnormally high lipid content in skeletal muscle cells, which may lead to
insulin resistance; and Patti et al. (39) found that a decrease in PGC-1 expression
may downregulate NRF-dependent genes potentially leading to insulin resistance and
diabetes. Studies performed in rats clearly show that caloric intake (possibly related to
insulin and other hormonal changes) impact gene transcript levels in skeletal muscle
of rats (42). Some of the changes related to high caloric intake were partly prevented
by antioxidants, suggesting that high calorie-related changes are due to oxidative
decrease. Furthermore, these studies indicated that caloric restriction preserves many
of the energy metabolism-related gene transcript levels. It remains to be determined
whether many changes in muscle gene transcript levels of type 2 diabetes patients
are related to oxidation damage, since poor diabetes control results in hypermetabolic
state (4).

Gene Transcript Levels in Adipose Tissue of Type 2 Diabetes
Genes for Wnt signaling and adipogenesis show decreased expression levels in

nonobese insulin-resistant subjects, suggesting that insulin resistance in human skeletal
muscle is related to impaired adipogenesis (43). In addition, adipose cells that are
enlarged during insulin resistance correlated inversely to transcript levels for Wnt and
adipogenic transcription factors.

Genes involved in adipocyte differentiation show decreased expression in mouse
models of obesity and diabetes mellitus (44). Using Affymetrix murine arrays to analyze
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Table 1D
Gene Transcripts Altered (which was normal in D2− with 10 Days of Insulin Treatment

in Type 2 Diabetic Patients

Fold � Gene name

Structural/contractile/growth factor
↑ 2.2∗ ACTN3
↑ 2.1∗ CO-029
↓ 2.7† SM22
↓ 2.6∗ Sarcolipin
↓ 2.2∗ �-Tropomyosin
↓1.9‡ Cytoskeletal gamma-actin
↑ 1.9∗ IGF-II
Protein metabolism/Signal transduction
↑ 2.0∗ dIF-4C
↑ 1.9∗ Ribosomal protein L21
↓ 2.6† Ubiquitin carboxyl terminal hydrolase
↓ 2.3∗ Ribosomal protein L37a
↓ 2.0∗ Elongation factor 1 alpha-2
↑ 2.3∗ AMP-activated protein kinase
↑ 2.1∗ Protein tyrosine phosphatase, alpha
↓ 2.7† Tyrosine kinase receptor
↓ 2.5† Adenylyl cyclase
Immune system/energy metabolism/cell adhesion
↑ 2.1∗ Class II histocompatibility antigen DC-�-chain
↑ 2.3† HK1
↓ 1.9∗ NDUFV3
↓ 3.8∗ Fibronectin
↓ 2.4† HSPG2
Tissue development/fatty acid metabolism
↑ 2.1† Cadherin FIB2
↓ 2.4∗ Fatty acid binding protein
Transposition/extracellular matrix/unknown
↑ 2.0∗ Transposon-like element
↓ 2.3∗ Tenascin-X
↑ 3.0† GOS2
↑ 2.6∗ H4 Histone
↓ 2.1∗ SCAMP1
↓ 2.0† Phosphodieaterase 3B

white adipose tissue from epididymal fat pads, the authors detected 214 transcripts that
were differentially expressed as compared to lean mice. Functional groups determined
to have decreased expression included hormones, secretory genes, transcription factors,
signal transduction, mitochondria-related, and lipid metabolism. Groups identified to
have increased expression were those of cytoskeletal functions, cell proliferation,
adipose-specific genes, membrane proteins, lysosomal factors, and the immune system.
Interestingly, when hyperglycemia was induced, transcript levels were decreased for
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genes related to signal transduction, protein synthesis, and cytoskeletal function. In
addition, offspring of rats fed a high-fat diet develop insulin resistance and abnormal
pancreatic �-cell function (45).

Conversely, an energy-restrictive diet improves the ability of rat adipose cells to
accumulate triglycerides and reverses the progression of diabetes, suggesting that energy
restriction may play a role in the prevention or proper maintenance of diabetes (46).

Gene Alterations in Renal Dysfunction and Vascular Complications
during Type 2 Diabetes

In an attempt to define the mechanisms of end-stage renal disease in diabetic
nephropathy, Morrison et al. studied the effect of high (25 mM) d-glucose concentra-
tions on rat mesangial cells (47). Spotted microarrays were synthesized from 17,664
rat cDNA clones collected from an archive at the University of Iowa. After a 5-day
treatment, 459 different rat transcripts were upregulated, compared to 151 transcripts
that showed a decrease in activity. Gene groups that formed the largest functional
clusters included those involved cell cycle activity, cytoskeletal functions, energy
metabolism, and oxidative stress. Additional transcript clusters were detected for
protein synthesis and protein sorting. Many transcripts related to cellular degradation
were downregulated.

Mouse models for both type 1 and type 2 diabetes have implicated hydroxysteroid
dehdrogenase-3� isotype 4 and osteopontin in diabetic nephropathy, suggesting that
these markers may be used for diagnosis of glomerular disease (48). In this study,
cDNA arrays containing 9,557 random elements were used to classify samples based
by pathologic presentation. Hierarchical clustering showed that more than 300 genes
were differentially expressed in each model, but only 40 transcripts were common
to both type 1 and type 2 diabetes. Patients with type 2 diabetes are more likely to
have systemic vascular complications, according to a microarray study performed by
Takamura et al. (49). The authors used a glass microarray containing 1,080 cDNA
clones from the IMAGE Consortium (Research Genetics, Huntsville, AL, USA) to
analyze expression patterns in liver tissue of 12 type 2 diabetes patients and nine normal
controls. Liver functions in all patients were normal. For the diabetic liver samples, 105
genes displayed increased expression compared to normal, including genes for angio-
genesis, and bone morphogenic proteins. Decreased expression occurred in 134 genes,
such as certain stress-related genes. Hierarchical cluster analysis showed that data from
all 12 diabetic patients clustered separately from that of the normal controls, suggesting
that the genetic profiles of diabetic patients are different from nondiabetic patients.
RT-PCR analyses confirmed that BMP4, endothelin, and glutathione S-transferase T1
were upregulated, as shown by microarray analyses.

REAL-TIME REVERSE TRANSCRIPTION POLYMERASE CHAIN
REACTION AND ITS APPLICATION IN DIABETES RESEARCH

Though not a new technology, real-time reverse transcriptase PCR is still considered
by many researchers to be the gold standard for confirmation of gene expression
studies. Characterized by exquisite sensitivity and specificity, RT-PCR methods are
very useful in the detection and quantitation of genes of all abundance levels. Due
to the cost of the probes, many researchers begin their work with high-throughput
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analytical methods, such as commercial or custom microarrays. After candidate genes
are identified, RT-PCR is then used to confirm those findings.

Methods for RT-PCR detection of gene expression were borne out of early studies
that showed that enzymatic amplification of gene products allowed the detection of
specific nucleic acid sequences (50, 51). Later, the development of techniques for
competitive RT-PCR and the use of fluorescent reporter molecules enhanced the ability
of researchers to quantitate mRNA products (52,53). Several instrument platforms for
RT-PCR are currently on the market. Notably, the Applied Biosystems 5′ nuclease
assay Fostercity, CA, USA, Roche Lightcycler (Indianapolis, IN, USA), and the BioRad
Icycler (Hercules, CA, USA) have made their mark in molecular research labora-
tories. During real-time reverse transcription PCR, mRNA products are first converted
to cDNA, then the cDNA is amplified via a heat-stabile DNA polymerase and the
amplification efficiency is assessed during each PCR cycle. Detection of the amplified
products may be performed with the use of fluorogenic probes or with DNA interca-
lating agents, such as Sybr Green (Invitrogen, Carlsbad, CA, USA).

Several studies using RT-PCR for diabetes research have been published in the
scientific literature. The relative ease with which experiments can be performed together
with the sensitivity of the assay makes PCR-based gene expression analysis an ideal
method for confirmation of the results of large-scale microarray projects as well as a
stand-alone assay for low to moderate throughput studies. In the overview, we will
discuss the of the use of this technique for conducting experiments to further the
knowledge regarding the genetic effects of diabetes. Infusion of insulin into healthy
human patients caused an increase in the expression of NAD dehydrogenase IV and
cytochrome oxidase IV (COX IV) of 160–180%, as well as an increase in skeletal
muscle mitochondrial ATP production, as shown by Stump et al. (54). However,
insulin infusion into subjects with type 2 diabetes did not increase the production of
muscle mitochondrial ATP. These studies used a custom-designed primer and probe
set combination, with amplifications products chosen to span an exon boundary or to
amplify only the polyA RNA transcript, to perform the 5′ Nuclease Assay (Applied
Biosystems) on RNA samples derived from vastus lateralis muscle from nine healthy
subjects. In a study that examined insulin regulation of genes expressed in adipose
tissue, Koistinen et al. (55) found that insulin infusion increased by 80% the expression
of sterol regulatory element binding protein-1c (SREBP-1c) in healthy subjects, but
did not increase SREBP-1c expression in subjects with type 2 diabetes. Expression
of adiponectin, CAP, and 11�-HSD-1 was not changed by exposure to insulin. The
effect of cytokine exposure to pancreatic islet cells from humans, rats, and prediabetic
NOD mice was studied by Cardozo et al. (58). In human and rat cells, cytokine
exposure increased expression of IP-10, MIP-3�, fractalkine, and IL-15. In NOD mice,
expression of IL-15, IP-10, and MIP-3� also increased with the age of the mouse.

CONCLUSION

In summary, microarray technology is a powerful approach to understand the
disease-induced alterations to mRNA levels within a small amount of tissue or blood
cells. These important tools will allow us to further understand the gene transcript
changes, indicating certain metabolic pathways that are altered with disease, such
as diabetes, and will help us to develop novel hypothesis-driven research on human
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type 2 diabetes. The microarray studies performed in human type 2 diabetes, which
indicated alterations in energy metabolism pathway, stimulated many metabolic studies
in type 2 diabetic patients, resulting in advances in our understanding of the patho-
physiology of this disease. In addition, one will be able to identify genetic fingerprints
for different diseases using a microarray approach. With the advancement in sensitivity
and precision of microarray technologies and bioinformatics tools for data analysis,
one will be able to capture the genetic changes in a patient at an early stage of the
disease using these approaches, suggesting that disease prevention of genetic diseases,
and perhaps cures, may occur in the future.
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INTRODUCTION

When a large amount of iodide is administered to hyperthyroid patients with Graves’
disease, it acutely inhibits thyroid hormonogenesis and the release of thyroid hormones,
accompanied by a decrease in blood flow in the hypervascular thyroid gland. In
general, TSH ubiquitously stimulates thyroid function via the protein kinase A and
C pathways, whereas excess iodide generally exerts an inhibitory effect via multiple
mechanisms (1). Furthermore, a number of factors such as proinflammatory cytokines
and therapeutic agents modulate thyroid function, angiogenesis, and the autoimmune
system (2). To elucidate the mechanism by which these thyroid-modulating factors
regulate thyroid function, we studied their effects on gene expression in cultured human
thyroid follicles, which maintain thyroid hormonogenesis in response to physiological
concentrations of TSH (3) and exhibit acute Wolff–Chaikoff effects in the presence of
high concentrations of iodide (4). Initially, we used cDNA microarray (MICROMAX,
NEN Life Science Products, Boston, MA, USA), which can analyze 2400 genes in a
single run (5). Very recently we have been using oligo-DNA microarray, by which
41000 gene spots, i.e., the entire human genome (6), can be analyzed in a single run
(7,8,25).
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MATERIALS AND METHODS

Suspension Culture of Human Thyroid Follicles
Human thyroid follicles were cultured as reported previously (3–5, 9–12). In brief,

thyroid tissue (15–30 g) was obtained from patients with Graves’ disease during
subtotal thyroidectomy and minced into small pieces with scissors (13). The prepared
tissues were then digested with 0.3 mg/mL collagenase and 5 mg/mL dispase. After
mild centrifugation, thyroid follicles were separated from erythrocytes and mononu-
clear cells, although a few immunocompetent cells that had infiltrated into the thyroid
follicles could not be removed (4). Then, 1 mL of a thyroid follicle suspension
(about 200–300 follicles/mL) was added to each of the wells in a 24-multiwell dish,
the bottoms of which had been coated with agarose (Fig. 1). After several days of
preculture, 125I was added to the supplemented culture medium [RPMI-1640/F-12
(1:1) medium supplemented with bovine serum albumin (2 mg/mL), bovine insulin (5
μg/mL), transferrin (5 μg/mL), hydrocortisone (10−8M), and NaI (10−8M)] containing
various concentrations of human or bovine TSH (bTSH). After an additional 3 days
of culture, 125I incorporated into thyroid follicles and organic 125I metabolites (mainly
de novo-synthesized and secreted 125I-T3 and 125I-T4) was quantified (Fig. 2). To

Fig. 1. Thyroid follicles in suspension culture and monolayer culture. Thyroid follicles were cultured
in the supplemented medium in 24-multiwell tissue culture dishes that were uncoated or coated with
agarose. Thyroid follicles cultured in coated dishes were unable to attach to the bottom and were
cultured in suspension, maintaining thyroid function for a couple of weeks. When 125I was added,
thyroid follicles incorporated 125I and secreted de novo-synthesized thyroid hormones (125I-T3 +
125I-T4) into the culture medium (3,9–12).
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study Wolff–Chaikoff effects, thyroid follicles were precultured in the supplemented
medium in 24-multiwell dishes without agarose coating. The thyroid follicles were
then cultured in medium containing TSH (100 μU/mL) and various concentrations
of iodide (0–10−5M), and T3 released into the culture medium was determined by
radioimmunoassay (Fig. 3).

For microarray analysis, thyroid follicles were cultured in 10-cm dishes (with agarose
coating) in RPMI-1640/F-12 (1:1) medium containing 0.5% fetal calf serum, bTSH (30
μU/mL), and iodide (10−8 M). After several days of preculture, thyroid follicles were
cultured in fresh medium containing bTSH (30 μU/mL) and various concentrations of
proinflammatory cytokines (IL-1, TNF-�, or IL-6) and iodide (10−8–10−5 M). After
an appropriate culture period, total RNAs were prepared, and the test material-induced
genes were analyzed by DNA microarray (Whole Human Genome Oligo-Microarray
Kit, 17 000 or 41 000 gene spots, Agilent Technologies, Palo Alto, CA, USA) exactly
according to the manufacturer’s recommended procedure. The results were confirmed
by real-time PCR and Northern blot hybridization.

Fig. 2. Effect of TSH on thyroid function in human thyroid follicles in suspension culture. TSH
stimulated 125I incorporation into thyroid follicles (columns) and release of de novo-synthesized
125I-T3 and 125I-T4 into the supplemented culture medium (circles) in a concentration-dependent
manner. Note that the thyrotropic effects were most remarkable at physiological concentrations
of hTSH (normal range; 0.4–4.0 μU/mL) and that bTSH was more potent than hTSH. Data are
means +SD of triplicate cultures. (Reproduced from (3), with permission of the publisher.) *P < 0.05,
**P < 0.01.
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Fig. 3. The Wolff–Chaikoff effect in human thyrocytes. Thyroid follicles were cultured in
24-multiwell dishes (without agarose coating) in the supplemented culture medium containing various
concentrations of NaI with or without bTSH (100 μU/mL) for up to 16 days. After 2 days of
preculture, the medium was changed every 3 or 4 days for 14 days. Data are means ±SD of triplicate
cultures. �–�, days 3–5; �–�, days 6–8; •–•, days 9–13; �–�, days 14–16. (Reproduced from (4),
with permission of the publisher.)

RESULTS

Effect of TSH on Gene Expression in Thyroid Follicles
As expected, the most abundantly expressed genes were thyroglobulin (TG) and

thyroid peroxidase (TPO) (7, 25), and TSH increased their levels of expression more
than 7- and 15-fold, respectively. TSH also increased the expression levels of sodium
iodide symporter (NIS), type I and II deiodinases (14, 15), VEGF-A (12, 16), and
enzymes participating in carbohydrate and lipid metabolism, such as ATP synthase,
aldolase, creatine kinase, and 3-hydroxy-3-methylglutaryl-coenzyme A reductase (5).
Furthermore, prion mRNA was also stimulated by TSH (17).

Effects of Iodide on Gene Expression in Thyroid Follicles
Iodide at high concentration (10−5 M) decreased the level of expression of VEGF-A

to nearly 1/2 after 48 h of culture (7). Iodide did not significantly (less than 1/2 or more
than twofold) modulate the expression levels of other proangiogenic factors such as
FGF-1, FGF-2, or angiopoietin-1. Interestingly, iodide at high concentration increased
the expression level of urokinase-type plasminogen activator (u-PA). Real-time PCR
confirmed that iodide decreased and increased the expression levels of VEGF-A and
u-PA, respectively, in a time- and dose-dependent manner. Adenylate kinase 1, which
was activated more than fourfold by TSH, was suppressed to 50% by iodide.
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Effects of Proinflammatory Cytokines on Gene Expression in Thyroid
Follicles

Proinflammatory cytokines, such as IL-1, TNF-�, INF-�, INF-�, INF-�, and IL-6,
inhibit thyroid function (9–11). When thyroid follicles were cultured with or without
IL-1 for 24 h, approximately 720 genes and 640 genes among 17 000 gene spots were
increased more than twofold or decreased to less than 1/2, respectively (Fig. 4). As
expected, the expression levels of IL-6, IL-8, IL-11, and IL-19 increased more than
10-fold, and that of NF-kB nearly threefold, whereas the expression levels of genes
related to thyroid hormonogenesis, such as TSH receptor (TSHR), NIS, type 1 and 2
deiodinases, pendrin (SLC26A4), TG, and TPO were suppressed to less than 1/2.

Effects of Methimazole and Amiodarone on Gene Expression in Human
Thyroid Follicles

When human thyroid follicles were cultured for 48 h with or without methimazole at
3 μmol/L, which is the level attainable in serum of patients taking a maintenance dose,

Fig. 4. Scatter plot of the effect of IL-1 on gene expression in human thyroid follicles. Human
thyroid follicles were cultured in medium supplemented with bTSH (30 μU/mL) in the presence or
absence of IL-1alpha (5 ng/mL). After 24 h of culture, gene expression was analyzed by microarray.
TPO, thyroperoxidase; TG, thyroglobulin; DIO1, type I deiodinase; DIO2, type 2 deiodinase; DIO3,
type 3 deiodinase; NIS, sodium iodide symporter; SCYA20, cytokine A20; GRO2, macrophage
inflammatory protein 2; NFKB1, nuclear factor of kappa light polypeptide gene enhancer; IFNGR1,
interferon gamma receptor 1.
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Fig. 5. Scatter plot of the effect of methimazole on gene expression in human thyroid follicles.
Human thyroid follicles were cultured in medium supplemented with bTSH (50 μU/mL) in the
presence or absence of methimazole (3 μM). After 48 h of culture, gene expression was analyzed
by microarray. Symbols are the same as those in Fig. 1.

the expression of only one gene (GRO-1, a CXC chemokine that binds to the interleukin
8 receptor to mobilize intracellular calcium) was increased more than twofold (Fig. 5).
No significant change was observed in the expression of 17 000 other genes, suggesting
that the antithyroid agent does not damage thyrocytes.

In contrast, when human thyroid follicles were cultured with the iodine-containing
antiarrhythmic agent amiodarone at 1–2 μmol/L, which is the level attainable in patients
taking a maintenance dose (18), the expression level of NIS was decreased to less than
half (8). Furthermore, the expression of 19 and 64 genes was up- or downregulated,
respectively, suggesting that the antiarrhythmic agent is far more cytotoxic to thyrocytes
than methimazole.

DISCUSSION

When performing microarray studies on endocrine glands, it is very important to
use a culture system composed of purified cells that respond to tropic hormones with
high sensitivity and behave as they do in vivo. We have established a system for
suspension culture of thyroid follicles, which can secrete de novo-synthesized thyroid
hormones in response to physiological concentrations of TSH (Fig. 2), and exhibit the
Wolff–Chaikoff effect in response to a high concentration of iodide (Fig. 3) (3–5).
Therefore, the data obtained in our present in vitro study are physiologically relevant,
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and would reflect precisely the in vivo phenomena occurring in the thyroid gland of
a patient. It should be stressed that thyroid cell lines such as FRTL-5, which grow
continuously in a monolayer, are not normal thyrocytes, do not form thyroid follicles
and hardly synthesize thyroid hormones, and sometimes exhibit an aberrant or even
opposite response to TSH (19). Therefore, in order to investigate the physiological
effects of iodide, thyroid follicles containing abundant thyroglobulin should be used.

