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The completion of the human genome project marks a major
leap in our understanding of biological processes that will
eventually transform all medical sciences. In a recent review in
this journal, Ben Asher et al. [1] described the Israeli perspective
of the human genome project, including microarray technology.
In the present review, we will provide an overview of the
application of microarray technology in research relevant to
human disease.

Microarrays allow for the simultaneous monitoring of the
behavior/expression of thousands of genes, thus providing a
functional aspect to sequence information. Initially, the
applications of the two main microarray technologies (to be
described later) were limited to very simple or basic science
applications such as describing the response of fibroblasts to
serum, or providing a list of the genes induced during the yeast
cell cycle [2,3]. However, from early on it was clear that these
technologies are potentially applicable to research relevant to
human disease and to clinical medicine [4,5]. Several approaches
have recently emerged, such as the use of patient samples for
disease classification, and of genetically modified animals in
animal models of human disease [6±8]. In this review, we
provide an overview of microarray technology. We describe the
current applications of microarray technology in research
relevant to human disease and present some of the future
perspectives. In addition, we provide some practical advice to
scientists who wish to use microarray technology in their field of
research.

DNA microarray technologies

The detection of hybridization between a DNA sample and a
known labeled probe was developed a quarter of a century ago
by Ed Southern [9]. This principle has been used to detect single
species of DNA (Southern blotting) or RNA (Northern
blotting). The completion of the various (human and other
organisms) genome projects required the development of large-
scale high throughput technologies that can detect multiple
copies and species of DNA or RNA. Microarrays, based on

Southern's method of nucleotide hybridization, contain multi-
ple DNA sequences (probes) spotted or synthesized on a
relatively small surface. This feature of microarrays allows the
simultaneous monitoring of multiple matching sequences in a
given sample. Naturally, placing as many DNA sequences as
possible on a small as possible surface is highly dependent upon
technological advances such as photolithographic oligonucleo-
tide synthesis and ink-jet based technology. Currently, there are
two widely used microarray technologies:

. in situ synthesized oligonucleotide microarrays ± mainly
oligonucleotides synthesized by photolithography on a glass
surface.

. spotted microarrays ± mostly created by robotic printing of
pre-prepared cDNAs or oligonucleotides.

In situ synthesized oligonucleotide microarrays

In situ synthesized oligonucleotide microarrays are mainly
produced by photolithographic printing on glass substrate. In
this method, the glass is treated with a photochemically
removable protective group. Light is directed through a mask
to specific sites on the glass in order to produce photo
deprotection. The glass is then incubated with hydroxyl-
protected deoxynucleosides, and the chemical coupling occurs
at the sites illuminated in the previous step. This process is
repeated until an oligonucleotide at the required length has been
produced [10]. In expression microarrays (the most common
application), each gene is represented by 16±20 probes perfectly
matching the gene sequence and 16±20 similar probes contain-
ing point mutations. The perfect matching probes provide the
expression level of each transcript, while the mismatching
probes provide a measure of hybridization specificity. Total
RNA or mRNA is extracted from experimental samples and is
labeled with a fluorescent oligonucleotide. The labeled sample is
hybridized on the array, the array is scanned, and absolute
expression levels are obtained for each probe by using a
dedicated laser scanner [10]. The measurements are highly
reproducible and the signal is linear over a wide range of
transcript copy numbers and concentrations.
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Photolitographic oligonucleotide synthesis can be used also
for other applications such as single nucleotide polymorphisms
detection, linkage analysis (using genomic DNA rather then
mRNA), and mutation detection. For example, the p53
mutation chip can detect known mutations, single base
mutations and deletions in the p53 gene.

