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Abstract Elucidation of the changes in gene expression associated with biological processes is a central problem
in biology. Advances in molecular and computational biology have led to the development of powerful, high-thoughput
methods for the analysis of differential gene expression. These tools have opened up new opportunities in disciplines
ranging from cell and developmental biology to drug development and pharmacogenomics. In this review, the attributes
of five commonly used differential gene expression methods are discussed: expressed sequence tag (EST) sequencing,
cDNA microarray hybridization, subtractive cloning, differential display, and serial analysis of gene expression (SAGE).
The application of EST sequencing and microarray hybridization is illustrated by the discovery of novel genes associated
with osteoblast differentiation. The application of subtractive cloning is presented as a tool to identify genes regulated in
vivo by the transcription factor pax-6. These and other examples illustrate the power of genomics for discovering novel
genes that are important in biology and which also represent new targets for drug development. The central theme of the
review is that each of the approaches to identifying differentially expressed genes is useful, and that the experimental
context and subsequent evaluation of differentially expressed genes are the critical features that determine success. J.
Cell. Biochem. Suppls. 30/31:286–296, 1998. r 1998 Wiley-Liss, Inc.
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High throughput analysis of differential gene
expression is a powerful tool that can be ap-
plied to many areas in molecular cell biology,
including differentiation, development, physiol-
ogy, and pharmacology. In recent years, a vari-
ety of techniques have been developed to ana-
lyze differential gene expression, including
comparative expressed sequence tag (EST) se-
quencing, differential display, PCR-based sub-
tractive cloning, mRNA hybridization to cDNA
or oligonucleotide arrays, and serial analysis of
gene expression (SAGE).

A generalized paradigm for the application of
differential gene expression methods is illus-
trated in Figure 1. In basic biology, these meth-

ods are typically used to identify genes that are
critical for a developmental process, to identify
genes that mediate cellular responses to a vari-
ety of chemical or physical stimuli, or to under-
stand the molecular events effected by muta-
tions in a gene of interest. Additional
applications in biotechnology include identifica-
tion of molecular markers for various disease
processes, identification of potential drug tar-
gets, and pharmacogenomics: the elucidation of
the molecular events associated with drug treat-
ment. In this review we illustrate the applica-
tion of these methods to a variety of biological
questions, and draw particularly on our experi-
ence in EST sequencing, microarray hybridiza-
tion, and subtractive cloning.

EST SEQUENCING

The concept of EST sequencing first came
into public view in 1991 [Adams et al., 1991].
The basic idea is simple: create cDNA libraries
from tissues of interest, pick clones randomly
from these libraries, and then perform a single
sequencing reaction from a large number of
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Fig. 1. A general scheme for the application of high throughput differential gene expression analysis. Color plate on page 333.
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clones. Each sequencing reaction generates 300
base pairs or so of sequence that represents a
unique sequence tag for a particular transcript.
An EST sequencing project is technically simple
to execute, since it requires only a cDNA li-
brary, automated DNA sequencing capabilities,
and standard bioinformatics protocols. To gen-
erate meaningful amounts of data, however,
high throughput template preparation, sequenc-
ing, and analysis protocols must be used.

EST sequencing can be accomplished using
normalized or nonnormalized cDNA libraries. A
normalized cDNA library is one in which each
transcript is represented in more or less equal
numbers [Patanjali et al., 1991; Soares et al.,
1994]. The advantage of using normalized cDNA
libraries is that redundant sequencing of highly
expressed genes is minimized, and the poten-
tial for identification of rare transcripts is maxi-
mized [Bonaldo et al., 1996]. An advantage of
nonnormalized, nonamplified libraries is that
the transcript abundance of the original cell or
tissue is accurately reflected in the frequency of
clones in the library. Nonnormalized libraries
can be used for an EST project to identify highly
expressed, unknown genes and to compare the
expression of highly expressed genes in differ-
ent cell or tissue samples [Ji et al., 1997].

We have used EST sequencing to character-
ize changes in gene expression during differen-
tiation of rat osteoblast cells in culture [re-
viewed by Stein and Lian, 1993]. These cells
pass through three well-defined stages as they
differentiate in vitro: proliferation, matrix matu-
ration, and mineralization. Our goal was to
identify new genes that are associated with
and/or are critical for osteoblast differentiation,
and to use these data to better understand the
intrinsic and extrinsic factors that influence
bone formation. To do this, we prepared nonnor-
malized, nonamplified cDNA libraries from os-
teoblast cell cultures at two critical junctures
during differentiation: late proliferation (8 days
in culture) and early mineralization (17 days in
culture). The libraries were plated, and 5,000–
6,000 clones from each library were chosen at
random for 5’ end sequencing. The final data set
included 4,919 5’ ESTs from the day-8 culture,
and 4,362 5’ ESTs from the day-17 cell culture.
We chose to sequence from the 5’ end of each
clone to maximize the amount of protein-coding
information in each sequence, and therefore to
maximize our ability to assign function through

homology to other sequences in publicly avail-
able databases.

