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Have microarrays failed to deliver for developmental biology?
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Abstract

Comprehensive microarrays covering large numbers of the predicted expressed transcripts for
some invertebrates and vertebrates have been available for some time. Despite predictions that this
technology will transform biology, to date there have been few published studies using microarrays

to generate novel insights in developmental biology.

The c¢DNA microarray is a conceptually simple object,
whether made on a glass slide within an academic lab or
printed using complex technology in a commercial produc-
tion setting. The best characterization of them is as glorified
dot-blots (VG Cheung, personal communication), and this
explains much of their appeal. Most life scientists have
carried out a northern, Southern or in situ hybridization, and
are therefore familiar with the main technology - hybridiza-
tion - needed for microarray use. Yet it has proven difficult in
some fields to translate the obvious promise of microarrays
into tangible results. A pressing issue is why it appears that
we are stuck in a ‘proof of principle’ stage, rather than a
routine exploitation phase, especially in the field of develop-
mental biology. The problem is that there have been few
developmental biology microarray studies, indicating a very
slow adoption of the technology in this field. Currently there
appear to be two overriding concerns: access to the technol-
ogy in a reliable form, and how best to apply the technology
in a way that generates data that are useful in the short to
medium term.

Honourable exceptions

Interesting and insightful developmental studies using
microarrays have been published, but they are all the more
striking for their infrequency. There have been several
studies of Drosophila development [1-3], including one
identifying targets of the mesoderm-specific transcription
factor twist [4]. Similarly, there have been a number of

genome-wide studies of worm development, almost all from
the Kim lab at Stanford [5-7]. The situation appears more
bleak when looking for published microarray studies of ver-
tebrate development. Aside from some small-scale studies of
retinal development in the mouse (including our own) [8,9]
and mesoderm induction in Xenopus [10], there are very
few. The predicted deluge of data has failed to materialize,
and it is not immediately obvious why this is the case. Com-
mercial arrays of worm, fly, human and mouse genes have
been available for several years, and several extensive cDNA
clone sets are available for little or no cost. A cursory web
search finds many academic microarray facilities offering
mouse arrays, for example, yet little or no published data.

This is not the case when looking at other fields of research.
The most striking successes are in classifying different
cancers, including prognostic predictions (for examples, see
[11-13]), and arrays are in general use in labs studying both
the clinical and basic aspects of cancer biology. Other
impressive studies have included comparative studies of
bacterial genomes [14], and a number of groundbreaking
studies of transcription and genome organization in yeast
[15-17]. Aside from these high-profile studies, there also
have been many other studies completed and published in
these fields, all adding to the evidence of the widespread
adoption of microarray technology by communities of
researchers. The power and usefulness of microarrays are
not in question, so why do there appear to be problems
applying them to developmental biology?




2 Genome Biology Vol3No 9 Livesey

The perfect partnership?

Dynamic or temporally and spatially restricted patterns of
gene expression are recurring mechanisms in the regulation
of developmental processes. Where and when certain key
sets of genes are expressed regulates processes such as
responses to growth factors, cell-fate determination and dif-
ferentiation. Many transcription factors and signaling path-
ways that are required for developmental processes have
been identified, their functions carefully studied and organ-
isms carrying targeted mutations in the corresponding genes
generated. Technologies for generating targeted mutations
in genes of interest, at particular times and in particular
tissues, have been commonly used for many years in devel-
opmental biology. Such precise mutants are typically used to
confirm predictions of gene function within a biological or
cellular process, and are rarely used as tools for understand-
ing the gene expression network within which a particular
gene operates. It would appear therefore, with the addition
of microarrays for gene-expression profiling, that all of the
tools for complex dissections of both cellular and genetic
pathways are available to developmental biologists.

One can picture a category of investigation that is likely to
lead to a cycle of using arrays to analyze animals carrying
targeted mutations to identify novel components of the
pathway within which the gene product operates; the novel
components are, in their turn, mutated and analyzed using
arrays. The resulting complex datasets can then to be used to
reconstruct the gene-expression networks operating in the
relevant cells to regulate the processes under investigation.
On a larger scale, and in the longer term, one goal will be to
integrate data on gene expression, protein expression and
cellular metabolism, so as to generate models of cellular
behavior. Such models will allow us to make predictions
about the changes resulting from interfering in a gene-
expression network, for example by conditional gene knock-
out, RNA interference (RNAi) [18,19], or overexpression, the
results of which we can study using RNA and protein expres-
sion arrays. As similar studies are carried out on different
genes and mutants in a given tissue in a high-throughput
manner, it will be possible to model the development of that
tissue at the genetic network level, reaching one of the long-
term goals of developmental biology.