Spotted arrays

cDNA arrays are produced by spotting polymerase chain
reaction products (usually 0.6±2.4 kb in length) representing
specific genes onto a pretreated glass slide or other surface
suitable for hybridization [11]. The spotting is performed using
dedicated robotic printing systems (arrayer) that spot pre-
prepared probes (cDNA clones, PCR products or oligonucleo-
tides) on a pretreated nylon or glass matrix. This matrix is then
probed with fluorescently labeled cDNA. In the most com-
monly used application, mRNA or total RNA is extracted from
a sample and a control ± one is labeled with cy-3 (red
fluorescent dye) and the other with cy-5 (green fluorescent
dye). ``Competitive'' hybridization is performed on the slide, the
slide is scanned by a dual wavelength laser, and ratio signals are
obtained [12]. Relative message abundance is estimated by
direct comparison between the test sample and the reference
[12,13]. This technology is robust and produces highly
reproducible results, though standardization of the diverse
platforms is a problem.

Applications of microarrays in medicine

The most straightforward approach in research relevant to
human disease would be analysis and comparison of gene
expression patterns in blood samples, surgically removed
tissues, or biopsies of normal and diseased specimens. This
simple approach can provide lists of genes correlated with a
disease, a feature that may improve the diagnostic options of
the disease and provide new targets for intervention [14]. A
major contribution of such experiments will be class discovery
and sub-classification of diseases. Sub-classification of a disease
can help physicians decide upon treatment strategies and better
predict outcome and survival [6]. Though powerful, there are
some limitations to using this approach. Challenging technical
aspects are sample quality and quantity. Since the starting
material is total RNA, it is essential that surgical specimens be
handled properly to assure minimal RNA degradation. RNA
quantity may also be a limitation; most microarray applications
require a minimum amount of 1±10 mg of RNA corresponding
to 1±5 g of tissue that may be too much for biopsy material. A
different challenging aspect is that the data obtained are
descriptive while the mechanisms underlying the pathological
condition remain elusive.

Several approaches have evolved to overcome these pro-
blems, mainly focusing on careful study design and combining
data obtained from patients with animal models of human

disease [6.8]. In the next paragraphs, we provide a few
representative examples that demonstrate the use of micro-
arrays in studies of human samples and animal models of
human disease.

Human disease

Alizadeh et al. [6] studied diffuse large B cell lymphoma, the
most common subtype of non-Hodgkin's lymphoma. Two
distinct expression patterns were identified in a population of
pathologically identical DLBCL samples. One of the patterns
had characteristics of germinal center B cells, while the other
had characteristics of activated B cells. Subsequent analysis
demonstrated that the patterns correlated with distinct clinical
outcome. Patients with the germinal center phenotype had
significantly better survival rates than patients with the
activated B cell phenotype [6]. Other studies using microarrays
to analyze human disease are shown in Table 1.

Another use of expression microarrays is to identify
transcriptional programs in normal human development. In a
recent paper aimed at identifying genes whose expression is
associated with aging, mRNA expression levels of skin
fibroblasts obtained from young, middle-aged and old men,
and a progeria patient were compared. The results of this study
suggest that the underlying mechanism of the aging process
involves increasing errors in mitotic machinery in the post-
reproductive stage [21].

Animal models of human disease

Though informative, the use of human samples is limited by
their availability as well as the insufficient mechanistic
information. Using animal models of human diseases, one can
monitor expression levels at different stages of the disease in the
presence of disease-modifying agents and in highly controlled
environments. Another advantage of animal models is the use of
transgenic animals that can provide insight into the expression
profile of susceptibility genes involved in disease. Kaminski et
al. [8] analyzed the gene expression programs that underlie
pulmonary fibrosis in response to bleomycin, a drug that causes
lung inflammation and fibrosis, in two strains of susceptible
mice (129 and C57bl/6). They then compared the gene
expression patterns in these mice with 129 mice carrying a null
mutation in the epithelial-restricted integrin b6 subunit (b6-/-),
which develop inflammation but are protected from pulmonary
fibrosis. Using hierarchical clustering [22] they identified two
distinct groups of genes involved in the inflammatory and
fibrotic responses, suggesting that the fibrotic process is
activated independently after bleomycin-induced lung injury.
Their results support the need to develop interventions targeted
specifically at the fibrotic process instead of the commonly used
but ineffective anti-inflammatory interventions [23].

