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Science medicine and the future

Postgenomic technologies: hunting the genes for

common disorders
Christopher Mathew

The publication of a draft sequence of 90% of the
human genome'* heralds an exciting era in human
genetics research. In the past 20 years, efforts have
focused on mapping and cloning the genes for about
1000 human genetic disorders. This has led to the
development of comprehensive services for prenatal
diagnosis, carrier testing, and presymptomatic testing
of mendelian disorders such as cystic fibrosis and the
muscular dystrophies.” Although this progress has
been important to families affected by these diseases, it
has had a limited effect on public health. All this could
change if knowledge of 2.9 gigabases of the human
genome sequence allows us to identify susceptibility
genes for common diseases such as diabetes, asthma,
and cancer. It may also lead to the identification of
genetic variants that define a patient’s response to a
particular drug. If the promise of the genome sequence
is even partially fulfilled, the next decade will see
genetics spreading rapidly beyond the confines of spe-
cialist centres to impact on the diagnosis and manage-
ment of common disorders in primary care.

Methods

This article is based primarily on reviews in Nature,

Nature Genetics, Science, and New England Journal of

Medicine (1999-2001) and on 20 years of personal
experience in the mapping and cloning of genes for
human disease and in the molecular diagnosis of
human genetic disorders.

Are common diseases “genetic”?

Our risk of contracting common diseases is generally
thought to be determined largely by environment and
lifestyle. However, there is strong epidemiological
evidence that genes contribute to overall risk. In multi-
ple sclerosis, for example, the siblings of an affected
person have a 25-fold increase in risk of developing the
disease compared with the general population. Since
relatives often share a common environment, the
inheritability of a disease can also be assessed by com-
paring concordance rates for a disease in monozygotic
and dizygotic twins. A higher concordance in
monozygotic twins than dizygotic twins would suggest
that the risk is determined mainly by genes. In multiple
sclerosis, concordance is 30% for monozygotic twins
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Summary points

Genetic factors contribute substantially to the risk
of developing many common diseases

Susceptibility genes for common disorders are
being sought by genome scans and association
studies in large patient cohorts

The publication of the sequence of the human
genome and the discovery of millions of single
nucleotide DNA polymorphisms have enhanced
the prospects for identifying complex disease
genes

Knowledge of such genes would permit
identification of individuals at risk of particular
diseases, improved preventive medicine, and
tailoring of treatment to specific genetic profiles
and disease subtypes

Single nucleotide polymorphism genotyping is
likely to become part of the routine management
of some common diseases within the next decade

and 3% for dizygotic twins, which shows that genes are
important but that there is also a substantial
environmental component.

Multiple sclerosis is an example of a complex
disorder in which both genes and environment
contribute to pathogenesis. There is also evidence that
multiple genes contribute to disease susceptibility, each
of which may confer a small increase in risk (perhaps
up to fivefold). These conditions are also therefore
referred to as polygenic disorders, and the susceptibil-
ity genes are called complex disease genes.

Why are complex disease genes
important?

The modest increase in risk conferred by these genes,
and the difficulties and costs involved in finding them,
lead to the question of whether the investment is worth
while. One important reason for finding them is that it
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might allow us to determine which people are at risk of
a particular disorder.' Such knowledge, although
uncomfortable for people “at risk,” would be useful if it
meant that they could avoid the environmental triggers
that convert genetic susceptibility into disease. In addi-
tion, the identity of such genes should reveal much
about the molecular pathways that lead to the disease
state and thus identify new and relevant targets for
drug treatment. The research would also lead to a
molecular taxonomy of diseases that would permit
drugs to be tailored to disease subtypes, greatly
increasing their effectiveness.’

How can complex disease genes be
found?

Genome scans

The search for complex disease genes begins by
finding the chromosomal locations of the genes for
disease susceptibility using linkage analysis.” " Figure 1
shows the principle of this approach. Families in which
sibling pairs are affected with the disorder are typed
with  DNA polymorphisms (common variations of
DNA sequence) to find a polymorphism that is
coinherited with the disease in the pedigree. If excess
sharing of the alleles of the polymorphism is found in
large numbers of affected sibling pairs, the polymor-
phism is probably linked (close) to a gene that confers
susceptibility to that disease. To find polymorphisms
that are linked to the disease requires typing 200-300
families of affected sibling pairs with 300-400
polymorphisms that are evenly spaced along the
human genome. The process is known as a genome
scan.

