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M
ethods for assaying gene expression can be
classified into two major types: open meth-
ods, which do not require prior knowledge of
the genes being measured, and closed meth-

ods, which measure expression levels of already collected
clones or sequences. Some expression analysis techniques
can only measure on a gene-by-gene basis while others
can assay multiple genes simultaneously. Finally, some
methods can directly measure differential expression
between two samples and some examine expression lev-
els from one sample at a time, followed by computation-

based comparisons. Understanding the differences
between these methods is essential for choosing the best
technology for a given drug discovery application. Regard-
less of the method chosen, researchers must identify or
access (through databases) vast quantities of expression
information to find effective drug targets.

The history of gene expression

The history of gene expression analysis began when lab-
oratory methods were developed to examine expression
of individual known genes. The northern blot technique,
introduced in 1977, hybridizes labeled DNA or RNA
probes of known genes to RNA blots1. The resulting
expression patterns of mRNA transcripts can then be read.
This technique is still widely used to confirm the results of
other types of gene expression studies. In 1977, another
method was published that protects a DNA-labeled probe
against degradation by the single-stranded nuclease S1 if
the probe is annealed to an RNA (Ref. 2). Ten years later,
RNase protection assays were developed to detect the
expression of specific, previously characterized RNAs and
to compare their levels of expression3. With this technique,
a specific labeled cDNA forms a hybrid with its corre-
sponding mRNA. When exposed to a single-strand-
specific nuclease, the hybrids resist degradation and can be
detected using gel electrophoresis. A later approach, differ-
ential plaque-filter hybridization, can detect differences in
the expression of cloned cDNAs between two samples4.

In 1993, subtractive hybridization techniques became
available for constructing subtractive cDNA libraries. This
methodology hybridizes cDNA from one pool to mRNA
from the other5. Then, cDNA libraries are constructed from
the transcripts that are not hybridized, these being used to
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identify specific mRNAs (Refs 6,7). A modification of this
technique, representational difference analysis (RDA), also
uses preferential amplification of non-subtracted frag-
ments. In RDA, ‘representations’ or simplified versions of
the genomes being studied (amplicons) are created using
restriction digestion. This method was first developed to
examine the differences between genomes, but has
proven useful for cloning differentially expressed genes.
From this method, suppressive subtractive hybridization
(SSH) was derived, which enables further suppression
amplification of non-subtracted fragments8. SSH combines
normalization (equalizing the abundance of cDNAs within
the target population) and subtraction (excluding the com-
mon sequences between the target and driver popu-
lations) in a single procedure. Results from both RDA and
SSH should be validated using other methods.

High-throughput parallel methods

Early gene expression methods, such as those already
mentioned, are relatively small-scale techniques. They
either focus on measuring mRNA expression levels for
individual, well-characterized genes, or use in vitro
nuclear ‘run-on’ transcription assays to determine the
transcriptional profiles of several active genes simulta-
neously9–11. They are therefore inadequate for conducting
large-scale screening and developing expression profile
patterns for tissues or cells (the basic requirements for effi-
cient pharmaceutical research). Thus, several newer meth-
ods for high-throughput screening (HTS) have been devel-
oped over the past decade, including differential display,
expressed sequence tag (EST) methodology and many
array techniques. Collectively, they have made it possible
to identify the expression levels of novel genes and char-
acterize them, correlate mRNA expression patterns in
many tissue types with disease states, identify side effects
of current and experimental treatments, and determine the
effects of compounds on non-target tissues.

Differential display
Differential display of eukaryotic mRNA, first reported in
1992, was a major advance in the comparison of gene
expression differences between cells or tissues12. Encom-
passing the use of either arbitarily or specifically primed
PCR, it is perhaps the most widely used method involving
gel electrophoresis for comparing gene expression. Both
methods amplify partial cDNAs from subsets of mRNA sam-
ples by using reverse transcription and PCR. These short
cDNA fragments are then typically displayed on polyacryl-
amide gels. Differential display can simultaneously measure
both up- and down-regulation across tens of samples.