A combination of an animal model and a human cell line is
demonstrated in the work by Clark et al. [24]. The goal of their
study was to determine the cellular events that distinguish the
metastatic phenotypes of different melanoma cell lines. They
injected mice with melanotic cells derived from a poorly
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metastatic cell line. They then analyzed gene expression patterns
in cells harvested from the rare lung metastases and compared
them to the original cell line. About 30 genes were differentially
expressed. The most highly expressed genes in the metastatic
phenotype were fibronectin, thymosin b4 and RhoC. They
confirmed the central role of RhoC in the metastatic phenotype
by demonstrating that poorly metastatic cells became highly
metastatic when transfected with RhoC. Furthermore, expres-
sion of a dominant-negative form of RhoC in the highly
metastatic cells transformed them into the poorly metastatic
phenotype [24].

Infectious disease

Viruses and bacteria affect their host cell by altering mRNA
expression levels in specific ways. RNA extracted from infected
tissues can be used as a ``signature'' for identifying the pathogen
[25].

Challenges of microarray technology

Data management and mining

The crucial stage in both oligonucleotide and cDNA arrays
experiments is data management and analysis. Microarray
experiments produce vast amounts of information that require
the use of specialized data management tools. The diversity and
scope of the data require the creation of multidisciplinary teams
consisting of physicians, biologists and bioinformaticians

(mathematicians, computational biologists and database man-
agers).

Specifically, data handling is composed of several layers.
Once experimental data have been obtained, the data have to be
normalized in order to standardize all experiments to variations
in microarray quality, sample handling and biological diversity.
The data must be stored in relational databases linked to
publicly available genomic and functional databases as well as
to results of previous experiments, allowing easy data retrieval
and manipulation. Advanced analysis tools such as clustering
applications and data mining tools [22,26] are needed in order to
retrieve all the functional information stored in the data.
Standardization of the data (raw and processed) is a major
problem due to the plethora of available technologies. Standard
expression database management systems are being developed
to permit data sharing by scientists worldwide [27]. This will
facilitate better communication among the different disciplines
using microarray technology and will lead to better experi-
mental designs and data interpretation.

Cost

Microarray technology is highly cost-intensive. Setting up a
system ranges in price from US$ 60,000 to 500,000. The cost of
each chip ranges from $50 for self-made chips to $2,500 for
ready-made ones. Though self-made chips are significantly
cheaper one has to consider the cost of the system setup,
including acquisition of clones for printing, quality control of
printing and other technical concerns that are obstacles to
immediate implementation. The computational hardware and
software can range in cost from $10,000 to more than $100,000.
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Table 1. Studies using microarrays to analyze human disease

Disease Microarray type Summary Ref.

Melanoma cDNA Molecular classification of cutaneous malignant melanoma [15]

Colon cancer Oligonucleotide Two-way clustering analysis of colon cancer, grouped together class of similar-

expression gene families and segregated the normal samples from the pathological ones

[16]

Diabetes type I cDNA Ineffective differentiation of diabetic Va24JaQ T cells and a role for invariant T cells in

the recruitment and activation of cells from the myeloid lineage

[17]

Ovarian cancer cDNA Comparison of expression patterns between carcinomas and the corresponding normal

ovarian tissues enabled identification of 55 genes that were commonly up-regulated and

48 genes that were down-regulated in the cancer specimens

[18]

Development oligonucleotide Comparison of adult vs. fetal tissue identified 11 genes with similar-expression patterns.

These genes are candidates as cell maintenance genes

[19]

AML and ALL cDNA A class discovery procedure automatically discovered the distinction between AML and

ALL without previous knowledge of these classes

[14]

Alzheimer's disease cDNA Relative to normal CA1 neurons, NFT neurons in AD brains showed significant

reductions in several classes of genes that are known to encode proteins implicated in

AD neuropathology, including phosphatases/kinases, cytoskeletal proteins, synaptic

proteins, glutamate receptors, and dopamine receptors

[20]

AML = acute myeloid leukemia, ALL = acute lymphoblastic leukemia, AD = Alzheimer's disease, NFT = neurofibrillary tangles.
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Therefore, joint ventures of medical and academic institutes
together with biotechnological and pharmaceutical industries
are crucial.