This approach has been used to “map” susceptibil-
ity genes for many complex diseases (table). However,
the linkages reported by one group have often not
been replicated by others. Failure to replicate linkages

Linkage test
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Fig 1 Testing for linkage: the two alleles of the polymorphism are
indicated as A and a. Each parent is heterozygous for the
polymorphism. If the two alleles were inherited randomly by the pairs
of affected siblings in each family, we would expect them to share
one of two (50%) parental alleles on average. The affected sibling
pairs share four of six alleles (67%). Association test: the frequency
(%) of the rarer allele of the single nucleotide polymorphism (allele
a) is higher in cases than in controls. Transmission disequilibrium
test: on average, we would expect each parent who was
heterozygous (genotype Aa) to transmit alleles A and a to their
affected offspring with equal frequency. In this example, allele a has
been transmitted three out of a possible four times (75%), instead of
the expected 50%

Chromosomal locations of some complex disease genes

Disease Chromosomal location
Alzheimer’s disease 129, 19q13
Asthma 5q, 6p21, 12q
Type 1 diabetes 5q, 6p21, 11p
Type 2 diabetes 1q, 2937
Inflammatory bowel disease 6p21, 12, 16q

may be due to a lack of statistical power (that is, typing
insufficient affected sibling pairs) or a false positive
result in the original study. There might also be differ-
ent sets of susceptibility genes operating in different
populations. A degree of scepticism is appropriate
until a linkage has been replicated in at least one large
independent study.

Once linkage has been confirmed, the search for
the critical gene within the linked region can begin. In
common disorders, the region of linkage is generally
large; thus, we may be looking for one gene in a region
of 20-30 million base pairs, which is likely to contain
500-1000 genes. How can the relevant gene be identi-
fied in this genetic haystack?

Search for association

The next step is based on the premise that the suscep-
tibility is caused by a mutation (variation in DNA
sequence) in a gene that alters either its expression or
the structure of the protein for which it codes. The
mutation is likely to be common in the general popu-
lation. This is in contrast with mutations in genes for
mendelian single gene disorders, which are very rare.
Also, it is hoped, but not yet proved, that one specific
mutation will account for the susceptibility in most
patients from a particular population.” The mutation is
likely to be a single nucleotide polymorphism (SNP),
which is a common DNA sequence variant that alters
only one base in a particular sequence of DNA. The
second phase of the gene hunt is therefore to search
the linked region for a single nucleotide polymor-
phism that shows association with the disease
phenotype.””

The association can be tested in a conventional
case-control study by looking for a difference in the
frequency of one allele of a single nucleotide polymor-
phism between patients with the disease and suitably
matched controls (fig 1). However, a common pitfall
that can lead to false positive associations is a poor
match of ethnic or geographical origins between cases
and controls; frequencies of single nucleotide poly-
morphisms can vary widely between different popula-
tions, even within the British Isles. The other big
problem is that sample numbers are often too small,
which can lead to false positive (or false negative)
results.

An alternative, family based approach, tests for
preferential transmission of one allele of the single
nucleotide polymorphism from heterozygous parents
to an affected offspring. This is known as the transmis-
sion disequilibrium test. It avoids some of the problems
involved in the selection of the control population
(fig 1).

Both approaches are based on the assumption that
the single nucleotide polymorphism being tested is the
actual sequence variant that causes the genetic suscep-
tibility or that it is in linkage disequilibrium with the
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true susceptibility allele. In linkage disequilibrium, one
of the two alleles of the single nucleotide polymor-
phism is always (or almost always) associated with the
true susceptibility allele and thus also shows associ-
ation with the disease. The search for association may
be random (testing single nucleotide polymorphisms
at regular intervals across the critical region) or use a
candidate gene approach, which tests single nucleotide
polymorphisms within genes of particular interest.
Candidate genes are selected on the basis of having a
known or predicted function and expression profile
that is consistent with the disease phenotype. Both
approaches require testing of single nucleotide
polymorphisms at frequent intervals because, in
general, linkage disequilibrium is maintained over
small genomic regions of about 5000-50 000 bp of
DNA.

