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A new dimension for the human genome
project: towards comprehensive

expression maps

Tom Strachan!, Marc Abitbol?, Duncan Davidson® & Jacques S. Beckmann

The current Human Genome Project is largely devoted to
structural characterisation of our genome. We now need
international co-ordination of a second phase of
genome analysis, the systematic construction of
expression maps using both basic and high-resolution
expression assays. Databases recording different types
of expression pattern for a variety of human cell types
need 1o be established and co-ordinated. There is a
compelling need for a database of gene expression in
early human development, but the scarcity of human
material for study requires optimisation of research
strategies and co-ordination of expression studies in
early human and mouse development.

The Human Genome Project has entered its final phase: several
large-scale DNA sequencing projects are underway and destined
to yield a wealth of sequence data that will occupy bioinformati-
cians for years to come. The current effort is in structural
genomics, devoted largely to determining the exact chromosomal
positions and structural organisations of our 80,000 or so genes.
In the post-sequencing eral, efforts in functional genomics are
being contemplated?. This is the route now being pursued by yeast
geneticists following the successful completion of the Saccha-
romyces cerevisiae genome project®* and it is understandable that
we should seek insights from model organisms regarding gene
function®.

With regard to our own genome, we can expect a progressive
expansion in functional studies of genes using human and animal
cultured cell lines and transgenic animals. Knowledge of detailed
gene structure will not, however, be sufficient to mount such func-
tional studies: there will also be a need to expand our limited
knowledge of human gene expression, systematically document-
ing expression patterns in various human organs, tissues and cell
types. This is particularly important in early human development,
where access to suitable samples for study has been limited, con-
sequently placing heavy reliance on animal models. Our advoca-
¢y of this comparatively neglected field of human genome
investigation is motivated by several factors, notably the growing
awareness of the limitations involved in extrapolating from gene
expression studies in animal models. We therefore advocate co-
ordination of an international effort to document systematically
human gene expression using various methods including surveys
of high-resolution expression patterns in cells and tissues, and to
store the data in publicly accessible electronic databases.

4

Human gene expression mapping

How should we prepare for a new phase of genome study devoted
to gene expression? Many different expression assays are possible,
and one is already being comprehensively undertaken — the char-
acterisation of cDNA sequences from a variety of different cell
types. In addition to providing a human gene catalogue, a major
rationale of such projects is to place genes on physical maps®’
before large-scale sequencing. These data will be invaluable in clar-
ifying the structure of genes and their transcripts, and eventually
in identifying expressed polymorphic variants. But such approach-
es are not suited as rapid general-expression screens: the relative
abundance of individual gene transcripts in different cDNA
libraries provides only a crude measure of comparative tran-
scriptional activity®®. In contrast, powerful technologies have been
devised which may provide rapid and more meaningful genome-
wide expression screens. In addition, studies of gene expression
in situ offer high-resolution expression maps.