Closing remarks

In this paper, we have provided an overview of the two most
commonly used microarray technologies ± oligonucleotide and
spotted cDNA arrays. Microarray technology has been widely
used in basic molecular biology and in research relevant to
human disease. The scope of this review was to demonstrate its
growing application in medicine ± particularly in molecular
classification of disease and in analyzing animal models of
human disease. We believe that many more applications will
emerge in the near future, such as early detection of disease,
drug toxicity prediction, mutation and SNP analysis, and
diagnosis of infections.

Several practical suggestions may make the transition to the
use of microarrays in research relevant to human disease less
painful. They are:

. If you are thinking of microarray-based experiments ± stop!
Consider well if this approach is the most suitable. For many
biological questions conventional molecular biology is often
more satisfactory, and definitely cheaper.

. Have a well-defined scientific question ± although micro-
arrays are used as hypothesis-generating tools, the results are
highly dependent on the careful design of the experiment.

. Make sure that you can deal with the data, dedicate a data
analysis and storage workstation, and check your Internet
access.

. Collaborate with bioinformatics groups.

. Handle the samples as obsessively as possible. Variable RNA
degradation is a critical factor in surgically obtained samples.
Samples must be snap-frozen in liquid nitrogen immediately
after removal.

. Repeat your experiments. If repeating an experiment using
microarrays is too expensive, repeat and verify the results
using alternative cost-efficient methods. Do not overlook
validating target genes at the protein expression level.

. Good Luck.
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Capsule

Can physical activity prevent cancer?

Physical activity has marked effects on several functions of
the human body that may influence cancer risk. These effects
vary according to the mode, duration, frequency and intensity
of the activity and include changes in cardiovascular and
pulmonary capacity, bowel motility, endogenous hormones,
energy balance, immune function, antioxidant defense and
DNA repair. Although a role for energy balance in cancer
causation was advanced almost three centuries ago, it is
mainly in the past decade that over 200 population-based
studies have linked work, leisure, and household physical
activities to cancer risk The most researched cancers are those
of the bowel, breast, endometrium, prostate, testes, and lung.

Cancer of the large bowel is the most commonly
investigated cancer in relation to physical activity. Meta-
analysis and systematic reviews show an inverse dose-
response association between activity and colon cancer, such
that physically active men and women experience around half
the risk of their sedentary counterparts. This observation is
seen across populations and study methods, with little
indication of publication bias. Plausible mechanisms of
protection include the favorable effect of physical exertion
on insulin, prostaglandin, and bile acid levels, all of which
influence the growth and proliferation of colonic cells.
Moreover, physical activity reduces bowel transit time and

thereby the duration of contact between fecal carcinogens and
colonic mucosa, which may explain its inverse association
with colon cancer risk and the absence of a relation with
cancer of the rectum.

Endogenous sex hormones are strongly implicated in the
development of breast and endometrial cancer. Physical
activity may modulate the production, metabolism and
excretion of these hormones, so an association with these
cancers is biologically possible. Physical activity may also
reduce the risk of cancer through its normalizing effect on
body weight and composition. Evidence from population-
based studies suggests that occupational, leisure, and house-
hold activities are associated with about a 30% reduction in
breast cancer rates, with a dose-response relation reported.
Findings are, however, less consistent than for colon cancer,
and the sizes of the reported associations are generally lower.
This may reflect a genuinely weaker relation or the fact that
the strength of the association may vary across the life course
as it does for more established markers of risk such as
reproductive factors and body mass index. Those studies that
have explored the link between physical exertion and the risk
of endometrial cancer suggest a negative association.

Br Med J 2000;321:1424

Min icapsu le

Should asymptomatic bacteriuria in young women be
treated? Asymptomatic bacteriuria is common in young women,
associated with sexual activity, and is followed by symptomatic urinary
tract infection in a small percentage of cases. There is no evidence to justify
prescribing antibiotics to healthy young non-pregnant women with this
complaint.

N Engl J Med 2000l;343:992±7
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