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v The human genome contains ~30,000 genes
that could encode >1,000,000 different pro-
teins via RNA editing, alternative splicing, and
post-translational modifications. To date, only
500 gene products have been identified as mol-
ecular drug targets to treat human illnesses. A
theoretical number of at least 5,000-15,000
potential gene products (or molecular drug tar-
gets) has been proposed that could lead to more
effective or selective therapiest. The pharmaceuti-
cal industry and biotechnology companies are now
heavily focussed on using tools that can provide a
better understanding of the function or product of
a gene, and that enable the rapid identification
and validation of a human drug target among
numerous potential candidates. Potential thera-
peutics could be not only small chemical drug
molecules that modulate the function of a pro-
tein but also the gene products themselves.

The use of phylogenetically lower model or-
ganisms to mimic human diseases has become
very popular as it enables either the identification
of a human gene product (or pathway) that is
directly involved in a disease state, or the devel-
opment of biological screens for molecules or
gene products that suppress the disease or stop
its progression.

The mouse, despite its very low throughput,
remains the organism of choice for many close

functional parallels with human diseases. How-
ever, emerging and promising alternatives include
the complementary use of other key organisms
such as Caenorhabdidis elegans, Drosophila, Escherichia
coli or yeast. These organisms are amenable to
higher functional throughput for the validation
of several gene products or of different mol-
ecular drug targets in parallel, as well as for the
identification of signaling pathways involved in a
pathological condition.

Speeding up target identification using
animal models

From the simplest bacteria to the highly complex
primate, animal models have traditionally been
used to understand biological functions such as
transcription, translation, replication, viral infec-
tion, development, or genetic transmissions.
Recently, several models have been developed to
mimic complex human diseases and to help in
the rapid identification and validation of poten-
tial drug targets. The key model organisms such
as bacteria, yeast, worm, fly, mouse and human
are widely used in pre-clinical drug research dis-
covery to enable a better understanding of gene-
product function, and to identifiy and validate
potential molecular drug targets or pathways.
Alternative species with narrower interests are
not discussed within the scope of this review,
but include: Arabidopsis thaliana (mustard plant),
Chlamydomonas reinhardtii (unicellular algae), cyano-
bacteria, Dictyostelium (slime mold), maize, Aplysia
californica (snail), Ascidians (primitive chordate),
Cnidarians/Coelenterates (jellyfish, hydra), sea ur-
chin, mosquito, Fugu rubripes (pufferfish), Medaka
(rice fish), Danio rerio (zebra fish), Xenopus laevi
(frog), avian species (chick, quail), and other
mammals (rabbit, dog, pig, sheep, cow, horse,
cat, monkey).

1359-6446/01/$ — see front matter ©2001 Elsevier Science Ltd. All rights reserved. PIl: S1471-1931(01)00165-3 S91



reviews genomics supplement

Several dozen animal models have been developed in total.
However, compared with the high number of novel genes and
proteins that have been recently identified, current model or-
ganisms lack the high-throughput necessary to handle thousands
of potential targets simultaneously. This situation is unlikely to
change, despite the high-throughput generation of mutant
mice using ENU mutagenesis coupled with rapid mutation
detection methods. It is therefore essential to develop strategies
that will enable fast and rapid prioritization of numerous po-
tential targets. The use of complementary and higher-throughput
model organisms should help to reduce this bottleneck and enable
the early phase of drug discovery to be accelerated.

Key animal models for target identification and
validation

Here, each key model is discussed in order of evolutionary bio-
logical complexity. Each organism will be described according
to its traditional use as a model, and its specific characteristics
regarding comparative genomics, expression profiling, trans-
genic and knockout technologies, genetic tools, and availability
of disease models.