Towards rapid whole-genome expression screens. Routine meth-
ods for surveying human gene expression have usually been lim-
ited in capacity, being used typically to track the expression of one
or a few genés at a time in isolated RNA or protein samples. RNA
blot hybridization, ribonuclease protection assays, RT-PCR and
western blotting are well-established examples and provide valu-
able information on the relative abundance of expression prod-
ucts and often on other characteristics such as product size.
Methods designed to survey the expression patterns of many genes
simultaneously have become popular. Two-dimensional (2D) gel
electrophoresis for assaying polypeptide expression has a long his-
tory!d, but at the transcript level, powerful methods of surveying
differential expression of many genes have only recently been
developed, including differential display'!, the SAGE method'>13,
and multiplex hybridization assays using complex microarrays of
cDNA clones'*18 or of gene-specific oligonucleotides!®-20,
Differential display and derivative techniques are valuable in
identifying novel genes and in probing expression of complex, but
not fully characterized, genomes. When essentially all human genes
have been identified, however, they will be less powerful than alter-
native methods which can survey simultaneously the transcrip-
tional profiles of all genes. The SAGE method has a high
throughput but may be disadvantaged by certain features, such as
the reliance on extremely short sequence tags to identify individ-
ual genes, and may not be fully amenable to automation. In con-
trast, the microarray technologies, in particular, are very well suited
to automation. They involve depositing complex arrays of indi-
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vidual cDNAs or gene-specific oligonucleotides onto glass ‘chips’
in a miniaturized format, in the former case by high-speed robot-
ic printing and in the latter, by in situ synthesis using a combina-
tion of photolithography and oligonucleotide chemistry that
permits independent specification of individual oligonucieotides®.
The resulting ‘DNA chips’ permit simultaneous monitoring of the
expression of thousands of human genes in normal or disease
cells!>1619 (Fig. 1), and numerous applications can be envisaged.
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For example, there is considerable diagnostic potential in assay-
ing for inappropriate gene expression associated with the onset of
cancers. In addition, by comparing the expression profiles of genes
in disease tissues with those in equivalent normal tissues, they may
help to identify strong candidate disease genes, or novel pharma-
ceutical targets.
Once a comprehensive human gene catalogue is in place, the
availability of sequence information for each gene will enable rapid
identification of gene products. At the level of 2D
gel electrophoresis, for example, individual pro-
teins may be identified by comparing observed and
expected radiolabelling patterns following incor-
poration of specific amino acids labelled with dif-
ferent radioisotopes?!. The application of this
general approach to studying human proteins is,
however, handicapped by technical limitations: the
method is difficult to standardize and automate,
and the resolution is limited to only a few thou-
sand of the more abundant proteins in the starting
sample. Instead, recent major technological
improvements in mass spectroscopy may provide
a more profitable approach. Total protein fractions
can be separated chromatographically, individual
fractions proteolytically cleaved and the cleaved
peptides analysed by mass spectroscopy, in combi-
nation with database searching??,

High-resolution in situ gene expression studies.
Such studies attempt to record the original spatial
distribution of gene products in tissues and cells.
Both the transcriptional and translational expres-
sion status can be monitored by using labelled
nucleic acid probes or antibodies, respectively.
Although normally represented in two dimensions,
the expression images can be electronically digi-
tised and the digitised profiles from serial tissue
sections can be integrated to generate three-dimen-
sional expression maps®>?4, By studying equivalent
tissue sections at different times and stages of devel-
opment, detailed spatiotemporal expression maps
can be electronically documented. Using appropri-
ate oligonucleotide or antibody probes, it is also

Fig. 1 Monitoring human gene expression using complex
microarrays of cDNA clones or oligonucleotides. a, cDNA
clone array. A 1.0-cm? DNA microarray containing 1,046
cDNA clones from a whole human blood cell cDNA library
was hybridized with a fluorescent labelled cDNA probe pre-
pared by reverse transcription from human bone marrow
mRNA. Confocal laser scans of the fluorescence label are
represented in a pseudocolour rainbow scale to indicate
rough quantitation of expression levels: background levels
being violet, then progressing through indigo, blue green,
yellow, orange to red, the most abundant expression. The
parailel format of the array allows precise comparisons and
differential expression measurements'. (Image courtesy of
Mark Schena, Stanford.) b, Oligonucleotide array. A fluores-
cence image of a 1.28-cm x 1.28-cm array containing over
65,000 different oligonucleotide probes for 1,641 unique
genes (each gene is represented by 20 oligonucieotide pairs,
with each pair including a faithful gene sequence oligonu-
cleotide an a related mismatched oligonucleotide). The
array also includes RNA standards that are used as quantite-
tive references (B-actin, glyceraldehyde-3-phosphate dehy-
drogenase, transferrin receptor and one phage and three
bacterial RNAs). The image was obtained following
overnight hybridization of a sample made directly from
human tissue, and was from one of four such arrays, collec-
tively sampling 6,500 different human genes. (image cour-
tesy of David Lockhart, Affymetrix Inc.)
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possible to track individual isoforms, gaining information on their
temporal order of appearance, tissue-specificity and so on. Over-
lapping spatiotemporal expression domains for specific isoforms
of non-allelic genes may also identify functionally important in-
teractions that could otherwise elude detection.

High-resolution expression profiles can afford new insights
into gene function, which could be especially valuable in the case
of recently identified disease genes. They will not be able to pro-
vide unequivocal demonstrations of functional interactions
between genes, but comprehensive expression studies will even-
tually indicate sequential hierarchies or patterns of gene activity.
When combined with other functional information on the genes
being investigated, such data will help unravel the multilayered
complexity of developmental or physiological expression pro-
grammes (including not just the traditional A1—5A2 —A3 verti-
cal pathways of gene activation, but complex circuits resulting
from additional horizontal interactions between members of dif-
ferent vertical pathways).