As we reported previously (12), TSH or TSH receptor-stimulating Graves’ IgG
stimulates the expression of VEGF-A mRNA and its receptors on endothelial cells,
causing the thyroid gland to become hypervascular, whereas iodide decreases the
expression of VEGF-A, accompanied by an increase in the expression of u-PA,
which produces angiostatin, a potent angiogenesis inhibitor, from plasminogen (20).
Therefore, it is highly likely that iodide decreases thyroidal blood flow by decreasing
and increasing the expression levels of pro- and anti-angiogenesis factors, respectively
(7). These in vitro findings at least partly account for the effect of iodide administration
prior to total or subtotal thyroidectomy in patients with Graves’ disease, which has
been used routinely and empirically by endocrine surgeons for many years to decrease
bleeding (21).

Using the present in vitro system, we have been studying the mechanism by which
iodide inhibits the release of de novo-synthesized as well as stored thyroid hormone.
If it were possible to prolong or prevent the wearing off of the acute Wolff–Chaikoff
effect, it might be feasible to develop a new strategy for treatment of patients with
severe hyperthyroidism, such as thyroid storm. Interestingly, under the present culture
conditions, iodide stimulates the levels of expression of several inflammatory or
immunoregulatory cytokines, despite minor contamination with only a few immuno-
competent cells (4). Our present microarray approach will clarify the mechanism
by which iodide aggravates autoimmune thyroiditis in patients with Hashimoto’s
disease.

Since amiodarone, a potent antiarrhythmic agent that contains 37% iodine, is used in
Japan, the incidence of amiodarone-induced thyrotoxicosis type II (AIT-II) is steadily
increasing (22). Usually, patients who are taking a maintenance dose are euthyroid,
due to escape from the acute Wolff–Chaikoff effect. The present microarray analysis
revealed that the expression level of NIS was decreased to less than 1/2, as demonstrated
by Eng et al. in rats fed a large amount of iodine in drinking water (23). In addition,
a number of genes (phospholipases, metallothioneins) were up- or downregulated,
suggesting that an imbalance between lipid peroxidation and its protective system
may be involved in the development of AIT-II. In comparison with amiodarone,
methimazole hardly affected the expression of genes in thyroid follicles, suggesting
that it is far less cytotoxic to thyrocytes, although an idiosyncratic adverse reaction
(i.e., agranulocytosis) may develop in a very small proportion of Graves’ patients.

Very recently, Harii et al.(24) reported that toll-like receptor 3 is expressed in
FRTL-5 thyroid-like cells, and that when the cells were treated with double-stranded
RNA [polyinosinic-polycytidylic acid, Poly(I:C)], they showed an increase of IFN-�
mRNA. We confirmed these findings and found that treatment of thyroid follicles with
Poly(I:C) strongly inhibited thyroid function (25). Such studies may provide clues to
the pathophysiological mechanism by which viral infection may be involved in the
development of autoimmune thyroiditis.
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CONCLUSION

Microarray is an extremely powerful method for elucidating the mechanism of
hormone actions in endocrine organs. To obtain physiologically relevant data, however,
experiments should be performed using a culture system composed of purified
endocrine tissues or cells, which respond to stimulators or inhibitors with high sensi-
tivity. Using human thyroid follicles in suspension culture, we have demonstrated
that TSH and iodide respectively increase or decrease the levels of angiogenesis
factors, particularly VEGF-A. Our microarray studies will clarify the pathophysio-
logical mechanism of iodide- or virus-induced thyroid dysfunction, since the microarray
can analyze all of the genes expressed in human thyroid follicles in a single run.
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Abstract

Transcriptome profiling offers a potentially valuable approach to the identification of candidate genes
and pathways that contribute to complex diseases. Here we describe the application of microarray analysis
of human theca cells and ovaries to the understanding of the pathophysiology of polycystic ovary syndrome
(PCOS), a complex reproductive endocrine and metabolic disorder, and the investigation of selected
candidate genes derived from these analyses with respect to association and linkage to PCOS.

Key Words: Polycystic ovary syndrome, theca cells, steroidogenesis, follicle, ovary

INTRODUCTION

The clinical phenotype of polycystic ovary syndrome (PCOS) was first elucidated by
Stein and Leventhal in 1935 who described an association between polycystic ovaries,
amenorrhea, hirsutism, and obesity (1). It is estimated that 5–10% of reproductive
aged women exhibit the symptoms of PCOS, which include those related to increased
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circulating androgen levels, anovulatory infertility, and frequently, insulin resistance
and hyperinsulinemia (2–5).

Although increased adrenal steroidogenesis contributes to increased androgen levels
in a subset of PCOS women (25–60%) (6, 7), the ovary is the primary source of
increased circulating androgens (2,3,8). In the normal ovary, androgens are synthesized
from cholesterol in the theca cells. Studies using freshly isolated theca cells or theca
cells maintained in long-term culture demonstrate that PCOS theca cells produce
more progesterone (P4), 17�-hydroxyprogesterone, dehydroepiandrosterone (DHEA),
androstenedione (�4A), and testosterone than normal theca cells (9,10). Increased theca
cell steroidogenesis in PCOS has been correlated to increased expression and/or activity
of certain steroidogenic enzymes. Specifically, the mRNA levels of P450 side chain
cleavage (CYP11A1) and P450 17�-hydroxylase, 17/20 lyase (CYP17) are elevated in
PCOS as compared to normal theca cells, while steroidogenic acute regulatory protein
(StAR), type V 17�-hydroxysteroid dehydrogenase (HSD), 3�-HSD, and 20�-HSD
mRNA levels are not different between normal and PCOS theca cells (10,11) (Table 1).

In addition to increased ovarian steroidogenesis, arrested follicle development, which
results in the clinical phenotype of anovulatory infertility, is a central feature of
PCOS (2, 3, 12). In the normal ovary, follicular growth is driven by processes of
recruitment and selection which results in an increase in oocyte size, the proliferation
of the granulosa cells, the development of the theca cell layer, the formation of a
fluid-filled antrum, and the selection of a dominant follicle for ovulation (13, 14).
The recruitment of a follicle from the resting primordial pool to an actively growing
follicle is initially regulated by paracrine growth factors, while selection of a dominant
follicle is primarily dependent on stimulation by follicle stimulating hormone (FSH)
and luetinizing hormone (LH) (14–18). In PCOS, the maturation of the follicle arrests
at the small antral stage (5–10 mm) with a lack of selection of a dominant follicle (19).
Measurements of gonadotropin levels in PCOS women demonstrate that the levels
of luetinizing hormone (LH) are increased (20–22). Thus, the increased secretion of
LH and the increased LH/FSH ratio may impact the selection of a dominant follicle
and ultimately impair folliculogenesis in PCOS. Likewise, altered levels of several
growth factors including growth differentiation factor-9, leukemia inhibitory factor,
anti-Müllerian hormone, and/or inhibin may contribute to the phenotype of arrested
folliculogenesis in PCOS (23–29). However, the specific molecular mechanism for
arrested follicle development in PCOS remains unclear. Stromal hypertrophy is another

Table 1
Stable Steroidogenic Profile of PCOS Theca Cells

Biochemical phenotype Molecular phenotype

Progesterone
synthesis—increased

StAR mRNA and StAR promoter activity—no difference
CYP11A1 mRNA—increased
3�HSD activity—increased

17OH-progesterone and
testosterone
synthesis—increased

CYP17 mRNA, CYP17 promoter activity, and CYP17
enzymatic activity—increased
17�HSD mRNA—no difference
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characteristic feature of the PCOS ovary, which may result from high local androgen
levels. It is not yet known whether the dense stroma contributes to the pathophysiology
of follicular growth arrest of whether it is an unrelated phenomenon.

Women with PCOS are also prone to defects in insulin dynamics as a result of
insulin resistance (3, 8, 30, 31). In addition, circulating insulin levels are increased
as a result of increased pancreatic insulin secretion and decreased hepatic insulin
clearance (8, 30). One of the consequences of hyperinsulinemia is reduced hepatic
sex hormone binding globulin production, which increases the free testosterone levels,
exacerbating the reproductive disturbance. While there is no change in insulin receptor
(IR) abundance or binding affinity, studies by Dunaif et al. demonstrate that there is
a defect in IR-dependent signal transduction (32–34). Approximately 50% of PCOS
women exhibit basal autophosphorylation of the IR which subsequently inhibits trans-
mission of the insulin signal (32). Inhibition of downstream signaling events including
impaired insulin receptor substrate-1 phosphorylation and inhibition of phosphatidyli-
nositol 3-kinase (PI3K) activation represent alternative mechanisms for decreased
insulin signaling in PCOS muscle and fibroblasts (30,33,34). These insulin-signaling
defects in PCOS women are confounded by an increased incidence of obesity. Likewise,
insulin resistance, associated abnormalities in glucose metabolism, and obesity lead to
an increased risk for type 2 diabetes, altered lipid profiles, and cardiovascular disease
(3, 4, 35). Collectively, these studies demonstrate that PCOS is a complex endocrine
disease that impacts both the reproductive and metabolic health of affected women.

Epidemiological studies of PCOS in the 1970s and 1980s indicate that the syndrome
aggregates in families and suggest that there is a genetic basis to PCOS [(8) and
references therein]. In 1998, Legro et al. carried out a comprehensive familial study
which demonstrated that sisters of PCOS women have a threefold greater risk of being
hyperandrogenemic compared with control women (36). Likewise, Kahsar-Miller et al.
demonstrated an approximately fivefold increase in the incidence of PCOS among first-
degree female relatives of affected patients compared to the general population (37).
Given the heterogeneity of the syndrome, it is likely that PCOS is an oligogenic
trait, although mutation of a single gene cannot be ruled out. While numerous genes
associated with steroid synthesis and insulin signaling have been examined for genetic
variation (Table 2), the genetic etiology of PCOS remains unclear (38–40).

In the pregenomic era, biochemical studies and candidate gene approaches were
utilized to gain a better understanding of the pathophysiology and genetics of PCOS
and focused primarily on known genes which directly affect androgen synthesis and
insulin sensitivity. In the postgenomic era, investigators have been and will be able to
take advantage of unbiased approaches including gene expression profiling and genome
wide scans to identify novel genes which may contribute to the phenotype and/or
genotype of PCOS. In particular, microarray analysis has proven to be a valuable tool
to (a) define the underlying molecular mechanisms of increased androgen synthesis
and altered insulin signaling in PCOS and (b) identify new candidate genes which may
contribute to the genetic etiology of the syndrome.



222 Genomics in Endocrinology

Table 2
Genes Evaluated for Association with PCOS

Gene name (symbol) Results Reference(s)

Luetinizing hormone � subunit (LHB) Variation but no causal link (38,39)
Luetinizing hormone receptor (LHCGR) No association (38)
Follistatin (FST) No clear association or linkage (38,39)
Dopamine receptor (DRD3) Polymorphism but not association (39)
Gonadotropin releasing hormone
receptor (GNRHR)

No association (39)

P450 side chain cleavage (CYP11A1) Weak linkage; remains a plausible
candidate

(38,39)

P450 17� hydroxylase, 17–20 lyase
(CYP17)

No linkage or association (38,39))

P450 aromatase (CYP19) No association (38,39)
17�-hydroxysteroid dehydrogenase type
3 (HSD17B3)

Polymorphism but no association (39)

Androgen receptor (AR) No association (39)
Sex hormone binding globulin (SHBG) VNTR polymorphism; remains a

plausible candidate
(39)

Steroidogenic factor-1 (SF-1) No association (39)
Steroidogenic acute regulatory protein
(StAR)

No association (39)

Dosage-sensitive sex reversal-adrenal
hypoplasia (DAX-1)

No association (39)

Insulin (INS) VNTR polymorphism; conflicting
results regarding association

(38–40)

Insulin receptor (INSR) No association but strong
association for locus (D19S884)
near INSR

(38–40)

Insulin receptor substrate-1 (IRS1) Variants but no clear association (39,40)
Insulin receptor substrate-2 (IRS2) Variants but no clear association (39,40)
Insulin-like growth factor 1 (IGF1) No association (40)
Insulin-like growth factor 2 (IGF2) Associated variant in Spanish

population
(40)

Calpain 10 (CAPN10) Conflicting results; may exhibit
ethnicity-specific association

(39,40)

Peroxisome proliferators-activated
receptor-� (PPARG)

Polymorphism but no association (40)

Sorbin and SH3 domain-containing 1
(SORBS1)

Polymorphism but no association (40)

Paraoxonase-1 (PON1) Associated polymorphism in
Spanish population

(40)

Leptin (LEP) No association (39,40)
Leptin receptor (LEPR) No association (39,40)
Glycogen synthase-2 (GYS2) No association (40)
Resistin (RETN) No association (40)
Adiponectin (APM1) No association (40)
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MICROARRAY ANALYSIS OF NORMAL AND PCOS THECA CELLS
AND WHOLE OVARIES

Candidate gene approaches have been successfully used to delineate correlations
between increased androgen biosynthesis and steroidogenic enzyme gene expression
and identify proteins that exhibit impaired function with regards to insulin signaling
in PCOS (10, 11, 23–25, 27, 28, 32–34, 41–44). However, this experimental approach
is hampered by a limited knowledge of the genes controlling androgen synthesis and
insulin-mediated signal transduction. Furthermore, androgen synthesis and impaired
insulin signaling are phenotypic endpoints of PCOS, making it difficult to anticipate
which upstream gene networks and signaling pathways participate in the manifestation
of these PCOS phenotypes. The completion of the human genome project and the
advent of microarray chip technology have provided investigators with an unbiased
approach to define the gene networks and signaling pathways that contribute to the
pathophysiology of PCOS and to identify new candidate genes which may be involved
in the genetic etiology of this syndrome.

Gene Expression Profile of PCOS Ovaries and Isolated Theca Cells
Since excess ovarian androgen production is the hallmark characteristic of PCOS

and is likely an intrinsic ovarian defect, ovarian tissue including whole ovary and
isolated theca cells have been analyzed using microarray genechips (45–49). The gene
expression profile of individual normal and PCOS theca cell cultures were defined using
the Affymetrix GeneChip platform (46). Hierarchical cluster and principal component
analysis of the theca cell microarray data demonstrate that the normal and PCOS
theca cells have distinct transcriptomes (Fig. 1). The initial statistical analysis of
the theca cell microarray data identified approximately 350 genes with a significant
increase or decrease in mRNA abundance in PCOS theca cells (46). Similar results
were obtained by Jansen et al. when RNA from normal and PCOS whole ovary
were hybridized on Affymetrix chips (47). Specifically, normal and PCOS ovaries
exhibit distinct gene expression profiles which can be distinguished using principal
component analysis. Furthermore, this array analysis identified 230 genes which have
altered mRNA abundance in the PCOS compared to the normal ovary. Likewise,
Diao et al. and Oksjoki et al. identified 290 and 44 genes, respectively, which are
differentially expressed in the PCOS as compared to normal ovary using cDNA array
platforms (48,49). When the genes which exhibit altered mRNA abundance in the four
independent studies were compared, there were very few genes which were identified
as differentially expressed in more than one study. These incongruent results are likely
a reflection of the use of different tissue types (i.e., theca cells versus whole ovary),
small sample sizes, and differences in microarray platforms and experimental design
and demonstrate that care needs to be taken when interpreting these microarray results.
However, these complementary studies do demonstrate that PCOS theca cells and
whole ovarian tissues exhibit a unique molecular fingerprint and suggest that there is a
genetic alteration or stable epigenetic imprint intrinsic to the ovary, which is important
for manifestation of the ovarian PCOS phenotypes.
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Fig. 1. Gene expression profiling shows that PCOS and normal theca cells have distinct transcrip-
tomes. (A) The gene expression profiles for the four independent normal theca cell samples (N1,
N2, N3, and N4) and the five independent PCOS theca cell samples (P1, P2, P3, P4, and P5)
were compared using hierarchical clustering. This analysis demonstrates tight association between
samples within each experimental group. (B) The gene expression data for samples N1, N2, N3, N4,
P1, P2, P3, P4, and P5 was subjected to principal component analysis and graphed accordingly. This
analysis also demonstrates tight association between the samples within each experimental group.

Validation of Microarray Analyses
The ability of microarray analyses to reliably predict genes with altered mRNA

abundance in PCOS is highly dependent on several factors including experimental
design, array controls, normalization parameters, and statistical analysis (50–53). Thus,
to determine the validity of the theca cell analysis described above, several control
experiments have been carried out. The independent methodology of quantitative,
RT-PCR (QPCR) which is commonly used to validate microarray experiments was
employed. When the PCOS-to-normal ratio of mRNA abundance for individual genes
was determined by QPCR or microarray analysis, significant correlations between
the two methodologies were seen (46). In addition to the QPCR validation, several
other control experiments including multiple statistical analyses and multiple theca
cell culture replicates were carried out. Since there is no consensus approach to
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Fig. 2. Multiple analysis tools define 114 transcripts with increased or decreased mRNA abundance
in PCOS compared to normal theca cells. (A) The microarray data obtained from the four normal
and five PCOS theca cell samples was filtered for statistical significance using either NIA Array
Analysis (left circle) or GeneSpring (right circle). Each analysis identified approximately 2400
transcripts with altered mRNA abundance in PCOS compared to normal theca cells. Of these 2400
transcripts, 1840 were identified by both statistical analyses (intersection of two circles). (B) The
gene expression profiles of the PCOS theca cells were compared to the gene expression profiles of
sibling cultures of normal theca cells which were independently cultured and hybridized (NL-Culture
1 versus NL-Culture 2). There were 547 transcripts differentially expressed in PCOS compared
to NL-Culture 1 theca cells (right circle) and 2377 transcripts with altered mRNA abundance in
PCOS compared to NL-Culture 2 theca cells (left circle). One hundred and twenty-eight transcripts
showed altered mRNA abundance in PCOS theca cells regardless of the specific culture of normal
theca cells (intersection of two circles). (C) When the theca cell microarray data were filtered for
significance based on both the method of statistical analysis and multiple culture comparisons, there
were 114 transcripts which consistently exhibit increased or decreased mRNA abundance in PCOS
compared to normal theca cells. For each transcript the mean log fluorescence intensity in the normal
theca cells (x-axis) was plotted against the mean fluorescence log intensity in the PCOS theca cells
(y-axis). The line denotes a 1:1 ratio of fluorescence intensity.
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statistical analysis of microarray data (50), two different statistical approaches were
used to identify transcripts with altered mRNA abundance in PCOS theca cells. First,
parametric, one-way anova which was corrected using the cross-gene error model was
carried out using the GeneSpring software package (Agilent Technologies, Santa Clara,
CA, USA). The data were also subjected to one-way anova with variance averaging
using software from the National Institutes of Aging Array Analysis (54). Each statis-
tical analysis identified approximately 2400 transcripts with a significant difference
(P < 0.05) in mRNA abundance between normal and PCOS theca cells and 1840
transcripts which were identified as differentially expressed by both analyses (Fig. 2A).
Since the theca cells were maintained in long-term cultures, differences due to culture
conditions were also determined. To this end, replicate gene expression profiles of the
normal theca cell samples which were obtained from sibling cultures (i.e., two different
cell stocks derived from theca collected from the same follicles but cultured at different
times) were independently compared to the gene expression profile of the PCOS theca
cells. Only 128 transcripts exhibited altered mRNA abundance in both comparisons
(Fig. 2B). When the theca cell microarray data were filtered for significance based on
both the method of statistical analysis and multiple culture comparisons, there were
114 transcripts which consistently exhibit increased or decreased mRNA abundance in
PCOS compared to normal theca cells (Fig. 2C, Table 3). QPCR experiments confirm
that 10 of these 114 transcripts have a statistically significant difference in mRNA
abundance in PCOS compared to normal theca cells (45, 46) and indicate that gene
expression profiling of cultured theca cells accurately predicts genes differentially
expressed in PCOS theca cells.

