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G
enetics is the study of inherited variation. Since
1980, DNA sequence variation has become the
hard currency of modern genetics. The first
DNA-based variants were identified by differ-

ences in the length of DNA fragments generated following
restriction enzyme digestion, termed restriction fragment
length polymorphisms (RFLPs)1. This was followed rapidly
by the discovery of variable number tandem repeats
(VNTRs), mini-satellites that form the backbone of our cur-
rent forensic approach to DNA fingerprinting2. RFLPs and
VNTRs formed the core of the first human genetic-linkage
maps3. In the late-1980s, a new class of variable genome
markers was identified, based on dinucleotide repeats4.
These appear to be distributed randomly within the
human genome and their length varies between individ-
uals. Dinucleotide repeats are usually multi-allelic and
form the basis of the recent generation of whole human
genome genetic linkage maps published in the 1990s 
(Ref. 5). The majority of these markers occur outside the cod-
ing regions of genes. There are several notable exceptions,

however, for example an RFLP within the b-globin gene
can identify individuals susceptible to sickle cell anaemia
and has been used as a diagnostic test for many years6.

In the past few years, a new class of DNA marker has
come to prominence, termed single-nucleotide polymor-
phism (SNP). A SNP occurs when a different nucleotide
occurs at a given position in different individuals. SNPs are
the most abundant DNA marker present in the human
genome. The basic premise that there is one SNP in every
1000 bases7–14 leads to an estimate that any two individ-
uals differ by up to three million SNPs. However, only a
few hundred thousand are currently identified. Many of
these are in the coding regions of genes and have been
termed cSNPs. cSNPs can have several effects, including:

• Neutral alteration, a base substitution with no effect on 
the amino acid residue encoded.

• Conservative change, a base substitution that results in 
an altered amino acid, but has minimal effect on protein 
structure or function.

• Nonconservative alteration leading to a change in the 
encoded amino acid residue that has dramatic effects on 
protein structure or function. Included in this group are 
base changes leading to, for example, frame-shifts that 
result in premature termination or other nonsense events.

Although nonconservative cSNPs are the most likely 
to cause marked effects on protein function, other SNPs
(such as those within noncoding regions of a gene) can
influence, for example, mRNA stability and rate of tran-
scription. This will therefore have an overall effect on pro-
tein levels. These markers are the tools of the future and
our ability to detect associations between SNPs and her-
editary phenotypes will drive a new revolution in medi-
cine over the next ten years.

SNPs in drug discovery

Genetic factors influence virtually every human disease by
determining susceptibility or resistance to the disorder and
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by interacting with environmental factors. In the past
decade, it has been possible to identify the genetic lo-
cation, clone and determine the molecular basis of mono-
genic disorders including Huntington’s disease15 and cystic
fibrosis16. 

However, many of the diseases targeted by the pharma-
ceutical industry, including cardiovascular disease, obesity,
schizophrenia, osteoporosis and asthma, involve multiple
genes and are subject to environmental effects (Table 1).
Genetic susceptibility to complex traits is not caused by
specific, relatively rare mutations, rather, the inheritance
pattern of these common disorders results from genetic
variations that are relatively common in the general popu-
lation, with many genes each contributing a small quantity
of the overall disease susceptibility.

Biological variation is important in the development of
new pharmaceuticals, with an impact on the following areas:

• Target identification
• Target characterization
• Target validation
• Pharmacogenetics.

Target identification
Target identification is the identification of regions of the
genome linked to clinical end-points. This approach, also
termed positional cloning, looks for a disease-suscep-
tibility gene near markers that have an inheritance pattern
most similar to that of the disease. In this case, SNPs are
used as simple genetic markers in the same way that
microsatellites are currently used in pedigree (family-
based) studies17,18. The polymorphisms used in this type of
study are unlikely to be involved directly with the clinical
trait. There are excellent reviews on the genetic mapping
of complex diseases in general19 and using SNPs in
particular20.  

One of the most common forms of target identification
involves linkage studies21. These involve cohorts of indi-
viduals, either affected sibling pairs in which both siblings
have the disease of interest, or more extended, multiplex
families in which there are many affected individuals. Data
from such studies can be used to demonstrate the
Mendelian inheritance of a given phenotype and to perform
full-scale genome mapping to identify regions of the gen-
ome containing disease-associated genes. Having performed

these analyses, classical positional-
cloning techniques can identify the
disease-associated mutations. 