Scale and resolution

Important technical issues about using microarrays for
developmental biology are the small size of available tissues
and the correspondingly small amounts of total RNA, and
also the resolution at which expression data can be gener-
ated. The majority of array studies use microgram amounts
of total RNA for each hybridization [20], quantities that can
be difficult to achieve from developing tissues. The simplest
solution to the RNA availability problem is to collect very
large numbers of samples, so as to generate enough RNA for
an array probe, for example using Drosophila embryo

sorters [21]. This may not always be practically possible or
scientifically desirable. Alternatively, there are several differ-
ent technologies available for RNA/cDNA amplification
from limiting amounts of RNA (for review see [22]). All of
these methods are, however, subject to some concerns about
the fidelity of representation of the original complex RNA
population in the resulting amplified material.

The second issue is the level of resolution at which expres-
sion studies can be carried out. Ideally, developmental biolo-
gists wish to study gene expression in populations of
identical cells, rather than in a whole tissue or a mixed popu-
lation of cells (Figure 1). If sufficient starting material and
antibodies to cell-specific surface antigens are available, one
approach is to purify homogenous population of cells by flu-
orescence-activated cell sorting (FACS). But FACS sorting of
cell populations is unlikely to produce large enough numbers
of cells to generate sufficient RNA for a traditional microar-
ray probe, particularly from developing tissues. RNA
extracted from purified cells is therefore likely to require
amplification. Alternatively, methods have been available for
some time for cDNA synthesis and amplification from single
cells [23-25], with several novel methods reported to be
under development. This is an attractive alternative to cell
sorting, given that populations generated from FACS sorting
are unlikely to be comprised of 100% pure, identical cells.
Single-cell cDNA preparations are beginning to be success-
fully analyzed using microarrays, raising the possibility that
it will soon be possible to reliably study gene expression at
the single-cell level during development.

Finally, there is the question of whether there are particular
technical problems that could confound the use of microar-
rays in developmental biology. These would include the
ability to detect functionally important transcripts expressed
at low levels, or a lack of availability of arrays that distin-
guish between functionally significant splice variants. There
is no general principle that interesting genes are expressed
at low levels, but in any case detection of low-abundance
transcripts is not generally considered an issue, particularly
with amplification of small amounts of starting material.
Similarly, the use of splice variants in developmental set-
tings, while important, is not the only, or even the primary,
mechanism used for generating functional differences
between cells. In both of these cases, the current situation is
that we cannot know if any speculations are valid, given the
small numbers of microarray studies that have been carried
out in developmental biology to date. It seems unlikely a
priori that there are any issues specific to developmental
biology that will prevent expression profiling from being
applicable to this field.

Genetics versus genomics
Aside from technical concerns, there may be a lack of attrac-
tion for developmental biologists to arrays, and to genomic
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Microarrays of gene expression in mouse embryos. (a) A typical single microarray comparison, using mouse embryos as an example, illustrating some of
the issues that arise concerning the use of microarrays to study development. The whole-mount in situ hybridization shown in the top panels
demonstrates the complexity of gene expression during development, with tissue-specific expression in a small number of areas. Studying the
consequences of altering normal gene expression requires dissection of the tissues that gene is expressed in, or sorting of the specific cell populations of
interest. A consequence of this is that the extracted RNA will probably need to be amplified to generate sufficient cDNA for a microarray probe.

(b) Detail of a microarray hybridization comparing gene expression in a single mouse neural progenitor cell (red) with that in total brain (green). One
issue for developmental biologists is whether arrays can be used to profile gene expression in small numbers of cells. We and others have found that it is
possible to reproducibly profile gene expression from single cells, using current cDNA amplification technologies.

technologies in general. In this regard, there is a clear dis-
tinction between newer genome-based technologies and
classical genetics, which has proven a very fruitful approach
for understanding development. Developmental biology, his-
torically an experimental science, has traditionally been
function-led. A common view is that it is better to carry out a
well-designed genetic screen to identify a small group of
genes that when mutated give clear phenotypes related to
the process being studied, rather than to identify hundreds
of transcripts whose expressions correlate with key aspects
of the same process, followed by functional studies of those
deemed most promising. But this view is based on a misun-
derstanding of how complementary these approaches are, as
discussed above, in extracting even more information from
available mutants. Furthermore, it is a view that character-
izes microarrays simply as gene-discovery tools. Although
arrays are very useful in that role, one of the benefits of gen-
erating expression data from large numbers of genes simul-
taneously is that the entire dataset, taken together, contains
useful information on transcription within cells or tissues
that can be used for modeling gene-expression networks.