Additional important applications will be available for some
disease genes. Comparative expression studies of plausible candi-
date genes may be valuable in identifying particular promising
genes to study, especially in cases where the phenotype often results
from microdeletions. Species differences in gene expression may
also be uncovered, offering explanations as to why the phenotypes
of animal disease models often do not resemble their human coun-
terparts, and this knowledge may lead to new insights into mo-
lecular pathogenesis, as in Usher’s syndrome 1B (see below). In
addition, by identifying previously unforeseen expression domains,
high-resolution gene expression studies may be useful for the
development of new therapeutic strategies and in assessing poten-
tial side effects of new therapeutic reagents. Finally, comparative
high-resolution expression studies may provide detailed insights
into species differences, and may lead to a form of comparative
molecular anatomy.

Recording human expression data and establishing priorities.
There are several gene-expression databases for a variety of model
organisms, including in situ gene expression databases®>. In con-
trast, electronic documentation of human gene expression pat-
terns is at a primitive stage: although some databases have been
initiated to document 2D protein expression patterns in individ-
ual tissue types and cell lines?6?7, databases of transcriptional pro-
files are currently limited to EST/cDNA collections®?, There is a
need, therefore, for additional databases, systematically docu-
menting basic and high-resolution gene expression patterns in a
variety of human tissues and cell types. Most likely, different data-
bases will be established in different centres, reflecting local ex-
pertise in particular types of expression assay or target tissues.
Provided that the expression data are compatible and that suit-
able electronic links are established between the different expres-
sion databases and with other genome/gene databases (including
future gene-function databases), the diversity of databases should
not prove a major obstacle to efficient data retrieval.

What are the priorities in documenting human gene expres-
sion? Which tissues should be sampled first, and which expres-
sion assays will provide the most valuable information? Except in
the case of early human development (see below), there will be
no major difficulties in obtaining suitable material for study, and
future databases can be expected to document expression in a vari-
ety of adult tissues and cell types. Expression patterns will also be
documented for certain disease states, notably some cancers.
Already, a pilot survey of gene expression using DNA microarray
technology has been reported in a melanoma cell line!é, and the
recently proposed Cancer Genome Anatomy Project envisages
similar surveys of gene expression in a variety of common can-
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cers at the precancerous and malignant stages in addition to cDNA
sequencing projects?®°. Equivalent surveys may be conducted for
other disease states, and will be most informative in cases where
the differences map to only a very few genes. In contrast, if there
are many differences (for example, resulting from pleiotropic
effects of a single mutation, complex gene—gene/ or gene— envi-
ronment interactions), interpretation could be difficult because
of our lack of understanding of detailed expression programmes.

Basic expression screens vs. high-resolution assays. Rapid whole
genome expression screens offer a powerful ‘first pass’ expression
screen, albeit at low resolution. At the protein level, it is difficult to
envisage how the current technologies could be extended to whole
genome expression screening, but transcriptional profiling is quite
different. In particular, there have been spectacular recent advances
in microarray technology whereby scaling up is both simple and
inexpensive. Now, using information in the available EST data-
bases, researchers at Affymetrix are making arrays to monitor the
expression of some 50,000 human genes. One approach uses a sin-
gle 1.28-cm? array containing 400,000 oligonucleotides. Further
technological improvements could permit simultaneous sampling
of every human gene on even smaller arrays with a quantitative
sensitivity level of less than one transcript per cell. The extraor-
dinary power of such methods will ensure numerous applications
particularly in comparative expression studies. For example, in
addition to normal/disease tissue comparisons, expression differ-
ences could be charted during cell differentiation, apoptosis or
tissue aging, and in response to changed environments, such as
following exposure to a new drug.