A recent study by Detera-Wadleigh
et al.22 has identified a susceptibility
locus for bipolar disorder on human
chromosome 13q32, while a study by
Pericak-Vance et al.17 has led to the
identification of apolipoprotein E4
as a major risk factor in Alzheimer’s
disease23.

Target characterization
Target characterization is the identifi-
cation of variants within genes of
interest. There are several reasons
why it is vital to establish the 
degree of genetic variation within a
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Table 1. Putative susceptibility loci for complex polygeneic disorders

Cardiovascular disease Obesity Schizophrenia Osteoporosis Asthma

ACE Pro-opiomelanocortin 1q42-1q41 Cathepsin K TNF
TGFb MC4 13q14-q32 ER

a
FCeR1

ApoB 22q12-q13 b3-adrenoceptor IL -4
Vitronectin receptor a and b subunits

Abbreviations: ACE, angiotensin 1 converting enzyme; ER
a
, oestrogen receptor a; FCeR1, high-affinity IgE receptor; IL -4, interleukin 4; MC4, melanocortin receptor 4;

TGFb, transforming growth factor b; TNF, tumour necrosis factor; ApoB, apolipoprotein B.

Figure 1. Major changes in protein structure can result from subtle variation in the
genetic sequence encoding it. These changes can completely block the function of the
protein in vivo and can also affect the development of high-throughput assays for
screening therapeutic compounds.

Drug Discovery Today

Ligand/drug

Receptor

Signal No signal



drug target. Figure 1 shows an example of how a drug
interaction can be influenced by variations in a target 
protein and there are numerous examples in the literature
of single-base variants that alter gene function (Table 2).
Modern methods of drug discovery rely on the use of 
HTS of vast chemical libraries produced using combinator-
ial chemistry, and it is important that the target of this
screen is representative of the majority of the target popu-
lation. This is vital when SNPs are known to affect the
amino acid structure and function of a protein. For ex-
ample, studies demonstrate that an asparagine to aspartic
acid mutation in the human dopamine D5 receptor
increases the affinity of the receptor for dopamine but
decreases the affinity for the agonist R(1)-SKF38393 
(Ref. 24). Similarly, studies of a naturally occurring variant
of the human serotonin 5-HT1B receptor cystine at position
124 indicates a difference in the affinity of this variant 
for a number of ligands when compared with the affinity

profile of the protein containing phenylalanine at position
124 (Ref. 33). 

Changes within the coding region of a gene are not the
only variants known to alter gene function. Polymorphisms
in promoter regions, such as the cytosine to adenine substi-
tution at position 2863 relative to the translation initiation
start site of the tumour necrosis factor (TNF) gene, can alter
the level of expression of the gene and, thus, the quantity
of protein produced34.

Although every effort is now made to screen drug targets
at the nucleic acid level to determine their degree of gen-
etic variance, identification of these variants is often not
enough. State-of-the-art bioinformatic support is necessary
to determine whether a genetic variant alters the protein that
the gene encodes. For example, it is possible to use struc-
tural data to predict the effect of an amino acid substi-
tution, based on amino acid preference tables35. Classical
biochemistry and molecular biology also have roles here.
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Table 2. Examples of pharmacologically relevant polymorphisms

Gene Mutation/variant Effect Refs

Dopamine D5 receptor Asn351Asp in the 7th transmembrane Approximately tenfold decrease in dopamine 24
DRD5 domain and threefold decrease in R(1)-SKF38393

binding affinities.

Dopamine D2 receptor Ser311Cys, Pro310Ser and Val96Ala Several typical and atypical neuroleptics 25
DRD2 commonly used in the treatment of psychotic

disorders have differences in binding affinities 
and potencies for the dopamine D2 receptor.

Apolipoprotein E Apo E2, E3 and E4 alleles Response to the cholinesterase inhibitor tacrine, 26–29
ApoE measured by either Alzheimer’s disease (AD)

assessment scores, or by the quantity of cortical
electrical arousal, is significant only among AD
patients without the Apo E4 allele. The Apo E4
allele is a prognostic indicator of poor response 
to therapy with acetylcholinesterase inhibitors in
AD patients.