Table 3
Genes with Significantly Increased or Decreased mRNA Abundance in PCOS Theca Cells

Accession
number

Gene Symbol Affymetrix
number

PCOS
:NL ratio

P(NIA) P(GS) FDR Chr

NM_001613 ACTA2 200974_at 0.556 0.00316 0.0324 0.08409 10q23.31
NM_001615 ACTG2 202274_at 0.457 0.00175 0.0194 0.06024 2p13.1
NM_017825 ADPRHL2 223097_at 0.561 0.0034 0.032 0.08817 1p34.3
NM_000693 ALDH1A3 203180_at 1.556 0.0376 0.0173 0.29876 15q26.3
NM_006305 ANP32A 201043_s_at 3.746 0.01282 0.036 0.18642 15q23
NM_001642 APLP2 208702_x_at 0.598 0.00935 0.0368 0.1552 11q24.3
NM_004925 AQP3 39248_at 2.521 0.00237 0.00115 0.05676 9p13.3
NM_015161 ARL6IP 211935_at 1.961 0.00328 0.0328 0.0335 6p12.3
NM_133436 ASNS 205047_s_at 0.200 0.00037 0.00948 0.02389 7q21.3
NM_004776 B4GALT5 221485_at 1.740 0.00482 0.00358 0.10847 20q13.13
NM_018476 BEX1 218332_at 1.539 0.03104 0.0161 0.27509 Xq22.1
NM_004335 BST2 201641_at 4.742 0.0282 0.00669 0.26321 19p13.11
NM_020644 C11orf15 222507_at 0.539 0.00139 0.0267 0.05161 11p15.4
NM_153211 C18orf17 238480_at 1.771 0.00498 0.00733 0.11083 18q11.2
NM_052966 C1orf24 217967_at 0.238 0.00005 0.00619 0.00638 1q25.3
NM_152371 C1orf93 231835_at 0.568 0.00519 0.0385 0.11359 1p36.32
AB047784 C21orf25 212875_s_at 1.683 0.01103 0.00407 0.16992 21q22.3
NM_014165 C6orf66 219006_at 1.813 0.01354 0.00047 0.19071 6q16.1
NM_032310 C9orf89 223398_at 0.583 0.00527 0.0466 0.11436 9q22.31
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NM_001226 CASP6 209790_s_at 2.375 0.00009 0.00012 0.009 4q25

NM_001797 CDH11
236179_at 2.399 0.00264 0.00841 0.07578

16q21
207172_s_at 1.699 0.03196 0.0381 0.27782

NM_024111 CHAC1 219270_at 0.370 0.0006 0.0115 0.03206 15q15.1
NM_018413 CHST11 226372_at 1.818 0.01697 0.0136 0.21307 12q23.3
NM_001827 CKS2 204170_s_at 3.502 0 0.000008 0.00001 9q22.2
NM_001866 COX7B 202110_at 2.302 0.00002 0.00236 0.00399 Xq21.1

NM_148923 CYB5
207843_x_at 2.049 0.00061 0.00087 0.0322

18q22.3
215726_s_at 1.528 0.03153 0.0349 0.27616

NM_133506 DCN 211813_x_at 2.480 0 0.00036 0.00098 12q21.33
NM_016041 DERL2 218333_at 1.694 0.01172 0.0092 0.17735 17p13.2
NM_004675 DIRAS3 215506_s_at 2.333 0.04528 0.0455 0.32857 1p31.2
NM_015621 DKFZP434C171 212886_at 3.316 0.01603 0.00469 0.20661 5q33.1
NM_003315 DNAJC7 202416_at 1.833 0.00283 0.00122 0.07841 17q21.1
NM_004247 EFTUD2 222398_s_at 0.607 0.00639 0.0365 0.12627 17q21.31
NM_001431 EPB41L2 201719_s_at 2.534 0.00001 0.00006 0.00262 6q23.1
NM_004450 ERH 200043_at 2.050 0.00029 0.00014 0.01969 14q24.1
CR592254 EST 225155_at 2.494 0.03829 0.0239 0.30168 6q14.3

EST 235964_x_at 2.467 0.01304 0.00462 0.18783 20q11.23
235529_x_at 2.704 0.01196 0.00408 0.17914
EST 229885_at 1.728 0.01474 0.0198 0.19874 11q13.5
EST 240165_at 1.933 0.02213 0.0456 0.24098 12q21.33

NM_004114 FGF13 205110_s_at 3.367 0.00052 0.00257 0.0293 Xq26.3
NM_001456 FLNA 200859_x_at 0.478 0.00001 0.00824 0.00256 Xq28

214752_x_at 0.554 0.00113 0.0131 0.04532
213746_s_at 0.455 0.00002 0.00584 0.00306

NM_013281 FLRT3 219250_s_at 2.062 0.01757 0.00875 0.21691 20p12.1
NM_005254 GABPB2 205510_s_at 2.539 0.00183 0.00446 0.06144 15q21.2
NM_005257 GATA6 210002_at 2.492 0.00008 0.00409 0.00847 18q11.2
NM_005458 GPR51 209990_s_at 0.484 0.01199 0.0338 0.17914 9q22.33
NM_001001555GRB10 210999_s_at 0.503 0.00168 0.0175 0.05854 7p12.2

NM_032999 GTF2I
210891_s_at 1.726 0.00546 0.00095 0.11707

7q11.23
201065_s_at 1.521 0.02999 0.00461 0.2706

NM_000858 GUK1 200075_s_at 0.573 0.00068 0.0277 0.03415 1q42.13
NM_017445 H2BFS 208579_x_at 1.905 0.01232 0.00823 0.18143 21q22.3
NM_031372 HNRPDL 209067_s_at 1.551 0.02442 0.0228 0.24935 4q21.22
NM_003725 HSD17B6 37512_at 2.629 0.00083 0.00425 0.06434 12q13.3
NM_000204 IF 203854_at 2.799 0.01364 0.00667 0.19084 4q25
NM_000877 IL1R1 202948_at 1.754 0.03368 0.0165 0.28273 2q11.2
NM_005537 ING1 208415_x_at 1.618 0.03032 0.0133 0.2721 13q34
NM_000426 LAMA2 216840_s_at 2.367 0.01393 0.015 0.19331 6q22.33
NM_012134 LMOD1 203766_s_at 0.297 0.01908 0.0293 0.22375 1q32.1
NM_138781 LOC113386 242140_at 0.563 0.00582 0..0396 0.12073 19q13.43
BC036544 LOC284801 225767_at 0.321 0.00534 0.0203 0.11539 20p11.1
NM_001002919LOC285016 238018_at 2.241 0.00792 0.0153 0.14124 2p25.3
NM_020169 LXN 218729_at 3.488 0.00157 0.000793 0.05635 3q25.32
NM_032272 MAF1 222998_at 0.473 0.0006 0.0138 0.03201 8q24.3
NM_052897 MBD6 227833_s_at 0.4512 0.00008 0.0147 0.00886 12q13.3
NM_005466 MED6 207079_s_at 1.918 0.00912 0.0188 0.1533 14q24.2
NM_053045 MGC14327 225052_at 0.608 0.01218 0.0477 0.18051 9q34.3

(Continued)
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Table 3
(Continued)

Accession
number

Gene Symbol Affymetrix
number

PCOS
:NL ratio

P(NIA) P(GS) FDR Chr

NM_207350 MGC72104 242331_x_at 4.457 0.00353 0.0494 0.08989 20q11.1
NM_007283 MGLL 211026_s_at 0.429 0.00005 0.00448 0.00601 3q21.3
NM_145255 MRPL10 224671_at 0.550 0.01872 0.0476 0.22188 17q21.32
NM_016491 MRPL37 222993_at 0.559 0.00317 0.0306 0.08435 1p32.3
NM_005955 MTF1 205323_s_at 0.654 0.04998 0.0359 0.34424 1p34.3
NM_033375 MYO1C 32811_at 0.529 0.00104 0.017 0.23663 17p13.3
NM_023018 NADK 208918_s_at 0.582 0.00702 0.0256 0.1327 1p36.33
NM_006993 NPM3 205129_at 1.801 0.02726 0.0114 0.26004 10q24.32

NM_000919 PAM
202336_s_at 1.695 0.00882 0.00874 0.15084

15q21.1
214620_x_at 1.792 0.02037 0.0119 0.23224

NM_002720 PPP4C 208932_at 0.447 0.00034 0.0147 0.0223 16p11.2
NM_002794 PSMB2 201404_x_at 0.434 0.00027 0.0102 0.0189 1p34.3
BC065228 PSPH 205048_s_at 0.267 0.00711 0.0166 0.13295 7p11.2
NM_031934 RAB34 224710_at 0.515 0.00506 0.0304 0.1119 17q11.2
NM_002882 RANBP1 202483_s_at 1.531 0.02616 0.0395 0.25492 22q11.21
NM_007023 RAPGEF4 205651_x_at 4.369 0.00085 0.00127 0.03858 2q31.1

NM_206963 RARRES1
221872_at 4.141 0.00003 0.00005 0.00408

3q25.32
206392_s_at 5.054 0.04175 0.0165 0.31535

NM_002947 RPA3 209507_at 1.541 0.03589 0.00207 0.2919 7p21.3
NM_153225 RPESP 214725_at 2.703 0.01669 0.0359 0.21062 8q13.3
NM_005870 SAP18 208740_at 2.245 0.00122 0.00671 0.04771 13q12.11
NM_016275 SELT 217811_at 2.077 0.00038 0.00242 0.02407 3q25.1
NM_000062 SERPING1 200986_at 2.705 0.00462 0.00493 0.10673 11q12.1
NM_003038 SLC1A4 212810_s_at 0.418 0.00017 0.0104 0.01374 2p14
NM_005628 SLC1A5 208916_at 0.389 0.00128 0.0149 0.04944 19q13.32
NM_017836 SLC41A3 224931_at 0.593 0.00769 0.0324 0.13973 3q21.2
NM_005775 SORBS3 207788_s_at 0.353 0 0.00612 0.00086 8p21.3
NM_002959 SORT1 212807_s_at 0.566 0.00782 0.0341 0.1401 1p13.3
NM_006939 SOS2 211665_s_at 0.461 0.01972 0.0453 0.22775 14q21.3
NM_003128 SPTBN1 226765_at 1.643 0.01732 0.0278 0.21503 2p16.2
NM_006937 SUMO2 208738_x_at 1.777 0.00326 0.00097 0.08579 17q25.1

NM_014220 TM4SF1
209386_at 2.481 0.00023 0.00325 0.01682

3q25.1209387_s_at 2.253 0.02634 0.0355 0.25586
215034_s_at 2.331 0.00118 0.00172 0.04645

NM_023003 TM6SF1 219892_at 0.380 0.00004 0.00977 0.00579 15q25.2
NM_014255 TMEM4 202857_at 1.564 0.02124 0.0253 0.2369 12q13.3
NM_014452 TNFRSF21 218856_at 2.494 0.00244 0.0141 0.07293 6p12.3
NM_021158 TRIB3 218145_at 0.279 0.00001 0.00534 0.00228 20p13
NM_004616 TSPAN8 203824_at 7.248 0 0.000004 0 12q15
NM_022717 U1SNRNPBP 205300_s_at 4.804 0.00019 0.00689 0.01505 12q24.31
NM_058167 UBE2J2 225209_s_at 0.496 0.00054 0.0183 0.03018 1p36.33
NM_198536 UNQ501 225003_at 1.681 0.0081 0.0074 0.14257 19p13.2
NM_016089 ZNF589 210062_s_at 0.347 0.00114 0.0177 0.0454 3p21.31
NM_003461 ZYX 215706_x_at 0.418 0.00002 0.00874 0.00326 7q34

National Institute of Aging Array Analysis (NIA); GeneSpring (GS); False Discovery Rate (FDR);
Chromosome locus (Chr)
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GENES POTENTIALLY CONTRIBUTING TO THE OVARIAN
PHENOTYPES OF PCOS

GATA6
Transcriptional regulation of StAR, CYP11A1, CYP17, and 3�HSD by LH, insulin,

and other growth factors is essential for temporal regulation of steroid synthesis in
the ovary (42, 55–59). Recent reports indicate that GATA6, which is expressed in
the gonads and adrenal cortex, also regulates the expression of steroidogenic genes
(60,61). Specifically, GATA6 stimulates the promoter activities of the StAR, CYP11A1,
CYP17, and the steroid sulfotransferase 2A1 genes (Table 4) (46,62–64). Interestingly,
microarray analysis shows that GATA6 mRNA abundance is increased in PCOS
compared to normal theca cells (46). QPCR analysis demonstrates that both total mRNA
and nascent transcript levels of GATA6 are increased in PCOS theca cells (Fig. 3) (65),
and suggests that GATA6 gene transcription is increased in the PCOS as compared to
normal theca cells. Western blot analysis also confirms that GATA6 protein levels are
increased in the PCOS compared to normal theca cells (Table 4) (46). Taken together,
the microarray data and functional assays indicate that increased GATA6 expression
can stimulate the expression of steroidogenic enzymes involved in androgen synthesis
and contribute to the hyperandrogenic phenotype of PCOS.

Genes Involved in Retinoic Acid Metabolism
While the identification of single genes with altered expression in PCOS theca

cells can point to possible molecular mechanisms which contribute to the ovarian
phenotypes of PCOS, the true power of microarray analysis is the identification of
new signaling pathways which upon altered expression may contribute to the manifes-
tation of increased ovarian androgen synthesis and/or arrested follicle development.

Fig. 3. Microarray analysis and QPCR demonstrate that GATA6 mRNA levels are increased in
PCOS theca cells. Left panel: The mean log intensity of GATA6 in PCOS theca cell compared to
the mean log intensity of GATA6 in normal theca cells is circled. Right panel: QPCR was carried
out using cDNA from normal (n = 4; open bars) and PCOS (n = 4; closed bars) theca cells and
gene-specific primers for GATA6. The mean ± S.E.M. normalized relative abundance for GATA6
was plotted and statistically significant differences in mRNA abundance between normal and PCOS
theca cells was determined by Student’s t -test (*, P-value < 0.05).
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Table 4
GATA6 Action in Normal and PCOS Theca Cells

Functional Assay Result Reference(s)

Western blot Increased levels of both the 52 kD and 64 kD
GATA6 protein isoforms

(46)

Promoter activity CYP17, CYP11A1, 3�HSD2, and StAR promoter
activity is increased by both GATA6 protein
isoforms in transiently transfected HeLa cells

(46,65)

Genetic studies
No association between PCOS and three previously
described SNPs

(65)

No sequence variation in the GATA6 promoter, 5′

UTR, or 3′ UTR associated with PCOS

On further analysis of the theca cell microarray data, 3-hydroxysteroid epimerase
(HSD17B6, RoDH2) and aldehyde dehydrogenase 1A3 (ALDH1A3, ALDH6) which
together regulate the conversion of vitamin A (retinol) to all-trans retinoic acid (atRA)
(66–69) exhibit increased mRNA abundance in PCOS theca cells (Fig. 4) (46). PCOS
theca cells also show increased levels of an atRA-responsive gene, retinoic acid receptor
responder 1 (RARRES1) (Fig. 4), and an enzymatic assay demonstrates increased
conversion of retinol to retinaldehyde in the presence of PCOS compared to normal
theca cell protein extract (Table 5) (46).

Fig. 4. Microarray analysis and QPCR demonstrate that genes involved in retinoic acid metabolism
and action are differentially expressed in PCOS theca cells. Left panel: The mean log intensity of
ALDH1A3, RARRES1, and HSD17B6 in PCOS compared to normal theca cells are indicated by
circles. Right panel: QPCR was carried out using cDNA from normal (n = 4; open bars) and PCOS
(n = 4; closed bars) theca cells and gene-specific primers for ALDH1A3, RARRES1, and HSD17B6.
The mean ± S.E.M. normalized relative abundance for each target was plotted and statistically
significant differences in mRNA abundance between normal and PCOS theca cells was determined
by Student’s t -test (*, P-value < 0.05).
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In the adult testis, atRA regulates Leydig cell testosterone secretion and CYP17 gene
expression (70). Likewise, in the ovarian granulosa cell, atRA inhibits FSH-dependent
FSH- and LH-receptor expression (71,72). These studies suggest that atRA may play
a role in increased steroid synthesis and arrested folliculogenesis in PCOS. Indeed,
functional studies by Wickenheisser et al. confirm that retinoids including atRA regulate
androgen biosynthesis and steroidogenic enzyme expression in normal and PCOS theca
cells and likely contribute to the excessive theca-derived androgen production in PCOS
(Table 5) (73). Given that atRA also regulates cellular proliferation and differentiation
(74), it will be important to define the role of atRA in the process of folliculogenesis and
determine if the increased atRA synthesis detected in the PCOS theca cell contributes
in some way to the PCOS phenotype of arrested follicle development.

Genes Controlling PI3K/Akt Activity
Insulin acts to promote glucose uptake in muscle and fat. However, in the normal

and PCOS ovary, insulin, acting as a co-gonadotropin, induces the expression of StAR,

Table 5
Retinoic Acid Action in Normal and PCOS Theca Cells

Functional assay Result Reference(s)

Vitamin A metabolism Increased retinaldehyde production in PCOS
theca cells

(46)

Sex steroid
synthesis

Progesterone, 17�-hydroxyprogesterone,
DHEA, and testosterone synthesis is increased
by atRA in both normal and PCOS theca cells

(46,73)

DHEA and testosterone synthesis is increased
by vitamin A and 9-cisRA in PCOS but not
normal theca cells

Steroiodgenic
enzyme
mRNA
abundance

CYP17 mRNA levels are increased by atRA
and 9-cisRA in normal and PCOS theca cells
and by vitamin A in PCOS but not normal
theca cells

(46,73)

CYP11A1 mRNA levels are increased by
atRA and 9-cisRA in normal but not PCOS
theca cells
StAR mRNA levels are increased by atRA
and 9-cisRA in normal and PCOS theca cells

Promoter
activity

CYP17 promoter activity is increased by atRA
and 9-cisRA in normal and PCOS theca cells
and by vitamin A in PCOS but not normal
theca cells

(73)

CYP11A1 promoter activity is increased by
atRA and 9-cisRA in normal but not PCOS
theca cells
StAR promoter activity is increased by atRA
and 9-cisRA in normal and PCOS theca cells
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Fig. 5. Microarray analysis and QPCR demonstrate that genes involved in IP3K/Akt signaling are
differentially expressed in PCOS theca cells. Left panel: The mean log intensity of TRIB3 and
RAPGEF4 in PCOS compared to normal theca cells are indicated by circles. Right panel: QPCR
was carried out using cDNA from normal (n = 4; open bars) and PCOS (n = 4; closed bars) theca
cells and gene-specific primers for TRIB3 and RAPGEF4. The mean ± S.E.M. normalized relative
abundance for each target was plotted and statistically significant differences in mRNA abundance
between normal and PCOS theca cells was determined by Student’s t -test (*, P-value < 0.05).

CYP11A1, and CYP17 and the production of ovarian steroids (43,57,58). Given that
PCOS women have higher circulating insulin levels compared to normal controls (30),
it has been suggested that this increased insulin promotes increased ovarian androgen
synthesis. Indeed, several studies have demonstrated that PCOS women treated with
insulin-sensitizing drugs, including troglitazones and metformin, exhibit a reversal of
ovarian phenotypes (4). Insulin-stimulated steroidogenesis is mediated through the
PI3K/Akt pathway (75,76). Interestingly, tribbles homolog 3 (TRIB3) which binds to
Akt/PKB and directly inhibits the transmission of the Akt/PKB signal (77) exhibits
decreased mRNA abundance in PCOS theca cells. Conversely, the RAP guanine-
nucleotide-exchange factor (RAPGEF4, cAMP-GEFII), which activates the small
GTPase Rap 1 and subsequently augments PI3K activity (78), has increased mRNA
abundance in PCOS theca cells. The altered expression of TRIB3 and RAPGEF4 in
PCOS theca cells has been correlated to increased, insulin-stimulated Akt phospho-
rylation in PCOS theca cells (Fig. 5) (45). These data suggest thatPCOS theca cells
have an increased sensitivity to insulin signaling, a conclusion which implies that the
insulin resistance in PCOS is organ or cell-type specific (i.e., there is a dichotomy of
insulin signaling in PCOS women).

GENOMICS AND THE IDENTIFICATION OF NEW PCOS
CANDIDATE GENES

The gene expression profiling experiments described herein demonstrate that the
PCOS theca cell and whole ovary have a unique genomic signature compared to the
normal theca cell and whole ovary. Furthermore, the functional studies demonstrate
a link between altered mRNA levels and the biochemical phenotype of increased
androgen synthesis. Current and future studies may elucidate the molecular mechanisms
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underlying PCOS and provide important information which will predict the response
to interventions and reveal new therapeutic opportunities.

As shown in Table 2, most genetic studies of PCOS have focused on genes which
directly impact androgen biosynthesis and/or glucose metabolism. Despite the long
list of candidate gene studies investigated to date, there is no consensus as to the
role of any of these loci with the possible exception of a locus on 19p13.2 (79).
The microarray data could provide a guide to other potential PCOS genes, although
there has yet to be confirmation that a polymorphism or mutation in a gene identified
through transcriptome profiling is linked and/or associated with PCOS. For example,
single nucleotide polymorphism analysis of GATA6 (65) and RAPGEF4 (unpublished
data) have been carried out. However, no genetic variants associated with PCOS in
either of these gene loci were identified. Despite these preliminary results, the mining
of the gene expression profiling data is still in progress and transcriptome profiling
has yet to be married with linkage data from genome-wide scans and metabolomics, a
multipronged approach which could refine the search for PCOS genes.
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INTRODUCTION

The prevalence of overweight and obesity in many developed countries has increased
over recent decades and represents a serious public health problem (1, 2). Over 80%
of patients with type 2 diabetes are obese and obesity is a very strong risk factor
for the development of insulin resistance, cardiovascular diseases, and some types of
cancer (3). Obesity results from an increase in food intake and a decrease in energy
expenditure leading to hyperplasia and hypertrophy of adipose tissue, fat deposits,
and changes in gene expression profiles in this tissue. Adipose tissue was considered
to be a passive tissue for storage of energy until it was clearly established that it is
able to synthesize and secrete hormones, cytokines, and many other factors, and to
express a great number of receptors (4). Thus, it is now considered as an endocrine
tissue with broad effects on body homeostasis at local, peripheral, and central levels,
and adipocytes have been shown to express more genes than initially thought (5).
Oligonucleotide or cDNA microarrays have changed the study of the pattern of gene
expression by permitting the simultaneous and global analysis of thousands of genes
in a single experiment and the evaluation of their alterations in several conditions (6).
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This technology has been widely applied to the discovery of sets of altered genes in
diseases such as aging and caloric restriction (7), cancer (8–12), hypertension (13),
and several others (14). Using both DNA and oligonucleotide microarrays, several
studies have been performed on the well-known 3T3-L1 preadipocyte cell line in order
to assess changes in gene expression profiles during adipocyte differentiation using
a differentiation culture medium. This allows definition of different gene clusters as
markers of the various stages of differentiation from preadipocytes to mature adipocytes
(15–19). The same types of studies were performed using human mesenchymal stem
cells (hMSCs) from bone marrow stroma instead of 3T3-L1 since they are also able
to differentiate into adipocytes under specific culture conditions (20–22). In parallel,
Soukas et al.(23) reported alterations in gene profiles between preadipocytes and
adipocytes prepared from white adipose tissue in rodents and conducted a comparative
analysis of adipogenesis profiles in vivo and in vitro. Human adipose tissue has not
been investigated as much as rodent adipose tissue, in part due to a limited access
to human tissues, but Urs et al. (24) for the first time presented lists of differen-
tially expressed genes in adipocytes and preadipocytes from human adipose tissue.
Beside this work, some other studies using human subcutaneous or omental white
adipose tissues have established lists of the predominantly expressed genes in these
tissues (5,25).