Originally, this method used an oligo(dT) primer with
an anchor of one or two bases at the 39 terminal. Reverse
transcription and denaturation were followed by arbitrary
priming on the resulting first strand of cDNA. A series of
products were then derived from the 39 end of the mRNAs
by using PCR with the original primer (a radiolabeled
nucleotide) and a set of short, random decamer primers.
Each random primer annealed to the mRNA at a different
position relative to the anchor primer. Products showing
significant differential expression were sequenced after
size fractionation of the PCR sample using denaturing gel
electrophoresis, generally after overnight autoradiographic
exposure.

READS™
In 1996, Prashar and Weissman significantly modified this
standard differential display technique, using selective PCR
amplification and display of 39-end restriction fragments of
double-stranded cDNAs. This methodology, named Restric-
tion Enzyme Analysis of Differentially Expressed Sequences
(READS), can be used to identify novel drug targets. As
with another method that uses restriction endonucleases in
differential display, READS is now a well-validated finger-
printing technique13. READS was developed to overcome
limitations of standard differential display methods, such as
a lack of quantitative correlation with mRNA fold changes,
a significant number of false-positive signals, inconsistency
in reproducing display patterns and failure to fully repre-
sent the redundancy of mRNA signals14–16. More important-
ly, the band size produced by arbitrarily primed differential
display was not always predictable from the mRNA
sequence under study17. The classical approach to differen-
tial gene expression is also limited because cDNAs are
amplified at the low primer-annealing temperature of 408C,
which is a nonstringent PCR condition.

The READS approach (Fig. 1) involves attaching a
restriction enzyme-digested double-stranded cDNA to an
adapter that mediates selective PCR amplification of only
the 39-end fragments of cDNAs under high-stringency PCR
conditions. Approximately 100 combinations of restriction
enzymes and oligo(dT) primers (with specific heel
sequences) are usually used to selectively measure the
expression of 100–200 transcripts per combination. This
technique offers several advantages:

• Consistent and reproducible patterns (such as accurate
measurement of up- and down-regulation)

• High coverage of the mRNAs in a sample
• Less under-representation or redundant representation

of mRNAs
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• Adequate information for quantifying levels of gene 
expression

• The capacity to distinguish highly homologous and 
alternatively polyadenylated or spliced transcripts.

Various differential display methods have proven helpful
in detecting genes that correlate to certain disease states,
genes responsible for growth factors and developmentally
regulated genes. With a sufficient number of primer combi-
nations, differential display can detect virtually all expressed

mRNAs. As only small quantities of total RNA (a few micro-
grams) are required for this technique, differential display is
especially useful when the RNA supply is limited. Thus,
clinical and pharmaceutical researchers can test small biop-
sies as well as more homogenous cell types, such as those
isolated using laser-capture microdissection or flow-sorting.

Expressed sequence tags 
EST methodology can determine the expression profile of an
entire cell or tissue under analysis. During the 1990s, EST
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Figure 1. READS™ measures gene
expression by selective PCR
amplification and display of 39-end
restriction fragments of double-stranded
cDNAs (Ref. 17). (a) An oligo(dT)
primer, with one or two additional bases
at one end (N1, N2) and a ‘heel’
sequence at the other, is used for
synthesis of the first strands of cDNAs. N1
can be any base other than thymine,
while N2 can be any base. (b) The
second strands of the cDNAs are
synthesized using standard methods. All
cDNA molecules have a common 39 heel
sequence. (c) cDNAs are digested with a
restriction enzyme. (d) A Y-shaped
adapter with an overhang on its 39 end
for ligation to the cDNA fragments. The
59 end contains a noncomplementary
sequence, giving rise to its Y shape. The
59 PCR primer, positioned on this Y
region, cannot anneal to the adapter.
(e) All fragments are ligated to Y-shaped
adapters. Internal fragments have
adapters at both ends. The 39 end
fragment has the Y-shaped adapter at
one end and the 39 heel at the other. (f)
The first PCR cycle is started, using a 39
PCR primer that anneals to the heel of
the 39 end fragment. A complementary
sequence is made of this entire
fragment, including the 59 PCR primer.
The 59 PCR primer can now anneal to
this complementary sequence. Other
fragments are unchanged, as they lack
functional PCR primers. (g) The two
PCR primers can now selectively amplify
the 39 end fragments, yielding quantities
similar to the sample’s mRNA.
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methodology played the largest role in increasing the cata-
log of known genes. Using this approach, cDNA clones are
randomly picked and a single pass of sequencing is per-
formed from one or both ends of each clone. Subsequent
comparison with existing sequence databases immediately
identifies novel sequences. Measuring how often a given
sequence appears in a (representational) library enables the
estimation of expression levels for each gene.