The importance of finding complex disease genes
has led to initiatives to collect DNA samples from large
numbers of patients with common disorders. In
Britain, a prospective study of 500 000 adults from the
general population has been established to examine
the interaction of genes with environmental and
lifestyle risk factors.

New technology

The search for the critical gene can be guided and pri-
oritised by an electronic investigation of the region
using bioinformatic analysis. The sequence of most of
the linked region will be known but is of limited use
unless it can be deciphered. Annotation is the process
of converting raw DNA sequence data into biological
knowledge. It predicts which bits of the sequence
encode actual genes and what kinds of proteins are
encoded by these genes. Gene prediction programs
scan the sequence for general properties of protein
coding sequences, while others search all available
sequence databases for homology to known genes
from other organisms. Much annotation has already
been done, and gene maps for all chromosomal
regions are available on public databases such as the
National Centre for Biotechnology Information. The
analysis may also allow the function of a new human
gene to be deduced if its structure is homologous to a

Additional educational resources

Collins FS. Shattuck lecture—medical and societal
consequences of the human genome project. New Engl
J Med 1999;341:28-37

Poste G, Bell J, Davies K, Goodfellow P, Hastie N, eds.
Impact of genomics on healthcare. Br Med Bull
1999;55(2)

The human genome (special issue). Nature
2001;409:813-933

BM]J archive

Weatherall DJ. Single gene disorders or complex traits:
lessons from the thalassaemias and other monogenic
diseases. BMJ 2000;321:1117-20. http://bmj.com/cgi/
content/full/321/7269/1117

Kwiatkowski D. Susceptibility to infection. BM]
2000;321:1061-5. http://bmj.com/cgi/content/full/
321/7268/1061

Josefen D. New gene implicated in type 2 diabetes.
http://bmj.com/cgi/content/full/321/7265/854/a
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Fig 2 TagMan assay for genotyping single nucleotide
polymorphisms: two short DNA probes are made, each of which is
complementary to one of the two alleles of the polymorphism and
labelled with a different fluorescent dye. A probe binds specifically to
its target allele during the reaction, the dye is released, and the
emitted fluorescence is measured. The ratio of the fluorescence from
the two dyes in each sample tells us whether allele 1 (red), allele 2
(blue), or both alleles (green) are present

gene of known function in another organism. The
databases also have information on the expression pat-
tern of genes in tissues and organs, which provides fur-
ther clues to possible function.

Once a set of genes has been selected for study,
they are screened for single nucleotide polymor-
phisms. The polymorphisms are then genotyped in
large collections of patient DNA to determine whether
they are associated with the disease. Most genes will
contain several single nucleotide polymorphisms,
some of which will already be known and entered on
electronic databases. Additional single nucleotide
polymorphisms can be found by scanning segments of
the gene using one of the many methods now available
for detecting mutations. An international consortium
of pharmaceutical companies and the Wellcome Trust
is searching for single nucleotide polymorphisms
throughout the human genome and is making the data
publicly available without restrictions. The consorti-
um’s December 2000 data release consists of 800 000
single nucleotide polymorphisms, and over 2.5 million
have been submitted to the international National
Center for Biotechnology Information database of
single nucleotide polymorphisms.

Analysis of genetic associations with common
diseases requires technology that allows a high
throughput. A typical study of one genetic locus might
involve typing 1000 different single nucleotide
polymorphisms in 2000 samples, generating 2 million
genotypes. Various techniques are being developed for
this purpose, including high density microarrays (or
chips) and mass spectrometry.” " Figure 2 shows an
example of one automated approach (TagMan). This
allows a plate of 96 DNA samples to be read in
seconds, and the fluorescent signal in each well is
instantly converted to a genotype. Existing techniques
have the capacity to produce tens of thousands of
genotypes from a single machine in one week. This
means that once potentially useful genetic variants in a
susceptibility gene have been identified, the technology
is already in place to type them quickly and cheaply in
large numbers of patients.
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Useful websites