Therefore, DNA microarray technology constitutes a very interesting tool in identi-
fying the molecular events involved in the development of obesity and defining the
combinations of genes (known as well as unknown) that are altered (26, 27). Many
studies were performed in rodents using genetically obese ob/ob mice as a model
of extreme obesity and diabetes (28–31) or mice fed on a high-fat diet as in our
study (32), a high-energy diet (33, 34) or even cafeteria obese rats (35). The use
of knockout mice for perilipin, a protein of the lipid droplet, was also very infor-
mative in understanding the biochemical pathways involved in obesity resistance (36).
Some studies using human white subcutaneous or omental adipose tissue measured
the gene expression profiles of obese or diabetic patients in comparison with lean
patients (37–41).

ADIPOSE TISSUE: AN ACTIVE ENDOCRINE GLAND

Adipose tissue is no longer considered as a simple energy storage site for triglycerides
but rather is identified as a major production site for several endocrine factors. The first
secreted factor to be characterized was adipsin (42) and subsequently the discovery of
leptin firmly established adipose tissue as an important endocrine organ (43). Adipose
tissue is composed of adipocytes surrounded by connective tissue matrix with collagen
fibers, blood vessels with stromavascular cells and immune cells such as macrophages
(44,45). Thus, many secreted proteins are derived from the non-adipocyte fraction of
this tissue. The endocrine functions of white adipose tissue comprise various secreted
proteins that have metabolic effects on other tissues and enzymes that are involved in
the metabolism of steroid hormones. The secreted proteins belong to several families
as illustrated in Fig. 1. The main family comprises cytokines and many of which
are clearly associated with obesity and insulin resistance such as leptin, Interleukin
6 (IL6), and TNF� (46, 47). Beside this group, another important one comprises
prothrombin factors like plasminogen-activator inhibitor 1 (PAI-1), a serine protease
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Cytokines and
related
proteins
- TNFα
- IL-6
- IL-8
- TGFβ
- leptin
- resistin
- PGE2
- HGF
Complement components and
 proteins involved in
fibrinolytic
 pathway
- adiponectin/adipoQ
- adipsin (complement D)
- ASP
- PAI-1

Steroid hormones
- active glucocorticoids
- sex steroids

Other hormones or
proteins
- angiotensinogen
- resistin
- ANGPTL4
- visfatin

Peptide hormone receptors
insulin, glucagon, GH, TSH, gastrin
GLP-1, angiotensin

Nuclear hormone 
receptors
Vitamin D, glucocorticoid,
androgen, estrogen, thyroid
hormone, Progesterone

Catecholamine 
receptors
β and α  adrenergic

Cytokine 
receptors
Leptin, IL-6, TNFα

Fig. 1. Endocrine functions of white adipose tissue. One the left of the figure are listed known
proteins or hormones that are secreted by white adipose tissue and on the right the different categories
of receptors that have been characterized in this tissue indicating that the factors on the left could
exert autocrine or paracrine effects (adapted from references 44, 45, 47, 48).

inhibitor whose plasma elevation in obesity is a risk factor for type 2 diabetes and
cardiovascular disease (48), and several components of the complement pathway such
as adipsin (complement D). Several hormones or hormone precursors are also secreted
by adipose tissue, in particular active corticoids, due to the presence of the enzyme
11�-hydroxysteroid dehydrogenase type 1, which catalyzes the conversion of inactive
11�-ketoglucocorticoid into hormonally active 11�-hydroxylated metabolites. All these
factors could act through paracrine or autocrine mechanisms due to the presence of
their specific receptors in adipose tissue (Fig. 1). However, for some of them like
leptin or PAI-1, the plasma amounts are sufficient to exert their action on distant target
tissues. In addition to these known factors, many of the expressed genes in adipose
tissue need to be identified and characterized, and the link between increase or decrease
in their level of expression and obesity has to be established.

APPLICATION OF MICROARRAY TECHNOLOGY TO ADIPOGENESIS

The 3T3-L1 Cell Line Model
The murine 3T3-L1 cell line from whole mouse embryos has been extensively used

in in vitro studies of adipocyte differentiation (49,50). Upon reaching confluence, these
cells are in growth arrest but are able to differentiate into adipocytes by exposure to a
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culture medium containing insulin, dexamethasone, 3-isobutyl-1-methylxanthine in the
presence of fetal calf serum (MDI). Within the first 24 hours following the hormonal
stimulation, there is a re-entry into the cell cycle and clonal expansion. This is followed
by permanent cell cycle withdrawal and differentiation to the terminal stage for two
weeks or more, with accumulation of triglyceride lipid droplets in the cytoplasm in
the mature adipocytes (51). Over many years, a substantial number of genes that are
coordinately induced or suppressed during 3T3-L1 adipogenesis have been identified.
Some of them are transiently altered (52) and others such as transcription factors
(e.g., CAAT-enhancer binding protein(s), peroxisome proliferator activated receptor
are constitutively activated in distinct phases that contribute to the acquisition of
the phenotype of mature adipocytes (53). Despite the extensive analysis of these
genes as more than 100 molecules have been identified as differentially expressed
in adipogenesis, there are clearly many additional genes involved in the adipocyte
differentiation process. In recent years, cDNA/oligonucleotide microarray technology
has been used to investigate adipogenesis in the 3T3-L1 cell line model (15–19, 23).
In these studies, different types of microarrays have been used containing at least
10 000 (17) to 18 000 (15) cDNAs/EST. Among these genes or ESTs, the number of
positive clones differentially expressed during adipogenesis varies among the different
studies, since 119 (17), 286 (16), 754 (15), 1259 (23) genes or EST were respec-
tively identified depending on the type of arrays that have been used, the stringency
(variation retained between threefold and tenfold) and type of data analysis that was
performed and the time points of differentiation that were studied from 2 hours
to 28 days. However, from different studies, it is clear that the number of genes
whose expression is increased during adipogenesis is greater (about 70%) than the
number whose expression is decreased (15, 16). Table 1 shows a non-exhaustive list
of the main families of genes that are up- or downregulated during differentiation.
An early event in 3T3-L1 differentiation is re-entry into the cell cycle followed by
clonal expansion during the first 24 hours of hormonal stimulation characterized by
a decrease in the expression of genes involved in growth arrest, in contrast to genes
involved in progression through the S phase. The role of Wnt signaling was studied
by Ross et al.(17) and apparently the expression of 27 genes involved in cell cycle
progression was blunted in Wnt-expressing cells compared to control cells through
a reduction in E2F activity and thus inhibition of clonal expansion. Another charac-
teristic of this early differentiation is the activation of some immediate early genes
such as fos/jun in addition to the well-known C/EBP� and � as well as several
signaling molecules. In the late differentiation stage, a great number of genes encoding
transcription factors, nuclear hormone receptors, and many secreted molecules involved
in specific functions of adipocytes are highly upregulated such as C/EBP� (at the
same time the expression of C/EBP� decreases), PPAR�2, SREBP-1, aP2, adiponectin,
and other additional factors (X-box-binding protein, immunoglobulin/enhancer binding
protein, for example) that were co-expressed but not previously characterized in adipo-
genesis. The genes known as targets for C/EBP� and SREBP-1 exhibited an increase
in their expression profile starting from day 4 to peak expression later (23). The
genes encoding signaling molecules, such as insulin-like growth-factor-II, �-adrenergic
receptor, or PEPCK known to have a PPAR-� responsive element in their promoter,
are maximally expressed in the mature adipocyte. Among the genes that are downregu-
lated in late differentiation are cell cycle genes, genes associated with the cytoskeleton,
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Table 1
Overview of Modified Gene Families during the Murine 3T3-L1 Adipogenesis Induced by

MDI Medium (Methyl-3-isobutyl xanthine, Dexamethasone, Insulin) using Microarray
Analyses [Adapted from (15–19,23)]

Mitotic clonal expansion and
early differentiation stage 0 to
24 Hours of MDI

Late differentiation stage day
2 to day 4

Maturity stage (adipocytes)
day 6 to day 28

Upregulated genes
Genes involved in re-entry in
cell cycle (ex:E2F4,cdk2,cdc2,
cyclins A, B1, B2...) and DNA
replication (ex: helicase, DNA
polymerase, topoisomerase…)

Genes encoding transcription
factors or nuclear hormone
receptors (C/EBP�, PPAR�2,
SREBP-1/ADD1, RXR,
LXR�( although this factor is
not adipogenic it increased
GLUT-1 expression and
glucose uptake and storage),
RAR�,Myc…)

Same genes (with a higher
expression level) for energy
storage and lipogenesis than
in late differentiation stage

Genes encoding transcription
factors (ex: C/EBP�, C/EBP�,
SREBP1, cfos/junB-AP1
complex, E2a forkhead box
F2...), co-factors (Rb107) and
signal molecules

Genes encoding additional
factors (ex: X-box binding
protein, oestrogen receptor
related �...

Genes encoding regulatory
and signal molecules,
transcriptional co-regulators
(ex: �3-adrenergic receptor,
IGF2, IGF-BP2, STAT-1,
cytochrome c oxidase VIII H,
RIP 140...)

Nuclear hormone receptors
encoding genes (ex: VDR, N10,
thyroid receptor c-erbA-�2...)

Genes encoding specific
proteins involved in energy
storage, glycogen synthesis,
oxidative phosphorylation,
glycolysis, lipogenesis
(ex: angiotensinogen,
hormone sensitive lipase, aP2,
adiponectin/Acrp30…) and
signal molecules (indicating
that adipocytes are responsive
to hormonal stimuli)

Genes known as targets for
C/EBP � and SREBP-1 and
markers of differentiated
adipocyte (ex: fatty
acid binding proyein
4, fatty acid synthase,
stearoyl-CoA desaturase 1
and 2, glycerophosphate
dehydrogenase ,
phosphoenolpyruvate
carboxykinase or PEPCK,
phosphofructokinase I...)
Other genes with unknown
function in adipocyte (ex:
Indian hedgehog Ihh, Cdc42
and Ack, integrin �...)and
other signal molecules

Genes encoding proteins
involved in the inhibition of
apoptosis (ex: TIAP)
Genes encoding
metallo-proteases (ex:
ADAM8, ...)

(Continued)
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Table 1
(Continued)

Mitotic clonal expansion and
early differentiation stage 0 to
24 Hours of MDI

Late differentiation stage day
2 to day 4

Maturity stage (adipocytes)
day 6 to day 28

Other genes unknown in
adipogenesis (ex: wee1
kinase, vascular endothelial
growth factor, gut-enriched
Kruppel-lke factor, syndecan,
anexin VIII, tolloid-like,
latexin, TEA4, ...)
Downregulated genes
Genes involved in growth
arrest (ex: growth arrest
specific 1, GADD48, GADD
153, CHOP 10, Cdk inhibitors
p21 and p 27, ...)

Gene encoding the
transcription factor C/EBP�

Genes involved in
transcriptional repression (ex:
AEBP1; Prx2 homeobox, Jun
B, nuclear LIM interactor,
Kruppel like factor, forkhead
box F2, E2A, …)

Genes involved in cell cycle
Genes encoding markers
of other cell types like
cytoskeletal genes (ex:
Myef2, Id2, Ihh, ...)
Genes associated with
cytoskeleton
Genes encoding splicing
factors and involved in
protein turnover
Genes encoding DNA binding
inhibitors (Id genes), high
mobility group proteins
(HMG genes)

genes involved in protein turnover, and splicing factors encoding genes or those
encoding markers of other cell lineages. An interesting point was the comparison
made by Soukas et al.(23) between in vitro expression data and in vivo data obtained
after preparation of preadipocytes (stromal fraction) and adipocytes from white adipose
tissue of C57/Bl6J mice. In general, for many genes (up- or downregulated), adipocytes
derived from the 3T3-L1 cell line exhibit a pattern of gene expression similar to that
observed in the in vivo passage from preadipocytes to adipocytes. However, a certain
number of genes (×68) are more highly expressed in adipocytes in vivo than in fully
differentiated 3T3-L1 cells. A list of some of these genes is shown in Table 2, which
indicates that additional factors are necessary to drive high levels of expression of these
particular genes. Moreover, this study reveals some inconsistencies between these two
gene expression profiles of adipogenesis. For instance, aP2, which is considered as a
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Table 2
List of Genes Highly Expressed in Predipocytes Prepared in vivo (Stromal Fraction) versus

Confluent 3T3-L1 (Undifferentiated Stage or Preadipocytes) or in Adipocytes Prepared in vivo
versus Fully Differentiated (28 Days of Differentiation) 3T3-L1 in vitro (Mature Adipocytes)

from (23)

Preadipocytes

Genes encoding molecules with an immune function
TNF
Macrophage inflammatory protein 2
IL-1�
IL-6
Several other chemokines (these molecules are also expressed at a lower level
in adipocytes)

Mature adipocytes
Genes encoding metabolic enzymes

ATP-citrate lyase (10 fold)
PEPCK (2 fold)
Acetyl-CoA synthetase (3fold)

Genes encoding hormones, receptors or signal molecules
Leptin (63 fold)
High molecular weight GH-receptor and TSH receptor (6fold)
Muscle LIM protein FHL1 (18 fold)

marker of mature adipocytes in vitro, is also expressed at a high level in preadipocytes
in vivo although C/EBP� and PPAR�2, which are considered as its inducers in vitro,
are not expressed in preadipocytes in vivo. Two hundred ninety-three genes expressed
in preadipocytes in vivo are not expressed in vitro (preadipocyte or adipocyte stages).
Among these genes, many encode molecules that have immune functions such as
cytokines, interleukins, TNF�, macrophage inflammatory protein 2, and correspond to
immunologic cell markers of adipocyte lineage. Finally, several other groups of genes
are highly expressed in the 3T3-L1 cell line, indicating that differences are noticeable
between in vitro and in vivo differentiated adipocytes.

The Human Mesenchymal Stem Cell Model
Human mesenchymal stem cells prepared from bone marrow give rise to several

cell types when cultured under defined culture conditions (54). When cultured in the
presence of dexamethasone, insulin and 3-isobutyl-1-methyl-xanthine, hMSCs, as 3T3-
L1 cells, differentiate to the adipocyte lineage (55). However, it seems that hMSCs
are in a more undifferentiated state than 3T3-L1 cells at confluence since pheno-
typic changes appear later upon differentiation (20). Several studies report the use of
DNA/EST microarrays to follow the adipogenic differentiation of these cells (20–22),
and Table 3 presents an overview of the data that were obtained. During the early stage
of differentiation up to day 3, some of the genes such as those involved in cell cycle
progression or those encoding transcription factors like C/EBP(s) have an increased
expression level and were also shown to be modified in the early phase of differentiation
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Table 3
Overview of the Main Variations in Gene Families during Adipogenic Differentiation
of Human Mesenchymal Stem Cells from Bone Marrow Using Microarray Analyses

[Adapted from (20–22)].

Early stage of differentiation (day 1 to day 3) Late stage of differentiation (day 4 to day 14)

Upregulated genes
Genes encoding transcription factors and
regulatory proteins (ex: C/EBP�, C/EBP� ,
SWI/SNF complex, zinc finger protein145,
SLUG, and others, forkhead box O1A and
B, Atpa1 regulatory element binding factor
6, PI3 kinase regulatory p85…)

Genes encoding transcription factors (ex:
PPAR�2, C/EBP�, SREBP-1c, zinc finger
E-box, E2F5, LXR�…)

Genes encoding different components of the
extracellular matrix (ex : collagen type VI,
alpha 3, metallothioneins 1R 1L 1B 1E 1H
1F 1G, laminin…)

Genes involved in lipid and carbohydrate
metabolism (ex : PEPCK, hexokinase 2,
acetyl CoA carboxylase, LPL, stearoyl-CoA
desaturase, fatty acid synthase, FABP4,
FABP5, hormone sensitive lipase, fatty acid
translocase, aP2, glycero-3- phosphate
dehydrogenase 1, 6-phosphofructo kinase,
diacylglycerol kinase, glutathione peroxydase 1
and 3…)

genes encoding molecules of degradation of
extracellular matrix (ex: metalloproteases
ADAMTS1, ADAMTS4…)
Genes involved in growth arrest (ex: GADD
45B, growth arrest-specific gene 1…)

Genes encoding specific or secreted proteins
(ex: perilipin, apolipoprotein E, UCP4,
angiotensinogen, retinol binding protein,
adipose differentiation related protein, lipin 1,
IGF-BP2 and 5, IL8…)

Genes encoding aldo/keto reductases
AKR1C1 and C2

Genes encoding signal molecules, receptors,
transporters (ex: STAT-5B, ERK3, IL8, TGF�,
1 and 2, IGF-I and II, angiotensin receptor 1,
ATP-binding cassette subfamily E,ATP
binding cassette 1, transporter 1, � catenin,
cytochrome b…)
Genes involved in cell cycle progression (ex:
CDC2-associated protein)

Downregulated genes
Genes encoding cytoskeleton and
components of the extracellular matrix (ex:
tissue inhibitor of metalloproteinase 3,
vascular cell adhesion 1…)

Genes involved in growth arrest (ex:GADD45,
growth arrest specific 1,B-cell translocation
gene 1, anti-proliferative cyclin dependent
kinase inhibitor 1c…)
Genes encoding extracellular matrix and
cytoskeleton components or inflammatory
molecules (ex: type XV collagen alpha1 and 3
chains, thrombospondin 2, actin �2, keratin 19,
tropomyosin 1�, PAI-1, IL-6…)

(Continued)
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Table 3
(Continued)

Early stage of differentiation (day 1 to day 3) Late stage of differentiation (day 4 to day 14)

Genes encoding markers of other cell lineages
(ex: osteoblast-specific factor-2os,
osteoclastogenesis inhibitory factor, type IX
collagen, IGF-BP3, L1 cell adhesion molecule,
tubulin �3 and � tubulin, SM22-alpha
homolog…)
Genes encoding cell surface and adhesion
molecules (ex :CD29/integrin b1,integrin �3,
CD44 adhesion protein, CD105/endoglin…)

of 3T3-L1 cells. Several genes encoding some components of the extracellular matrix
such as metallothioneins were also upregulated in these cells, probably due to stimu-
lation by interleukin-6 (21). Most of the differentially regulated genes (44%) are found
during the late stage of differentiation. These include genes that have specific functions
in adipocytes, such as genes encoding proteins or enzymes of lipid or carbohydrate
metabolism and transcription factors. There is also increased expression of many genes
encoding signaling molecules or receptors. Among the downregulated genes are genes
encoding markers of other cell lineages but also several genes encoding cell adhesion
molecules or components of the cytoskeleton. In conclusion, there are many similarities
in expression profiles in particular for the late phases of differentiation between hMSC
and 3T3-L1 adipogenesis, but hMSCs are probably an appropriate model for studying
the very early stages of adipogenesis (20).