The 9,281 DNA sequences were initially
passed through an automated series of se-
quence analysis steps, including Blastn [Altsh-
cul et al., 1990, 1997] searches against the
Genbank and Unigene databases, and Blastx
[Altshcul et al., 1990, 1997] searches against a
nonredundant protein database derived from
Swiss-Prot, Genbank, and Unigene (A. Caruso,
personal communication). In addition to similar-
ity searches, the ESTs were clustered using the
sequence assembly program PHRAP [Gordon
et al., 1998] to help identify previously unde-
scribed genes that were present multiple times
in the data set. The outcome of this analysis
was a database representing quantitative tran-
script profiles of proliferating and differentiat-
ing osteoblasts. A total number of 2,795 cDNA
clusters was identified, which represents the
maximum number of genes in the database
(since these are 5’ ESTs, it is possible that, for
long transcripts, the sequences may not overlap
and therefore a single gene can be represented
by more than one cluster). Approximately 75%
of the genes have mammalian orthologues in
Genbank or Unigene, 15% appear to have no
known orthologue but do have significant simi-
larity to known protein families, and 10% ap-
pear to have little or no similarity to any se-
quences in public databases at either the
nucleotide or protein level.

The power of EST sequencing for gene discov-
ery is illustrated by the presence of several
moderate to highly expressed genes (0.1% or
more) that were novel in the sense that they
were not represented in any publicly available
databases, or else they were present as ESTs
that were not associated with any defined func-
tion. This illustrates the main strength of EST
sequencing from nonnormalized cDNA librar-
ies: discovery of novel genes for selected cells or
tissues is possible, despite the large publicly
available databases of gene sequences. How-
ever, the number of new genes identified, as
well as the statistical significance of the data, is
proportional to the number of clones sequenced
as well as the complexity of the tissue being
analyzed. In addition, the continued efforts of
public and private sequencing organizations
will likely identify all of the expressed genes in
human and other mammalian genomes within
the next few years [Adams et al., 1995; Hillier
et al., 1996].
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Fig. 2. Use of cDNA microarray analysis to identify changes in gene expression during
osteoblast differentiation. Top: Changes in expression of several osteoblast markers during
cellular differentiation. Bottom: Results of differential cDNA array hybridization of mRNA
from 8-day (left) and 17-day (right) osteoblast cultures. The cDNA array was prepared using
clones identified by EST sequencing from osteoblast cDNA libraries. The probes were
prepared by isolating polyA1 RNA from cells after 8 days or 17 days of culture, and reverse
transcribing the RNA, using an oligo-dT primer with incorporation of Cy3 or Cy5 dCTP. The

probes were simultaneously hybridized to the array, and the results from each probe were
analyzed by CCD camera. Here, the hybridization intenstity is represented in pseudocolor:
genes which are not highly expressed are represented in blue, moderately expressed genes
are in yellow, and highly expressed genes are in red. The clone at position E1 represents a
previously undescribed gene that is significantly downregulated during differentiation, while
the G5 clone represents a previously undescribed gene that is significantly upregulated.
Color plate on page 334.



CDNA MICROARRAYS

To further analyze the expression of genes
identified in the osteoblast EST project, we
arrayed a set of 960 clones for cDNA microarray
analysis [Schena et al., 1995]. The cDNAs were
arrayed, in duplicate, on glass slides at a den-
sity of .1,000 clones/cm2. Differential hybridiza-
tion was then performed using RNA derived
from two different cell or tissue samples. Each
polyA1 RNA sample was labeled by reverse
transcription, with incorporation of fluores-
cently labeled (either Cy3 or Cy5) dCTP. The
two labeled cDNA pools, representing all of the
RNAs expressed in each cell or tissue sample,
were then simultaneously hybridized to the
microarray. The intensity of the hybridization
was read by CCD camera, and the relative
expression level of each gene was represented
by the intensity of the hybridization signal
(Fig. 2).