Escherichia coli (bacterium)

Representing one of the simplest unicellular systems, E. coli is
composed of 4.6 million nucleic acid base pairs (4,403 genes
located on 1 chromosome?; see Table 1), and has been sequenced
in its entirety. It has a fast rate of replication (<1 h) and can be
genetically engineered to overproduce proteins, vitamins, or
DNA. In certain situations, the organism can be used to study
virulence and pathogenicity targets. Perhaps more importantly,
it can become a human pathogen. It is used for the develop-
ment of antibiotics, or to determine the early mutagenesis rate
or genetic toxicity of chemical molecules using the Ames test3.
To date, 45 microbial genomes have been sequenced (37 bac-
terial species with 1-5 x 10¢ base pairs each) and have been
used for comparative pathogenesis studies and vaccine devel-
opment4. Expression profiling between pathogenic and non-
pathogenic species enables the identification of gene products
or pathways directly involved in resistance or metabolic de-
fectsS. Transgenesis via transformation or viral infection, and
gene targeting via homologous recombination using the pKO3
vector strategy® are fast, efficient, cost-effective and simple.
Recently, a bacterial system has been developed for the map-
ping of protein—protein interactions, a technique first developed
in yeast’. Examples of conserved functions between prokaryotes
and eukaryotes include RNA polymerases, rRNA involved in
protein synthesis, transport of ions, and catabolic and anabolic
enzymes8. Despite its simplicity (90% of its genome encodes
proteins), about 50% of E. coli gene products have unknown
functions®. The model is therefore of limited use for mimicking
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human diseases, although key proteins (i.e. MutH, Muts,
MutL) involved in DNA mismatch repair systems are highly
conserved from bacteria to humansio, indicating that some
basic mechanisms of mammal cell biology can be readily studied
in simple organisms.

Saccharomyces cerevisiae (yeast)

S. cerevisiae is one of the simplest unicellular eukaryotic cells, and
together with Schizosaccharomyces pombe, which is more closely
related to man, are the most commonly used yeast species,
particularly as they have a fast rate of replication. The S. cerevisiae
genome is composed of 12 million base pairs (6,190 genes loca-
ted on 16 chromosomes; see Table 1) and was entirely sequenced
in 1996 (Ref. 11). Of these 6,190 potential gene-products,
30% encode proteins with unknown functions?2. One-third of
yeast genes have a robust homology to human genes, and two-
thirds have at least one domain with a significant homology.
Of 48 human genes identified by positional cloning, 25%
had significant homology with yeast!3, DNA microarrays con-
taining all potential yeast genes have been used to study their
level of expressionl4. Large-scale or genome-wide knockout
and phenotypic approaches (using transposon-tagging and
gene disruptions) are currently being used to generate high-
throughput mutants for each yeast gene or gene product?s,
Yeast has become a major tool for mapping protein—protein
interactions, which enables the classification of signaling path-
ways and the segregation of interacting partners among thou-
sands of gene products. A global, large-scale initiative, using
the yeast two-hybrid system has been used to determine
the network of protein—protein interactions'® and biological
pathwayst’. As a model organism, yeast will probably pro-
vide basic knowledge for universal intracellular mechanisms
(e.g. metabolism, signal transduction, membrane regulation,
gene activation, oxidative stress, drug metabolism, cell cycle
regulation)28, but not for human diseases involving multiple
cellular networks or complex pathways. Two examples of
human genes with identified yeast homologs are described
below.

P13 kinase (termed ATM in humans and Tell in yeast), which
causes ataxia telangiectasia (AT), a human disorder character-
ized by cerebellar ataxia and oculocutaneous defects. Yeast cells
with mutations in the Tell and related gene pathway show a
similar phenotype to cells from AT patients?®,

Metal Resistance Protein (termed CFTR in human, and Ycfl
in yeast), which causes cystic fibrosis. Two CFTR defective alleles
cause chronic lung problems and digestive disorders. Ycfl is very
similar to the cystic fibrosis transmembrane regulator (CFTR)
and multidrug resistance protein (MRP). Mutations associ-
ated with CFTR alleles, once introduced into Ycfl, elicit defects
analogous to those seen with CFTR (Ref. 20).
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Caenorhabditis elegans (worm)

Table 1. Comparative genomic analysis of key model organisms

C. elegans, the simplest multicellular organ-

Genome Gene Haploid
ism with a well-understood developmen- size (Mb) number chromosome
tal biology, was introduced as a model by number
Sydney Brenner in the 1960s (Ref. 21).