Other Studies Using Human Adipose Tissue
A first report (5) describes a large-scale analysis of gene expression by using DNA

array in human abdominal subcutaneous white adipose tissue in order to identify
candidate genes in diseases like obesity. One hundred thirty-six genes with very high
hybridization signals were classified into seven categories according to their functions
and less than 50% of these genes had previously been reported to be expressed in
adipose tissue. By using the same approach, Sjöhölm et al. (25) searched for genes
predominantly expressed in human omental tissue compared to 32 other human tissues
and cells. Many genes predominantly expressed in this tissue were expected but the
main conclusion of the report is that human omental tissue is a major site of expression
of the acute-phase gene encoding serum amyloid A1, a known risk factor for coronary
artery disease. Using the DNA array approach, a recent study of human subcutaneous
abdominal adipose tissue has sought to define gene expression profiles in human
preadipocytes and adipocytes (24). As illustrated in Table 4 adapted from the report
of Urs et al.(24), most of the genes that are upregulated in adipocytes are involved
directly or indirectly in lipid or glucose metabolism and include many genes encoding
transcription factors, receptors and signaling or secreted proteins. Table 4 lists the
genes that are overexpressed in preadipocytes, including genes encoding cytoskeletal
and extracellular matrix components. During differentiation of preadipose cells into
adipose cells, there is active synthesis of collagens as already observed for hMSCs,
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Table 4
Overview of the Main Families of Genes whose Expression is Overexpressed up to 2.5-fold in

Human Adipocytes (AD) versus Predipocytes (PA) on the Left and in Preadipocytes versus
Adipocytes on the Right [Adapted from (24)]

Gene families Mean ratio
Log2 AD/PA

Gene families Mean ratio
Log2 PA/AD

Lipid and carbohydrate
metabolism/antioxydative/
transport/ ECM

Signaling molecules

Fatty acid binding protein 4 8 Protein tyrosine phosphatase
receptor S

2.9

Lipoprotein lipase 6 Protein tyrosine phosphatase
receptor Z1

4.9

Fatty acid CoA ligase 4.4 Protein tyrosine phosphatase
N21

2.9

Adipose most abundant
transcript 1

4.8 Adenosine receptor 2B 2.6

Perilipin 8 Angiotensin receptor L1 2.6
Stearoyl CoA desaturase 3.5 Src family associated

phosphoprotein 1
3.4

Angiotensinogen 2.6 Interleukin 22 receptor 4.2
Uncoupling protein 4 4.3 Mitogen-activated protein

kinase kinase
2.7

Glycerol 3 phosphate
dehydrogenase

3.2 Cellular matrix and
cytoskeleton

Aldehyde dehydrogenase 6 2.6 Matrix metalloprotein 7 2.7
Aldehyde dehydrogenase 2.7 Extracellular matrix protein

2
3

Lipase hepatic 2.5 Dermatopontin 8.7
Lipase hormone sensitive 3.4
Apolipoprotein B 3.1
LDL receptor 8 2.7
Diacylglycerol kinase � 3.3
ATPase aminophospholipid
transporter

3.6

ATPase-Ca2 transporting
plasma membrane

3.3

Cathepsin G 7.9
Glutathione peroxidase 3 19.6
Mannan-binding lectin
serine protease 1

3.6

Carbohydrate
sulfotransferase 1

5.4

Glutamine synthase 3.4
Cytochrome b-5 3.2
Crystalline �B 3.8

(Continued)
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Table 4
(Continued)

Gene families Mean ratio
Log2 AD/PA

Gene families Mean ratio
Log2 PA/AD

FXYD domain containing
ion transport regulator 1

4.8

Pleckstrin 3.6
ATP binding cassette
subfamily E

2.7

Transcription
factors/binding proteins
Transcription factor CP2 3.1
PPAR� 2.7
Retinoid X receptor A 3.9
Retinoid X receptor B 3.5
E2F transcription factor 5 6.3
Transcription activator of
the c-fos promoter

2.6

Zinc finger protein 336 2.9
Signal transducer and
activator of transcription 5B

3.6

SWI/SNF complex 2.9

which decrease during adipose conversion. Surprisingly, the gene encoding C/EBP�
is also overexpressed which indicates that the preadipocytes from the stromal fraction
of human adipose tissue are already committed to adipogenesis (24).

APPLICATION OF MICROARRAY TECHNOLOGY TO WHITE
ADIPOSE TISSUE GENE EXPRESSION IN OBESITY

As reported in a previous chapter, mature adipocytes express a number of genes
whose products participate intimately in the regulation of energy homeostasis. This is
the case for genes encoding transcription factors or signaling molecules essential for the
activation of many genes involved in lipid metabolism and carbohydrate metabolism,
both of which are upregulated in mature adipocytes. It is also clear that genes encoding
molecules with an immune function are expressed in the stromal fraction of white
adipose tissue (preadipocytes) and that genes encoding cellular matrix and cytoskeleton
components are overexpressed in this fraction. Several studies have been designed for
gene expression profiling of white adipose tissue in obesity and diabetes by using the
microarray approach. Most of these studies have been performed in rodents (mouse or
rat) but there are also few studies in human adipose tissue.

Studies in Rodents: The ob/ob and DIO Mice Models
Two studies using Affymetrix microarrays compared white adipose tissue gene

expression in genetically obese ob/ob mice deficient in leptin and their lean counter-
parts. Epididymal fat tissue from male mice of two backgrounds of the same strain
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C57Bl/6J ob/ob and BTBR ob/ob (28) or abdominal fat from obese C57Bl/6J ob/ob
female mice (29) was compared with abdominal fat tissue removed from lean control
mice of the same strain. Nadler et al.(28) analyzed more than 11 000 genes or EST
and found 214 genes (2%) whose status was modified in obese mice after elimination
of the strain background as a variable. Expression was increased in 136 genes and
consistently decreased in 78. In their study of 6500 genes or EST, Soukas et al.
(29) found 77 genes that were differentially expressed threefold or more in the ob/ob
samples. In our study, we used male mice of the same C57Bl/6J strain fed either
on a standard chow diet (control mice) or a fat-enriched diet from Harlan Teklad
(DIO mice) (32). After 8 weeks of diet, the DIO mice exhibited an obese phenotype
with a twofold increase in weight and fat mass over controls. Moreover, DIO mice
displayed a sixfold increase in plasma leptin, were resistant to the infusion of leptin, and
exhibited, respectively, twofold and 1.6-fold increases in plasma insulin and glucose
levels. Abdominal fat tissue was removed and RNA was used for Affymetrix oligonu-
cleotide microarray hybridization. Of 12 488 datasets a total of 472 genes or EST
were differentially expressed (1.2-fold or more but at a sufficient level for detection
in adipose tissue mRNA from control or DIO samples) and a total of 98 genes
were differentially expressed threefold or more in the DIO samples. The majority of
these genes were downregulated (about 70%) in DIO mice. As shown in Tables 5
and 6 that are a compilation of the data reported in the two papers (28, 29), the
comparison of obese ob/ob and lean mice reveals a remarkable pattern of alteration
in gene expression in white adipose tissue. Numerous genes that play a role in fatty
acid or cholesterol biosynthesis, and whose expression was previously reported to
increase during adipogenesis, have a significantly decreased expression level in the
obese ob/ob mice (Table 5). These genes include lipogenic enzyme-encoding genes
such as fatty acid synthase (fas), glycerol-3-phosphate dehydrogenase, ATP-citrate
lyase, and squalene synthase, and specific genes encoding transcription factors such
as SREBP-1/ADD1, which controls many lipogenic genes, as well as �3-adrenergic
receptor, both of which exhibit increased expression during adipocyte differentiation.
Leptin replacement normalized some but not all of these changes (29). A similar
pattern of gene expression alteration was observed in our model of DIO mice for
lipogenic genes as well as those encoding transcription factors or secreted proteins
specific to mature adipocytes (32). However, all the genes that were strongly expressed
in control mouse samples were moderately decreased in the DIO samples. These
results suggest that leptin resistance occurring progressively in DIO is responsible
for the moderate decrease in expression of these genes, while leptin deficiency in
obese ob/ob mice induced a greater decrease in this expression. Another interesting
feature was the absence of alteration of SREBP-1/ADD1 expression in DIO mouse
samples, in contrast to obese ob/ob mice, although expression of the fas encoding
gene that is a target of this transcription factor was also decreased. This would imply
that the decrease in fas gene expression is not exclusively dependent on leptin, which
normally controls its expression through the activation of SREBP-1 as already reported
in primary cultured rat adipocytes (56). The decreased expression of adipogenic genes
in obesity is surprising given that white adipose tissue mass in these different models
(ob/ob or DIO) is greatly increased. This implies that adipocytes from obese mice
in general have a decreased lipogenic capacity similar to preadipocytes. This reduces
their capacity to synthesize fatty acids although they are lipid engorged, indicating that
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Table 5
Overview of the Main Families of Genes whose Expression is Downregulated in White Adipose

Tissue from Obese ob/ob Mice as Compared to their Lean Counterparts
[Adapted from (28,29)]

Gene families Fold Gene families Fold

Lipid metabolism/energy
metabolism/mitochondrial
enzymes

Antioxydant proteins

Phosphoenolpyruvate carboxykinase –5.3 Glutathione transferase –11.4
Glycerol phosphate dehydrogenase –2.5 to –5 Glutathione peroxidise –6.1
Spot 14 –4.6 �-class

glutathione-S-transferase
–3.1 to –5.8

lactate dhydrogenase-B –3.3 Inflammatory/acute
phase

LAF-1 transketolase –3.2 IgK chain C- Region –8.6
Fatty acid transport –3.2 Kappa-immunoglobulin –4.1
Fatty acid synthase –3.1 Thrombomodulin –3.6
Squalene synthase –3.1 Other factors
ATP-citrate-lyase –2.9 B2-protein –11.2
Stearoyl-CoA desaturase –2.5 Keratin 19 –5.5
Aldolase A –2.5 28 kD serine protease –5.4
ATP synthase beta chain –5.4 pcp4 –4.5
Fructose 2 6 bisphosphatase –4.1 cdk inhibitor –4.1
Alpha-amylase 1 –3.9 Asparagine synthetase –4
Ubiquinol cytochrome c reductase
core protein 2

–3.4 Laminin B1 –3.5

Aldehyde dehydrogenase –3 –2-microglobulin –3.2
Mitochondrial enoyl-CoA –2.8 Uridine kinase –2.7
Branched-chain aminoacid
aminotransferase

–2.8 Ubiquitin –2.7

Cytochrome c oxidase-subunit VIIIa –2.7 Retinol-binding protein –2.5
Transcription
factors/hormones/signaling
molecules/ secreted proteins

Glycogen phosphorylase –2.5

�3 adrenergic receptor –7.7 to 10.5
Parathyroid hormone receptor –7.7
Albumin D-box binding protein – 6.9
Double LIM protein-1 –4.2
AFBP-1 –3.7
Interferon regulatory factor-7 –3.6
Ras-related protein (DEXRAS1) –2.9
SREBP-1/ADD1 –2.7
Adipsin –8.3
Angiotensinogen –3 to 8.1
Complement component C2 –3.2 to 6.8
DAN protein –4.5
IGF-BP 5 –3
Apolipoprotein E –2.4
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Table 6
Overview of the Main Families of Genes whose Expression is Upregulated in White Adipose

Tissue from Obese ob/ob Mice as Compared to their Lean Counterparts
[Adapted from (28,29)]

Gene families Fold Gene families Fold

Cytoskeleton/ECM/membrane
trafficking

Inflammatory/Acute phase

Myc basic motif homologue-1 +15 Macrophage metalloelastase +31.5
Clathrin light chain B +9.7 SV-40 induced 24p3 +10.7
Talin +7.7 Heme oxydase + 9.8
Heparin binding protein 44 +4.8 Serum amyloid A3 +8.4
Filamin A +4.5 PAI-1 +8.2
L-34 galactoside-binding lectin +4.5 MRP8 (calcium binding) +7.8
� actin +3.8 Macrosialin +6.6 to

3.7
Calveolin-1 +3.7 Macrophage specific

cysteine-rich TM
+5.7

Lysyloxidase +3.3 Glycoprotein
Sulfated glycoprotein (Sgp1) +3.1 Serum amyloid A4 +5.2
Osteoblast specific factor
(OSF-2)

+3.1 CD53 +4.9

Ion channel homolg RIC +3 gp 49 +4.8
+-B2-crystallin +2.8 Macrophage mannose

receptor
+3.7

Metallothionein II +2.6 CD18 beta subunit +4
LPS binding
protein

+3.6

Secreted proteins/signaling
and vesicle traffic molecules
/transcription factors

Macrophage specific Nramp +3.4

pEL98 +3.4
Apolipoprotein D +5.4 Lipocortin-1 +3.3
LIM protein 1 +4.9 Protein synthesis/turnover/

tissue remodeling
MPS1 +4.9 to 5.4
Low density lipoprotein
receptor 2

+4.8 Cathepsin S or cathepsin S
precursor

+3.9 to
7.7

5-lipoxygenase activating
protein

+3.4 to 4.3 TI-225 polyubiquitin +4.3

ADRP +4.2 Preprocathepsin K +4.5
14-3-3 eta (positive regulator
of GR)

+4.2 Cathepsin Z precursor +3.9

Protease-nexin 1 +3.7 Preprolegumain +3.9

(Continued)
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Table 6
(Continued)

Gene families Fold Gene families Fold

15-hydroxyprostaglandin
dehydrogenase

+3.3 Cathepsin B +3.5

Leptin +3 to 3.2 Spi2 protease inhibitor +3.2
Immune /complement
components

Others

Fc receptor +8.1 Mesodermal specific
transcript

+8.8

�-inducible lysosomal thiol
reductase

+6 Superoxide dismutase SOD3 +5.9

Fc � receptor +4.8 D52 +5.2
C10 like chemokine +3.3 Brain acid-soluble protein 1 +4.5
IFN-� induced protein +2.8 Cystatin B +4.4
P-selectin glycoprotein ligand +2.8 UCP2 +4.3
Complement C1q �chain +2.6 Hematopoietic specific

protein 1
+4

Schwannoma-associated
protein

+3.9

Retinoic acid-inducible E3
protein

+3.4

Creatine kinase B +3.4
5-lipoxygenase- activating
protein

+3.4

they have reached their peak storage capacity. Normally insulin and leptin promote
lipogenesis in mature adipocytes and prevent excessive lipid deposition in other tissues
such as liver. Obese mice are resistant to the action of these hormones and there
is a shift to the liver, which explains the hepatic steatosis in these different models
of obesity. This is a common feature with lipoatrophic diabetes. Thus, the lack of
functional adipocytes but not the overabundance of fat cells is a main risk factor for
diabetes (27). Moreover, the decrease in lipogenic gene expression in adipose tissue
became more pronounced with the development of diabetes in BTBR ob/ob diabetes
susceptible mice (30). Several other sets of genes displayed a strong inhibition in DIO
mouse samples (Table 7). The first family is represented by genes encoding structural
components of the vascular smooth muscle cells in association with the microfilament
network corresponding to a disorganization of the vascular compartment in DIO adipose
tissue, which has not been mentioned in the ob/ob model. Moreover, several genes
encoding cell–cell or cell–matrix adhesion molecules are also highly downregulated in
DIO samples (Table 7). A great number of genes encoding antioxidant proteins such
as glutathione-S-transferase or �-class glutathione transferase (Table 7) also had a
decreased expression in DIO samples. This observation was also reported in the ob/ob
model (Table 5). In DIO this is illustrated by the gene encoding the mouse vas deferens
protein, a member of the aldoketoreductase gene superfamily whose expression has
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Table 7
Genes with Modified Expression (up to threefold) in White Adipose Tissue in DIO versus

Control Mice from (32)

Genes with down-regulated
expression

Function Fold change

Smooth muscle calponin gene Structural, actin-associated –68.2
Androgen regulated vas deferens
protein (MVDP)

Steroidogenesis, detoxication –59.0

Purkinje cell protein 4 (pcp-4) Apoptosis, signal.inhibition (b
cells)

–44.4

Glucocorticoid-regulated
inflammatory PG G/H synthase

Inflammatory –41.1

Keratin complex 1 Structural –35.2
GATA-binding protein 3 Transcription factor –21.4
Smoothelin Structural –18.4
D-amino acid oxidase Metabolic –12.7
Myosine heavy chain 11 Structural –11.6
Glutathione-S-transferase Antioxidant, detoxication –10.3
Alpha-actinin 2 associated LIM
protein

Structural –8.7

B6CBA Lisch7 Transcription factor –7.5
Beta chemokine TCA4 gene Inflammatory –7.1
Placenta-specific ATP-binding
cassette transp.(Abcg2)

Lipid transporter, detoxication –7.1

4F2/CD98 light chain Amino acid transporter –6.5
Cytochrome P450 naphtalene
hydroxylase

Detoxication –6.2

Ankyrin 1 Structural –6.2
Cadherin 16 Cell adhesion –5.8
Cytokeratin endo A or keratin 8 Structural (intermediate filament) –5.6
Cytokeratin (endo B) or keratin 18 Structural (intermediate filament) –4.9
CPETR2 (Clostridium perfringens
enterotoxin receptor)

Neurodevelopment –4.7

Glycoprotein-associated amino
acid transporter

Amino acid transporter –4.7

Transition protein 2 Chromatin remodeling –4.6
Actin, alpha 1 Structural –4.5
Transgelin Structural (actin-associated) –4.4
Melanocyte specific gene (msg1) Transactivator –4.4
Matrix metalloproteinase 7 or
matrilysin

Differentiation, remodeling –4.2

Acidic epididymal glycoprotein 1 Detoxication –4.0
AC133 antigen homolog Unknown –3.9
Thiosulfate sulfurtransferase,
mitochondrial (rhodanese)

Detoxication –3.8

Nitric oxide synthase 3 Metabolic –3.7

(Continued)
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Table 7
(Continued)

Genes with down-regulated
expression

Function Fold change

Thrombospondin type 1 domain or
R-spondin

Cell adhesion, extracellular matrix –3.2

Cystein rich protein (CRP-1) Differentiation, cell growth –3.2
Branched chain aminotransferase
2, mitoch. (Eca 40)

Proliferation –3.1

Melanoma-inhibitory -activity
protein

Unknown –3.1

Cell death activator (CIDE-A) Apoptosis –3.0
Prolactin receptor Signaling –2.9
Protamine-3 Chromatin remodeling –2.9
Seb4 Inflammatory –2.9
Ets transcription factor (ELF3) Transcription factor –2.9
Transketolase Metabolic –2.9
Carbonyl reductase Detoxication –2.9

Genes with up-regulated
expression

Function Fold
change

Macrophage metalloelastase or
metalloproteinase (MME)

Inflammatory, elastolyse +21.8

Plasminogen activator inhibitor
(PAI-1)

Inflammatory +11.7

Zinc finger protein (Peg3) Growth, apoptosis +8.3
Peg1/ MEST protein Embryonic growth +8.2
Alpha-1 protease inhibitor 3 Inflammatory, elastolyse +4.8
Small inducible cytokine A2 Inflammatory +4.8
Bcm-1 antigen Inflammatory +4.0
IIGP protein interferon
gamma-induced GTPase

Growth +3.8

Small inducible cytokine A6 Inflammatory +3.7
Tenascin X Cell adhesion +3.7
Thrombospondin 1 Structural, cell adhesion +3.6
Fibrillin 1 Structural, extracellular matrix +3.5
Glycoprotein 49A Inflammatory +3.5
Neural precursor cell expressed
developmentally downregulated
Nedd 9

Apoptosis +3.4

Ecotropic viral integration site 2 Proto-oncogene +3.3
A disintegrin and metalloprotease
(ADAM) 7

