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It is estimated that there are between
70 000 and 100 000 genes in the mam-
malian genome1. To turn this genetic
‘blueprint’ into a functioning organism,
each of these genes must be expressed
in specific temporal and spatial contexts.
In the past, the responses of cells or
organisms have been studied on a small
scale or in a limited context; for exam-
ple, one gene or pathway at a time.The
goal of the new functional genomics
field2 is to bring new technologies to
bear on studying gene expression on a
large scale and/or in a high-throughput
manner. This approach will not yield
the detailed understanding of biologi-
cal processes that biochemistry, cell
biology, physiology and pharmacology
have traditionally provided, but the
hope is that it will give biologists a new, comprehensive
and holistic understanding of complex systems and
narrow the gap between sequence and function.

It is only possible to think about genome-wide ex-
pression studies because of the large volume of genomic
and cDNA (EST) sequence data (from many organisms)
that has accumulated over the past few years. For ex-
ample, the complete sequences of nearly two dozen pro-
karyotic genomes and the unicellular eukaryote yeast are
available (see Entrez Genomes Division at http://www.
ncbi.nlm.nih.gov/Entrez/Genome/org.html). The first
metazoan genome to be sequenced, that of Caenorhab-
ditis elegans, should be finished by the end of 1998.
The sequence of ~5% of the human genome has 
now been completed (G. Schuler, pers. commun.) 
– the remainder should be available by 2005 – and the
complete sequence of the mouse genome should be 
finished by 2008 (Ref. 3). These sequences typically
lack any functional information apart from that
inferred by sequence homology studies. Clearly, biolo-
gists, both now and well into the 21st century, will
require new technologies to study and understand the
functions implicit in all of these sequence data.

Much effort is currently being directed towards
developing such technologies, starting with methods to
study mRNA profiles by large-scale, high-throughput
serial and parallel methods (see the URLs box). Re-
searchers have begun by developing technologies in-
volving the measurement of mRNA levels, because

nucleic acids can be simply and power-
fully manipulated. It is implicitly as-
sumed, however, that proteomics4

will ultimately provide more detailed
and precise information on gene ex-
pression effects. The development of
these technologies and resources (e.g.
arrays of antibodies specific for all
human proteins) is just beginning (see
below). Nevertheless, there is much to
be learned by performing mRNA
expression profiling, and there are
some very effective technologies that
are already available for this purpose.

Gene expression arrays
These experimental approaches require
the availability of large collections of
cDNAs (EST clone inserts) immobi-

lized on glass5 (termed microarrays) or sets of synthetic
oligonucleotides immobilized on silica wafers or
chips6,7 (termed probe arrays). Both types of array are
the conceptual descendants of target nucleic acids
immobilized on filters or membranes and detected with
complementary radioactive probes8,9. Such filter-based
systems are now available from several commercial
sources (see the URLs box) and might still provide a
cost-effective alternative to newer technologies.

Regardless of the array chosen, experiments are
performed in much the same way (Fig. 1). RNA has to
be extracted from the cells or tissue to be studied, and
‘tagged’ cDNA or cRNA has to be made from mRNA
in the extract. At that point, the product (tagged with
radioactive or fluorescent nucleotide analogs) is hybrid-
ized to the array, which is then washed to remove un-
hybridized or weakly hybridized material. Subsequently,
the array is optically scanned or ‘read’, and the resulting
data are analyzed.Numerous challenges remain for those
who want to use and improve existing methods.These
fall into three areas: biochemistry, instrumentation and
informatics.We shall consider each of these in turn.

Biochemistry
To facilitate interpretation of expression data, the source
of the mRNA to be studied should be as homogeneous
as possible. Cultured cells, altered by the insertion or
deletion of a gene or by pharmacological or physiologi-
cal manipulations, are ideal for expression studies because
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Functional genomics
DNA sequence data provided by genome projects have spawned the new field of functional

genomics.This approach will yield exciting insights into the pathways to which specific genes

belong and will provide clues to their roles in health and disease.



ample amounts of RNA can be prepared from them.
Ideally, however, we would like to be able to study
human or animal tissues in addition to cell lines, and
most tissues are composed of numerous different cell
types. Microdissection methods10 permit the isolation
of specific cells for analysis, but very little RNA can be
prepared from the numbers (,1000) of such cells
obtained. Consequently, methods are being devised
that permit reverse transcription, linear amplification
and labeling of tiny amounts of RNA; hopefully, these
methods will also maintain the relative concentrations
of the starting materials.

One of the most important, but rarely discussed,
problems with the preparation of mRNA from various
cells and tissues is the variability of specimen handling
prior to RNA extraction and the effects that this might
have on altering expression patterns. Even cultured cells
present some difficulties in this context, but it is not hard
to conceive how vexing the problem can be in human
tissue samples obtained as a result of biopsy, surgical treat-
ment or postmortem examination.Varying periods of
anoxia and storage at room temperature, which are an
almost unavoidable part of routine processing for pathol-
ogy,will undoubtedly introduce complications into the
interpretation of gene expression patterns. Hopefully, a
set of reproducible artefacts will be identified that can
be electronically subtracted in the course of data analy-
sis to reveal the original and specific changes that result
from the biological state or phenomenon under study.

