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Abstract
The rapid pace of genomic science advancements, including the completion of the human genome sequence, the extensive cataloguing of

genetic variation and the acceleration of technologies to assess such variation, combined with clinical programmes with rich phenotypic

data, serve as the foundation for the design and execution of pharmacogenomic studies which have an impact on the pharmaceutical pipeline

from early discovery through to the marketplace. The authors discuss the required infrastructure to support pharmacogenomic studies

and provide insight into the strategies and practical application to influence decision making in the pharmaceutical setting. Further, the

influence of pharmacogenomics is currently affecting patient care in the oncology area and is highlighted as evident impact in the

marketplace.
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Introduction

Pharmaceutical engagement of the pharmacogenomics disci-

pline gained significant momentum in the mid-1990s as

colleagues within the industry recognised the potential

opportunity for the emerging field to have an impact on var-

ious phases of the drug discovery and development processes.

While the optimism and excitement for this emerging disci-

plinewas high, the scientific and technological hurdles required

to deliver pharmacogenomics seemed significant. At the time,

the demonstration of pharmacogenomic impact as embodied

by the drug metabolism field was evident, yet many hurdles

remained to enable the delivery of comprehensive pharmaco-

genomic studies to explore disease state and drug response

relationships. These hurdles included a complete draft sequence

of the human genome, not expected until 2005. From this

sequence would then emerge the catalogue of human genome

variation, and this was not expected until several years after the

completion of the human genome sequence. Speculation at the

time suggested that more than 300,000 evenly spaced, single

nucleotide polymorphisms (SNPs) would be needed to per-

form comprehensive pharmacogenomic studies — a scale

unimaginable at the time.1,2 How could it be possible to cata-

logue the SNPs needed to perform whole-genome association

studies and conduct the genotyping — the building blocks

speculated to drive the scientific revolution needed to fully

deliver pharmacogenomics?

Over the past ten years, significant technological

progress to enable pharmacogenomics has been achieved.

The International Human Genome project and Celera raced

to publish the working draft genome sequence in 20013,4 —

four years ahead of schedule, and the SNP Consortium,

formed in 1999 through partnership between the academic

and industrial community, developed the first comprehensive

SNP map, published in November 2000, ahead of schedule,

below cost and exceeding the initial goal of identifing

300,000 SNP markers of which 150,000 would be mapped

by some 1.12M, delivering 1.42M mapped SNPs for the

scientific community at large to utilise for scientific

research.5,6 This has now evolved into the International

HapMap project, which will further refine the SNPs required

for comprehensive association analysis by identifying critical

patterns of SNPs that cosegregate from generation to

generation in the form of haplotype tags and may provide the

framework from which human whole-genome association

studies are designed.7

In parallel with the rapid advancements in the identification

and mapping of SNPs across the human genome, techno-

logical discoveries and enhancements to high-throughput

genotyping have also made significant strides. Over the course

of the last five years, leading biotech firms have driven geno-

typing throughput to scales in the order of millions per day

while significantly driving down costs. These technologies are

now available to human genetics scientists to support large

multi-gene association studies and the early application of

human whole-genome association studies.

So, while in the mid-1990s many people heralded the

revolution of ‘personalised medicine’ and ‘the right drug for
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the right patient’, the realists understood that, like any revolu-

tion, scientific research and technological advances would be

required to shape the potential importance of this field to

modern medicine. It is now understood that any two indivi-

duals differ from each other at the DNA sequence level by a

mere 0.1 per cent. Yet it is this 0.1 per cent difference which

makes each person unique and holds the key to differences in

disease susceptibility and progression, as well as our response to

therapeutic intervention.8 As of now, the foundation has been

laid for the broadening application of pharmacogenomics; clear

examples exist in medical practice, and scientific experiments

can now commence at a pace and level which would have

seemed unimaginable back in themid-1990s. Furthermore, the

face of the pharmaceutical industry has changed dramatically;

with ever-increasing development costs and decreasing num-

bers of new drug approvals, the challenges facing the industry

have never been more significant. This paper aims to highlight

the infrastructure needed to integrate pharmacogenomics into

the pharmaceutical business, as well as strategies for application,

and discusses the potential applications and opportunities that

this field offers to influence medical care.