More importantly, there are organisms, developmental stages
and processes for which genetic screens cannot be performed,

or are extremely expensive and difficult to carry out. This is
particularly true of the later stages of vertebrate develop-
ment, most notably of the mammalian central nervous
system. In such cases, there has to come a point where inves-
tigating the conservation of the fundamental principles of
development identified in powerful invertebrate systems
must be left behind, and directed efforts must be made to
identify the developmental mechanisms underlying verte-
brate- and mammal-specific structures. This is where arrays
can complement genetic approaches, to identify candidate
genes or networks involved in development of those struc-
tures. In addition, arrays are becoming useful tools for iden-
tifying candidate genes underlying complex traits in both
vertebrates and invertebrates [26], further complementing
genetic approaches.

One final possible reason for the slow adoption of array tech-
nologies in developmental biology may be the lack of avail-
ability of arrays for many model organisms used in
developmental biology, including Xenopus and zebrafish.
Organism- and tissue-specific arrays are straightforward to
construct, as we and others have done for organisms such as
chick and ferret, whose genomes have not been sequenced or
are not supported by large EST projects. The simplest way to
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do this is to make arrays of random, unsequenced clones
from cDNA libraries from particular tissues or developmen-
tal stages, then use the arrays as normal and only sequence
those clones that prove to be of interest after the data-
analysis step. The alternative is to sequence sets of clones
initially and then array a non-redundant subset of those
clones. In either case, such arrays can be produced quickly
and relatively cheaply within individual labs that have access
to liquid-handling systems and arrayers, and arrays are now
becoming generally available (see, for example [10]).

The informatics challenge

Much has been written and said about the interpretation of
array data, the analytical challenge presented by large
datasets, and how this should intimidate unwary biological
scientists [27]. This may have delayed the entry of many
researchers into applying array technology to their own
research, by raising concerns that, even if individual labs do
generate good gene-expression datasets, they will be unable
to extract useful information from them. Thanks to the
efforts of many public-spirited labs around the world,
however, all of the necessary computing tools are now freely
available to academic users. These include database systems
for storing and accessing raw data and desktop software for
analyzing data extracted from the databases to identify
interesting features. These analytical tools include the now-
standard cluster analysis algorithms, along with other novel
statistical techniques, and are remarkably straightforward to
use. In addition, there are now a number of training courses
offered by genome centres on the theoretical and applied
aspects of expression data analysis, so labs wishing to use
these technologies can become proficient very quickly (see,
for example, [28]).

In summary, developmental biologists have been relatively
slow to adopt what is, in many ways, an ideal technology for
answering some of the major questions in development.
There is nothing fundamentally new about this technology
that means that normal rules will not apply. As for every
other new technology, the proof-of-principle stage will be fol-
lowed by the widespread-adoption stage, accompanied or fol-
lowed by a sharp improvement in the standard and the
complexity of studies using these technologies. But it is rea-
sonable to ask why this process is taking so long. The first
microarray paper from Patrick Brown’s lab appeared in 1995
[29], seven years ago. There was a frenzy of interest in arrays
by four or more years ago, when any seminar that mentioned
array technologies was full to capacity. There are likely to be
many reasons why this was not followed by a large number of
studies in developmental biology using array technologies.
Early on, limited access to reagents was a definite factor
slowing widespread array use. Another factor has been the
intellectual shift away from single-gene studies to thinking
about gene-expression networks, allied to a dependence on
statistics, mathematics and computing. A reluctance to

embrace these newer approaches is likely to be a generational
issue, as there is now a cohort of students and post-doctoral
fellows that have been trained in an environment where such
quantitative methods are the norm. Given the wide availabil-
ity of arrays and the necessary computing infrastructure to
interpret the data, developmental biology should be able to
make increasing and impressive use of these approaches in
the near future, despite a relatively slow start.
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