Rapid whole genome expression screens, however, also have
inherent limitations: because the expression screen is of low reso-
lution, the cell-sampling procedure may not be sufficiently dis-
criminatory to answer some questions. Given that the data they
provide will be an aggregate expression profile of all the cells in
the sample under study, such methods will often be most suited
to surveying expression in cultured cell lines or comparatively
homogeneous tissues. If, however, expression is to be surveyed in
original tissues and in cells that are restricted spatially (to a few
cell layers for example), or at the other extreme, if one wishes to
study simultaneous expression in physically distant cells or even
subcellular components (as in the case of extremely long neurons),
then low-resolution expression screens are inadequate. However,
the sheer size of adult/infant tissues makes comprehensive high-
resolution in situ gene expression screens and 3D reconstruction of
gene expression impractical. Information obtained by low-reso-
lution screens may enable limited high-resolution screens to be
targeted to selected genes in promising cells or tissuea. But to
obtain more comprehensive in situ expression profiles, it will be
most efficient to survey tissues in early human development.

Human gene expression maps and human development
The documentation of gene expression in early human develop-
ment is a promising area for study, justified on both medical and
scientific grounds. Developmental abnormalities are common and
often severe, whereas from a purely scientific perspective, there is
a clear need to improve our sketchy understanding of early human
development. A large fraction of human genes are thought to be
expressed in early development, notably in the brain, and ought
to be studied in the relevant human embryonic and fetal tissues.
Such studies should contribute to our understanding of gene func-
tion and developmental expression programmes, and also illumi-
nate our understanding of the anatomy and morphology of early
human development.

Rapid low-resolution expression screens may profitably be con-
ducted on selected embryonic and fetal tissues, or derived cell
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lines. But there will also be a need for high-resolution in situ
expression studies: the molecular basis of important develop-
mental processes may often feature very few cells or cell layers at a
time, and the results obtained will enable comparison with equiv-
alent data in model organism studies. Both RNA and protein lev-
els can be monitored in in situ expression studies and, because of
the biologically imposed miniaturisation, individual experiments
can survey expression in a large range of tissues at a time. As the
great majority of human organogenesis occurs during the embry-
onic period, studying in situ gene expression throughout the
embryonic period enables insights into the development of adult
tissues, which cannot easily be studied in a comprehensive way
using the same techniques. For processes of organogenesis that
continue into later prenatal development, fetal sections will also
be important, as in the case of understanding brain development.

Our meagre knowledge of early human development is direct-
ly related to the general difficulty in accessing suitable samples for
study. In cases where maternal consent and ethical approval have
been obtained, post-implantation embryonic and fetal material
can be retrieved for research studies following first- or second-
trimester termination of pregnancy, respectively>’. Much of our
current knowledge of early human development has been found-
ed on histological studies using archived embryo sections, notably
those of the Carnegie collection in Washington®1-32. But the wide-
ly accepted Carnegie system for classifying human embryonic
development is limited in resolution (see below) and there are
considerable gaps in our knowledge of many aspects of early devel-
opment, such as fetal brain development. Recently, several cen-
tres in North America, Europe and Japan have engaged in attempts
at 3D reconstruction of the anatomy and morphology of human
embryos and fetuses and constituent tissues>>3%, Companion
studies of in situ gene expression patterns in human embryos will
also be useful because they can be expected to illuminate our
anatomical knowledge. In particular, 3D reconstruction of 2D
human gene expression images could be important in providing
added insights into the morphology of complex organs such as
brain, heart and sense organs.

The study of gene expression in early human development has
hitherto been a mostly uncharted area: high-resolution in situ gene
expression studies on human embryo sections were first report-
ed only a few years ago®. Instead, we have relied on studies in ani-
mal models, notably the mouse. Extrapolation from such models
has been justified by the observations that many developmental
processes and developmental control genes have been strongly
conserved during evolution, in many cases from fruit flies to
humans, suggesting that mammalian early development has been
essentially conserved. However, the first studies of gene expres-
sion in human embryos are revealing distinct species differences
for some expression domains.

