
The human single nucleotide polymor-
phism (SNP) map represents the third
generation of human genome maps used

for genetic linkage and association studies over
the last 20 years. The first practical genetic maps
were built from restriction fragment length poly-
morphisms (RFLPs) in the early 1980s. RFLPs
result from nucleotide changes within restriction
enzyme sites, and were detected by elec-
trophoretic analysis of genomic DNA digested
with specific restriction enzymes. The second
generation genetic map was built with
microsatellite markers in the early 1990s.
Microsatellites are small stretches of dinucleotide
or tetranucleotide repeat sequences that differ in
size by 2-4 nucleotides and can be detected by
electrophoretic analysis of genomic DNA ampli-
fied by PCR. Standardised sets of microsatellite
markers were developed to provide complete
genome scans for linkage analyses of both simple
and complex human diseases. These microsatel-
lite maps were widely used because the markers
are highly informative, and a set of approximate-
ly 400 markers could be used to scan the genome
using standardised, semi-automated methods.
The recent completion of the human genome
sequence has enabled the development of the
third generation human genetic map using thou-
sands of bi-allelic SNPs that are amenable to
highly automated analyses using a diverse range
of detection technologies1. Currently, public

databases contain information on >2 million
SNPs aligned to specific locations in the human
DNA sequence. 

These high-density SNP maps have enabled
recent discoveries about the structure and organi-
sation of the human genome and have revealed sur-
prising patterns of genetic recombination.
Comparisons between two different human
genomes show that there is, on average, one SNP
every 800-1,000 nucleotides2. Consequently, any
two genomes will contain approximately three mil-
lion differences. Comparison of SNPs along con-
tiguous ‘blocks’ of DNA has shown that there are
long stretches (30-100kb) of DNA with little
recombination, separated by short intervals with
much higher levels of recombination3. Each of
these contiguous blocks of DNA show relatively
little variability between the highly recombinant
intervals. Typically a block containing six SNPs
may have only 4-6 combinations, or haplotypes, of
the 64 possible combinations. The observed com-
binations represent the ancestral haplotypes, many
of which are shared among different populations
and ethnic groups. 

A current proposal exists to develop a compre-
hensive haplotype map of the human genome that
can be used for genome wide association studies
to identify genes underlying common complex
human diseases. The haplotype map will cost
<$80 million  and will probably require a public-
private consortium effort similar to the original

By Dr Nicholas C.
Dracopoli and 
Dr Kim E. Zerba

Drug Discovery World Summer 2002 83

Pharmacogenetics

SNP genotyping in
drug development
SNP-based candidate gene analyses are likely to have a significant impact on
predicting drug efficacy and will, undoubtedly, impact on the pharmaceutical
industry’s development strategies as a whole over the next few years.
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SNP consortium involving the Wellcome Trust
and 12 major pharmaceutical companies. While
holding great promise, there is a great controver-
sy as to whether haplotype-based association
studies can overcome the problems observed with
previous strategies, and whether there is sufficient
signal to noise to detect associations at individual
genes with common complex diseases that have
not responded to previous approaches.

Linkage and association studies
Linkage and association analyses represent the two
general approaches used to identify genes involved
with human disease. Linkage refers to the physical
and genetic relationships between sites on chromo-
somes. Linkage analysis assumes a near one-to-one
correspondence between genotypes for single gene
and the disease. For the simple, Mendelian, genet-
ic diseases that segregate in families, co-inheritance
patterns of a genetic marker and disease can pro-
vide evidence that a gene that is directly involved
with the disease is somewhere in the vicinity of the
marker on a particular chromosome. 

Standardised screening panels of highly poly-
morphic microsatellite markers, uniformly spread
across the genome, have been used to locate hun-
dreds of Mendelian disease genes. Microsatellites
have a large number of alleles (variants) which
makes them highly informative in linkage studies
for identifying alleles uniquely co-segregating with
disease in families. While the costs of genotyping
for such panels of markers have decreased dramat-
ically, these panels are not amenable to full
automation because they require electrophoretic
separation to distinguish 2-4bp size differences,
and complex data processing to prepare data for
genetic analyses. In contrast to microsatellite geno-
typing, SNP genotyping does not require elec-
trophoresis and can be automated for very high-
throughput platforms. A single SNP is not as
informative as a microsatellite marker because
each SNP has only two forms. Despite having
fewer variants, groups of SNPs in close proximity,
can be genotyped to provide the same amount of
information as that from a single microsatellite. 