Structural, cell adhesion +3.0

Complement component 3a
receptor 1

Signaling +3.0
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never been reported in adipose tissue. We know from further studies that the expression
of this gene is highly dependent on the localization of the selected adipose tissue mass
(unpublished data). Many genes encoding mitochondrial enzymes such as aldehyde
dehydrogenase (32) also have a decreased expression in DIO as reported for ob/ob
mice (28). An important point regarding obesity and its complications such as type
2 diabetes and cardiovascular diseases is the high upregulation of genes involved in
inflammatory processes or acute-phase reaction and genes encoding lysosomal proteins.
All these genes often displayed very low levels of expression in control mice. This
is true for all the different models of obesity (ob/ob and DIO models) (Tables 6
and 7). Thus, leptin deficiency in obese ob/ob mice and leptin resistance in DIO mice
produce a similar dysregulation in the expression of genes that function in response
to inflammation in the adipocyte lineage. Among these genes are those encoding
cathepsins or cathepsin precursors involved in matrix remodeling and turnover. Many
of the genes involved in inflammation probably originate from macrophages, such as
the macrophage metalloelastase gene, or are immune or complement factor-encoding
genes. The high expression levels of genes encoding proteins involved in macrophage-
mediated proteolysis or acute-phase reaction such as plasminogen activator inhibitor
protein-1 (PAI-1) could widely contribute to the pathogenesis of type 2 diabetes and
cardiovascular diseases. However, the elevated signals of inflammatory genes could
be caused by an enrichment of macrophages in the white adipose tissue or could
result from an elevated expression in the adipocytes. By using microarray analysis on
perigonadal white adipose tissue of obese mice (Agouti Ay or ob/ob mice), Weisberg
et al.(31) found that 30% of the genes that had an increased expression encoded proteins
that are characteristic of macrophages and are positively correlated with body mass.
By immunohistochemical analysis, they reported that the number of cells expressing
the macrophage marker F4/80 was positively correlated with the degree of adiposity.
A detailed comparison by means of microarray analysis was made in adipose tissue
between the two backgrounds of the C57Bl/6J ob/ob diabetes-resistant and BTBR ob/ob
diabetes-susceptible obese mice (30). This study demonstrates that there is an increased
expression of genes involved in inflammation in adipose tissue of the diabetic mice,
suggesting that they have a role in this disease. In DIO mice, the progressive increase
in the expression of these inflammatory genes when the high-fat diet is prolonged, as
well as the decrease in the expression of lipogenic genes in adipose tissue, seems to
be correlated with the appearance of insulin resistance and type 2 diabetes as indicated
by our further studies (unpublished data). DIO mice are therefore a suitable model
for further studies to establish a correlation between the alteration in gene expression
profiles for defined gene families in response to a progressive development of obesity
and appearance of metabolic disorders. Interestingly, Higami et al. (57) have shown
by using microarray analysis (Affymetrix) that, in epididymal adipose tissue removed
from male C57Bl/6J mice subjected to long-term caloric restriction (41%), the majority
of the gene expression alterations are in the opposite direction than those displayed by
obese (ob/ob or DIO) mice. In fact, the long-term reduction of caloric intake induced
an increase in expression of genes involved in lipid, carbohydrate, and mitochondrial
energy metabolism and a decrease in the expression of genes encoding proteins of
the cytoskeleton, extracellular matrix, and mainly genes involved in inflammatory
processes.
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Studies in Rodents: The Obese Rat Model
Lopez et al. (35) performed a microarray analysis (Affymetrix) on epididymal white

adipose tissue removed from male Wistar rats fed either on a standard diet (control group)
or a fat-rich hypercaloric diet (cafeteria) containing pâté, chips, chocolate bacon, biscuits,
and chow in appropriate proportion (obese group). After about 9 weeks, rats fed on the
cafeteria diet exhibited a 1.5-fold increase in weight as compared to control rats, and a
1.7-fold increase in plasma leptin, but no change in plasma glucose. Of 12 000 genes or
EST, 416 genes were differentially expressed twofold or more in obese rat samples. Many
gene encoding transcription factors involved in adipogenesis or gene encoding enzymes
involved in lipid metabolism, such as PPAR�, CEBP/�, FABP, glycerol-3-phosphate
dehydrogenase, or squalene synthase, were upregulated as described during adipoge-
nesis (35). The expression level of �3 adrenergic receptor gene was also upregulated
twofold and leptin gene 49-fold. These results are not in agreement with the observa-
tions made on obese mice (ob/ob or DIO) or in humans (see section “Studies in human
obesity and insulin resistance”). Moreover, unlike obese mice or obese humans, there
is no apparent increase in the expression of genes encoding inflammatory factors in the
adipose tissue of the obese rats. Using microarray analyses (Affymetrix) on subcutaneous
abdominal adipose tissue from DIO rats, Ramos et al.(33) showed that the gene encoding
cytokine IL6 was increased 13-fold and that the Roux-en-Y gastric bypass operation
reduced this level. Other cell structure genes are also upregulated such as B-crystallin,
clathrin assembly protein, and microtubule-associated protein as in obese mice (35). In
contrast, several genes encoding antioxidant proteins involved in detoxication processes,
such as glutathione-S-transferase and metallothionein, had a decreased expression level
in obese rat samples as also reported in our model of DIO mice. Thus, there are some
divergences between obese rat (cafeteria diet) and mouse (ob/ob and DIO) models, in
particular, concerning the expression level of lipogenic or inflammatory genes. In rats,
obesity development is apparently not associated with a reduction in lipogenic capacity
of mature adipocytes from abdominal white adipose tissue, in contrast to obese mice or
humans, which seems to indicate that they did not reach their maximal storage capacity.
Moreover, obesity development is not necessarily associated with an increase in inflam-
matory proteins (35). It could be that there are species differences or that a nine-week
treatment with this particular cafeteria diet in rats is not sufficient to induce downregu-
lation of the genes involved in lipogenesis in mature adipocytes from abdominal white
adipose tissue. It couldalsobe thatnewpreadipocytesdifferentiate intomatureadipocytes,
which would explain the upregulation of the expression of genes belonging to this family.

Studies in Human Obesity and Insulin Resistance
A few microarray analyses have been performed on human omental or subcutaneous

adipose tissue in cases of obesity or insulin resistance. Gomez-Ambrosi et al.(38)
have compared by means of microarray analysis (Mergen Ltd, San Leandro, CA,
USA) the pattern of gene expression in omental tissue biopsies of obese and lean
volunteers. They found that 89 genes were upregulated while 64 were downregu-
lated at least twofold in obese patients. The majority of the upregulated genes were
involved in cell proliferation, such as several mitogen-activated protein kinases, or in
the immune response, mainly receptors for Fc fragment of IgG. They found a general
tendency to blunt signal transduction genes (insulin receptor substrate 4 or �-adrenergic
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receptors) and a global downregulation of genes encoding growth factors (IGF or FGF).
Genes participating in the control of metabolism, such as those encoding adrenergic �
receptor kinase 2, glycogen synthase kinase 3-�, were either upregulated or decreased,
such as those coding for low-density lipoprotein receptor, prostaglandin E receptor 3.
The expression of genes encoding several proteins involved in food intake, like the
neuropeptide Y receptors Y1 and Y5, was also increased in obese patients. Another
report (58) confirms by DNA microarray analysis (Affymetrix) the importance of
immune markers in obesity and its metabolic consequences. The authors reported that
complement components C2, C3, C4, C7, and factor B had a higher expression level
in omental as compared to subcutaneous adipose tissue from biopsies of obese men,
and the development of visceral adiposity widely contributes to the metabolic compli-
cations. By using a subtractive hybridization strategy on visceral and subcutaneous
adipose tissue of obese patients (male and female), Linder et al.(59) identified a set
of differentially expressed transcripts that they further spotted to perform a microarray
analysis. They identified five differentially expressed genes in both types of adipose
tissues. Ras homolog gene family member G and the gene encoding phospholipid
transfer protein were upregulated in omental tissue, and three genes were upregu-
lated in subcutaneous tissue; those encoding calcyclin and adipsin in both sexes, and
the third one corresponding to an unidentified clone (possibly related to a calcium
channel �2-�3 encoding gene) was only detected in male subcutaneous tissue, which
indicates that sex differences exist in the adipose tissue gene expression patterns. In
an interesting report, Clément et al. (37) examined the gene expression profile of
subcutaneous adipose tissue obtained from a large number of obese patients (×29) on
very low-calorie diet (VLCD) as compared to non-obese subjects (×17) by using DNA
microarray analysis (Stanford University Microarray). They reported that in obese
patients a great number (×100) of inflammation-related transcripts were downregu-
lated during a 28-day VLCD and the gene expression profile was closer to that of lean
subjects than to the pattern of gene expression in obese subjects before VLCD. Thus,
it appears that weight loss in obese patients improves inflammatory status in adipose
tissue through a decrease in the expression of proinflammatory molecules originating
from the macrophage population and an increase in antiinflammatory molecules. Two
studies have used microarray analysis to characterize the gene expression profile of
adipose tissue and skeletal muscle in diabetic and non-diabetic insulin-resistant or
insulin-sensitive subjects (39, 40). In subcutaneous adipose tissue, genes encoding
proteins involved in the cell cycle and cytoskeleton reorganization were upregulated in
diabetic patients. In contrast, adipogenic transcription factors, such as C/EBP� and �,
PPAR�, and SREBP-1 as well as Wnt signaling genes such as WNT1, FZD1, GSK3,
and �-catenin, have decreased expression in diabetic patients. There is also reduced
expression of adipose-specific secreted proteins such as adiponectin and aP2, which
are involved in adipogenesis. All these data suggest that insulin resistance is associated
with impaired adipogenesis, as already reported in obese diabetic mice (see section
“Studies in rodents: the ob/ob and DIO mice models”).

CONCLUSIONS

Over the last five years, several significant advances have been made in adipocyte
gene expression profiling during adipogenesis through the application of DNA
microarrays. In general, there is a remarkable overlap of studies in the identification of
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genes. During the same period, a few microarray studies investigated molecular changes
in adipose tissue gene expression profiles that occur in obesity and insulin resistance
by comparison of obese and lean subjects. Several rodent models of obesity were used,
but few reports concerned human adipose tissue in obese patients. This has provided
valuable new insights into the pathology of obesity since a good many genes were found
to be changed. In general, it appears that the enlarged white adipose tissue in obese
subjects shows a globally reduced expression of lipogenic genes, indicating a decrease
in lipogenic capacity of adipocytes as compared to normal mature adipocytes. Other
important findings are the demonstration of decreased expression of genes encoding
antioxidant proteins associated with increased expression of genes encoding immune
and inflammatory proteins, which could be responsible for the development of insulin
resistance and type 2 diabetes in obese subjects. However, further microarray studies
are needed to identify the early events leading to white adipose tissue dysfunction
during the development of obesity as well as the subsequent cascade of events.
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Abstract

Pituitary adenomas comprise 10% of intracranial tumors and occur in about 20% of the population.
Nonfunctioning (NF) pituitary adenomas do not cause clinical hormone hypersecretion, they account
for approximately 30% of pituitary tumors. Their molecular pathogenesis is unclear. To elucidate the
molecular changes that contribute to the development of these tumors and classify them by their molecular
characteristics, we investigated 11 NF pituitary adenomas and eight normal pituitary glands, using 33
oligonucleotide GeneChip microarrays. We validated microarray results with the reverse transcription-real
time quantitative polymerase chain reaction (RT-qPCR) using 23 NF adenomas and eight normal pituitary
glands.

Microarray analysis identified significant increases in the expression of 115 genes and decreases in 169
genes. We observed changes in expression of SFRP1, TLE2, PITX2, Notch3, and delta-like 1, suggesting
that the developmental Wnt and Notch pathways are activated and important for the progression of NF
pituitary adenomas. We further analyzed gene expression profiles of all NF pituitary subtypes compared
to each other and identified genes that were uniquely altered in each subtype.

The results provide new insight into the pathogenesis and molecular classification of NF pituitary
adenomas, and suggest that therapeutic targeting of the Notch pathway could be effective for these tumors.
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INTRODUCTION

Pituitary adenomas cause significant morbidity by compression of regional struc-
tures and the inappropriate expression of pituitary hormones (1, 2). Nonfunctioning
(NF) pituitary adenomas, so-called because they do not cause clinical hormone hyper-
secretion (2–5), account for approximately 30% of pituitary tumors (3). The NF tumors
are uniquely heterogenous, typically quite large, and cause hypopituitarism or blindness
from regional compression (1).

Despite the lack of clinical hormone hypersecretion, immunocytochemical staining
for hormones reveals evidence for hormone expression in up to 79% of these tumors,
which we will refer to as immunohistochemically positive NF (NF+) tumors. The
remainder are negative for hormone expression (2,5) and will be referred to as immuno-
histochemically negative NF (NF–) tumors. However, current pathological classifi-
cation of these tumors has no molecular basis, and surprisingly is based only on anterior
pituitary hormone histochemistry for hormones.

Unlike the functional pituitary tumors, there is no available effective medical therapy
for the NF tumors, and only a better understanding of the molecular biology of these
tumors will provide needed medical treatment options.

Recently, new insights into neoplasia have emerged as technical advances have
permitted large-scale analysis of eukaryotic gene expression. Microarray analysis has
successfully identified unexpected gene expression patterns and allowed researchers to
define clinically relevant phenotypic differences in several types of human tumors that
were indistinguishable by traditional histopathological examination (6–10).

To elucidate the molecular changes that contribute to the development of these
NF pituitary tumors and reclassify them according to their molecular fingerprints, we
used microarray analysis to elucidate the gene expression profile of 11 NF pituitary
adenomas compared to eight normal pituitary glands. We verified the gene expression
changes of four genes that were detected by microarray analysis in 23 NF pituitary
tumors and eight normal pituitary glands by reverse transcription-real time quantitative
polymerase chain reaction (RT-qPCR) (11).

MATERIALS

Patients and Tumor Characterization
Sporadic pituitary adenomas were obtained from patients at Emory University

Hospital during transsphenoidal surgery. Informed consent for inclusion in this study
was obtained. Pituitary adenomas are anatomically and pathologically distinct from
the normal anterior lobe making them easy to dissect under the surgical microscope.
All tumors were microdissected and removed using the surgical microscope, rinsed
in sterile saline, snap-frozen in liquid nitrogen, and stored (–80°C) for molecular
analysis. Each tumor fragment was then confirmed independently by a neuropathol-
ogist as being homogenous and unadulterated by histology and immunohistochemistry
prior to molecular analysis. Eight normal pituitary glands obtained from the National
Hormone and Pituitary Program, National Institute of Diabetes and Digestive and



Microarray and Reverse Transcription-Quantitative Polymerase Chain Reaction 265

Kidney Diseases (Bethesda, MD, USA; n = 3) and from National Disease Research
Interchange (Philadephia, PA, USA; n = 5) were used as controls for microarray and
RT-qPCR analyses.

Reagents
Oligonucleotide Human Genome U95Av2 (HG-U95Av2) arrays were purchased

from Affymetrix (www.affymetrix.com/products/arrays/specific/hgu95.affx; Santa
Clara, CA, USA). The hybridization, washing, scanning, and data analysis were
performed at the Emory/VA Medical Center DNA Core Facility in Atlanta, GA, USA,
and the Moffit Comprehensive Cancer Center, University of South Florida, Tampa,
FL, USA. TRIzol reagent (Cat. No.15596-026), DNase I Amplification Grade (Cat.
No.18068-015), SuperScript™ Double-Stranded cDNA Synthesis Kit (Cat. No.11917-
010), and SuperScript First Strand Synthesis System for RT-PCR (Cat. No 11904-018)
were from Invitrogen (www.invitrogen.com, Carlsbad, CA, USA). Diethyl Pyrocar-
bonate (Cat. No. D-5758) was from Sigma-Aldrich, St. Louis, MO, USA. Plastic,
disposable rotor stator generator probes OMNI-Tips and OMNI TH homogeniger
(S/N TH-2502) were from OMNI International (www.omni-inc.com, Marietta, GA,
USA). RNeasy Mini Kit was from Qiagen (Cat.No.74104, QIAGEN Inc., Valencia,
CA, USA). Enzo BioArray™ High Yield™ RNA Transcription Labeling Kit was
from Enzo Diagnostics (Cat No.900182, Enzo diagnostics Inc, Farmingdale, NY,
USA). 2X SYBR Green I dye PCR Master Mix (Cat No. 4309155), 96-well Optical
Reaction Plate (Part No. 4306737), Optical Caps (Part No. N801-0935), Primer
Express software version 2.0, and 18S primers were from AB [Applied Biosystems
(www.appliedbiosystems.com, Foster City, CA, USA)].

METHODS

Total RNA Extraction and Synthesis of Biotin-labeled cRNA
Total RNA was extracted from normal pituitaries (80–120 mg) or pituitary adenomas

(60–100 mg). Tissue was washed once in ice cold phosphate-buffered saline to remove
contaminating blood. Then, it was ground in liquid nitrogen, and homogenized in
TRIzol according to the manufacturer recommendation. Total RNA (100 μg) was
further purified, using the RNeasy Mini Kit with a few modifications from the manufac-
turer’s instruction (see section “Notes”). Spectrophotometry (OD 260/280 nm) and
denaturing agarose gels were performed to determine the integrity of total RNA
samples. The first strand synthesis was performed from 25 μg of total RNA (5–8 μl),
1 μl of T7-(dT) 24 oligomer, 1 μl of SuperScriptTM Double-Stranded cDNA Synthesis
(Cat. No. 11917-010), 4 μl of 5X First Strand Reaction buffer, 1 μl of 10 mM dNTP
mix, 2 μl of 0.1 M DTT and 2–4 μl of DEPC-treated H2O. The reaction was incubated
at 45°C for 1 h 30 min. T7-(dT) 24 oligomer and phase-lock gel were provided by
the Emory/VA Medical Center DNA Core Facility. The second strand DNA synthesis
was performed by adding to the first strand reaction tube 91 μl of DEPC-treated H2O,
30 μl of 5X Second Strand Reaction buffer, 3 μl of 10 mM dNTP mix, 1 μl of 10 U/μl
DNA Ligase, 4 μl of 10 U/μl DNA polymerase I, and 1 μl of 2 U/μl RNase H. The
reaction was incubated at 16°C for 2 h. Then, 2 μl of 10 U/μl T4 DNA polymerase
was added to the reaction which continued incubating for 5 min at 16°C. Ten micro-
liters of 0.5 M ETDA was added to stop the reaction. The reaction product was then
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subjected to phenol/chloroform extraction by phase-lock gel and ethanol precipitation.
To produce biotin-labeled cRNA with Enzo BioArray High Yield RNA Transcription
Labeling Kit, in vitro transcription was performed as described by the manufacturer
by adding all the following: 22 μl of cDNA, 4 μl of 10X HY reaction buffer, 4 μl of
biotin-labeled ribonucleotides, 4 μl of 10X DTT, 4 μl of 10X RNA inhibitor, and 2 μl
of 20X T7 RNA polymerase. The reaction was incubated at 37°C for 5 h by gently
mixing the contents of the tube every 30–45 min during the incubation. The reaction
product was then purified by using RNeasy column and quantified by OD 260/280
nm. The biotinylated cRNA was fragmented to 50–200 nucleotides by heating (94°C
for 35 min), and chilled on ice.

Microarray Hybridization
The Affymetrix HG-U95Av2 arrays contain approximately 12,600 full-length gene

sequences previously characterized in terms of function or disease association. The
hybridization was carried out (45°C for 16 h) with mixing (rotisserie at 60 rpm) with
a hybridization buffer that consisted of appropriate oligonucleotide controls and the
fragmented biotin-labeled cRNA. The hybridization buffer consisted of the following:
40 μl of 25 μg of labeled cRNA and 5X fragmentation buffer, 5 μl of control oligo
B2, 5 μl of 100X Eukaryotic hybridization control, 3 μl of Herring Sperm DNA,
3 μl of acetylated BSA, 150 μl of 2X hybridization buffer, and 94 μl of DEPC-
treated H2O. The fragmentation buffer, the control oligo B2, the 100X Eukaryotic
hybridization control, the Herring Sperm DNA, the acetylated BSA, and the 2X
hybridization buffer were provided by the Emory/VA Medical Center DNA Core
Facility. After washing and staining with streptavidin-phycoerythrin (Molecular Probe,
Eugene, OR, USA), the arrays were scanned using a GeneChip Fluidics station and
scanner. Affymetrix Microarray Suite Version 5.0, GeneTraffic (Iobion, La Jolla, CA,
USA), Spotfire DecisionSite 8.1, Significance Analysis of Microarrays (SAM), and
GenePattern software packages were used to analyze the results (see section “Data
analysis”).

For microarray analysis, three normal pituitary glands and 11 NF pituitary adenomas
were analyzed using HG-U95Av2 GeneChips (Affymetrix) at the Emory/VA Medical
Center. All of these samples were analyzed in duplicate, starting from the extraction
of total RNA, GeneChip hybridization, washing, scanning, and data analysis. Five
additional normal pituitary glands were analyzed once using the same chips, HG-
U95Av2 GeneChips at the Moffit Comprehensive Cancer Center, University of South
Florida, Tampa, FL.

Reverse Transcriptase-real time Quantitative Polymerase Chain Reaction
(RT-qPCR)

RT-qPCR was performed as described in Evans et al. (12, 13) on four gene
transcripts in 23 NF pituitary adenomas and eight normal pituitary glands in a blinded
fashion. To validate the findings of gene transcript measurements by the microarray
approach, we performed RT-qPCR of selected gene transcripts. We measured the
expression levels of four genes in eight normal pituitary glands and 23 NF pituitary
adenomas which composed of 6 NF+ expressing FSH+, 6 NF+ expressing LH+, 6 NF+
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expressing FSH+ and LH+, and 5 NF– null cell. The four genes analyzed were isoci-
trate dehydrogenase 1 (NADP-dependent isocitrate dehydrogenase, IDH1, GenBank
AF020038), paired-like homeodomain transcription (PITX2, GenBank AF048722),
Notch homolog 3 (NOTCH3, GenBank U97669), and delta-like 1 homolog (DLK1,
GenBank U15979). Primers were selected using Primer Express software version 2.0
(PE Applied Biosytems), BLASTed against all H. sapiens gene sequences in GenBank
for selectivity, and synthesized by the Microchemical Facility at Emory University.
The primers of these genes were as the following:

Forward primer Reverse primer

IDH1 CACTACCGCATGTACCAGAAAGG TCTGGTCCAGGCAAAAATGG
PITX2 GCCGGGATCGTAGGACCTT GTGCCCACGACCTTCTAGCA
NOTCH3 TCTCAGACTGGTCCGAATCCAC CCAAGATCTAAGAACTGACGAGCG
DLK1 CACATGCTGCGGAAGAAGAAGAAC ACCGCGTATAGTAAGCTCTGAGGA

Ribosomal RNA (18S rRNA) was used as internal control. After purifying using
RNeasy Mini Kit, total RNA (3 μg) of each sample was DNAse digested for 12 min
at room temperature and reverse transcribed in 20 μl using 150 ng of random prime
hexamers, 0.5 mM of deoxynucleotide triphosphate, and 50 units of SuperScript reverse
transcriptase as recommended by the manufacturer (SuperScript First Strand Synthesis
System, Cat. No 11904-018). The Reverse Transcription products were then diluted
in water (5-fold for candidate genes and 1,000-fold for 18S rRNA) and subjected to
PCR according to Applied Biosystems recommendations with few modifications. The
PCR was performed in a 25-μl reaction using 2.5 μl of the diluted first strand cDNA
template, optimized amount of primers, water and 12.5 μl of the 2X SYBR Green I
dye PCR Master Mix. All PCRs were performed at least in duplicate and were cycled
in the GeneAmp 5700 Sequence Detection System at 50°C for 2 min, 95°C for 10
min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The specificity of PCRs was
determined from the dissociation curve analysis. Standard curve of each gene and 18S
rRNA were performed each time the genes were analyzed. All PCR products were in
the linear range of the exponential phase of PCR amplification. The quantity of the
specific genes obtained from standard curves was normalized to that of the 18S rRNA
of the same sample. Fold change of each gene was calculated as the ratio of the mean
of the normalized mRNA of NF compared to the mean of the normalized mRNA of
the normal pituitary controls.