Atypical microarray experiment requires any-
where from 0.5–2.0 µg of polyA RNA. In our
experience, the most consistent labeling results
are from experiments in which the RNA is
labeled in a single round of reverse transcrip-
tion using an oligo dT primer. Experiments
with more complex reverse transcription prim-
ers, or protocols that use PCR amplification of
the cDNA, have typically resulted in inconsis-
tent amplification of the independent messages
in the cell or tissue sample (Root and Carulli,
unpublished results). However, linear amplifi-
cation protocols have been developed that ap-
pear to amplify all transcripts uniformly [Lock-
hart et al., 1996].

Figure 2 shows 96 of the 960 clones that were
analyzed in an experiment using RNA from the
day-8 and day-17 osteoblast cell cultures de-
scribed above. The same 96 clones were ana-
lyzed with the day-8 probe (Fig. 2, lower left)
and the day-17 probe (Fig. 2, lower right). A
number of clones showed significant up- or
downregulation in this experiment. For ex-
ample, the clone at position E1 was signifi-
cantly downregulated during differentiation.
This gene encodes a novel protein with sushi
repeats that are present in a number of mamma-
lian genes [Meindl et al., 1995]. The clone at
position G5 corresponds to a gene that is signifi-
cantly upregulated during osteoblast differen-
tiation. This is a previously undescribed gene
that is represented in public databases only as
an EST. The G5 clone illustrates the much

higher sensitivity of microarray hybridization
relative to EST sequencing: the clone is repre-
sented only once in the two cDNA libraries that
were sequenced, but is clearly differentially
expressed, as illustrated by the microarray re-
sults.

A significant advantage of cDNA microarray
analysis is the ability to analyze the same set of
genes under a range of experimental condi-
tions. For example, Heller et al. [1997] created
an array of 96 genes known to be involved in
inflammatory processes. To identify genes spe-
cifically involved in rheumatoid arthritis, they
probed the array with RNA from cultured mac-
rophages, chondrocytes, and synoviocytes, as
well as arthritic tissue samples. These experi-
ments demonstrated for the first time the in-
volvement of several genes, including interleu-
kin 3 and Groa, in rheumatoid arthritis. In
another example, Gray et al. [1998] used an
oligonucleotide array (described in more detail
below) to monitor the response of virtually all of
the genes in the yeast genome to a variety of
protein kinase inhibitors. They were able to
identify genes that responded uniquely to a
specific compound, as well as genes that re-
sponded similarly to a range of compounds. The
ability to perform multiple assays on the same
array provides a powerful approach to stream-
lining the search for gene(s) with specific char-
acteristics of interest.

In addition to arrays of cDNA clones, arrays
of oligonucleotides are also used to study differ-
ential gene expression [Lockhart et al., 1996].
In an oligonucleotide array, the genes of inter-
est are represented by a series of 20 nucleotide
oligomers that are unique to each gene. Labeled
cDNA for each sample is prepared as described
above, and hybridization signals are detected
from specific sets of oligos that represent differ-
ent genes. Potential advantages of the oligo-
nucleotide array include enhanced specificity
and sensitivity through the parallel analysis of
‘‘perfect match’’ oligos and ‘‘mismatch’’ oligos for
each gene [Lockhart et al., 1996]. The hybridiza-
tion conditions can be adjusted to distinguish a
perfect heteroduplex from a single base mis-
match, thus allowing subtraction of nonspecific
hybridization signals from specific hybridiza-
tion signals. A disadvantage of oligonucleotide
arrays relative to cDNA arrays is the limitation
of the technology to genes of known sequence.
This limitation is likely to disappear within the
next several years, when the sequences of all
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human genes and the genes of many common
experimental organisms are determined.

While there are many advantages to the
cDNA or oligonucleotide array approach to ana-
lyzing differential gene expression, disadvan-
tages include the requirement of a good set of
clones or oligonucleotides for known genes to
array, and the relatively large amount of RNA
that is required to prepare the probes. The
large RNA requirement can make it difficult to
analyze small clinical samples.

SUBTRACTIVE CLONING

Subtractive cloning methods have been in
use for many years, but newer methods based
on PCR are rapid and easy to execute, and can
be used with minute amounts of starting mate-
rial [Hubank and Schatz, 1994; Diatchenko et
al., 1996]. Subtractive cloning offers an inexpen-
sive and flexible alternative to EST sequencing
and cDNA array hybridization, and can be per-
formed in any laboratory equipped with basic
molecular biology and bioinformatics tools. We
have used subtractive cloning to address a num-
ber of biological questions, and we illustrate the
utility of this method with an example of our
effort to identify genes regulated by a specific
transcription factor by characterizing differ-
ences in gene expression in normal and mutant
mouse tissue.