The promise of high-throughput automated
genome screens using SNPs for linkage analysis
has motivated efforts to construct a genetic map
with SNPs and then to develop standardised third
generation SNP screening panels at higher density
and resolution than existing microsatellite maps.
The first SNP linkage map4 was presented at the
2002 Cold Spring Harbor Laboratory meeting
earlier this year. Strategies using uniformly spaced
or clusters of SNPs are now being considered to

develop cost-effective standardised SNP screening
panels5. Despite these advancements much addi-
tional effort is required to develop these panels
and thus, depending on progress, microsatellites
will still be more useful for linkage analysis for the
immediate future. 

Simple Mendelian monogenetic diseases repre-
sent only a small fraction (<2%) of the non-infec-
tious human disease burden. Most of this burden
(>98%) is due to non-Mendelian, multifactorial
diseases like heart disease, cancer, hypertension,
non-insulin dependent diabetes and asthma.
Unfortunately, family studies have proven almost
useless for the discovery of complex disease genes.
For monogenetic diseases, the impacts of genetic
variations on the disease are expected to be large
enough to be detectable in relatively small samples
from family studies. In contrast, the impacts of
variations in individual genes on complex, multi-
factorial diseases are expected to be much smaller
and too difficult to detect in small family samples.
Moreover, family studies are simply not applicable
to standard drug intervention trials. Linkage analy-
sis will therefore not be useful for identifying and
predicting subjects at risk for adverse reactions to
drug exposure or predicting variation in efficacy of
drug response. 

Most studies seeking to identify genes involved
in complex diseases and drug response are focused
on population-based study designs and association
analysis. Population-based clinical trials represent
an enormous resource and potential for success
using genetic association studies. Association
analysis attempts infer relationships between
genetic variation and phenotypic variation.
Phenotypic variation is represented by interindivid-
ual variation in disease and drug response end-
points or intermediate physiological and biochem-
istry biomarkers of disease and drug response. 

The high-density SNP map offers tremendous
opportunities for candidate gene and eventually
genome-wide SNP association studies but many
difficult challenges remain. Most of the 2.4 million
known SNPs need assay development and determi-
nation of allele frequencies among populations.
The known SNPs represent less than a quarter of
the expected number of human SNPs. Many SNPs
will be restricted to particular populations and
many will vary in allele frequency among popula-
tions or ethnic groups6.

Variation in allele frequency presents a key chal-
lenge for clinical trial-based genetic association
studies. Multiple ethnic groups are a common fea-
ture of drug intervention clinical trials. Ethnic
groups commonly differ in SNP allele frequencies,
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disease frequency or susceptibility to adverse drug
reactions. This combination of differences from
population stratification within a study is a well-
known problem plaguing genetic association stud-
ies that can inflate the rate of false positive associ-
ations. Moreover, commonly-used labels for eth-
nicity may not reflect the underlying genetic het-
erogeneity of stratified clinical trial studies7.

Association studies rely on the concept that
most SNPs are not functionally related to pheno-
typic variation and often associations that are
detected will be due to allele frequency correla-
tions (linkage disequilibrium) with one or more
unmeasured functional polymorphisms on the
same chromosome. Studies often choose a small
subset of SNPs to first consider in a candidate
gene study. To exhaust the possibility that signifi-
cant associations observed might be due to an
unmeasured functional polymorphism on the
same chromosome, follow-up studies are then
considered using a more comprehensive set of
SNPs in the candidate region. Unfortunately, there
is usually significant variation in the linkage dise-
quilibrium within and among gene regions making
critical and difficult the choice of which subset of
SNPs to initially genotype to avoid inflation of the
rate of false negative associations8,9. 

The combination of low signal to noise ratio
between variation at individual genes contributing
to complex diseases, small sample sizes and linkage
disequilibrium between adjacent SNPs makes com-
monly used methods of multiplicity adjustment of
p-values to control for false positive associations
difficult. Replication of genetic associations among
studies is particularly difficult given the population
heterogeneity described above and the possibility
that it may be common for genetic effects to be
dependent on the context of other biological or
genetic factors that define subgroups of a popula-
tion10-12. New analytical methods are needed to
deal with these complex genetic relationships13.
These methods need to be scalable so they can
manage analyses of 102-103 SNPs in each of 103s
of DNA samples. Analytical strategies involving
simultaneous consideration such numbers of SNPs,
even one at a time, are non-trivial and present sig-
nificant problems for the current generation of
software packages. 

Strategies are now being considered to reduce
the number of SNPs needed to analyse based on
blocks of completely correlated SNPs occurring
together as haplotypes. Despite the controversy of
whether the common haplotype map is sufficient-
ly deep or appropriate to detect associations with
complex diseases14-16 or drug response, new ana-

lytical methods will be needed for haplotype-
based high-throughput analyses in the context of
clinical trial designs and genetic heterogeneity at
many levels.