Although this method can accurately identify the pres-
ence of a proportion of genes, relatively low sampling
(typically 5,000–10,000 sequences are generated from a tis-
sue containing .20,000 distinct transcript types) makes it
difficult to measure abundance of expression or to identify
differentially expressed genes except where genes are
highly up- or down-regulated.

Serial analysis of gene expression
Serial analysis of gene expression (SAGE) can potentially
tag and analyze all transcripts in a given cell population or
tissue. It has been used to successfully compare expres-
sion profiles between normal and cancerous cells, and
detect p53 levels prior to apoptosis18,19. In theory, SAGE is
an ‘open’ system. However, in practice, the short length of
the tags means that it is most useful for expression pro-
filing of fully sequenced genes. Thus, the value of this
technique might increase as the Human Genome Project
progresses.

This method uses two samples that are ligated and
tagged with separate primers and then amplified. Subse-
quently, the primers are removed, revealing sticky ends
that form concatemers. The concatemers are both cloned
into a vector, with sequence information for the two dif-
ferent cDNA tags contained between anchoring sites. This
cloning and sequencing process is time-consuming, as it
must be performed for each sample and followed by
extensive computational analysis.

Filter arrays
The public EST efforts, spearheaded by sequencing work
at Washington University (St Louis, MO, USA)20 and the
arraying efforts of the IMAGE Consortium (founded by
researchers at the Lawrence Livermore National Labora-
tory, Columbia University, National Institutes of Health
and Centre National de la Recherche Scientifique)21, have
made sequences and clones for more than one million
cDNA clones publicly available. A network of five distribu-
tors (see http://www–bio.llnl.gov/bbrp/image/image.html)
across the globe supplies researchers with clones and
related research services, such as sets of sequence-verified
cDNA clones spotted onto nylon membranes. As standard

laboratory protocols can be used and the filters are com-
mercially available at a relatively modest cost, they are a
popular forerunner to microarrays. Hybridization of
radioactively labeled complex RNA (Ref. 22) to these
membranes yields signals for moderately and abundantly
expressed genes and, depending on several factors, some
of the less abundant transcripts. Thus, differential expres-
sion is best measured using genes that are moderately
expressed in at least one of the two (or more) states under
study.

DNA microarrays
DNA microarrays measure expression by using templates
containing hundreds or thousands of probes that are
exposed simultaneously to a target sample. They make it
possible to systematically survey DNA and RNA variation
for the first time and are becoming a standard tool for
drug discovery and evaluation. Microarray techniques are
so powerful that their uses are often limited largely by 
the challenge of managing and analyzing the data they
generate.

DNA microarray technology evolved from a paper pub-
lished in 1975 by E.M. Southern (the originator of the
Southern blot), who showed how a solid support could be
used to examine nucleic acids23. This was advanced by the
development of non-porous solid supports, leading to
miniaturization and the use of fluorescence-based detec-
tion methods. The two main types of templates are long
DNA fragments24 (over 100 base pairs) and oligo-
nucleotides (generally 18–25 mers).

Microarrays are expensive, although efficiencies should
improve and costs should drop dramatically in the next
couple of years, enabling these tools to become accessible
to most research laboratories. Besides cost, microarrays
are limited by the fact that they can only probe genes for
which clones or sequences are already available. Further-
more, their accuracy can be limited by the purity of the
RNA and the quantity of RNA for each hybridization.