An important example concerns the gene for myosin VIIA,
which is mutated in patients with Usher’s syndrome type 1B (con-
genital deafness, vestibular dysfunction and retinitis pigmentosa)
and also the shaker-1 mouse {cochlear and vestibular dysfunction,
but no detectable retinal dysfunction)3*4%, Myosin VIIA expres-
sion in the developing retina in mice and other rodents is con-
fined to the retinal pigmentary epithelium, but in humans and
other primates, the fetal retina shows an additional myosin VIIA
expression domain in the photoreceptor cells*!. These results sug-
gest that the retinal pathogenesis in humans results from abnormal
myosin expression in photoreceptor cells rather than a defect of
retinal pigmentary epithelium, as was formerly supposed. Other
recent examples include the calpain-3 gene (a strong expression
domain in human embryonic and fetal heart, but not in mouse
heart from E9.5 to birth; F. Fougerousse et al., manuscript in
preparation) and some Wnt genes such as WntJA (expression in
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the midbrain of mouse embryos is confined to the ventral and lat-
eral regions, but in human embryos midbrain expression is
restricted to the dorsolateral regions and there is an additional
expression domain in the telencephalon; P. Bullen e al., manu-
script in preparation).

Comparable studies in sibling species of Drosophila have shown
that even in the case of genes that are critically important during
development, novel expression domains can arise very rapidly in
evolution2. Thus, although the coding sequences of such genes
are very highly conserved, relatively rapid alteration of cis-acting
regulatory sequences can result in novel spatiotemporal domains,
which, in turn, may ultimately lead to the acquisition of novel func-
tions*>*. Once a gene has been identified as the locus for a human
developmental disorder; therefore, it is desirable to proceed imme-

diately to study its human embryonic expression patterns®.

A gene expression database of early human development
Data production and database format. A systematic, electroni-
cally documented study of gene expression in early human devel-
opment is both desirable and ethically acceptable®46. The stored
data should encompass both basic expression data from estab-
lished techniques and rapid whole genome expression screens, as
well as the output of high-resolution in situ expression studies.

Is such a goal attainable, and if so, how should it be achieved?
The scale of such a venture is undeniably vast. Take the question
of embryonic samples: the samples that have been stored in
archived collections have been treated in a way that makes subse-
quent gene expression studies impractical and so new embryo col-
lections are needed. At the moment only a very few research centres,
notably in the UK and France, are systematically collecting and
storing such material, and an individual institution may typically
expect to obtain only a very few hundred embryos per year. In the
case of in situ expression studies, it will be most efficient to con-
centrate on transverse sections. Even then, however, existing tech-
nologies would only permit reasonably comprehensive screens for
about 5-10 genes per embryo. Clearly, every effort must be made to
maximise the use of such precious embryonic material (see below).

In order to cope with the scale of the proposed endeavour, it
will be most effective to develop an international collaboration
involving a network of research centres, mostly drawn from
Europe because of the current difficulty in conducting such
research in the United States®. The financial investment required
will be substantial but could be sponsored by a combination of
international funding agencies in addition to allocations from var-
ious national human genome projects. Individual centres should
have the capacity for systematically collecting, storing and pro-
cessing suitable embryonic/fetal material, and for subsequently
studying gene expression directly, and, where appropriate, mak-
ing material available to other collaborating labs for gene expres-
sion studies. Indeed, it will be desirable to establish laboratories
that will provide services to a wider scientific community, given
the difficulties in carrying out this type of research because of
restricted access to the material.

In order to integrate the data effectively, the results need to be
stored in a common public database or series of linked databas-
es. But there will also be a clear need for a consensus standard by
which to measure the quality of the input data, helping data inte-
gration and facilitating peer review. In time, it should be possible
to have Internet access to complex gene expression images, includ-
ing 3D reconstruction images, in the database. New Web software,
such as Java, can be developed to provide users of the database
with interactive programmes for image browsing and manipula-
tion that will maximise interpretation of the data. The database
also needs to have active links to established genome and sequence
databases, and importantly to other gene expression databases and
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future gene function databases. The format of the Mouse Gene
Expression Information Resource?>2¢ provides a good example
on which to model the proposed database. In an effort to facili-
tate gene expression comparisons between human and mouse, the
Newcastle group is working closely with the Edinburgh Mouse
Atlas group*” and the first 3D reconstruction images of gene
expression in human embryos are being obtained (Fig. 2).