Pharmaceutical applications
SNP genotyping has a broad range of applications
in pharmaceutical development. Traditionally, the
major impact of genetic studies has been in the suc-
cessful discovery of monogenic disease genes such
as Huntington’s disease and cystic fibrosis. Many
more recent efforts to identify novel genes underly-
ing complex non-Mendelian diseases, such as non-
insulin dependant diabetes (NIDDM) or asthma
have been less successful because of the underlying
heterogeneity of the disease and the weak impact
of individual genes on the disease phenotype. The
development of a comprehensive SNP and haplo-
type database from many human populations may
significantly improve the chances of discovering
the genetic basis of the common human diseases
that have, up to now, resisted this approach. The
combination of very high throughput and inexpen-
sive genotyping technology along with the compre-
hensive haplotype map of the human genome will
enable, for the first time, genome wide association
studies for many complex diseases. The hope is
that the highly refined maps will permit very sensi-
tive comparisons of haplotype frequencies in case-
control studies that will identify candidate genes
with positive associations to various complex dis-
ease phenotypes. A key to the success of this
approach will be the collection of samples from
large, clinically-defined populations. Despite the
optimism arising from a new understanding of the
organisation of the human genome, it is still
unclear if the signal from individual genes will be
large enough to be reliably detected above the
noise after scanning thousands of SNPs and haplo-
types in large genomic association studies of com-
plex diseases.

SNP analyses will also have a significant impact
on pharmacogenetics. It will soon be feasible to
carry out large-scale analyses of hundreds of candi-
date genes (if 100 selected genes can really be
referred to as candidate genes) and eventually
genome wide analyses to search for markers that are
predictive of drug efficacy or of the risk of adverse
events. Candidate gene studies are being routinely
applied to the analysis of samples from clinical trials
for both purposes. For example, a recent report has
identified a single HLA haplotype with high sensi-
tivity and specificity for the hypersensitivity reaction
after treatment with abacavir (an HIV-1 nucleoside-
analogue reverse-transcriptase inhibitor)17. In this
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High Information Content Screening
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pioneering research on cell signaling and its 
importance in autoimmune responses affecting 
heart disease and osteoporosis.  He was recently 
chosen to head up the newly formed Institute of 
Molecular and Cellular Bioinformatics in Austria. 

• NASA scientist and former astronaut Lawrence 
DeLucas will present his ongoing protein 
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case HLA-analyses could be used to identify those
subjects at high risk of the potentially fatal hyper-
sensitivity reaction and provide more than three-fold
reduction in the risk of the adverse event. In this
example, the hypersensitivity reaction results prima-
rily from a single genetic risk factor detected in a
simple test. This may not be the case for other
adverse events which may have a complex genetic
basis. In these cases, the sensitivity and specificity of
a test for an individual marker, or set or related
markers, may not be sufficient to identify many, and
certainly not all, of the at risk subjects. Even if it is
possible to develop a pharmacogenetic test for a
complex adverse event, then how much of the rela-
tive risk do we need to be able to identify? Is it nec-
essary to identify all cases, or to reduce the risk to an
equivalent level as that seen with other, perhaps less
efficacious, therapies in the same class. Furthermore,
the consequences of making a wrong call using a
pharmacogenetic marker are much more serious
when predicting an adverse event than when pre-
dicting drug efficacy. In this case, there is risk of seri-
ous harm to the patient who would be incorrectly

treated with a drug that induces an adverse event, as
opposed to being treated with a safe therapeutic
agent that is incorrectly predicted to work optimal-
ly in that particular patient. For these reasons, we
believe that the impact of pharmacogenetics on drug
development will be much greater in predicting drug
efficacy, but that it will have an impact on both pre-
dicting efficacy and adverse events when applied to
existing, marketed drugs.

Conclusions
Comprehensive SNP and haplotype maps will
clearly have a significant impact on biology and
medical sciences. While the short term impact of
pharmacogenetics is still unclear, it is already
having a significant influence on drug develop-
ment strategies. The co-development of thera-
peutics and pharmacogenetic tests will become
increasingly common. The promise of pharmaco-
genetics cannot, however, be met without signifi-
cant improvements in technology. In contrast to
transcription profiling where whole genome
analyses can be completed on only two DNA
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chips, it is still necessary to select a limited num-
ber of candidate genes and SNPs for genetic
analysis. Another 100-fold reduction in genotyp-
ing cost is still necessary before widespread
genome scanning with >104 SNPs per sample
becomes economically feasible. However, in the
current phase, we believe that SNP-based candi-
date gene analyses are likely to have a significant
impact on predicting drug efficacy and that these
analyses will have an increasing impact on phar-
maceutical companies’ development strategies
over the next few years. DDW
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