To analyze differences in gene expression be-
tween normal and mutant tissue, we used a
PCR-based subtractive cloning method adapted
from representational difference analysis
(RDA), which we refer to as RT-RDA (reverse
transcription RDA) [Lisitsyn et al., 1993; Hu-
bank and Schatz, 1994]. In this approach,
double-stranded cDNA is created from the two-
cell or tissue populations of interest, linkers are
ligated to the ends of the cDNA fragments, and
the cDNA pools are then amplified by PCR. The
cDNA pool from which unique clones are de-
sired is designated the ‘‘tester,’’ and the cDNA
pool that is used to subtract away shared se-
quences is designated as the ‘‘driver.’’ Following
initial PCR amplification, the linkers are re-
moved from both cDNA pools, and unique link-
ers are ligated to the tester sample. The tester
is then hybridized to a vast excess of driver
DNA, and sequences that are unique to the
tester cDNA pool are amplified by PCR.

We were specifically interested in identifying
genes that are directly or indirectly regulated
by the transcription factor Pax-6. Pax-6 was

first identified as the gene responsible for the
autosomal-dominant phenotypes aniridia in hu-
mans and small eye (sey) in mice [reviewed by
Hanson and Van Heyningen, 1995]. In the homo-
zygous state, null mutations in pax-6 affect the
development of the eyes, nose, forebrain, neu-
ral tube, and pancreas [Glaser et al., 1992;
Artinger and Carulli, unpublished results]. To
identify genes regulated by pax-6, we used RT-
RDA to clone genes that were present in wild-
type mouse tissues, but absent from tissue in
sey homozygous mice (Fig. 3). Following three
rounds of subtraction, the difference products
were cloned and 274 clones were chosen for
single-pass sequencing. Of these clones, 181
were derived from a total of 20 previously de-
scribed genes, while 93 were derived from ESTs
or novel genes. Among the previously described
genes, approximately one third are known to be
involved in neural development. The relation-
ship between pax-6 and the genes cloned by
RDA is being further explored by a combination
of genetic, molecular, and embryological stud-
ies.

Several other investigators have also used
RT-RDA to identify genes downstream from
transcription factors [Buckbinder et al., 1994;
Iwama et al., 1998]. To bias the selection for
genes that are directly rather than indirectly
regulated by the transcription factor, the tran-
scription factor can be placed under the control
of an inducible promoter and transfected into
cultured cells, and RT-RDA can be performed
using the induced cell population as the tester
and uninduced cells as the driver [Buckbinder
et al., 1994]. Another modification that has
been introduced to simplify the difference prod-
ucts from RT-RDA is the introduction of specific
genes or tissues into the driver population to
minimize the recovery of previously described
or contaminating cDNA sequences [Iwama et
al., 1998]. In addition to analyzing the effects of
mutations or misexpression of genes, RT-RDA
has been used to clone genes that are involved
in normal development [Wada et al., 1997] as
well as genes whose expression changes in re-
sponse to stimuli such as light [Morris et al.,
1998].

The primary limitation of RT-RDA and simi-
lar methods is that they are not always compre-
hensive. The cDNAs identified are typically
those that differ significantly in expression level
between the cell populations, and subtle quanti-
tative differences are often missed. In addition,
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Fig. 3. Representational difference analysis of normal and mutant mouse tissue. A: The forebrain, neural tube, and
pancreas were dissected from wild-type mice and homozygous small eye (sey/sey) mice which lack functional pax-6
protein. RT-RDA was performed using RNA from the wild-type tissue as tester, and RNA from the sey/sey mice as
driver. B: Agarose gel analysis of the difference products after one (DP1), two (DP2), and three (DP3) rounds of RDA.
Note that the cDNA pools become progressively less complex after multiple rounds of RDA. Color plate on page 335.



each experiment is a pairwise comparison, and
since the subtractions are based on a series of
sensitive biochemical reactions it is difficult to
directly compare a series of RNA samples.

