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Predicting disease using genomics
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Information from the human genome sequence will eventually alter many aspects of clinical practice. It will
increase through our understanding of disease mechanisms, and guide the development of new drugs and
therapeutic procedures. In the short term, however, knowledge of the genome will have a profound clinical
impact on the diagnostic capability of clinical genetics laboratories. Molecular phenotyping using genetic and
genomic information will allow early and more accurate prediction and diagnosis of disease and of disease
progression. Medicine will become oriented towards disease prevention rather than efforts to cure people at

late stages of illness.

eprosy affects 700,000 people each year and is one
of the major health problems in developing coun-
tries. Mycobacterium leprae attacks the nerves of
the hands, feetand face of sufferers, and thelack of
feelingin these partsleaves those infected prone to
injuries and burns. The longer the disease is left untreated,
the more likely it is that deformities will occur. Recently
reported genetic research has provided a powerful insight
into the cause of this disease, and common genetic risk
factors have been identified". This information will guide
future research aimed at controlling leprosy.

Similar successes in understanding genetic and genomic
markers for asthma’, cancer’”, diabetes®’ and cardiovascu-
lar disease'” have been reported. These achievements suggest
that new genomic tools will contribute to enhanced clinical
practice for many common diseases. Translating this knowl-
edge into routinely applied diagnostics will be a challenge,
but will create a new approach to clinical practice with many
benefits for patients.

For most diseases, medical treatment doesn’t begin until
the patient has visited their doctor with various symptoms.
By this time it may well be late in the natural history of the
disease, and therapeutic intervention may be limited to alle-
viating symptoms and slowing disease progression (Fig. 1).
But in some areas of medicine, this standard approach has
progressed to incorporate multiple diagnostic tests that
precisely identify disease mechanisms, indicate the most
appropriate type of therapeutic intervention, and evaluate
therapeutic response and disease outcome. This is particu-
larly evident in the management of infectious diseases such
as HIV'' and hepatitis C'*, in which viral load or disease
resistance can be rapidly and efficiently measured to help
inform therapy, and where diagnostics and therapeutics are
closely coupled. In HIV, for example, viral load"” is an
important indicator of response to therapy or relapse, and
mutation screening can help to provide a molecular profile
of drug resistance'".

Many non-infectious common diseases may also benefit
from a similarly close relationship between diagnostics and
therapeutics. New genomic tools emerging from the Human
Genome Project will improve our ability to identify individ-
uals at risk or in the presymptomatic phase of diseases, and
will more precisely define disease subtypes on the basis of
their individual pathophysiology and their responsiveness
to therapy. Predictive diagnosis or risk profiling should pro-
vide opportunities for environmental modification' (such
as smoking cessation), early therapy' (for example, admin-
istering statins for individuals at risk of cardiovascular
disease) or targeted cancer screening'® (for example, the
use of colonoscopy in families or individuals at genetic
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risk of colorectal cancer). Diagnostic medicine will become
increasingly important as our understanding of disease sus-
ceptibilityand progression markersimproves, and as the tools
for rapid and effective disease prediction and monitoringare
developed.

The human genome has provided a host of opportunities
to identify new disease markers. It is already possible to see
the impact these tools can have on clinical practice.

Genetics as risk factors

Prediction, prevention and counselling of individuals at risk
of genetic diseases have been aimed largely at single-gene
disorders that have mendelian patterns of inheritance. These
disorders offer the advantage that the identification of
genetic variants responsible for disease can lead directly to
clinically helpful and reasonably accurate prediction and
diagnosis of disease.

Clinical genetics, however, will soon have to move onto
aspects of genetics that are less ‘deterministic’ for a particu-
lar disease. Even apparently simple mendelian disorders may
prove to have widely variable clinical phenotypes. For exam-
ple, thalassaemia, an apparently simple genetic disease, has
substantial complexities'. As a result of secondary genetic
and environmental factors, individuals with exactly the
same globin mutations may suffer either from a severe life-
threatening disorder or be relatively unaffected. Another
example is when genetic variants identified because of their
relatively high penetrance (such as BRCA1 in breast cancer'®
and CFTRin cystic fibrosis") have, on closer evaluation, not
proved to have consistent levels of penetrance. Even single-
gene disorders have a significant level of heterogeneity.

Additional complexity becomes apparent at a molecular
level when clinical syndromes are analysed for their genetic
causes. A good example of this is the syndrome of sudden
cardiac death (SCD), which is often inherited in an auto-
somal dominant fashion and produces life-threatening
cardiac arrhythmias (Fig. 2). Molecular dissection of this
phenotype has revealed that multiple mutations of both
potassium and sodium channels®, mutations mediating
heart muscle disease’, or even mutations in proteins
anchoring channels to membranes™, can lead to this clinical
phenotype. Although comparison across families is diffi-
cult, within individual families a single mutation can be
tracked, a predictive diagnosis made and appropriate inter-
ventions (for example, an implantable cardiac defibrillator
or the use of B-blockers to prevent fatal cardiac arrhythmias)
canbe introduced.

