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Utilization of mouse models
in the discovery of human

disease genes

Karen J. Moore

The mouse is a powerful model organism for studying
human disease. By the use of various breeding strat-
egies in combination with positional cloning and pos-
itional candidates, many genes underlying human dis-
ease have been and will continue to be discovered
through the use of mouse genetics. The author illus-
trates how the mouse can be used to discover human
disease genes underlying simple mendelian and com-
plex polygenic diseases and genes involved in the

modification of disease.

he past few years have seen a change in the strat-
egies identify therapeutic agents.
Pharmaceutical companies are focusing more on

taken to

targeting molecules implicated in the genetic com-
ponent of diseases than they did a decade ago. Two im-
portant factors have influenced this change. The first is the
recognition that most common human diseases, such as
obesity, cardiovascular disease, type 2 diabetes, osteoporo-
sis, autoimmune diseases and diseases of the CNS, have a
component of heritability or genetic predisposition. The
second results from the Human Genome Project, which
has provided a plethora of tools to facilitate an ever-accel-
erating rate of disease gene identification through pos-
itional cloning, positional candidacy and association stud-
ies. Concomitant biological studies of disease genes have
led to the elucidation of pertinent biochemical and physio-
logical pathways, which in turn identify additional disease

targets for therapeutic interaction. The starting points of
genetics and genomics for the identification of pathways
implicated in common human diseases have, in parallel,
brought about the enhanced use of model organisms for
the genetic dissection and simplification of disease path-
ways (Fig. 1.

Advantages of the mouse as a model organism

The mouse is a model organism that offers many cumula-
tive advantages over other model systems such as yeast,
Drosophilia, Caenorbabditis elegans and the rat. The
mouse has been used in genetic studies as a model organ-
ism since the turn of the century, when it was used to
show that Mendel’s laws applied to mammalian inherit-
ance!? and hence, by inference, to humans. Indeed, the
mouse was subsequently used to investigate the heritabil-
ity of cancer. What are the current advantages of the
mouse as a model organism? First and foremost it is a
mammal and therefore many of its biochemical pathways
will be similar to those in humans. Mice have a relatively
short generation time, they are prolific breeders and can
be maintained in a laboratory situation, thus allowing con-
trol of the environment, which is a major contributory fac-
tor that is extremely difficult to control for in studies of
complex human diseases.

An additional benefit of the mouse as a model organism
is the ability to control the genetics. There is a wide range
of inbred strains of mice available that allows rigorous
genetic control within a strain yet genetic variability be-
tween strains. Also, the ease with which mouse embryos
can be manipulated allows both overexpression and
underexpression of genes through production of trans-
genic and knockout mice. Lastly, a century of research
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Figure 1. The mouse can be used to identify the
genes involved in simple mendelian disease or in
complex polygenic diseases. Through the use of
various breeding regimes, complex polygenic disease
models can be reduced to more simple models (as
described in the text), which can ultimately be used
in disease gene identification by positional cloning.
Alternatively, the positional candidate gene approach
might lead to gene identification, as indicated on the
right. Once the mouse gene for a model of a human
disease is discovered, it is easy to identify the human
ortholog. The human gene might or might not be a
gene that is directly involved in the human disease.
However, it is likely that the biological pathway so
identified will lead to other human genes, variants of
which are directly causative in human disease.
Regardless of whether the causative human disease
genes are identified or not, targets for drug discovery
can be found in the relevant biological pathways.

Disease phenotypes

sauab arepipue)d

employing the mouse has resulted in abundant documen-
tation about phenotypes of mouse mutants and strains
that resemble both simple, mendelian human disease
and complex multigenic diseases. Hence, the stage is set
to use the mouse as a surrogate, or ‘furry little human’,
for human disease gene discovery.

Mouse models of simple, mendelian
inherited diseases
There is a multitude of examples of mouse mutations

whose phenotypes resemble rare human diseases.
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Subsequent identification of the mutated mouse genes has
indeed lead to the identification of human orthologs that
are responsible for rare human diseases such as piebald-
ism3, Waardenburg syndrome type II (Ref. 4), Usher’s syn-
drome’, Chediak—Higashi syndrome®’, Hermansky—Pudlak
syndrome® and dwarfism?1°. Additionally, single gene trait
mouse mutants have been used to identify genes that elu-
cidate biochemical pathways pertinent to common human
diseases. The best examples of this are the cloning of the
genes underlying the five single-gene mouse models of
obesity: obese'!, diabetes'?, fai'3, tubby'*'> and agouti
lethal-yellow'*"7 (Fig. 2).