Data Analysis
Gene expression data from 12,625 probe sets on the HG-U95Av2 GeneChips were

processed into.CEL files using Affymetrix MAS 5.0 and uploaded to GeneTraffic
software (Iobion) where they were normalized using the GCRMA method (14). After
data normalization, genes with uniformly low expression (maximum signal in any
sample less than 32) were removed from consideration, leaving 7241 probe sets for
analysis using SAM software (15). Relevant parameters for the SAM analysis were—
Imputation engine: 10-Nearest Neighbor; Number of Permutations: 500; RNG Seed:
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1234567; Delta: 1.063; Fold-Change: 2.0. Normalized expression data from the 297
significant probe sets were analyzed by a two-dimensional hierarchical clustering, using
Spotfire DecisionSite 8.1 software. Data were clustered using unweighted averages
and ordered using average Euclidian distance.

For K-nearest neighbor (KNN) prediction, the normalized RT-qPCR data
were analyzed with GenePattern software (http://www.broad.mit.edu/cancer/software/
genepattern/) and both the KNN cross-validation and class prediction modules were
used (KNN = 3). For these analyses, the four genes (or features) that were included
were NADP-dependent isocitrate dehydrogenase (IDH1), paired-like homeodomain
transcription factor 2 (PITX2), Notch homolog 3 (NOTCH3), and delta-like 1 homolog
(Drosophila) (DLK1).

To identify genes uniquely altered in tumor subtypes, SAM analysis was performed
with both the normal samples and other tumor subtypes as the control group, and
the subtype of interest as the experimental group. Analyses were performed with 500
permutations, fold-change of 2.0, and FDR < 1%.

NOTES

For cleanup total RNA using RNeasy Mini Kit column, follow the QIAGEN protocol.
However, to concentrate and maximize the yield of total RNA, the column should
be warmed to 65°C for 5 min before eluting total RNA and the elution should be
performed twice using the same eluant from the first elution.

There are two variants of the microarray technology. (a) cDNA microarray: the probe
cDNA (500–5,000 bases long) is immobilized to a solid surface such as glass using
robot spotting and exposed to a set of targets either separately or in a mixture. This
method, “traditionally” called DNA microarray, is widely considered as developed at
Stanford University. We performed our previous study using this cDNA microarray
(12). (b) An array of oligonucleotide (20–80-mer oligos) or peptide nucleic acid (PNA)
probes is synthesized either in situ (on-chip) or by conventional synthesis followed
by on-chip immobilization. The array is exposed to labeled sample DNA, hybridized,
and the identity/abundance of complementary sequences is determined. This method,
“historically” called DNA chip, was developed at Affymetrix, Inc., which sells its
photolithographically fabricated products under the GeneChip trademark. In this study,
we used the oligonucleotide array from Affymetrix.

We used HG-U95Av2 array because these arrays were available by then for human
genome. The Affymetrix HG-U95Av2 arrays contain 12,625 full-length gene sequences
previously characterized in terms of function or disease association. Subsequently,
HG-U133 set, HG U133A 2.0 array, HG U133 Plus 2.0 array, Human Cancer G110
array, HuGeneFL Genome array are now available.

How does one know that the result is right? Affymetrix designed several controls: B2
Oligo serves as a positive hybridization control and is used by the software to place a
grid over the image. Variation in B2 hybridization intensities across the array is normal
and does not indicate variation in hybridization efficiency. Hybridization controls,
bioB, bioC, bioD and cre, are spiked into the hybridization cocktail, independent of
RNA sample preparation, and are thus used to evaluate sample hybridization efficiency
to gene expression arrays. Internal control genes, �-actin and GAPDH, are used to
assess RNA sample and assay quality. Specifically, the signal values of the 3′ probe
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set to the 5′ probe set should be no more than 3. Since the gene expression assay
has inherent 3′ bias, a high 3′ to 5′ ratio may indicate degraded RNA or inefficient
transcription of ds cDNA or biotinylated cRNA. Ratios 3′ to 5′ for internal controls
are displayed in the expression Report (.rpt) file. All of our Report files showed that
the ratio of 3′ to 5′ of �-actin and GAPDH were less than 3.

Scaling and normalization factors: for the majority of experiments where a relatively
small subset of transcripts is changing, the global method of scaling/normalization is
recommended. Differences in overall intensity are most likely due to assay variables
including pipetting error, hybridization, washing and staining efficiencies, which are all
independent of relative transcript concentration. Applying the global method, corrects
for these variables. For global scaling, it is imperative that the same target intensity
value is applied to all arrays being compared. In this study, we used global scaling to
analyze the data. For some experiments, where a relatively large subset of transcripts is
affected, the “Selected Probe Sets” method of scaling/normalization is recommended.
Differences in overall intensity are due to biological and /or environmental conditions.

We used Spotfire DecisionSite 8.1 software for analyzing a two-dimensional hierar-
chical clustering. For KNN prediction of the blinded samples for RT-qPCR, we used
GenePattern software to analyze the normalized RT-qPCR data.

For quantitative PCR, optimization of the primers should be performed first. The
cDNA obtained from reverse transcription should be diluted 5- to 10-fold for the
candidate genes and it should be diluted 1,000- to 10,000-fold for 18S before the PCR
should be performed.
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Abstract

Benign prostatic hyperplasia (BPH) and prostate cancer are age-related diseases, affecting a majority
of elderly men in the western world, and are known to be influenced by several different hormones,
including sex hormones. Although the hormone prolactin (PRL) is well known to exert trophic effects
on prostate cells, its involvement in pathophysiological conditions is still poorly characterized. In order
to evaluate the potential role of PRL in promoting prostate growth, we have used a recently developed
transgenic mouse model that overexpresses the PRL gene specifically in the prostate (Pb-PRL transgenic
mice). The PRL transgenic mice develop a significant prostate hyperplasia which increases with age.
The prostates of the Pb-PRL transgenic mice display a prominent stromal hyperplasia with mild epithelial
dysplastic features, leading to an increased stromal/epithelial ratio. Accumulation of secretory material is
also a major characteristic. By using cDNA microarray analysis we have obtained interesting insights into
the molecular mechanisms involved in the prostate hyperplasia. Of particular interest is the significance
of reduced apoptosis for the development/progression of the prostate phenotype. This finding was further
confirmed by immunohistochemical analysis using two different apoptosis markers. Moreover, in line with
the prominent expansion of the stromal compartment were the identified changes in gene expression seen

From: Contemporary Endocrinology: Genomics in Endocrinology:
DNA Microarray Analysis in Endocrine Health and Disease

Edited by S. Handwerger and B. Aronow © Humana Press, Totowa, NJ

271



272 Genomics in Endocrinology

in the PRL transgenic prostate, suggesting that activation of the stroma is important for the development
of the prostate hyperplasia.

Overall, we demonstrate histological and molecular similarities between the prostate hyperplasia of
Pb-PRL transgenic mice and human prostate pathology, including both BPH and prostate cancer.

BENIGN PROSTATE HYPERPLASIA

Benign prostatic hyperplasia (BPH) is one of the most common age-associated patho-
physiological conditions in the male population (1). BPH is characterized as a slow,
progressive enlargement of the prostate gland, which eventually causes obstruction
and subsequent problems with urination. Despite of its obvious importance as a major
health problem, little is known in terms of the biological processes that contribute
to the pathogenesis of BPH. The BPH progression is characterized by hyperplasia of
both the stromal and epithelial compartments. Although, the exact etiology of BPH
is unknown, it is thought to arise as a result of epithelial–stromal interactions in a
certain hormonal milieu (2). Tissue growth depends upon a complex balance between
the rates of cell proliferation and cell death (apoptosis). Alterations in the molecular
mechanisms regulating these two processes may underlie the abnormal growth of the
gland, leading to BPH and even prostate carcinoma. Quantitative analyses, comparing
BPH and normal prostatic tissues, have revealed that the total increase of both stromal
and epithelial cells is a result of reduced apoptotic activity in parallel with increased
cell proliferation (3,4). However, other studies, comparing normal and BPH epithelium
only observed an increased cell proliferation but similar levels of apoptosis (5). When
calculating the ratio of stromal to epithelial compartments in human BPH tissue, clinical
reports have firmly established a dominance of the stromal component in BPH tissue,
which is in contrast to the predominance of the epithelial compartments in normal
prostate (6–9). Furthermore, in symptomatic BPH patients the stromal/epithelial ratio
has been reported to be significantly higher than in asymptomatic patients (7). Together,
these observations support the long held contention that BPH arises from changes in the
fibromuscular stroma (10). This proposition was based on BPH histopathology features
from which McNeal concluded that the prostate stroma undergoes an “embryonic
reawakening,” resulting in inductive effects of the local stroma, which in turn induces
hyperplastic changes in the epithelium through stromal–epithelial interactions.

Androgens are known to be of major importance for the growth, differentiation,
and apoptosis of prostatic cells. The development of BPH in man is an androgen-
dependent process, as evidenced by the lack of prostate disease in prepubertally
castrated males (11). However, nonandrogenic hormones and growth factors are also
considered necessary for normal prostatic development and function (12). These factors
are also believed to be involved in the development of BPH and prostate carcinoma.

PROLACTIN ACTION ON THE PROSTATE

Prolactin (PRL) is one well-studied factor which, alone or synergistically with
androgens, exerts trophic effects and regulatory actions on the secretory and metabolic
functions of the prostatic cells, both during glandular development and in the mature
gland in rodent and human (12, 13). The PRL receptor (PRLR) is expressed in both
human and rodent prostate (14, 15). Interestingly, expression of the PRL ligand has
also been demonstrated locally in both human and rodent prostate (15,16). Moreover,
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clinical reports have shown that PRL also may be elevated locally in BPH tissue,
without any significant increase in serum PRL levels (17).

The role of PRL action in promoting pathological conditions of the prostate has
been extensively investigated. Several in vivo studies, in rodents, have demonstrated
the growth-promoting effects of PRL on the prostate (18–20). Moreover, PRL has
been shown to stimulate growth and significantly increase the cell proliferation rate in
human BPH organ cultures, human primary prostate epithelium, and in the androgen
refractory human prostate cancer cell lines PC-3 and DU145 (15,21–23). In parallel to
inducing proliferation, PRL has been shown to decrease epithelial apoptosis induced
by androgen deprivation, thereby acting as a survival factor (24,25).

PROSTATE HYPERPLASIA MOUSE MODELS OVEREXPRESSING
THE PRL GENE

Male mice ubiquitously overexpressing the rat PRL gene using the metalloth-
ionein (Mt) promoter, Mt-PRL transgenic mice, develop a dramatic enlargement of the
prostate gland with parallel chronic hyperprolactinemia and elevated serum androgen
levels (26). However, further studies showed that the elevated levels of circulating
androgen in the adult Mt-PRL male mice were not necessary for the abnormal prostate
growth (27).

In order to evaluate the role of local PRL action in the prostate, under physiological
systemic androgen levels, a new transgenic mouse model was recently generated. In
these transgenic mice, Pb-PRL transgenic mice, the rat PRL gene is driven by the
prostate-specific rat probasin (Pb) promoter. The male mice expressing the transgene
developed a significant enlargement of both the dorso-lateral prostate lobe (DLP) and
ventral prostate lobe (VP), evident from 10 weeks of age and the prostate enlargement
progresses throughout adulthood (28). Histologically, the Pb-PRL prostate displays a
significant stromal hyperplasia, ductal dilation, and focal areas of epithelial dysplasia,
resulting in a major increase in stromal/epithelial ratio similar to observations made in
human BPH tissue (6–9). The glandular dysplastic lesions demonstrated in the Pb-PRL
prostate resemble the low-grade prostatic intraepithelial neoplasia (PIN) described
in the recently proposed classification of PIN in genetically engineered mice (29)
and those observations may indicate a potential for malignant disease. However, no
progression to high-grade PIN or prostate tumor formation has yet been detected in
Pb-PRL transgenic prostate. From this study, it could be concluded that abnormal
growth of the Pb-PRL prostate gland occurs primarily at the postpubertal stage and
in a setting of normal serum androgen levels, thereby resembling the situation in the
adult human prostate.

FUNCTIONAL GENOMICS IN THE STUDY OF THE PROSTATE
GLAND

The network of action of different hormones and growth factors on the prostate gland
and their involvement in prostate pathophysiology are unquestionably complex. The
recent completion of the human (30), and the mouse (31) genome sequence, together
with the improvement of high-throughput technologies, such as gene expression
profiling, will hopefully provide a basis for rational determination of which pathways



274 Genomics in Endocrinology

and molecular targets are appropriate to study further. The unveiling of a detailed
genetic map of the main species and models of prostate research promise to dramat-
ically increase our understanding of the genetic basis of prostate disorders together
with the basic mechanism of action and involvement of hormones and growth factors
for the induction of prostate disease.

GENE EXPRESSION STUDIES IN PROSTATE HYPERPLASIA
OF PRL-TRANSGENIC MICE

In order to examine the molecular mechanisms involved in the prostate hyperplasia
of Pb-PRL transgenic mice over-expressing the PRL gene specifically in the prostate,
cDNA microarray analysis was performed (32). Briefly, a pool of total RNA samples,
isolated from prostates of 6-months-old transgenic (n= 4) and control mice (n = 5), were
used to analyze the gene expression by using in-house printed cDNA microarray chip
containing about 6250 cDNAs of rat or mouse origin. Three independent experiments
were performed for DLP and VP, respectively. To identify the significant differentially
expressed transcripts, the data from the three repeated experiments were statistically
analyzed using SAM algorithm (33). To the statistically based criteria we added a
further requirement based on the absolute changes in expression ratios. Only genes
where expression ratios could be measured in all replicates were used in the analysis.
Moreover, only genes with average changes of more than 70% were counted as differ-
entially expressed (correspond to a fold change of 1.7). In the present study, 266 genes
were found to be differentially expressed (175 upregulated and 91 downregulated) in
the enlarged prostate of the Pb-PRL transgenic mice as compared to controls in at least
one of the lobe types analyzed (32). An overview of the gene expression study can be
viewed in Fig. 1. Of those, 117 genes were commonly differentially expressed in both
DLP and VP (95 up and 22 down). The differences between the gene expression of VP
and DLP can reflect biological differences and/or being a consequence of the limited
detection sensitivity associated with the technique of cDNA microarray. Consequently,
no specific attention was paid to these differences.

The differentially expressed genes were categorized based on their known functions.
Effects were seen in virtually all cellular processes, including genes involved in cell
tissue structure, metabolism, signal transduction, protein modification and protease
inhibitors, transport and binding proteins, and immune responses. The two largest
functionally categorized groups, of both the DLP and VP, were those of signal trans-
duction and cell tissue structure. The majority of the genes in these two categories were
highly expressed in the hyperplastic relative to the control prostate lobes, suggesting
that prostate hyperplasia is closely associated with upregulation of genes in these
two categories. Moreover, several immune system-associated genes were found to be
upregulated, which is in line with previous observations of areas of mild to moderate
chronic inflammation, exhibiting stromal mononuclear (primarily lymphocytes and
macrophage) infiltrate, in both ventral and lateral Pb-PRL prostate lobes (28). In
accordance with these findings, chronic prostatitis has previously been observed in
hyperprolactinemic conditions in rodent models (34,35).

Ten transcripts found to be differentially expressed by using cDNA microarray
analysis were subjected to RT-PCR verification using mouse specific primers for the
orthologous mouse genes. The same pool of total RNA that was used in the cDNA
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Fig. 1. An overview of the gene expression study used to identify differentially regulated genes in
the prostate hyperplasia in Pb-PRL transgenic mice as compared to controls performed by Dillner
et al. (32). The analysis was performed in dorso-lateral prostate (DLP) and ventral prostate (VP)
and analyzed, separately. The gene expression analysis was performed using in-house printed cDNA
microarray chips consisting of 6250 cDNAs. The hyperplastic prostate of the Pb-PRL transgenic
mice showed altered expression of more than 250 genes and provide evidence for reduced apoptosis,
increased tissue remodeling, and activation of the stroma.

microarray experiments was used in the RT-PCR reactions. As in the cDNA microarray
experiments, genes were denoted as differentially regulated if their level of expression
was changed by 70% or more. The analysis was performed in triplicates at the lobe
level. All the ten transcripts [TIMP-1, SARP-1, Cathepsin B, Cathepsin D, Clusterin,
Decorin, Nuclear protein 1 (p8), BOK, CIPAR-1, and EGF] were successfully verified
using the RT-PCR to be regulated in the same direction and at similar degree, as the fold
changes obtained from the cDNA microarray experiments. This verification indicates
the validity of using cDNA microarray technology in combination with statistical
methods for identifying differentially regulated genes. Moreover, the verification using
mouse-specific primers for the orthologous mouse genes to the cDNA clone of rat
origin on the cDNA microarray further supports the use of rat probes to measure
orthologous mouse genes.
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DIFFERENTIALLY EXPRESSED GENES IN THE ENLARGED
PROSTATES OF PB-PRL TRANSGENIC MICE AS COMPARED

TO CONTROLS

Reduced Apoptotic Activity
Interestingly, a number of the identified differentially expressed genes in Pb-PRL

transgenic as compared to control prostate gave indication of possible molecular mecha-
nisms involved in the development/progression of the prostate hyperplasia. Among
others, a number of apoptosis-related genes were differentially expressed. To further
validate these results, immunohistochemical analysis for detection of two established
apoptosis markers, activated caspase-3 and presence of ssDNA, were performed. In the
Pb-PRL transgenic prostate, there were no immuno detectable levels of either activated
caspase-3 or ssDNA. In contrast, distinct clusters of apoptotic epithelial cells were
occasionally detected, using either of the two apoptotic markers, in distal regions of the
ductal system in all prostate lobes of control samples. These results clearly indicated
an overall diminished apoptotic activity in all prostate lobes of the Pb-PRL transgenic
mice as compared to controls. In addition, a previously performed molecular characteri-
zation of the Mt-PRL transgenic mice, using cDNA representational difference analysis
(RDA), did also find differential regulation of apoptosis-associated transcripts (36).

In the list of apoptosis-related genes, that were differentially expressed in the Pb-PRL
transgenic hyperplastic prostate as compared to controls, were down-regulation of pro-
apoptotic genes [Bok (Bcl-2-related ovarian killer protein) (37), CIPAR-1 (castration
induced prostatic apoptosis related protein-1) (38) and Nuclear protein 1 (4)] in parallel
with up-regulation of some genes with anti-apoptotic activity [SARP-1 (Secreted
apoptosis-related protein 1) (39) and clusterin (also known as testosterone repressed
prostate message-2 or sulfated glycoprotein-2)]. Interestingly, the ubiquitous protein
clusterin has previously been shown to be upregulated in prostate hyperplasia (40). In
this study, Ouyang et al. showed that, as compared to normal prostate, the clusterin
gene expression was highly upregulated in both hyperplastic and malignant rat prostate
following sex hormone treatment. Moreover, a powerful survival/antiapoptotic activity
of clusterin has been noted in vitro in human prostate cancer cells (41).

These results correlate well with the proposed theories behind the etiology of BPH,
suggesting an involvement of reduced rate of apoptosis (42), based on the observations
of reduced apoptotic activity in BPH tissue as compared to control (3, 4, 43). Other
studies have suggested a potential role for the antiapoptotic gene Bcl-2 in BPH. In
benign prostatic tissues, Bcl-2 expression is predominantly seen in basal epithelial cells
and has been associated with resistance to androgen ablation in BPH epithelium (44).