DIFFERENTIAL DISPLAY

Another PCR-based differential cloning
method that is extremely popular is differential
display or RNA fingerprinting [Liang and Par-
dee, 1992; Welsh et al., 1992]. In classical differ-
ential display, reverse transcription is primed
with either an oligo-dT or an arbitrary primer,
then an arbitrary primer (10 bases is a common
length) is used in conjunction with the reverse
transcription primer to amplify cDNA frag-
ments, and the cDNA fragments are separated
on a polyacrylamide gel. Differences in gene
expression are visualized by the presence or
absence of bands on the gel, and quantitative
differences in gene expression are identified by
differences in the intensity of bands. Adapta-
tion of differential display methods for fluores-
cent DNA sequencing machines has enhanced
the ability to quantify differences in gene expres-
sion [Kato, 1995]. Differential display is rela-
tively simple to execute, and is efficient for
analyzing small amounts of RNA. As little as 5
or 10 ng of total RNA can be used to perform the
experiments, and many samples can be ana-
lyzed on a single gel. Dozens of genes involved
in a number of critical biological processes have
been cloned using this approach. Some recent
examples include: PTI-1, an oncogene associ-
ated with prostate cancer [Shen et al., 1997];
Smad6 and Smad7, two novel MAD family mem-
bers that mediate the response to mechanical
stress in vascular endothelium [Topper et al.,
1997]; and DD7A5–7, a novel seven-transmem-
brane hormone receptor involved in liver hema-
topoiesis [Lin et al., 1997].

A limitation of the classical differential dis-
play approach is that false-positive results are
often generated during PCR, or in the process
of cloning the differentially expressed PCR prod-
ucts. A variety of methods have been developed
to discriminate true from false positives, but
these typically rely on the availability of rela-
tively large amounts of RNA. A modification of
differential display based on analysis of 3’ end
restriction fragments has been developed [Kato,
1995; Prashar and Weissman, 1996], and is
claimed to result in fewer false-positive signals.
In this method, double-stranded cDNA is pre-
pared and digested with a restriction enzyme

that has a four-base recognition site. Linkers
are then ligated to the restriction fragments,
and the entire pool of transcripts is amplified
by PCR. Differences in gene expression are
visualized by gel electrophoresis of the 3’ end
fragments. This approach offers several advan-
tages relative to classical differential display:
by using a series of restriction enzymes, every
gene in the cell can be analyzed; furthermore,
the migration of the bands in the gel is deter-
mined by the location of the 3’-most restriction
site for the enzyme that is used, thus allowing
the identification of known genes in the sample
simply be measuring the size of the restriction
fragment.

SERIAL ANALYSIS OF GENE EXPRESSION

The last of the methods we will address is
serial analysis of gene expression (SAGE).
SAGE is a DNA sequence-based method that is
essentially an accelerated version of EST se-
quencing [Velculescu et al., 1995]. In this
method, a unique sequence tag of 13 or more
bases is generated for each transcript in the cell
or tissue of interest. This is accomplished by
preparing double-stranded cDNA, digesting it
with a restriction enzyme that has a four-base
recognition site, and then ligating linkers and
amplifying the cDNA pool. The unique feature
of this method is that the linkers encode a
recognition site for a type II restriction enzyme
(such as BsmI). These enzymes digest DNA at a
site 20 nucleotides away from the recognition
site. When the cDNA pools are digested with
this second enzyme, the result is a 13–20-base-
pair cDNA fragment that is uniquely defined by
the original four-base cutter and the adjacent
DNA sequence. These sequence tags are then
ligated in a defined series of steps. The sum of
all of these steps is a library of clones where
each clone includes short, unique tags for 20 or
more genes.

Transcript profiles are created by sequencing
each SAGE library. Since each sequencing reac-
tion yields information for 20 or more genes, it
is possible to generate data points for tens of
thousands of transcripts in a modest sequenc-
ing effort. The relative abundance of each gene
is determined by counting or clustering se-
quence tags. For most genes this short se-
quence tag is sufficient to provide a unique
identifier. For known genes, the identity can be
determined by standard database searches. For
previously undescribed genes, the SAGE tag
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can be used to obtain a cDNA clone by PCR or
hybridization-based methods.

The advantages of SAGE over many other
methods include the high throughput that can
be achieved, and the ability to accumulate and
compare SAGE tag data from a variety of
samples. The disadvantages are related to the
technical difficulty in generating good SAGE
libraries and in analyzing the data. Prepara-
tion of a SAGE library requires up to 5.0 µg of
high-quality polyA1 RNA, and the quality of
the sequence tags is dependent on a series of
biochemical reactions: any inefficiencies,
mispriming, or incomplete reactions in the
cDNA synthesis or restriction digestion steps
can result in artifacts that are very misleading.
In addition, highly specialized bioinformatics
tools are required to analyze SAGE data [Vel-
culescu et al., 1995]. For example, the unique
sequence tags for each gene must be extracted
from complex sequences of the SAGE library. In
addition, customized target databases must be
created that include only the 3’ end restriction

fragments for each four-base cutter used to
generate the SAGE libraries [Velculescu et al.,
1995].