The cloning of obeseand diabetes confirmed earlier stud-
ies that indicated that the genes encode a ligand (leptin)
and its concomitant receptor (leptin receptor) whose
signal is vital for regulating body energy balance!®.
Downstream of leptin signaling is the agouti pathway. The
agouti lethal-yellow (4”) mouse has intense yellow pig-
mentation of the hair, late-onset obesity, hyperinsulinemia,
hyperglycemia and hyperphagia'®, which is a consequence
of the ectopic expression of a 131 amino acid peptide that
is normally expressed in the skin!®!”. Pharmacological
studies indicate that the overabundance of the agouti pro-
tein antagonizes the binding of melanocyte-stimulating
hormone (a-MSH) (or similar peptides) to melanocortin re-
ceptors®. The yellow hair pigmentation is the result of an-
tagonizing the melanocortin receptor, MCR1, and the
obese phenotype is driven by antagonizing the MCR4 re-
ceptor?!. The natural ligands of the melanocortin receptors,
a-MSH and similar peptides, are derived from processing
the polypeptide pro-opiomelanocortin (POMC) into
smaller peptides. The transcription of POMC is thought to
be downstream of the leptin signal transduction pathway.
It has also been hypothesized that the product of the fat
mouse, carboxypeptidase E, is involved in trimming the
two C-terminal amino acids from the cleavage products of
POMC to activate small peptides such as a-MSH. In a rela-
tively short period of time, since the cloning of these five
monogenic obesity mouse mutants, it has become possible
to build and connect multiple pathways that are involved
in energy balance in the mouse, providing more therapeu-
tic targets than those provided by the original five mouse
genes.

What is the relevance to human obesity? To date only
rare, extremely obese individuals have been identified
who harbor mutations in leptin®** and the leptin recep-
tor**, rendering these molecules inactive. No human vari-
ants of the agouti gene have yet been found in obese
individuals; however, the agouti pathway has been impli-
cated in human obesity through several observations.
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Figure 2. Each of the monogenic mouse obese mutants is shown in a
separate panel along with its normal littermate, indicated +/+. The
mutant mouse is to the right in (a), (b), (d) and (e) and is the lower mouse
in (c). (a) Shows the leptin receptor mutant (Lepr®), previously known as
diabetes; (b) shows the leptin mutant (Lep®), previously known as

obese; (¢) shows the agouti lethal-yellow mutant (AY); (d) shows the tubby

humans, but are they relevant to the
more common types of obesity? More
work needs to be done to answer this,
but it is very likely that subtle changes
in gene expression, perhaps due to
promoter variants, by contrast to the
ablation mutations described above,
will result in later-onset, less extreme
obesity. There are also some potential
hints to this effect from mouse poly-
genic studies (see below).

Mouse models of complex
multigenic diseases

The advent of high-density genetic
maps not only provided the tools for
the positional cloning of monogenic
traits but has also facilitated the identi-
fication of genetic loci involved in
multigenic traits in humans, mice, rats
and cows. Several linkages of quanti-
tative trait loci (QTLs) have already
been detected in mouse for complex
disorders such as alcohol sensitivity,
atopy, diabetes, autoimmunity, CNS
disorders and behavior. There is also
copious research identifying QTLs of
mouse obesity. These studies used a
variety of inbred mouse strain pair
combinations and measured obesity in
multiple ways, including high fat diet-
induced obesity, simple whole body
weight determination, weight of spe-
cific fat pads and total adiposity. In
total, these investigations have identi-
fied 48 QTLs (Refs 28,29). Because of
the overlapping genetic map location
of some of the QTLs, the 48 may rep-
resent anywhere from 29 to 48 inde-
pendent loci responsible for some as-
pect of body energy balance and/or

Mutations of POMC have been found in extremely obese
individuals®® and association studies have implicated MC4R
in obesity?°. Also, mutations inactivating the processing en-
zyme proconvertase 1, which, like carboxypeptidase E, is
implicated in processing POMC to smaller peptide hor-
mones, have been found in obese individuals?’. Clearly,
the pathways identified by cloning the mouse obese
mutants are validated pathways for extreme obesity in
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body weight. None of the genes re-
sponsible for these QTLs have yet been identified, partly
because these studies are relatively recent. It is at this
stage of identifying loci involved in complex traits that the
mouse reveals many of its advantages over similar investi-
gations in human populations. The populations available
for human and bovine complex disease analysis often seg-
regate multiple loci, each of which may drive a subcompo-
nent of the phenotype. This often renders the ability to
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clone disease genes using positional cloning difficult, but
not impossible. Such complexities can be circumvented
when using the mouse.