Cholesteryl ester B1 and B2 alleles The lipid-lowering agent pravastatin slowed the 30
transfer protein progression of coronary atherosclerosis in
CETP individuals with the B1B1, but not B2B2,

haplotype (representing 16% of the patients
taking pravastatin).

Herceptin Normal expression/overexpression variants HER2/neu overexpression results in a more 31
HER2 aggressive, less responsive breast cancer. HER2

overexpression is linked to sensitivity and/or
resistance to hormone therapy and
chemotherapeutic regimens, including CMF
(cyclophosphamide, methotrexate and 
fluorouracil) and anthracyclines.

5-Lipoxygenase Gene-promoter sequence variants Carriers of the promoter mutation are all 32
ALOX5 modifying gene transcription non-responders to asthma treatments that 

specifically interfere with the 5-lipoxygenase.



Target validation 
Target validation is the ability to assign a drug or class of
drugs to a particular clinical indication and to extend the
therapeutic indications of existing drugs. The extensive
use of genomic information by pharmaceutical companies
and the biotechnology industry mean that there are now a
plethora of novel drug targets, often with little indication
of their role in disease. Although the ability to identify
chemical compounds suitable for use by patients is para-
mount to the drug discovery process, the ability to identify
the biological rational for the use of these compounds
remains vital. The use of classical genetics has successfully
been used to support this biological effort. For example,
calcitonin has been used in the treatment of osteoporosis
for many years. Recent data from Taboulet et al.36 suggest
that a mutation resulting in the substitution of proline to
leucine at residue 447 of this protein could be associated
with an altered risk of osteoporotic fractures in post-
menopausal women. Studies of patients with early-onset,
type 2 diabetes (maturity-onset diabetes of the young)
suggest a possible role for polymorphisms in the gluco-
kinase gene37, whilst deletion of nucleotide 32 in the b-
chemokine receptor 5 (CCR5) gene results in a protective
effect on exposure to HIV (Ref. 38).

Knowing that genetic variation plays a crucial role in
disease, genetic epidemiology can be used to show func-
tional involvement of a particular drug target in the dis-
ease of interest. This approach can also be used to identify
new therapeutic targets for existing drugs. 

Pharmacogenetics 
Pharmacogenetics is the study of how genetic variation
affects drug response and metabolism. A list of examples
of pharmacologically relevant polymorphisms is shown in
Table 2 (for review, see Ref. 39).

Polymorphisms in enzymes that metabolize drugs are
responsible for unexpected toxicity after administration of
a normal drug dose40. SNPs in the coding regions of genes
of the enzymes necessary for the biotransformation of
endogenous and exogenous compounds can decrease or
even prevent drug metabolism. For instance, mutation of
human cytochrome P450 genes that encode drug metab-
olizing enzymes, including CYP2C19, CYP1A1, CYP2A6,
CYP2C9 and CYP2E1 (Ref. 41), increases the side effects
of a wide variety of drugs, including antidepressants,
amphetamines and many b-adrenoceptor antagonists42,43.

Another case where common polymorphisms have
important pharmacological consequences are the methyl-
ation enzymes44. For example, polymorphism within the
gene encoding thiopurine methyltransferase (TPMT) is a
major determinant of individual differences in toxicity or

therapeutic efficacy of thiopurine drugs45. To-date, at least
ten separate mutations associated with very low TMPT
activity have been described46. Because the drugs metabo-
lized by this enzyme have relatively narrow therapeutic
indices, and because they are used to treat life-threatening
situations, individual variation in either drug toxicity or
therapeutic efficacy can have profound consequences for
the patients. For this reason, in many medical centres the
TPMT genotype is determined prior to the initiation of
therapy with these drugs47. 

How common are SNPs?

Estimates differ widely as to how common these single
base changes are within the human genome. Three recent
studies48–50 that have screened several hundred genes
potentially involved in cardiovascular, neuropsychiatric
and endocrine disorders found, on average, between 2.2
and 5.3 cSNPs per gene. This includes all polymorphisms
with a frequency of at least 5% in normal individuals and,
therefore, could be relevant for HTS considerations as well
as target validation. However, there is evidence to suggest
that not every gene contains cSNPs.

The technology requirements for genotyping

The following section describes the many uses of SNPs in
the drug discovery process. 