The projected impact of DNA microarrays on drug
discovery and development
By understanding gene expression patterns, researchers
can gain information that can link sites of expression, bio-
chemical pathways, and normal or pathological functions
in organs and whole organisms. Because of their speed
and breadth, microarrays should impact drug discovery in
several ways:

• Accelerate the understanding of the molecular basis of
disease
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• Improve knowledge of model systems
• Explore pathogens and pathogenic reactions in terms of

gene expression
• Pinpoint new drug targets
• Examine efficacy and toxicity responses to new drugs.

The remainder of this review will explore a few examples
of each type of contribution.

Microarrays have already determined how several
important genes are abnormally regulated in disease. For
example, a microarray of approximately 100 genes that
have a role in inflammation was used to examine rheuma-
toid tissue. This revealed upregulation of the genes encod-
ing interleukin-6 and several matrix metalloproteinases25.
In another instance, a novel gene involved in promoting
tumors was discovered by using a 1000-element micro-
array of unknown cDNAs to examine how treatment with
phorbol testers affects expression levels26.

Microarrays should provide more detailed knowledge
about pathogens by systematically examining every gene in
a microbe to uncover the overall expression pattern. In
addition, microarrays will continue to contribute to the
understanding of responses to drug treatments. For exam-
ple, a recent study used microarrays to measure the effects
of kinase inhibitors on the entire yeast genome by measur-
ing changes in mRNA levels before and after treatment27. In
another example, microarray studies of yeast cells showed
that the immunosuppressive drug FK506 had the same
effect on gene expression level patterns as ablation of the
gene that FK506 suppresses. Furthermore, this study
showed that, in the absence of this gene, FK506 affected
expression levels in other ways28. This suggests that the
drug might have more than one target. Microarrays are also
proving useful in the determination of drug toxicity29.

Summary of microarray techniques
Expression profiling using cDNA microarrays begins by
arraying many gene-specific amplicons derived from the
cDNA clones onto a single matrix. Using two-color
hybridization, cDNA representations of total RNA pools are
created from test and reference cells, fluorescently tagged
with two different colors, then mixed together before being
hybridized to the matrix. For each transcript, the resulting
fluorescence signals reflect the difference in abundance
between the two samples. Two-color hybridizations pro-
vide rapid comparisons between the two samples, but they
do not measure the absolute levels of gene expression for
either sample. By contrast, one-color hybridization is slight-
ly slower, as hybridizations of the two samples must be
performed separately to reach meaningful comparisons.

However, each one-color hybridization measures absolute
levels of gene expression rather than comparative levels.
After these actual levels are recorded in databases, they
can be compared with levels from other samples without
the need to perform comparative experiments. Although
performing 1000 two-color hybridizations results in 1000
pair-wise comparisons, conducting 1000 one-color
hybridizations yields almost half-a-million pair-wise com-
parisons, as the absolute values of one-color hybridizations
can be evaluated against each other.

Using either the one- or two-color methods, microarray
experiments must be performed repeatedly to ensure
accuracy of the data. However, computational averaging
of the signals of one-color hybridizations from multiple
independent samples is more straightforward. The choice
between using one-color versus two-color methods
depends on several factors, including the number of tran-
scripts under examination, the need for speedy results and
cost differences. Hence, one-color hybridizations are often
more useful for surveying a large number of genes, while
two-color hybridizations can be preferable for more
restricted sampling.

Sample collection issues
Developing useful databases for microarray sample analy-
sis begins with finding and analyzing a wide range of nor-
mal and diseased tissues and cells. Perhaps the ‘cleanest’
and most accurate sample source is tissue removed at
surgery, followed by extensive collation of the clinical and
demographic data as well as molecular and cellular data.
Several companies have established relationships allowing
them to collect such tissues.

Training of personnel in surgical centers to follow the
highest possible standards for sample collection is also
important, as RNA is notoriously labile. Tissue samples
must be characterized by pathological examination, micro-
dissected (when appropriate) and documented with a digi-
tized image for future reference. In addition, extensive
clinical information must be gathered from each patient to
define the biological state of the sample, including patient
background and laboratory data, pathological descriptions
and medicinal consumption and dosages.