Worms replicate clonally, are easy to Bacterium (Escherichia coli) ~4 4,403 1
grow, and possess a simple nervous system

and other mechanisms that make them  Yeast (Saccharomyces cerevisiae) ~12 6,190 16
readily available for genetic studies. All

common cell types found in vertebrates Worm (Caenorhabditis elegans) 97 19,730 6
are also found in C. elegans?2. The complete , _

sequence of the C. elegans genome (97 Mb, Fruit Fly (Drosophila melanogaster) 120 13,601 4
19,730 genes located Fm _6 chromo— Mouse (Mus Musculus) 3,454 ~50,000 20
somes; see Table 1) was finalized in early (estimated)

1999 (Ref. 23). In total, 19,730 potential

gene products have been identified and  Hyman (Homo sapiens) 2,910 33,609 23

50% of them have unknown functions23,

As shown in Table 1, comparative genomic
studies indicate that the C. elegans genome contains three times
more genes than yeast, five times more genes than E. coli, and
approx. half of the number genes in humans. Forty percent of
the C. elegans proteins are homologous to proteins in other or-
ganisms. Around 20% of all worm open reading frames (ORF)
are present in yeast, whereas 40% of yeast ORF have significant
orthologs in the worm?24, These indicate core functions necess-
ary for life such as metabolism, protein folding or trafficking,
and protein degradation. Unique worm sequences relate to
special functions of multicellular organisms such as signal trans-
duction and regulatory control (e.g. adhesion molecules, growth
factors). The vast majority of molecular, structural and cellular
signaling pathways are very similar in man and worm?25, The ex-
ploding field of apoptosis has been driven by initial observations
made in C. elegans (Ref. 26). The essential components of exo-
cytosis are also conserved between mammals and nematodes.
Current technologies available in this model include: for-
ward genetics (finding genes based on phenotypic observations),
reverse genetics (finding genes without knowledge of func-
tion), antisense technologies, RNA interference (RNAI; the
process whereby the introduction of double stranded RNA into
a cell inhibits gene expression in a sequence-dependent fash-
ion)?7, transgenic and knockout animals, and finally the use of
the green fluorescent protein (GFP) for protein and cell localiz-
ations?8, It is anticipated that this model organism will yield major
breakthroughs in biological processes?®. Large-scale, genome-
wide production of null alleles from all known C.elegans genes has
been initiated by a worldwide consortium (The C. elegans Gene
Knockout Consortium; http://elegans.bcgsc.bc.ca/knockout.
shtml), with the task to generate the 19,000 null alleles within five
years, utilizing transposon mutagenesis and RNAi technologies.
Already more than one-third of the genes of C.elegans have been

analyzed for phenotypes following RNAi (Ref. 30). Several
congenital human diseases, such as spinal muscular atrophy,
polycystic kidney disease, muscular dystrophy, and Alzheimer’s
disease have been studied using C. elegans as a genetic model32.
There is therefore already strong evidence that research using this
organism will continue to enhance our understanding of the
function of several human disease genes. An example of a human
gene function reconstituted in C.elegans is described below.

Mutations in the human presenilin gene PS1 cause the most
frequent and aggressive forms of familial Alzheimer’s disease.
Mutations in the C.elegans presenilin genes sel-12 and hop-1 result
in a defect in thermotaxis memory of the animals. Thermotaxis
is an experience-dependant behavior that involves the pairing
of food with the temperature of growth. The defect is caused by
a loss of presenilin function in two cholinergic interneurons and
causes severe morphological alterations of the neurites. The defect
can be rescued by expressing the wild-type human presenilin PS1
but not by the mutated human presenilin PS1 (A246E), indicat-
ing evolutionary conserved control of neural morphology and
function by presenilins. PS1 transgenic worms are now used to
understand the molecular details leading to these defectss32.