DNA samples
Without the appropriate populations, it is impossible to
use SNPs as biological tools. The pharmaceutical industry,
like the academic and biotechnology communities, is mak-
ing enormous efforts to obtain DNA samples from patient
cohorts appropriate for the analysis already described. The
issues involved in obtaining appropriate cohorts for gen-
etic analysis have been reviewed previously51,52. Suffice it
to say that most pharmaceutical companies are of the
opinion that material should be collected wherever poss-
ible and that the usefulness of this material should be a
matter of debate later. For example, many companies use
pharmacogenetic-based studies of the response of patients
to new drugs to understand adverse effects or the reasons
for non-responders. This has led to the collection of DNA
samples from clinical trials, often as a precaution should
problems be identified during or after a trial. 

More fundamental questions concerning the mechanisms
underlying multigenic diseases are also being addressed.
These studies usually require blood samples from a popu-
lation of patients for either population-association studies
or quantitative trait locus (QTL) analysis. The former
requires the parallel collection of a control group of un-
affected individuals, matched for race, age and gender.
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QTL studies do not necessarily need a control group, but
must have a well-defined phenotype that can be studied
across the population. Examples of this are body mass
index in the study of obesity and diabetes, and bone min-
eral density to understand the development of osteoporosis. 

All population-based studies need careful selection cri-
teria if the study is to succeed. These criteria include a
well-defined phenotype (usually a component of the dis-
ease under study), a homogenous population with similar
background and origin, and matching for gender and age.

Two major classes of markers are genotyped routinely
in population-association studies, dinucleotide repeats and
SNPs. Genotyping can be carried out using a range of
methods, many of which are commercially available, the
commonest methods will now be summarized. The goal of
all new genotyping developments is to minimize cost and,
where appropriate, to maximize throughput. These goals
are necessary to analyze the components of complex traits,
such as response to drug treatment or predisposition to
diabetes and schizophrenia, because of the large number
of markers involved in this type of study.

De novo DNA sequencing
Throughout the 1990s, DNA sequencing has been domi-
nated by the use of gel-based fluorescent methods that
incorporate automated laser detection of a range of fluoro-
chromes. Recently, several companies have produced
sequencing instruments based on the same chemistries,
but using capillaries to replace the traditional slab gels.
This fluorescent-based sequencing technology has been
used to analyze a wide range of viral, bacterial and, more
recently, eukaryotic genomes and remains the gold stand-
ard by which genetic variation is assessed. 

SNPs can be identified and verified directly using DNA
sequencing. Approaches such as that taken by Taillon-
Miller et al.53 enabled the use of direct sequencing not
only to detect novel SNPs but also to make estimations of
allele frequency using a pooled DNA-sequencing approach.

RFLP analysis
In the 1980s, the first genetic mutations were detected
using alterations in restriction enzyme recognition sites to
detect RFLPs (Ref. 1). This methodology is of limited
application as it is restricted by the frequency of suitable
enzyme recognition sites. However, such assays remain a
popular method for detecting variants when combined with
PCR amplification of specific regions of DNA (amplified
restriction fragment length polymorphism or AFLP) rather
than the restriction enzyme digestion of genomic DNA.
Using AFLP analysis, both alleles can be identified in one
reaction. Although considered to be a reasonably satisfactory

method, the overall costs are high (Taq DNA polymerase
and a suitable restriction enzyme are required) and it is
both labour intensive and time consuming to set up and
analyze.

Allele-specific oligonucleotides
Although many different technologies are being developed
for automated SNP assays, one of the easiest to use is the
amplification refractory mutation system (ARMs), developed
by Newton et al. in 1988 (Ref. 54). ARMs, also known as
allele-specific amplification (ASA), relies on the ability of
Taq polymerase to extend a primer bound to DNA template,
where the 39 base of the primer matches its complemen-
tary base on the template. This generates 1/2 scores for
each allele, so that two PCR reactions are required for each
DNA sample. In these cases, the PCR products are ana-
lyzed on acrylamide or agarose gels. Some fluorescent tech-
nologies, such as TaqMan55, fluorescence polarization56

and free phosphate accumulation57, eliminate the need for
gel analysis. Other fluorescence-based genotyping tech-
niques that do not require gel analysis often require extra
steps, for example, fluorescence resonance energy transfer58

and dynamic allele-specific hybridization59. An additional
genotyping technique that is PCR-independent and shows
great promise is the homogeneous isothermal technique,
which involves using a cleavase enzyme60. The cleaved
fragment can be visualized on gels or by fluorescence.
Currently, two assays are required for each genotype.