As databases maintained by both the National Center for
Biotechnology Information (NCBI) and European Bioinfor-
matics Institute (EBML) make DNA microarray-based gene
expression data repositories publicly available, questions
regarding sample collection will become increasingly
important. These data will be obtained from many differ-
ent labs that use varying collection conditions and a vari-
ety of technologies. It will be important to establish firm
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standards for sample collection and processing if these
important public resources are to be maximally useful.
Single-source databases can overcome this challenge by
ensuring that consistent standards and platforms are used
internally for all of their experiments.

Creating cDNA microarrays
The PCR products used in cDNA arrays usually come from
purified templates to prevent contamination by cellular prod-
ucts. The amplified samples are partially purified to eliminate
components of the PCR cocktail. A robot typically ‘prints’ an
aliquot of each product onto a matrix using a method that
resembles dot-matrix printing30. Meanwhile, techniques simi-
lar to ink-jet printing, which do not make direct contact with
the matrices, are also being used. Membranes are often made
of nitrocellulose or charged nylon. The glass-based arrays are
usually manufactured on microscope slides, which have the
advantage of low (background) fluorescence. The results of
microarray probing can be detected by using digital image
readouts, after local sampling determines the threshold for
accurate signal detection. Sophisti-
cated algorithms help to read even
the weakest signals. However,
because of overall questions of relia-
bility and variance in measurement,
the results of microarray studies
should be validated by other meth-
ods (generally of a gene-by-gene
nature, such as quantitative RT-PCR
or northern blots).

Types of microarray products
The main committed competitors
in commercializing microarray
analysis are Affymetrix (Santa
Clara, CA, USA), which produces
GeneChip® probe arrays and
Incyte (Palo Alto, CA, USA), which
produces GEM™ slide arrays.
Other companies that currently, or
will shortly, provide various slide
array products or services include
Molecular Dynamics (Sunnyvale,
CA, USA), Genometrix (The Wood-
lands, TX, USA) and Hyseq (Sun-
nyvale, CA, USA).

Gene Logic currently incorpo-
rates the Affymetrix GeneChip
probe array in its closed gene
expression studies, while using the

open READS system for detecting novel genes. In addi-
tion, the company is developing the Flow-thru Chip™
probe array as a more flexible platform for smaller scale
projects that might be suitable for both protein and nucle-
ic acid arrays. The following discussion is based on the
author’s experience with these three approaches.

Almost all DNA array technologies use mechanical or
lithographic means to bind elements on a two-dimensional
substrate, which limits performance in two ways. Firstly, it
limits the number of recognition elements per spot as,
whenever spot density increases, the spot size decreases
accordingly. Secondly, increasing density (and therefore
decreasing spot size) lowers sensitivity because it limits
the surface area where hybridization of the target can
occur. As the upper limit for detecting targets is propor-
tional to the number of potential binding sites on each
spot, a technology that increases the number of binding
sites per spot will improve sensitivity.

One way to improve on the standard process is to max-
imize binding sites, using a three-dimensional substrate
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Figure 2. Each Flow-thru Chip™ probe array has hundreds of thousands of
microscopic channels that pass though it. The array is spotted with hundreds of
different probes. The sample flows through the channels, coming into close proximity
with the probes. This design results in hybridization speeds greater than flat arrays.

Drug Discovery Today

Microscopic channels with probes attached

Section of chip showing columns (dark areas),
each of which contain probes from a single
gene in several adjacent channels

Whole chip with spots
representing hundreds
of different genes



that increases the surface area available for binding probes
(Fig. 2). The Flow-thru Chip utilizes this method by using
microchannels that connect the upper and lower levels of
the chip so that target substances can flow through it. The
probes are mobilized on the walls of the microchannels.
Experiments have suggested several advantages of this
type of chip over two-dimensional chips, including:

• Enhanced reaction times based on increased molecular
‘collision’ rates in the narrow channels

• The ability to deposit probes more uniformly and at
higher densities because of the wetting properties of 
microporous materials

• The potential for using smaller sample and reagent vol-
umes because the reaction volume is reduced.