Several biotechnology companies such as DeVGen (http://
www.devgen.com/), Elegen (http://www.elegene.com/), and
Exelixis (http://www.exelixis.com/) use worms for the iden-
tification and validation of targets ranging from high-throughput
phenotypic analyses, to screening of chemical libraries. Mess-
enger RNA expression profiling will soon be available to un-
derstand molecular responses during and after specific drug
treatments (drug profiling, drug mode-of-action). Disadvantages
of using the worm as a model are lack of an immune system,
and the difficulties involved in recording electrophysiological
properties from most cells.
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Drosophila melanogaster (fly)
More complex than the nematode, D. melanogaster replicates easily
and is a multicelluar organism with a complex nervous system.
A variety of genetic tools are available with this organism and
it possesses the same cell types and biology as vertebrates. Its
120 Mb euchromatic DNA genome located on 4 chromosomes
(Table 1) was completely sequenced in 2000 (Ref. 33). It contains
13,601 genes (twice as many as yeast), and somewhat smaller
number than C. elegans, but with a comparable functional diver-
sity33. Genomic comparisons indicate that 77% of the 929 human
disease genes involved in neurological, endocrine, cardiovascular,
ophthalmic, immunological, hematological and cancer-related
disorders, as well as storage or metabolic defects, have a strong
homology with D. melanogaster (http://homophila.sdsc.edu/).

Transgenic flies can be easily produced, and forward and re-
verse genetic tools are available, as are RNAi and transposons,
to study the biology of the eye or body development, memory,
lifespan and aging. Manipulation of the Drosophila genome in
ways analogous to the mouse or yeast is now possible34. A sup-
pressor screen for polyglutamine toxicity associated with
Huntington’s disease has been performed in Drosophila, and two
suppressor genes were found as described below.

dHDJ1 is homologous to the human heat shock protein
40/HDJ1, and dTPR2 is homologous to the human tetratrico-
peptide repeat protein 2 (Ref. 35). Each of these molecules
contains a chaperone-related J domain, and suppression of
polyglutamine toxicity was verified in transgenic flies, clearly
validating these genes as potential drug targets for the suppres-
sion of polyglutamine repeat diseases. Disadvantages of using
the fly as a model is the relatively tedious process of handling
and storing the flies, and the low-throughput for target- or
pathway-identification.

Mus musculus (mouse)

Rodents (rats and mice) are widely used as organisms to study
basic biology, development, genetics, signaling pathways, drug
responses and metabolism, and are especially useful as a model
for humans because of the repertoire of complex behaviors
that is available. Mice are easy to breed, manipulate and handle,
and can be genetically engineered. Transgenesis (the introduc-
tion of new DNA sequences into the germ line, resulting in the
production of transgenic animals) and gene targeting (the inte-
gration by homologous recombination of new DNA sequences
into the genome of an organism at sites where its expression
can be controlled) technologies are available for the mouse
owing to pluripotent embryonic stem cells36 and germline
manipulations®’. Typically with knockout technology, the gene
of interest is no longer functional (null mutant), whereas with
knock-in animals, a reporter gene (i.e. LacZ) is inserted in place
of the gene of interest and its developmental regulation can be
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monitored. By contrast, with the conditional Cre/loxP recom-
bination system, the excision event to generate a null mutant
can be triggered at any time during or after development to
avoid premature lethality. Genome-wide approaches to gener-
ate knockouts have been initiated (http://www.lexgen.com/
omnibank/omnibank.htm), and conditional gene targeting is
becoming very popular (see Ref. 38). Reverse and forward
genetic studies using chemical mutagens such as ethylnitrourea
(ENU) and ethyl-methane sulfonate (EMS)39, make the mouse
one of the most promising animal models4° for human genetic
studies, especially because of the extensive set of natural mouse
mutants available.