Many common diseases are mechanistically heterogeneous
— usually only a small fraction of patients have forms of the
disease that are mediated by single genes. For example, the
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Figure 1 Diagnostic medicine. The role of diagnostics, driven by genetics and the discovery of biomarkers, will grow over the next ten years. Early diagnosis, targeted therapy and

disease monitoring will replace the current paradigm of late-stage diagnosis and therapy.

genes for adenomatous polyposis coli (APC) and hereditary non-
polyposis colorectal cancer (HNPCC) account for less than 5% of
cases of colorectal cancer; similarly, the diabetes-mediating genes
glucokinase (GCK), hepatic nuclear factor- 1o (HNF1A) and HNF4A
areresponsible for less than 5% of cases of diabetes™*°. Usually, mul-
tiple genes and environmental factors mediate disease pathogenesis,
and clinical definitions of disease obscure multiple mechanistically
distinct subtypes®, creating a problem for the application of genetics.
Clinical management of these diseases is usually reliant on predicting
and managing the risk of disease outcome, thelikelihood ofa particu-
lar disease outcome, or therapeutic efficacy. The evaluation of risk
factors defined by physiological, biochemical and radiological para-
meters is already a critical component of the management of most
common diseases. Although the identification and clear validation of
a few such risk factors (for example, smoking, hypertension and
raised cholesterol levels) and the effect of people acting on that
information have had an immense impact on our ability to reduce
morbidity and premature death in the population™'?, we still know
too few of the risk factors. It is here that genetics may have its greatest
impact. Disease-related genetic polymorphisms could be used, in
combination with other factors, to define populations and individu-
als at risk. For example, major susceptibility determinants have been
identified in diseases such as asthma’, infectious conditions such
as leprosy', and diabetes™”. These advantages for patients and
practitioners will push clinical genetics towards testing for genetic
variants in common diseases, despite their less-than-deterministic
contribution to disease.

New approaches to monitoring disease through genomics
Until now, the tools of genetics have been restricted to a clinical
setting, but the Human Genome Project has led to the development
of substantial new technologies that are capable of defining large sets
of biomarkers systematically in biological samples. The systematic
approach of analysing all the products of the genome at a messenger
RNA oraproteinlevel has emerged from both new detection technol-
ogy and the availability of the genome sequence®”. These method-
ologies, all currently being used in a research setting, will generate
data on multiple biomarkers that vary quantitatively very early in
disease, with disease onset, with disease progression or with thera-
peutic response. They may also provide other sets of prognostic
factors or biological markers for underlying genetic variants™.

mRNA patterns are strong prognostic markers in cancer, and can
be used to define disease subtypes and predict response to therapy” ™.
Proteomics appears, even at its existing rudimentary stage, to be able
to predict diseases such as cancer’, and metabonomics, a systematic
approach to analysing small molecules, provides biomarker evidence
of vascular disease'’.

Several challenges need to be overcome before these techniques
become routine diagnostic tools. Practitioners and regulators are not
accustomed to assessing patterns of multiple markers, and so these
methods may need to be simplified, as will the technology platforms
for routine use. The first chip-based diagnostics are now available for
predicting cytochrome P450 metabolism. This enzymeis responsible
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for oxidative metabolism of many drugs and is therefore a useful
indicator of therapy response. But these techniques will only take off
if there is clear evidence of their clinical utility, and if this technology
is supported by regulators and practitioners. Ultimately, the educa-
tion of health care professionals will need to incorporate much more
training so that the tools can be used effectively.

Pharmacogenetics

Improving therapeutic efficacy and reducing drug toxicity are two
of the most important goals of genomics and genetics in clinical
practice. Genetic information may in the future be used widely to
moreaccurately target drugs and to improve their therapeutic useful-
ness. Consideration of individual variation in metabolism began
with Garrod at the beginning of the twentieth century, and a few clear
examples (response to suxamethonium, primaquine and debriso-
quine) of genetically determined metabolic variation in response to
drugs were defined in the 1950s and 1960s (ref. 31). Since then, some
metabolic variants have been found to reduce the toxicity of many
drugs, notjust one (see review in this issue by Evans and Relling, page
464). Genetic variation in cytochrome P450 genes®, acetyltrans-
ferase genes, thiopurine methyltransferase™ and dihydropyrimidine
dehydrogenase™ has clinical relevance because in each case it defines
patient populations that metabolize drugs at different rates. The
availability of genetic and genomic tools will provide important
insights into the variation in response and toxicity to many drugs™.