Variation and landmarks of expression in development. Interpre-
tation of the results from the expression studies is subject to exper-
imental errors, and to uncertainties regarding the precise
developmental age of the material studied and of the co-ordinates in
the examined tissue sections. As a result, a statistical appraisal of
the results will need to be implemented. In addition, some natur-
al, and environmentally induced, variability should be expected
between individuals, with differences in the exact timing of expres-
sion and the temporal order of expression for many genes. Finally,
another important source of variation in expression patterns is the
maternal effects that will influence the expression of some genes. It
will therefore be necessary to provide users of the database with
tools to evaluate the data, which take into account the various fac-
tors that contribute to variability of expression pattern. Because of
the limited number of human embryos, however, there is no clear
solution as to how the variation could be measured, although the
study of animal model systems could possibly provide some answers.

Individual variation resulting from pathogenic mutations will
also be encountered occasionally. Therefore, karyotype analysis
of placental samples (preferably from multiple sites in order to
address the problem of confined placental mosaicism) should rou-
tinely be used to screen for cytogenetic abnormalities. But small
mutations will go undetected, although their presence may be
indicated in some cases that have a clearly abnormal morpholo-
gy. Clearly, analysis of samples obtained from therapeutic abor-
tions will provide valuable information regarding gene expression
in abnormal development*3,

Notwithstanding the problems of uncontrollable fluctuations
in expression pattern, comprehensive documentation of expres-
sion profiles for numerous genes should provide valuable tissue-
specific expression landmarks of early development. Such
landmarks could be of great value in enabling more accurate stag-
ing in human development where the uncertainty regarding the
exact time of conception means that we have to rely heavily on
appreciation of developmental stages in order to estimate age. The
Carnegie staging system is based on anatomical/morphological
features and is limited both by low resolution (most of the indi-
vidual stages span several days of development) and by being
restricted to the embryonic period, up to the end of the eighth
week of development®1#%, By choosing genes with expression pat-
terns that are sharply defined in time and space, and which are
comparatively independent of natural or artefactual variability, a
high-resolution expression-based staging system could eventual-
ly be constructed. Expression landmarks of development will also
be important in species comparisons, since the relative rates of
development of particular systems can vary between species — as
in the case of prenatal neurological development, which is com-
paratively retarded in rodents. Finally, expression landmarks of
development will provide a detailed framework for topographi-
cal referencing of other signals during development, and should
facilitate the superimposition of the reconstructed 3D gene expres-
sion images from multiple embryos that are adjudged to be at
equivalent developmental stages.

Optimisation of research strategies and co-ordination of gene

expression studies. Because of the limiting amounts of human
material available for study, comprehensive in situ gene expression
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Fig. 2 Three-dimensional reconstruction of WNT5A expression patterns in
part of the brain of a Carnegie stage 17 human embryo. Transverse sections
were digitised and then reconstructed in 3-D using programmes developed by
R. Baldock and M. Stark (MRC Human Genetics Unit, Edinburgh). A propor-
tion of these sections have been hybridised with an antisense WNT5A probe.
Expression patterns were digitised and then superimposed on the tissue
reconstruction, and are visualised as a pink signal, or in the case of signal
falling on the plane of cutting, as a red signal. The neural tissue is visualised
as gray. Expression is seen in the floor of the midbrain and hindbrain (lower
part of image), and in the caudal diencephalon (dorsal and ventrat thalamic
nuclei at the cut plane in the upper part of the image). The reconstruction
was carried out at the MRC Human Genetics Unit in Edinburgh as a collabora-
tion between the Newcastle and Edinburgh groups. (Photo courtesy of Phillip
Bullen, University of Newcastle upon Tyne.)

studies of early human development cannot be carried out in the
short term. It will therefore be important to prioritise expression
studies. In addition, there is a great need to increase efficiency, both
at the level of the technologies being used (which are currently
greatly rate-limiting) and by optimising research strategies. Using
current technologies over a period of, say, ten years, it would be
feasible for about ten research centres to carry out reasonably com-
prehensive in situ embryonic expression studies on potentially 1,000
important genes (with expression studied in at least 5-7 Carnegie
stages chosen to be representative of the embryonic period). The
general efficiency of the embryonic gene expression studies can be
expected to increase with increased automation and the use of more
sensitive detection methods. For example, multiplex probing using
several probes that are labelled with different fluorophores may
increase the amount of expression information obtained per tis-
sue section. But even then we will need to prioritise the choice of
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Table 1 « Issues in developing optimal and synergistic strategies for studying
gene expression in early human and mouse development