DISCUSSION

A variety of methods for high throughput
analysis of differential gene expression have
been developed over the past several years. If
these methods are used properly, they offer the
opportunity to understand biological processes
at a level of molecular detail that was not
possible even a few years ago. However, the
high throughput nature of these experiments is
a double-edged sword: if an experiment is poorly
designed, or if the biological materials are com-
promised, the result is a large body of data that
is difficult and time-consuming to analyze. In
addition, some approaches are better suited
than others for addressing specific biological
questions. Table 1 lists some of the attributes of
each method discussed in this review, and can
be used as a set of guidelines to choose the
method that best matches the technical capabili-

TABLE I. Attributes of Five Different Methods for High Throughput Analysis of Differential
Gene Expression

Minimum RNA
requirements Throughput

Sequencing
requirements

Cloning
requirements

Bioinformatics
requirements

EST sequencing 1.0–5.0 µg polyA
RNA

Low High Full-length cloning
may be required
for novel genes of
interest

Target databases:
standard

Search protocols:
standard

Volume: high
Microarray

hybridization
1.0 µg or more

polyA RNA
High Low Full-length cloning

may be required
for novel genes of
interest

Image analysis
required

Target databases:
standard

Search protocols:
standard

Volume: low
RT-RDA 10–100 ng polyA

RNA
Medium Low Full-length cloning

required for novel
genes of interest

Target databases:
standard

Search protocols:
standard

Volume: low
Differential

display
10–100 ng polyA

RNA
High Medium Full-length cloning

required for novel
genes of interest

Target databases:
standard

Search protocols:
standard

Volume: low
SAGE 1.0–5.0 µg polyA

RNA
High High Full-length cloning

required for novel
genes of interest

Target databases:
specialized

Search protocols:
specialized

Volume: high
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ties of the laboratory and that also is suited for
the biological samples available.

As with any experiment, the most important
criterion for utilizing high throughput methods
for differential gene expression is the hypoth-
esis being tested. If one takes any two samples
of cells or tissue, differences in gene expression
can be identified. The problem is to identify
those genes that are critical for the process at
hand, whether that process is normal differen-
tiation of cells or tissue, or if it is response of
cells or tissue to a specific stimulus. The experi-
ment should be as simple as possible, and the
cells or tissues analyzed should be as similar as
possible, so that only the genes involved in the
critical step(s) are identified during the analy-
sis. It is also extremely important to avoid
sample contamination in differential gene ex-
pression studies. Tissue samples should be care-
fully dissected and should be as fresh as pos-
sible. The presence of highly expressed
transcripts in a small amount of contaminating
tissue can generate signals on a microarray or
bands on a differential display gel that have
nothing to do with the question at hand.

Even in carefully designed experiments, a
frequent problem in differential gene expres-
sion studies is that too many genes are identi-
fied. If several hundred genes differ between
the samples, how does one choose the most
important ones to follow up on? A number of
solutions exist for this problem. One is to make
the best use of available bioinformatics tools. In
our experience with microarray analysis, more
than 6% (60 of 960) of the genes in our array
were downregulated during osteoblast differen-
tiation. However, if the genes encoding ribo-
somal proteins and protein synthesis-related
proteins were eliminated from consideration,
then the number of genes to consider was fewer
than 10 in total. Another approach to narrow-
ing the number of genes to follow up on is to
analyze multiple samples or experimental treat-
ments, and follow up only those genes that
behave consistently in all of the samples. For
example, if the goal is to identify genes that are
important for progression of a particular can-
cer, then one should compare as many tumor
samples as possible to the normal controls, and
focus further energy only on those genes that
are consistently up- or downregulated.

A number of methods for identifying differen-
tially expressed genes are now available, and
they are rapidly becoming standard tools for

developmental biologists, cell biologists, geneti-
cists, and drug developers. While these meth-
ods are very powerful, it is important to remem-
ber that identification of differentially expressed
genes is just one tool for understanding a biologi-
cal process. When a minimal set of interesting
genes is identified, it is important to test the
hypothesis that the gene is truly involved in the
process of interest by using the appropriate cell
or animal model.
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