Mass spectroscopy
A major area of emerging technology is the use of the
mass spectrometer in the analysis of DNA. This has the
advantage of eliminating the need for the gel-based analy-
sis of DNA fragments in both DNA sequencing and geno-
typing. The main type of MS used for genotyping is
matrix-assisted laser desorption ionisation time-of-flight
spectrometry (MALDI-TOF)61.  

There are several problems in the application of MS for
genome analysis, particularly in DNA sequencing, as only
short fragments (less than 100 bases) can be measured
accurately. However, an alternative form of MS using IR-
MALDI has been used recently to analyze fragments of DNA
more than 2000 bases in length62. This new development
opens up the possibility of analyzing longer sequence
fragments and supports the potential utility of this tool for
the detection of multiple variants in a single analysis. 

DNA chips and microarrays
Since 1996, the two competing technologies of DNA chips
and microarrays have become the mainstay of high-
resolution genetic analysis. The extraordinary rise of this
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technology and its importance in the new area of genetic
analysis was recently illustrated in the publication of a
supplement to Nature Genetics63, which describes the lat-
est technology developments and their many applications. 

Although the two technologies are based on different
methods of preparing DNA arrays, they both rely on 
the hybridization of complementary strands of DNA, one
of which is labelled with a fluorescent tag to enable 
the automated detection of hybridizing pairs of sequences.
The results are interpreted using a computer database.
Indeed, one of the key features of all such DNA array-
based technologies is that high-quality informatics is
essential for the correct interpretation of data. 

Genomic analyses using DNA chips have focused on 
the identification of mutations, the analysis of SNPs and the 
detection of changes in gene expression. In the first two ap-
plications, genomic DNA is fluorescently labelled and hybrid-
ized to the arrayed oligonucleotides, whereas for gene ex-
pression analysis, mRNA is isolated from a tissue of interest

and single-strand cDNA is synthesized incorporating a fluor-
escent label. This enables the comparison of different cDNA
samples in the same experiment (for example a normal 
tissue versus a tumour) using dual colour laser scanning and
two fluorescent labels with different excitation wavelengths.

Wang and colleagues describe the identification, map-
ping and genotyping of 3241 new SNPs involving the use
of oligonucletotide chips covering 2.3 megabases of gen-
omic DNA (Ref. 10). Oligonucleotide arrays have been
used to examine gene expression in a range of genes from
both humans and from other species55.

As genotyping tests become available it will be possible
to design prospective clinical studies of adverse drug reac-
tions and drug toxicity and to adjust drug doses to suit the
metabolic capacity of each patient.

Primer extension
Primer extension is rapidly becoming the method of
choice for high-throughput genotyping using SNPs, and
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Figure 2. Advances in SNP genotyping technology have meant a considerable increase in throughput and sensitivity and a
subsequent decrease in cost.  The method of choice for genotyping remains with primer extension. Although there are a number of
methods available for performing this assay, two systems are worthy of mention. The ultra-HTS offered by Orchid Bioscience
(Princeton, NJ, USA) and the lower-throughput system offered by Pyrosequencing AB (Uppsala, Sweden). The output of each
system is shown as (a) Orchid’s Scatterplots and (b) Pyrosequencing’s Pyrogram. The Orchid system clearly shows the three
clusters representing the two homozygous groups (top left and bottom right) and the heterozygous group (top right). The
pyrograms represent the three possible outputs for a CC, CT or TT genotype.
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there are several technologies available. These range from
the relatively low-throughput system Luc 96 (Pyrosequenc-
ing AB, Uppsala, Sweden) to the ultra-high-throughput
SNPstream system (Orchid Bioscience, Princeton, NJ, USA).
Both technologies use a slightly different approach to the
detection of extension products and, thus, genotyping, but
both rely on the basic principle of primer extension (Fig. 2,
see Refs 64 and 65 for a review of these systems).