Priorities for selecting genes for studying expression in human development

m disease related genes

m developmentally important genes, or possibly downstream genes in well-defined pathways
m genes that are potential therapeutic targets

Genes where human expression studies are essential or at Jeast as important as mouse studies

m primate-specific genes

= genes known to show species-specific expression patterns (including expression differences
resulting from species differences in alternative RNA processing and imprinting)
. m genes involved in highly specialised organs or organs showing significant species differences in

anatomy/morphology (such as brain)

m genes involved in disease processes affecting complex brain functions or in diseases that are
not easily modelled in mice (neurodegenerative, sensory, behavioural, psychiatric, late-onset)

Research areas where expression studies shouid be conducted in mouse but not human embryos

m rodent-specific genes
s whole mount embryo studies

Research areas where mouse expression studies should be a general ‘first pass’ screen
» identifying developmental/physiological pathway(s) containing the target gene
m identifying position of the target gene in a developmental/physiological pathway(s)
= validation of putative coding sequences (e.g. from genomic DNA analysis and computer
programme prediction) and anonymous coding sequences (human/mouse EST programmes)
m genes belonging to a ‘conserved’ developmental pathway

Research areas where mouse expression studies are conducted after human studies
m validation or confirmation of results obtained on human material

Technological improvements

® increased automation of probing technologies

multiplex FISH
quantitative data measurements
subcellular resolution

Standardization of procedures

m definition of molecular expression landmarks of development
m standardisation of nomenclature (anatomical, gene names)

Structure of human gene expression databases

Optimization of coordination between databases

= links between human and mouse expression databases, requiring compatibility of data and

interoperability of databases

® links to databases listing gene and gene product structure and to databases with details of
gene function (protein-protein interactions, epistatic relationships)

Public access to databases

genes for study, and to develop strategies that maximise the use of
human material (Table 1). There is also currently a great need to
improve the capacity for recording 3D expression images. Again,
however, one could anticipate great improvements in software and
hardware development in the near future, making this approach
less laborious than at present.

Which genes should be studied first? A major priority will be
genes implicated in (inherited) disorders and cancers, and genes
suspected of being critically important in development. Genes
known or suspected to show significant species differences in
embryonic gene expression patterns would also be strong candi-
dates for study. In addition, it will be important to investigate
genes which are expressed in developing organs that show signif-
icant species differences, or which are of crucial importance to
unique human functions, such as the developing brain. Finally, it
may also be very profitable to study downstream effector genes,
given that they may show up more significant species differences
in expression pattern than the master regulator genes.

To pursue optimal strategies that maximise the use of human
material, the choices of questions to be asked, the experimental
approaches used and the material to be studied require careful
consideration. Some questions can be best addressed using basic
expression assays such as the microarray hybridization assays. In
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the case of high resolution in situ expression studies it will be par-
ticularly important to classify proposed studies on the basis of the
perceived relative merits of studies in human material or in ani-
mal models. The mouse is the favourite animal model of mam-
malian development, partly due to the power of gene targeting in
ES cells as a vehicle for generating developmental mutants. Because
of the comparatively plentiful supply of mouse embryos effective
global strategies would involve complementary approaches in the
two species, often using mouse material as a first screen to identi-
fy studies that would be particularly profitable to carry out in
human material (Table 1).

Concluding remarks

We believe that there is a strong need for international co-ordi-
nation of a second phase of the human genome project, expres-
sion mapping. Different approaches exist, necessitating the
integration of the results from these complementary methods and
an increase in efficiency of high resolution in situ human gene
expression studies. It will also be important to develop methods
of integrating the data with that from different animal models,
and so to develop the important new discipline of comparative
molecular anatomy, which could be particularly valuable in under-
standing early brain development, for example.
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Several years of discussion and planning were required before
the Human Genome Project was launched. The momentum and
international dimension to the structural genomics phase devel-
oped when efforts were made to share common resources and
establish publically available electronic databases. The time is now
ripe to develop a similar international effort to co-ordinate a sys-
tematic study of human gene expression. There is a very consid-
erable need for large scale studies of gene expression in early
human development, and for co-ordination of human and ani-
mal model studies. The items we have highlighted by no means
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represent a comprehensive list of the areas that require consider-
ation, but we hope that they will stimulate further discussion.
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