Through various breeding strategies each QTL can be
dissected from the others to produce a series of mono-
genic mouse strains that each harbor one QTL (congenic
straing)3%3!. These monogenic strains can then be used in
more simple positional cloning strategies. Examples of
positional cloning of monogenic mouse mutations are de-
scribed above and have become commonplace today.
Consequently, it will be possible to clone some QTLs by
this reductionism approach. As promising as this approach
is, it is not the panacea and caveats to this approach have
already been encountered. Some investigators have dis-
covered that when a complex trait is dissected into its indi-
vidual components there is no residual disease phenotype,
or subphenotype, in the newly created mouse strains.
There are several potential reasons for this:

e The QTLs interact epistatically with (i.e. are dependent
upon) one or more of the other QTLs such that in iso-
lation each has no affect upon phenotype

e The percentage of the phenotypic variance of the origi-
nal phenotype that each of the individual loci drives is
too low to be detected when in isolation

e The breeding strategies did not transfer the pertinent
genomic fragment into the congenic strains

e Once individualized, the QTLs cannot be detected using
the original phenotypic assay, but rather a subpheno-
type is now needed to detect the locus

e Not all detected QTLs are true genetic loci, some may
be false positives resulting from QTL mapping

Only a few mouse QTL studies have progressed to the
individual congenic stage, the most elegant of which is a
mouse model of systemic lupus erythematosus (SLE)32
What is particularly exciting about this study is that each of
the individual congenic strains now has a different sub-
phenotype of the disease, each of which is a known com-
ponent of the fully fledged SLE disease in humans. One of
the congenic strains has a predisposition to break immune
tolerance to chromatin, one has B-cell hyperreactivity and
the third has high antinuclear antibody production and
predisposition to end-organ disease (and may represent
two genes)?® (Fig. 3). In addition to the incredible parallel
between the human and mouse phenotypes of this mouse
model of human disease, it is intriguing that the genomic
region of one of the mouse Sle QTLs is evolutionarily
equivalent to a region in the human genome within which
a genetic linkage for human SLE has been identified.
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Figure 3. Complex diseases such as systemic lupus
erythematosus (SLE) are often the cumulative effects of
many genes, each of which when variant can cause a
single component of the total disease. Genetic dissection
of a mouse model of SLE has resulted in the production
of strains of mice that each carry a single gene: Slel,
Sle2 orSle3. Each of these strains has a different
pathogenesis that constituted the original disease.

When the mouse gene is identified it will be an excellent
candidate for the human SLE gene, once again exemplify-
ing the relevance of using mouse genetics to identify
human disease genes.

The five genes that have been cloned from mouse
monogenic obese models have been described and they
indicate that numerous loci have also been identified in
obesity QTL studies. Are the QTLs and the monogenic
obesity loci mutually exclusive? Perhaps not, there are
QTLs that map coincident with the /eptin gene and with
the agouti gene and an obesity QTL in rat that maps coin-
cident with the tubby gene®®. No one has yet proven that
these are the causative genes for these QTLs, but they
offer tantalizing candidates. This highlights an important
part of the strategy for cloning mouse disease genes identi-
fied through QTL analysis. It is not always necessary to un-
dertake genetic dissection of a complex trait if within the
genetic confidence limit of the QTL there is an appealing
candidate gene that subsequently can be shown to be the
gene causing the QTL variation. This strategy, known as
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the positional candidate approach to gene cloning, has in
the past been applied very successfully in identifying
monogenic disease genes in both humans and mouse. It
has also been applied to one complex trait locus in the
mouse to identify a gene affecting colon polyp number in
a mouse model of adenomatous polyposis coli®*. In the
past, the candidate gene approach has relied upon com-
pelling biological annotation of the gene that maps within
a disease linkage confidence region. With the advent of
transcriptional profiling of very large numbers of genes
simultaneously it will be easier to look at the expression of
all genes known to map within a disease locus region.
This approach is again particularly compatible with the
mouse, where there is controlled genetics and hence less
noise in the system, where tissue source and quantity are
not limiting and biological annotation to mapped genes
will not be as critical. Using a combination of genetic link-
age and genomic region-specific transcriptional profiling, it
is anticipated that the positional candidate approach will
become even more successful, that positional cloning will
become less necessary and that congenic strains for QTLs
will need to be made for fewer loci.