The second challenge for the biochemist – to
develop methods for proteomics4 – is outside the scope

of this brief review. However, in the future, it would be
interesting to look at all the proteins and peptides in a
tissue extract and compare their identities, activities and
post-translational modifications. In addition, one could
envisage using protein arrays to probe for specific
interactions with other proteins, nucleic acids, carbo-
hydrates, lipids or even small molecule ligands.

Instrumentation
Currently, the most advanced expression systems are
very expensive and, as a result, have only been available
to large pharmaceutical companies or the laboratories
in which the technologies are being developed. Even
filter-based systems, the lower-cost alternative to micro-
arrays or probe arrays, are expensive to produce or buy.
To make all but the smallest filter array, one would
need to construct a robot (see http://cmgm.stanford.
edu/pbrown/array.html), order or amplify cDNAs, se-
quence them to be sure of their identity, and array
them.This is impractical for investigators at most research
centers. Even filter-based systems are relatively expensive
and may contain a relatively small number of genes, and
can be stripped and re-probed only a few times before
they have to be discarded. The advantage of such an
array is that it can be scanned with a phosphorimager
(or even with X-ray film for qualitative results), obviat-
ing the need to buy an expensive fluorescence detec-
tor. Until the cost per experiment falls, the number of
experiments that can be performed and the number of
replicates per experiment will be limited. With few
replicates, complete confidence in the results will only
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Fig.1. Schematic overview of cDNA array fabrication and experimental procedures.

Prepare cDNA probe Prepare microarray

Control Experimental

SCAN

RT-PCR

Label with
fluorescent dyes

Combine
equal amounts

Hybridize probe 
to microarray



29trends guide to bioinformatics

be obtained by large (e.g. tenfold) changes in mRNA
levels. Once this ‘low-lying fruit’ (i.e. the most obvious
new phenomena) is plucked, biologists will need to
pursue much more subtle and numerous ‘signals’ to
make new discoveries. It is unclear whether current
experimental and statistical/informatics tools are yet
up to this task.

Informatics
Large-scale, high-throughput experimental methods
require information processing and analysis systems to
match. Software and database systems to design arrays,
track materials, collect and analyze, and interpret data
from gene expression studies are still in their infancy11.
Among other things, such systems have to catalog the
expression behavior of thousands of genes in a single
experiment and, subsequently, make comparisons
across tissues, developmental and pathological states, or
cellular perturbations.

Very large quantities of data have to be managed
both before and after the experiment, because direct
access is required to all sequences, annotations and
physical DNA resources for the genes of the organism
studied. Following hybridization and readout of rela-
tive expression levels observed in the sites on an array,
the data must be stored and preserved so that it is avail-
able for image processing and statistical-biological
analysis. The latter includes identifying the transcripts
that show statistically significant12 changes in absolute
or relative quantity. Once this is done, several tasks
need to be performed, the most obvious and straight-
forward of which is to provide information about the
structures and functions of the gene products of interest.
Interpreting this information is the responsibility of the
investigator, who should potentially be able to interro-
gate the data sets in other ways. Biochemical pathways
to which a particular transcript belongs could be iden-
tified or genes with which the transcript is thought to
interact could be found. In a time-course experiment,
sets of genes with similar temporal expression profiles
could be sought. In the long run, the software could,
indeed should, be made capable of pre-interpreting the
data (using a biochemical knowledge base and a set 
of heuristics) and presenting the investigator with
alternative hypotheses or explanations about its mean-
ing. It is only in this way that experiments involving
tens of thousands of genes, of which a considerable
fraction shows changes, can be managed.

It is exciting to anticipate a time when data from
thousands of gene expression experiments will be avail-
able for meta-analysis13, which has the potential to
balance out artifacts from many individual studies, thus
leading to more subtle findings and robust results.This
will require that data adhere to some type of uniform
structure and format that would ideally be independ-
ent of the particular expression technology used to
generate it.The advantages and disadvantages of various
publication modalities for these large electronic data
sets have been discussed previously11.
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Information about various transcript profiling
technologies

http://www.ncbi.nlm.nih.gov/ncicgap/expression_tech

_info.html

Plans and protocols for cDNA array
technology

http://cmgm.stanford.edu/pbrown/array.html

A system for data management and analysis of
gene expression arrays

http://www.nhgri.nih.gov/DIR/LCG/15K/HTML/

Examples of commercially available filter arraysa

GeneFilters™ (Research Genetics)
http://www.resgen.com

Gene Discovery Arrays (Genome Systems)
http://www.genomesystems.com

Atlas™ Arrays (CLONTECH)
http://www.clontech.com

a Please note that this list is not meant to be comprehensive
nor does it imply endorsement of these products by the
authors or the US Government. A more comprehensive list
of technologies and suppliers can be found at http://www.
ncbi.nlm.nih.gov/ncicgap/expression_tech_info.html.
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