Technical details of the GeneChip probe array
The Affymetrix GeneChip probe array, the first and most
widely used array on the market, owes its construction to
two fundamental technological developments: the ability to
make hundreds of thousands of oligonucleotides in spe-
cific locations with high spatial resolution, and the capacity
to accurately measure molecular binding events using laser,
confocal fluorescence scanning. This probe array is based
on light-directed synthesis using both photolithography
and solid-phase DNA synthesis (Fig. 3). After attaching syn-
thetic linkers with photochemically removable protecting
groups to the glass substrate, light is directed through a
photolithographic mask to achieve selective, local photo-
deprotection. Hydroxyl-protected deoxynucleosides are
then exposed to the surface, resulting in binding to the
deprotected sites. The information capacity of arrays using

these techniques is limited only by the physical size of the
array and the lithographic resolution. The recent use of
semiconductor-like photoresist techniques has enabled the
synthesis of arrays with features as small as 2 mm (Refs
31,32) that can work routinely with 1–2 mg mRNA or less.
Array sets are currently available covering 42,000 human,
19,000 mouse and 34,000 rat genes.

Applications of gene expression analysis – the use of

databases

How can a pharmaceutical company use microarrays to
prioritize drug targets and lead compounds? One approach
is to compare samples against large gene expression data-
bases. Without presenting an exhaustive review on this
subject, some illustrations will be discussed from experi-
ence gained in developing  GeneExpress™ databases. The
databases include quantitative information on gene
expression for the relevant genes in the sample tissues,
based on results from GeneChip array expression studies.
These types of databases can identify disease, toxicity and
drug response pathways by comparing known differential
expression data with relevant data about biological path-
ways and tissues, and with patient data. Such databases
will become increasingly effective as more information
concerning tissues of all the major organs of the body and
most of the significant disease states becomes available.

One GeneExpress database (BioExpress™) is used pri-
marily for target selection and prioritization. It contains
information from normal tissues and cells, diseased tissues
and tissues from patients who have been exposed to drug
treatments, in addition to a wide variety of mouse and rat
tissues. Searches can be performed to find genes that are
downregulated in a sample or set of samples, discover
what biological processes and biochemical pathways their
products participate in, or determine their associated dis-
ease states. All of the genes in the database can also be
examined to discover which of these genes are differen-
tially regulated in a given pathway. This type of search
provides clues for determining drug targets that counter
differential regulation in diseased tissues. Such databases
can also be queried to determine whether a group of
genes associated with a particular disease is linked to
other diseases, which might help find new uses for exist-
ing drugs. Additionally, the effects of deliberate over- or
under-expression of particular genes, such as by antisense
inhibition, gene knockout or over-expression and similar
techniques, can be evaluated by microarray analysis to
help prioritize or eliminate genes as potential drug targets.

A second major use for gene expression information is to
assist with lead selection. Such databases can be used to
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Figure 3. Schematic representation of the light-directed
synthesis that Affymetrix uses for construction of its high-
density GeneChip®probe arrays32. Light is directed through
a mask to protect and activate selected sites on the array.
Protected nucleotides couple to the activated sites.
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compare the gene expression profiles of test compounds
against known toxins, which assists in the prediction 
of which compounds are least likely to induce the classes
of toxicity exhibited by the reference compounds. The effects
of test compounds can also be compared with the effects of
marketed pharmaceutical products, to help the selection of
compounds with similar (or different) modes of action.

The future of gene expression analysis

Companies engaged in studying the molecular basis for
drug development are rapidly moving the emphasis from
gene discovery to gene expression. The imminent conclu-
sion of the first phase of the Human Genome Project will
simply accelerate this transition.

In the future, microarrays should become cheaper, more
sensitive and more comprehensive until they contain

probes for the entire genome. In addition, major improve-
ments are anticipated for measuring protein abundance
with increased sensitivity and on a large scale. Microarrays
are likely to drive the large-scale collection of transcription
and translation information, providing complementary
information for drug development.

The success of high-throughput gene expression sys-
tems will create another set of challenges, including the
development of tools to manage the vast quantities of
data. The pharmaceutical industry will need to examine
models from other fields as diverse as the financial indus-
try, NASA and the aerospace industry, meteorology, and
the online industries that create search engines. With
proper database management tools in place, high-through-
put gene expression will help develop drugs with a speed
and efficiency that was unthinkable a few years ago.
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