Enhancer/suppressor screens

Enhancer/suppressor screens are a powerful method for
identifying additional genes in a given pathway and have
been used extensively to identify new mutations in yeast,
Drosophilia and C. elegans. There are currently only a few
examples of mouse suppressor genes, including the spon-
taneous mutation dilute suppressor” and three suppressors
of agouti phenotypes®*3® (Fig. 4). There are also examples
of modifiers of disease induced by N-ethyl-N-nitrosourea
(ENU) mutagenesis®. As mouse genetics enters the last
year of the twentieth century there will be an explosion of
such mouse variants. Mutagenesis of the mouse is entering
a renaissance, with the emphasis on discovering new
mouse models of human disease. Sophisticated phenotypic
screens are being developed for the mice derived from the
mutagenesis regimes in order to close the ‘phenotype gap’
that currently exists. Funding agencies are enthusiastically
supporting this.

An additional source of enhancer/suppressor genes
comes from studies that exploit the genetic variance of the
inbred strains. As described above, inbred strains can dif-
fer phenotypically, allowing QTL analysis to be performed.
An additional twist to this approach is to drive a particular
phenotype using over- or underexpression alleles of a
known gene (i.e. transgenic or knockout mice) and then
place these alleles on multiple genetic backgrounds and
assay for modification of phenotype. The modification loci
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Figure 4. Suppression of the yellow pigmentation of
agouti lethal-yellow (AY) by two independent genes:
mahogany (mg) and mahoganoid (md). The five
mice are: far left, AY/— ,md/md; next left AY/— ,md/+;
top right, AY/—,+/+; middle right, AY/—,mg/+; bot-
tom right, AY/—,mg/mg. It can be seen that a single
copy of either mg ormd acts to partially suppress the
production of yellow pigment while two copies result
in much greater suppression. What is not clear from
this photograph, because of the different ages of these
mice, is that both md and mg suppress the obesity of
(AY/~) mice also®’.

can then be mapped using QTL analysis. Such an ap-
proach has been used very effectively in an atherosclerosis
study with the Apoe null allele and has indicated the pres-
ence of strong enhancer and suppressor genes>>#,

Summary

This is an exciting time in mouse genetics. The mouse has
been used as a surrogate to study human diseases for
decades. However, there is currently a heightened interest
that is concomitant with an ever-growing technical ability
to use mouse genetics to identify genes underlying both
rare, monogenic human diseases as well as polygenic
human diseases. In time, mouse genetics will have proved
to be a critical early step in the development of therapeutic
drugs for many of our common diseases.
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Functional Proteomics, Boston, MA, USA, 8-9 April 1998

This two-day IBC conference will be held at the Boston Park Plaza Hotel and will include 20 presentations by leading industrial
and academic experts in proteomics research. All aspects of integrating technologies for target discovery and disease therapy
will be discussed over several sessions: Proteomics and Disease/Biological Outcomes, Protein Complexes and Mass
Spectrometric Analysis, Information Integration and Data Mining, New Technologies and Methodologies, Applications
of Proteomics, and Automation, Robotics and High-Throughput Techniques. The following is a selection of the scheduled
presentations.

e High-throughput Proteomics in the Pharmaceutical Industry — Dr Hanno Langen (Hoffmann-La Roche, Switzerland)

® Functional Proteomics in Anti-fungal Target Discovery and Evaluation through Gene Knockouts — Dr Christian Rolff (Oxford
GlycoSciences, UK)

e Pharmacoproteomics to Characterize Disease Processes and to Profile Mechanisms of Drug Action and Toxicity — Dr Leigh
Anderson (Large Scale Biology Corp., MD, USA)

e Proteomics: Life without Databases — Dr Roland S. Annan (SmithKline Beecham Pharmaceuticals, PA, USA)

® Harnessing the Meaning in Proteomics Data — Dr Karl R. Clauser (Millennium Pharmaceuticals, MA, USA)

e The Proteome: Analysis and Utility — Dr Ruedi Aebersold (University of Washington, WA, USA)

e Accessible Functional Proteomics for Target Discovery — Dr Jan E. Schnitzer (Harvard Medical School, MA, USA)

e Phage Antibody Libraries as Tools in Functional Proteomics — Dr Kevin Pritchard (Cambridge Antibody Technology, UK)

e Proteomics: Automation, Integration and Beyond — Dr Marc Wilkins (Proteome Systems Ltd, Australia)

For further information, please contact IBC USA Conferences, 225 Turnpike Road, Southborough, MA 01772-1749, USA.
tel: +1 508 481 6400, fax: +1 508 481 7911, e-mail: ing@ibcusa.com
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