There is an increasing set of defined DNA markers for the
mouse0. Linkage, association and polymorphism studies and
positional cloning can be carried out on rodents as they exhibit
well-defined behaviors such as fear, learning, memory;, stress,
depression, and aggression4L. Although the cause of large be-
havior variations between natural mouse strains or interstrain
variability in inbred mouse strains is not obvious, it is probable
that rodents will be used extensively in both basic and applied
pharmaceutical research. Human—mouse homology mapping is
already possible to find syntenic regions (or genome collinear-
ity) on different chromosomes. Complex human diseases have
been successfully modeled in mice, ranging from neurodegen-
erative disorders such as amyotrophic lateral sclerosis (SOD1
overexpression), Alzheimer’s disease (APP overexpression), to
prion disease (mutated PrP) glutamine expansion disorders
[Huntington (huntingtin), spinocerebellar ataxia (SCA1)],
spinal muscular atrophy, epilepsy, and osteoporosis. The disad-
vantages of using the mouse as a model for the study of human
diseases are the slow-throughput necessary to generate knock-
out mice, and the amount of time required for backcrosses of
the mutant strain.

Homo sapiens (human)

Obviously, humans are the target organism for drug discovery
technologies. There is large heterogeneity in the behavior of
patients or between different populations owing to gene poly-
morphisms, redundant targets, differently regulated pathways
and environment challenges. The human genome is composed
of 2,910 Mb on 23 chromosomes (Table 1) containing only
~33,609 genes, barely twice as many genes as in C. elegans or
Drosophila#2. The total number of gene products is, however, pre-
dicted to be significantly larger (>1,000,000 proteins) owing
to transcriptional and post-translational modifications, such as
RNA editing, alternative splicing events, and protein modi-
fications such as phosphorylation, or glycosylation. Messenger
RNA and protein expression profiling from clinical tissue speci-
mens have provided a lot of new data and potential applications
for diagnostics, disease prevention43, and fast, individualized
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pathological diagnosis. It is probable that individualized DNA
microarrays will be used for diagnosis, drug responses, preferred
treatment responses and small-scale, proof-of-concept clinical tri-
als. Significant advances in genetic approaches such as positional
cloning, association studies, and SNP mapping have been re-
cently achieved. Other genetic approaches (e.g. affected sibling
pairs, inbred populations) are being used in combination with
genomic DNA approaches to speed up the identification of
gene products causing (or linked to) a specific human disease.
Recently, the locations of genes contributing to familial essen-
tial tremor, multiple sclerosis, narcolepsy, Alzheimer’s disease,
schizophrenia, stroke, osteoporosis and osteoarthritis have been
identified (http://www.decode.com/resources/diseases/). Non-
invasive functional imaging technologies (NMR, fMRI) are also
likely to contribute to the identification of gene products#4.

Conclusions

At present, mice are the favored models for therapeutic areas
such as oncology, diabetes, autoimmunity, inflammation, neuro-
degenerative and infectious diseases. A recent quantitative trait
locus (QTL) analysis of hypertension has been performed using
two mouse strains (The Jackson Laboratory; http://www.jax.
org/research/documents/research_areas/pdf/paigen.pdf ). Eight
different loci linked to the disease were discovered within one
year, and six of these regions have also being identified in a
large, five-year, human study costing US$30 million45. The mouse
approach was 100 times cheaper, five times faster, and gave the
same loci. Fine mapping and positional cloning are currently
in progress. However, only a small number of genes can be
studied simultaneously with mouse models. Simpler animal
models have also contributed to the identification of drug tar-
gets. These organisms can be used to complement information
from mouse models, as they possess a greater potential for
higher-throughput and parallel processing. A complementary
approach using a mouse model and C. elegans, Drosophila, zebra-
fish, or yeast models will therefore enable the rapid identifi-
cation and validation of a gene product among several hundred
potential targets. None of the existing model organisms is ideal.
Limitations such as simplicity, time, cost, speed, low-throughput
and lack of parallel processing capability represent major issues,
which are unlikely to disappear in the near future.

Use of animal models can reduce the amount of time and
money spent on understanding the molecular basis of human
disease. Overall, animal models represent an unavoidable bottle-
neck in pre-clinical drug discovery research. However, estab-
lishments of consortiums, maintenance of transgenic animal
collections, widespread QTL/ENU phenotypic analyses, large-
scale behavioral screens, combined with complementary ap-
proaches using simpler animal models could somewhat help to
alleviate this problem.
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