The importance of PRL in regulation of apoptotic activity in the prostate is yet to be
determined. It is possible that PRL acts preferentially as a survival factor rather than a
growth factor. Earlier work has demonstrated PRL-induced delay in castration-induced
prostatic regression (45). In line with this, PRL has been shown to significantly inhibit
the androgen withdrawal-induced apoptosis in DP and LP rat prostate cultures (24).
Furthermore, inhibition of activation of transcription factor Stat5, an important part
of PRL-receptor mediated JAK/STAT signaling, induces cell death of human prostate
cancer cells (46). Interestingly, Li et al. recently demonstrated that activation of Stat5
in human prostate cancer is associated with high histological grade (47). Furthermore,
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they showed that active Stat5 can distinguish prostate cancer patients whose disease is
likely to progress earlier and, therefore, suggest the use of active Stat5 as a marker for
selection of more individualized treatment (48).

Moreover, hyperprolactinemia has been shown to induce the synthesis of antiapop-
totic Bcl-2 in rat prostate (49), which is in line with induced Bcl-2 expression in human
BPH tissue as compared to control (44). Furthermore, PRL has been shown to inhibit
TRAIL-induced apoptosis in the PC-3 prostatic cell line (50). TRAIL is a member of
the TNF family that is known to induce apoptosis in prostate cells (51). This inhibition
was suggested to be mediated by increased phosphorylation of Akt/PKB, a critical
regulator of cell survival. The Akt pathway provides the survival signal that involves
several proapoptotic proteins such as Bad (52, 53) and possibly other members of
the Bcl-2 family. PRL has been shown to possess an antiapoptotic effect in the rat
decidua, and this was shown to involve inhibition of caspase-3 activity mediated by
the Akt-pathway (54). In that study, PRL was able to downregulate both caspase-3
mRNA levels as well as its activity. Taken together, our results suggest an importance
of reduced apoptotic activity in the development of prostate hyperplasia in the PRL
transgenic mice. The role of PRL in this regulation needs further investigation, as well
as the involvement of diminished apoptotic activity for the development of prostate
disease.

Indications of Tissue Remodeling and Activated Stroma
The broad molecular characterization made in the Pb-PRL transgenic mice gave

us interesting clues of possible molecular mechanisms of importance for the prostate
phenotype, including both the prostate hyperplasia and the dysplastic lesions resembling
PIN I and PIN II displayed in this mouse model (32). Interestingly, numerous of the
identified differentially expressed genes are directly associated with stromal cells and
the extracellular matrix (ECM) proteins that are secreted from stromal cells, including
fibronectin, vimentin, laminin, SPARC (osteonectin), calponin, and collagens. This
may reflect altered activity of the prostatic stromal cells in the prostates of the trans-
genic mice. Interestingly, similar results have been reported in the DLP of the so-called
ACI rat, a rat model that spontaneously develop prostate cancer (55). In addition to
their structural role, ECM proteins have a pronounced influence on tissue remodeling
regulating cell growth, differentiation, communication, and migration (56). Moreover,
degradation of the ECM, mediated by a variety of proteolytic enzymes, such as matrix
metalloproteinases (MMPs) and other proteases, have significant roles in normal and
pathological tissue remodeling, including wound repair and tumorigenesis (57). Inter-
estingly, a set of genes, including members of the families of cathepsins, MMPs, and
TIMPs, was differentially regulated in the enlarged prostate of Pb-PRL transgenic mice
as compared to controls. These genes may serve as potential actors that modify the
tissue homeostasis, possibly by changing the reciprocal stromal–epithelial interactions,
which eventually contributes to promote the pathological tissue growth observed in the
model. The differential regulation of several of these candidate genes has previously
been associated with prostate disorders in both humans and animal models indicating
a relevance of these genes in the prostate pathogenesis of PRL transgenic mice. In
addition to this gene expression study using cDNA microarray analysis, the gene
expression analysis of the prostate of the Mt-PRL transgenic mice using the method of
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cDNA-RDA also indicated a potential importance and possible activation of the stromal
compartment for the development and/or progression of the prostate phenotype (36).

The histological resemblance of increased stroma/epithelial ratio, seen in both
human BPH and the prostate hyperplasia of the PRL transgenic mice models, further
supports the “embryonic reawakening theory” of BPH etiology (10), where the prostate
hyperplasia is proposed to be a disease of the prostatic stroma. This theory empha-
sizes that BPH represents a reawakening of the embryonic and inductive potential
of prostatic stroma, which in turn induces hyperplastic changes in the epithelium
through stromal–epithelial interactions. Several studies have proved the importance of
the epithelial–stromal interactions both in normal prostate development as well as the
influence of abnormal reciprocal interaction between epithelial cells and the embryonic
mesenchyme or adult stroma in the progression of neoplastic growth in the human
prostate gland (58). Although the exact mechanisms of such tissue interactions are not
fully understood, there is growing evidence that they may operate through cell–ECM
interactions, remodeling of ECM and auto/paracrine growth factors (56).

The phenomenon of tumorigenesis promotion by an activated stroma (generation of a
so-called “reactive stroma”) has previously been associated with prostate pathology and
other human cancers (59). The reactive stroma is characterized by ECM remodeling,
elevated protease activity, increased angiogenesis, and an influx of inflammatory cells
(59). The list of differentially regulated genes in the Pb-PRL transgenic prostate
(32) has much in common with the processes involved in what is in the literature
described as characteristics of the reactive stroma [reviewed in (59)]. The upregulation
of vimentin together with a downregulation of desmin suggests a myofibroblastic-
like nature of the stroma cells, which is in line with the described phenotype of
reactive stroma. In addition, reactive stroma cells typically express high levels of
ECM components, such as collagen type I and III, fibronectin, and proteoglycans,
as well as proteases that degrade the ECM observations that are in accordance with
our present results. One possible hypothesis might be that PRL influences the initial
induction of prostatic hyperplasia by modulating the stromal–epithelial interaction,
resulting in an activation of the stroma with the phenotypical features of reactive
stroma, which fits well with the stromal expansion as dominant feature of human
BPH (6,8,9).

CONCLUSION

The prostate phenotype of the two PRL transgenic mouse models (Mt-PRL and
Pb-PRL transgenic mice) shares interesting histological characteristics with human
BPH. The Pb-PRL transgenic model does resemble the situation in BPH better than
the Mt-PRL transgenic model since the prostate hyperplasia develops in a mature
gland under normophysiological androgen levels (27, 28). This in combination with
the molecular and histological similarities between the Pb-PRL transgenic model and
human prostate pathology illustrates the potential further use of this model as a valuable
tool in the study of BPH.

The use of differential gene expression technologies in our studies has enabled us
to find molecular similarities between the prostate hyperplasia of the PRL transgenic
mouse models and human prostate disorders. Of particular interest is the potential
significance of reduced apoptosis for the development/progression of the prostate
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phenotype. Another interesting observation is the importance and possible activation
of the stromal compartment for the development and/or progression of the prostate
phenotype of the PRL transgenic mice. There is striking resemblance of the molecular
pattern obtained in the PRL transgenic prostate to that previously described in the
literature as the “embryonic reawakening theory” of BPH etiology and the theory of
“reactive stroma” in prostate cancer etiology.

Overall, the differentially expressed genes identified in this study show many
molecular similarities between the prostate hyperplasia of PRL-transgenic mice and
human prostate pathology, including both BPH and prostate cancer.
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domains and signaling, 84
and prostate cancer, 89
role in male sexual dimorphism and function, 85–87
stimulation in stromal compartment, 88
targets of, 98–101

Androgen response elements, 85
Androgen-responsive pathway in LNCaP cells, 99
Antiresorptives drugs, 26
Applied Biosystems Genome Survey arrays, 190
Applied Biosystems 5′ nuclease assay, 202
ARE See Androgen response elements
ArrayAssist payware versions, 193
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AR target genes from LNCaP model in prostate cancer,

102–104
ASCL3 genes, 99
Asoprisnil receptor modulators, 68
Axin 1 (AXIN1), 137
Axon GenePix commercial scanning software, 192
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BD Biosciences Clontech Atlas™ Microarrays, 189
Benign prostatic hyperplasia, 85, 272
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BioConductor package, 12
Bioconductor tools for genomic data, 13
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BMD. See Bone mineral density
Bone mineral density, 26
Bone remodeling, 25–26
Bone resorption rate, 26
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FoxA1 and ER� expression in, 123
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cDNA representational difference analysis, 276
Chromatin immunoprecipitation analysis, 92
Chromatin immunoprecipitation analysis (ChIP-chip)
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diagram of, 117
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CodeLink™ Bioarrays, 190
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Comparative genomic hybridization (CGH)
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DHEA. See Ddehydroepiandrosterone
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DNA microarray analysis

and global gene expression profiles study, 31–35
and PTH in oteoblastic cells gene regulation, 27–28
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Dose-responsiveness demonstration, 7
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EGF receptor (EGFR/ErbB1), 29
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Endocrine factor responsive gene, 6
Endocrine Pancreas Consortium, 186
Endocrinology and gene expression profiling studies, 5–7
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Epac activation, 27
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ER�-mediated transcription, 116
ER� signaling pathway, 123
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ERKs. See Extracellular signal-regulated kinases
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Estrogen receptor (ER) activation, 84
Estrogen-responsive genes in breast cancer, 123–124
European Bioinformatics Institute, 14–16
Expression signature, 6
Extracellular signal-regulated kinases, 27

F

False discovery rate (FDR), 193
FAS upregulation, 55
Fetuin. See Alpha-2-HS-glycoprotein
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Forkhead protein FoxA1, 123
FSH. See Follicle stimulating hormone
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Gene Expression Omnibus, 14–15
GeneFilters array, 189
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Gene ontology (GO), 28
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Genes co-functionality, 11
Gene Set Enrichment Analysis, 195
Gene Set Enrichment Assay, 194
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GeneSpring GX 7.3 software package, 90
GeneSpring payware versions, 193
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GenMAPP software, 74
GEO See Gene Expression Omnibus
GIP See Gastric inhibiting polypeptide
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Glucocorticoid receptor element (GRE), 166
Glucocorticoid receptor (GR), 52, 166

induced cell survival, 174
mediated breast cancer cell survival pathways,

173–175
Glucocorticoids steroid hormones, 166
Glycogen synthase kinase-3� (GSK3B), 137
Glycogen synthetase, 194
Gonadotropin releasing hormone agonists (GnRHa)

therapy, 68
GOTree Machine, 194
G-protein-coupled receptor, 27
G-protein-coupled receptor’s expression, 134
Growth hormone (GH)
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physiological effect of, 42
regulated mechanism, 44
secretion patterns, 44
and STAT5 interaction, 52
transcriptional actions, 44–45
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hepatic expression of genes, 55
Growth hormone (GH) receptor (GHR), 42

cytoplasmic domain, 42
expression regulation, 43
inactivating mutations, 42

GSEA See Gene Set Enrichment Analysis; Gene Set
Enrichment Assay

H

HATs See Histone acetyltransferases
hGH replacement therapy on hypophysectomized (Hx)
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Histone acetyltransferases, 52
hMSCs See Human mesenchymal stem cells
Hormone activation and microarray data analysis,

167–173
Hormone-induced expression alterations, 7–8
Hormone treatment, 7
Human Affymetrix GeneChip arrays, 71
Human decidualization in vitro models, 148
Human endometrial stromal cells, decidual cells, 147
Human mesenchymal stem cells, 240

gene families of, 246
models of, 245–247

Human obesity and insulin resistance studies,
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Human Survey Microarray version 2.0, 190
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208–210
Human uterine decidualization regulation, 159
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IGF-1 knockout mice, 42
IGF1 signaling, 6
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Incyte Genomics libraries, 186
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Insulin-like growth factor binding protein-5

(IGFBP-5), 34
Insulin-like growth factor 2 (IGF2), 135
Insulin Receptor Substrate 1 (IRS-1), 45, 194
Insulin resistance syndrome, 11
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IP3K/Akt signaling, 232
IR-dependent signal transduction, 221
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Jagged-1 expression, 30
Janus Kinase 2 (JAK2), 42
JNK-signaling pathway, 180
c-Jun N -terminal kinase (JNK), 178
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KEGG See Kyoto Encyclopedia of Genes and Genomes
KEGG metabolic processes, 14, 75
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KIAA0018 transcripts, 136
Kyoto Encyclopedia of Genes and Genomes, 74, 194

L
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Laser Capture Microdissection, 191
Lawrence Livermore National Lab cDNA clones, 189
LCM See Laser Capture Microdissection
Leiomyoma

microarray platforms and analysis in research for, 78
sampling from tumors for, 68–69

Leiomyoma isolation and culture
data acquisition and analysis, 72–74
gene expression profiling, 69
ontology assessment, 74–75
RNA preparation and hybridization, 70–72
verification of, 75–77

Leiomyomas benign uterine tumors, 67–68
Leukemia inhibitory factor, 149
LIF See Leukemia inhibitory factor
LNCaP cells, hierarchical cluster analysis of genes, 91
LNCaP model for study of prostate cancer, 89
Luetinizing hormone (LH), 220
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Mammalian GeneFilters ®, 189
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gene expression, 211–212
MIAMExpress, 15–16
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Microarray-based gene expression studies, 6
Microarray data analysis
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downloadable datasets of, 15
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principles of, 10–11
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Molecular chaperone HSP22, 88
Monocyte chemoattracant protein-1, 161
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mRNA expression and Leiomyoma, 75–76
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data acquisition and analysis, 72–74
gene expression profiling, 69
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RNA preparation and hybridization, 70–72
verification of, 75–77
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NAD dehydrogenase IV expression, 202
National Institute of Diabetes and Digestive and Kidney
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National Institutes of Aging Array Analysis, 226
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NF�B-ligand (RANKL) receptor activator, 31
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analysis study

methods of, 265–268
patients and tumor characterization, 264
reagents in, 265

NGFIB orphan nuclear receptor, 136
n-Myc interactor (Nmi), 52
Nonfunctioning (NF) pituitary adenomas, 264
Normal human adrenals global expression profile,

134–136
Notch receptors, 30
NOV See Nephroblastoma overexpressed gene
Noxa and DAB2 putative ELK-1 target genes, 180
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Obese rat model and rodents, 257
Obesity, white adipose tissue and microarray technology,

239, 249–258
ob/ob and DIO mice models and rodents, 249–250,

253, 256
Off-the-shelf PCR-based gene expression assays, 190
Oligonucleotide arrays, 5
Oligonucleotide Human Genome U95Av2, 265
Open source R statistical programming language,

12–13
Osteoblasts bone-forming cells, 26
Osteoporosis metabolic bone disease, 25–26

P

PancChip cDNA microarray, 186
PAR-2 See Protease-activated receptor-2
Parathyroid hormone (PTH) anabolic agent, 26
Partek commercial tool, 13
Pb-PRL transgenic mice gene expression study, 273, 275
P21cip1, 30
PCO, overian phenotype genes, 229
PCOS See Polycystic ovary syndrome
PCR-amplified cDNA clones, 186
Peptide hormone relaxin, 160
p85 expression, 56
PFAM conserved protein domains, 75
PFAM-conserved protein domains, 14
Phorbol 12-myristate-13-acetate (PMA), 29
Phosphatase-1 (Mkp-1), 30
PI3K/Akt activity and genes control, 231–232
PI-3-kinase-Akt pathways, 29
PIN See Prostatic intraepithelial neoplasia
Pituitary adenomas, 264
PLA2G2A genes, 99
Plasminogen-activator inhibitor 1 (PAI-1), 241
Plasminogen (PLG), 135
Polycomb Repressive Complex 2 (PRC2), 119
Polycystic ovary syndrome, 219
Polycystic ovary syndrome(PCOS) theca cells

microarray assay of, 223–226
steroidogenic profile of, 220

Power analysis problem, 9
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PPNAD See Primary pigmented nodular adrenocortical
disease

Pre-eclampsia, 161
Pregnancy, decidualization in pathological conditions,

160–161
Primary pigmented nodular adrenocortical disease, 133
PRL-receptor mediated JAK/STAT signaling, 276
Proapoptotic genes down-regulation, 276
Probabilistic graph models, 14
Proinflammatory cytokines effects on thyroid follicles

gene expression, 211
Prolactin (PRL) action on prostate, 272–273
Prostate cancer, 88–89

AR alterations and, 97–98
Prostate gland, functional genomics study, 273–274
Prostate-specific antigen (PSA) expression, 88
Prostate-specific rat probasin (Pb) promoter, 273
Prostatic hyperplasia mouse models and PRL genes,

273–274
Prostatic intraepithelial neoplasia, 85
Protease-activated receptor-2, 100
Proteasome activator PA28, 88
Protein expression and Leiomyoma, 76–77
Protein Kinase C (PKC), 45
Protein metabolism targets, 99–100
Protein-protein interactions, 13
PTH anabolic effect and Jagged-1, 30
PTH signaling and transcription factors, 33
PTH signaling in osteoblast, 31
PTH type I receptor (PTH1R), 26
Putative cis-regulatory modules in ER�-responsive

promoters, 123
P450 xenobiotic-inducible superfamily, 56–57

Q

Q65 receptor group, 88
Q-RT-PCR See Quantitative real-time reverse

transcription PCR
Quantitative real-time reverse transcription PCR, 134
QVALUE software packages, 73

R

Raloxifene oestrogenic compounds drugs, 26
Raloxifene receptor modulators, 68
RAP guaninenucleotide- exchange factor, 232
Ras-like GTPases, 45
Ras-Raf-MAP-kinase, 29
Rat and Mouse Survey microarrays, 190
RDA See cDNA representational difference analysis
Real-time reverse transcriptase PCR and diabetes

research, 201–202
Relative gene expression level changes distributions, 9
Renal dysfunction and type 2 diabetes, 201
Retinoic acid genes metabolism, 229–230
Reverse transcriptase-real time quantitative polymerase

chain reaction (RT-qPCR), 266–267
Risedronate bisphosphonates drugs, 26

S

SAGE See Serial analysis of gene expression
SAM See Significance Analysis of Microarrays
SBMA See Spinal and bulbar muscular atrophy
Scanalyze freeware applications, 192
SREBP cleavage-activating protein, 99
Selected microarray platforms merits and limitations,

187–191
Self-organizing maps, 193
Sentrix® Array Matrix, 190–191
Sentrix Beadchip arrays, 190–191
Serial analysis of gene expression, 16, 132
Signal Transducer and Activator of Transcription

5, 45
Significance Analysis of Microarrays, 193
Single-copy CGI promoters, 120
Single time point microarray data analysis, 167–168
Skeletal muscle of type 2 diabetes gene transcript levels,

195–199
Small heterodimer partner (SHP) expression, 54
SORD genes, 99
Specificity protein (Sp)1, 52
Spinal and bulbar muscular atrophy, 85, 88
Spotfire commercial tool, 13
SREBP-1/ADD1 expression in DIO mouse, 250
SREBP-1c See Sterol regulatory element binding

protein-1c
SREBP1c gene expression, 55
SREBP cleavage-activating protein, 99
STAT5a/b See Signal Transducer and Activator of

Transcription 5
STAT5b deficient mice analysis, 45
STAT5-mediated transactivation, 52
Steroidogenic acute regulator (STAR), 135
Sterol regulatory element binding protein-1c, 202
Stromal-epithelial interactions, 88
SuperArray GEArray® bioscience, 189
SuperScript Choice system, 71

T

Tamoxifen oestrogenic compounds drugs, 26
TFBSs See Transcription factor binding sites
Thr-X-Tyr motif of MAP kinases, 30
Thyroid follicles gene expression

iodide effects on, 210
methimazole and amiodarone effects, 211–212
proinflammatory cytokines effects on, 211

Thyroid follicles in suspension culture and monolayer
culture, 208

Time course microarray data analysis, 168–173
Tissue biopsy, 10
Tissue transcriptional profiling, 131
3T3-L1 Cell line model, 241–245
3T3-L1 preadipocyte cell line, 240
TNF-related apoptosis inducing ligand, 157
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TRAIL See TNF-related apoptosis inducing ligand
TRAIL-induced apoptosis in PC-3 prostatic cell

line, 277
Transcription and proliferation targets, 100–101
Transcription factor binding sites, 31
Transcription start site (TSS), 32
TRANSFAC database, 33
Transforming growth factor alpha (TGF-�), 29
Treatment-effect test, 7
TSH effect on thyroid function in human thyroid

follicles, 209
Type 2 diabetes, gene transcript level alterations,

194–201
Type V 17�-hydroxysteroid dehydrogenase, 220

U

Ubiquitin-mediated degradation, 88
UMR microarray data, 30
UMR 106-01, PTH-responsive rat osteosarcoma

osteoblastic cell line, 27

V

Variance models analysis, 12
Vascular complications and type 2 diabetes, 201

W

White adipose tissue
endocrine functions of, 241
microarray technology and obesity, 249–258

Whole genome expression profile analysis, 5
Wilcoxon test, 193
WNT1-inducible signaling pathway protein 2 (WISP2),

137
Wnt signaling transduction pathway, 137
Wolff–Chaikoff effect in human thyrocytes, 210

X

xenograft model, 100
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Ying Yang-1 (YY1) transription factor, 52
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