Genetic markers have been used to define some disease subtypes,
identify drug targets and predict therapeutic response. For example,
characterization of the cytogenetic abnormality that defines chronic
myeloid leukaemia has led to the development of a specific drug to
combat this disease™ (see review in this issue by Strausberg et al., page
469). The widespread genetic redefinition of disease subtypes is likely
to provide many other examples of differential response to therapy.
Molecular subtypes of type II diabetes, for example, show differing
response to the drug sulphonylureas®, Her2-positive breast cancer is
sensitive to the new drug Herceptin®®, some molecularly defined sub-
types of brain cancer have unusual sensitivity to chemotherapy™, and
subtypes of follicular lymphoma defined by transcript profiling are
likely to be treatable with the anti-CD20 antibody Rituxan®’ (see
review in thisissue by Strausberg et al., page 469).

It may also be possible to predict drug non-responders on the
basis of polymorphisms in drug targets or pathways. This approach
hasbeen suggested for statin*', lipo-oxygenase inhibitor* and nicotine-
replacement therapy®. Non-metabolic toxicity may be avoided by
identifying groups that are particularly vulnerable, because of
genetic factors, to complications such as cardiac arrhythmias (long
QT genetic variants™), venous thrombosis (factor V Leiden*), and
potentially fatal systemic drug reactions to abacavir® or carba-
mazepine” (HLA). Ultimately, the use of medication to reduce risk
(for example, statins could be used to reduce the risk of vascular
disease) must be driven by a more complete risk profile, including
knowledge of genomic factors (Box 1). Together, these applications
of pharmacogenetics will, if established in clinical practice, dramati-
cally alter our use of pharmacological interventions. Few health care
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Figure 2 Predictive testing for complex genetic traits in families: sudden cardiac
death. SCD arises from three distinct clinical syndromes: long QT syndrome,
hypertrophic cardiomyopathy and dilated cardiomyopathy, shown in panels 1, 2 and
4, respectively. Inherited as dominant disorders, individuals at risk can be identified
by cascade screening after the causative mutation has been found in a proband.

systems will allow patients to receive drugs that they are unlikely
to benefit from, and new information will help to drive genomic
diagnostics into routine practice.

From genome to clinical practice

Information valuable to patients and practitioners is emerging from
genomic science. This science will need now to be transferred to a
clinical setting, creating both technical and cultural challenges for
health professionals. Much of the genomic data of clinical relevance
generated so far are in a format that is inappropriate for diagnostic
testing. The technology has not yet been established for rapid,
inexpensive typing of most genomic biomarkers, with the exception
of single-nucleotide polymorphisms (SNPs), and too little is known
about which SNPs to type for non-mendelian disease. The HapMap,
aproject to determine common patterns of sequence variation in the
genome, is unlikely to contribute to these clinical applications of
genetics. This is because varying linkage disequilibrium patterns in
different populations make it unsuitable for unsorted patient samples
(seereviewin thisissue by Carlson et al., page 446). Simultaneous sys-
tematic analysis of larger numbers of biomarkers for disease predic-

Box 1
Toolbox for clinical genetics/genomics

Genetics/genomics will require the retooling of diagnostic
laboratories to incorporate information into disease-prediction or
disease-progression diagnostic tests. High-throughput tools will be
necessary to test a limited number of markers that have been
validated in large clinical studies.

* A DNA sequencing platform

e Comparative genome hybridization (CGH) arrays
e SNP detection technology (for example, dHPLC)
e Multiplex SNP scoring technology

e Transcript profiling technology

e Quantitative multiplex proteomic methodology

e Small-molecule detection assays
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By screening the limited number of genes related to each of these clinical
syndromes, up to 75% of relevant mutations will be detected, and mutation cancers
can then be treated with interventions such as B-blockade or implantable cardiac
defibrillators to prevent SCD. Panels 2, 3 and 4 reproduced, with permission, from
ref. 46.

tion is still required. These approaches are more suited to research
than to routine diagnostic activity. Clear evidence of the predictive
strength of these markers in clinical settings remains essential for
their implementation.

Very large epidemiological population samples followed prospec-
tively (over a period of years) and characterized for their biomarker
and genetic variation will be necessary to demonstrate the clinical
utility of these tools. National programmes to develop such genomic
epidemiological studies are already in place (Biobank in the United
Kingdom) or planned (Canada and China). Obstacles to the routine
application of these data in clinical practice include a cultural gap
between the approach to clinical practice that is currently employed
and that which is possible with these new tools. Diagnostic medicine
that includes predisposition testing, early detection, individualized
therapy and therapeutic monitoring is neither systematically applied
nor well taught in the current health care system. Its implementation
will require not just clear data demonstrating its benefits, but also
demand by patients and acceptance by health care professionals. This
will not come quickly. This approach is also likely to put particular
financial pressure on different components of the health care system.
The opportunities for clinical genetics to become a mainstream com-
ponent of clinical medicine are now apparent. This move to the clinic
appearsto be inevitable, but the transition may take a generation. [
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