There is no doubt that there is a market for both systems.
For target characterization, where a limited number of geno-
types are required, low-throughput systems offer the best,
most cost-effective approach. For target identification and
validation studies, where significantly large sample sizes are
required and a number of markers are analyzed within each
experiment, more automated processes are more useful.

Marker identification

By definition, without markers there is no study. Although
public efforts such as The SNP Consortium (http://
snp.cshl.org/) and dbSNP (http://www.ncbi.nlm.nih.gov/
SNP/) offer access to large numbers of markers, there is
still a need for in-house, project-driven, SNP discovery.

Several methods are used to detect single nucleotide
variations in genomic DNA. Some of these, such as direct
sequencing of DNA (Refs 10,14), denaturing HPLC (Ref.
66), single-strand conformation polymorphism analysis67

or high-density DNA arrays68, are well-suited to detecting
variants but are only applicable for limited numbers of
samples or pools of samples. Other methods, such as that
offered by Third Wave Technologies’ Invader® assay
(Madison, WI, USA)69, exist for the parallel detection of
variants in large numbers of independent samples. 

Will drug discovery become a SN(i)P?

The recent data suggests that coding SNPs are common in
drug targets. Indeed, the average target will have 2–5
nucleotide changes in the coding region48–50. This is a reality
to be harnessed in drug discovery. The pharmaceutical
industry is determined that this new genomics era should
benefit us all. Indeed, the year 2000 should see the first gen-
omics-derived drug going into clinical trials. The pressure is
on to utilize this once-in-a-lifetime chance to obtain the blue-
print of life and to make it work for the benefit of the overall

health of the Nation. As the costs of this work decrease we
will be able to maximize the use of the resources we already
have. We should be able to design better, although not nec-
essarily more complex, experiments to both identify and vali-
date new drug targets. In the next few years, we will finally
see the dawn of the pharmacogenetics era and the potential
of genetic testing being offered hand-in-hand with classical
biochemistry towards the ultimate aim of ‘designer drugs’. 

Thankfully, the SNP Consortium will reduce the burden
of discovering SNPs. SNPs identified by the Consortium
will be available royalty-free and, as such, both academic
and commercial enterprises will benefit from the intellec-
tual property generated by using these markers. The Con-
sortium is on target to identify 300 000 markers over a
two-year period. We will be able to utilize these markers,
along with SNPs discovered in-house, to fulfil the promise
of pharmacogenetics. This should improve clinical trials by
enabling better selection of patient groups, to better char-
acterize adverse events by understanding the genetics of
drug metabolism, and to better target new or existing
drugs according to individual genetic profiles. 

This will be accompanied by a reduction in the cost and,
hopefully, increased efficacy of drugs. The cost–benefit
ratio of designing new drugs is of major concern to the
Nation as a whole. The UK Government has recently set
up the National Institute of Clinical Excellence (http://
www.nice.org.uk/nice/nic_ind.htm) to make recommen-
dations on new technologies and treatments for specific
conditions to the National Health Service (NHS). This group
has already ruled on the use of taxanes in the treatment of
breast and ovarian cancer. It has also recently recommend-
ed that the NHS should not offer zanamivir (Relenza) on
general prescription during the 1999/2000 influenza season
because of lack of data on its effectiveness in reducing sec-
ondary complications. It is clear that the British Govern-
ment is keen to get value for money for the NHS.

As we enter the new millennium, the pharmaceutical
industry is undergoing one of the largest shake-ups since
its conception. The industry has to balance the increased
cost of discovering new drugs with the market pressure to
reduce the costs of prescribing drugs. As we move into a
new decade, we put our faith in the genomics era to facili-
tate this. SNPs will play a major role!
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Collaboration…

ICOS Corporation (Houston, WA, USA) and Texas Biotechnology Corporation (Bothwell, WA, USA) have en-
tered into a joint 50/50-owned venture to develop and globally commercialize endothelin A (ETA)-receptor antagon-
ists. Initially, this venture will focus on moving the selective ETA-receptor antagonist, Sitaxsentan (TBC11251), into
Phase IIb/III trials from its current evaluation in a Phase IIa trial for pulmonary hypertension and continue its clinical
development for chronic heart failure. Applications for the second-generation endothelin-receptor antagonist,
TBC3711, will also be explored.

[For more information on endothelin-receptor antagonists, see the October issue of Drug Discovery Today.]