National Center for Biotechnology Information
(www.ncbinlm.nih.gov)

National Coalition for Health Professional Education
in Genetics (wwwnchpeg.org)

Online mendelian inheritance in man (OMIM). A
database and catalogue of human genes and genetic
disorders compiled by Dr VA McKusick
(www.ncbinlm.nih.gov/omim)

SNP Consortium Ltd (http://snp.cshl.org)

Progress and future perspectives

Progress in finding complex disease genes has been
slow, but recent work gives grounds for optimism. In
Alzheimer’s disease, for example, a combination of
linkage analysis and high plasma cholesterol concen-
trations in families with later onset Alzheimer’s disease
drew attention to the apolipoprotein E gene on
chromosome 19. The e4 variant allele of apolipopro-
tein E was then shown to have a strong association with
an increased risk of Alzheimer’s disease.' In white
people, e4 heterozygotes have a twofold to threefold
increased risk of Alzheimer’s disease, and in e4
homozygotes the risk is 15-fold. Although this
knowledge is not useful for predictive testing in
unaffected individuals, since a cure for Alzheimer’s dis-
ease is not yet available, it may help guide treatment.
Patients with Alzheimer’s disease who have the e4 sub-
type are less likely to benefit from treatment with the
cholinomimetic drug tacrine than patients without this
subtype.”

The past few months have seen considerable
excitement in diabetes research. In 1996, a gene for
type 2 diabetes was mapped by linkage analysis to
human chromosome 2. Systematic analysis of single
nucleotide polymorphisms in the linked region has
now shown a strong association between a calpain pro-
tease gene, CAPN10 and type 2 diabetes." A strong
association has also been reported between a single
nucleotide polymorphism in the interleukin-12(p40)
gene and type 1 diabetes.” In these studies several
single nucleotide polymorphisms in the candidate
genes were strongly associated with the disease, so it is
not yet clear which of them actually confers
susceptibility.”” Final proof will depend on functional
studies, such as showing a biological effect of a specific
variant when it is transferred into cellular or animal
models of the disease.

The pace of discovery of single nucleotide
polymorphisms and the developments in high
throughput genotyping should lead to many suscepti-
bility genes for complex disorders being identified in
the next 5-10 years. This knowledge might be applied
in various clinical settings. To take a hypothetical
example, a 45 year old woman who had hypertension
diagnosed would have a buccal scrape sample sent for
genetic testing to allow molecular classification of the
disease as type L II, or ITI. She would then be prescribed
a specific drug and dietary regimen known to be effec-
tive in the relevant disease subtype. In a preventive set-
ting, a 5 year old boy whose older sibling had
developed asthma might be tested (with parental con-
sent and appropriate counselling) for asthma suscepti-

bility genes. If the results were positive, he might be
prescribed prophylactic drugs to prevent asthma.
Genotyping may therefore become part of the routine
management of an expanding range of human
diseases within the next 10 years.

Glossary

Association—The occurrence of a particular allele of a
polymorphism in a group of patients more frequently
than would be expected by chance

Complex disease—Both genetic and environmental
factors contribute to pathogenesis. No clear mendelian
pattern of inheritance is discernible

DNA polymorphism—A variation in DNA sequence that
occurs in at least 1% of the general population. Most
polymorphisms contribute to normal human diversity
rather than disease, but a small proportion will
contribute to susceptibility to common disorders
Linkage—Coinheritance of genetic markers (such as
DNA polymorphisms) with the disease phenotype in
families with multiple affected members. Consistent
coinheritance of the marker with the disease in many
families indicates that it is in close proximity to the
actual disease gene, and is said to be “linked”
Polygenic disorder—Susceptibility to the disease is a
consequence of the combined action of several
different genes, each of which confers a moderate
degree of risk

Single nucleotide polymorphism (SNP)—A DNA
polymorphism that involves a change in a single base
of a DNA sequence (for example, ACGT - AGGT).
The human genome is likely to contain about 10
million single nucleotide polymorphisms
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