Infrastructure for delivering
pharmacogenomics into
the pharmaceutical setting

The discipline of pharmacogenomics is currently being applied

throughout the drug discovery and development process, as

depicted in Figure 1. Highlights include: applying human

genetics to ensure that the best therapeutic targets are priori-

tised for discovery investment; the comprehensive evaluation

of the target gene sequence in multiple subjects to determine

the genetic heterogeneity present in different ethnic popu-

lations; the use of genetics to select particular subpopulations

and in early proof of concept studies; and, finally, the potential

to predict efficacy and safety of new medicines more precisely.

Prior to the effective integration and application of pharma-

cogenomics, however, significant investment and infrastruc-

ture was required to integrate pharmacogenomics into these

processes. These areas are highlighted in Figure 2 and discussed

in more detail below.

Appropriate informed consent
The ability to collect DNA, as well as other types of genomic

samples, from study subjects is directly dependent on patient

informed consent as to the risks and benefits associated with

the sample collection. A separate informed consent, which

states the purpose and the use of the samples, assurance of

patient confidentiality through anonymisation or de-identifi-

cation of unique patient identifiers and clinical data, as well as

the optional participation in this donation, has been an integral

part of patient acceptance in the clinical trial setting. Within

current Pfizer clinical programmes it is not unusual for

patient consent for genomic sample collection to exceed

80 per cent in clinical studies taking place in countries around

the world.

Collection of phenotypic data
The ability to execute any genetic study requires accurate

and comprehensive phenotypes, which at best are quantitative

and reliable, to enable robust genetic analyses. Clinical trials

serve as an excellent starting point for genetic research aimed

at better understanding the underlying disease state and pro-

viding clinical results including outcome measures and

drug response, both of which can drive pharmacogenomic

investigations. Clinical trials are not genetic studies by design,

however, and critical review of the completed study will

often require careful epidemiological evaluation to ensure the

appropriate study design. This often involves ensuring that

those subjects donating DNA samples are reflective of the

entire study population and are not biased in any way. If one is

interrogating drug response phenotypes, care must be taken

to examine the demographics of the responder/non-responder

subgroups. Similarly, when safety events are investigated,

subjects experiencing the adverse event must be closely

matched to those subjects receiving the drug and exhibiting no

such adverse event.

When considering the use of clinical trial samples for

disease gene interrogations, the ascertainment of appropriately

matched control populations to support such genetic studies

is equally important. Often, clinical methodology studies to

ascertain control populations matched on demographics as well

as on certain clinical phenotypes present in the case population

are required. In the authors’ studies of osteoarthritis, critical

care was taken to execute a study which identified control

individuals who were radiographically free of joint space

narrowing, to ensure accurate control phenotype status.9

These collections then allow the design and execution of

case-control association studies in support of both target vali-

dation and genetic biomarker discovery to support clinical

development programmes targeting the specific disease.

Technology for delivery of genetic analysis
The rapid pace of technology advancements enables the

interrogation of the entire genome at the level of DNA, RNA

or protein. Technology has moved rapidly from methods of

restriction fragment polymorphism (RFLP) scoring of genetic

variation to examining individual gene markers associated

with various phenotypes,10 to SNP scoring to examine mul-

tiple markers in multiple candidate genes,11 to now having the

ability to interrogate thousands of SNP markers using methods

typified by Sequenom mass spec,12 Illumina bead-based

methods,13 the Affymetrix high-density SNP chips14 and

Perlegen high-density wafers.15 It is now possible to examine

hundreds of millions of SNPs within several weeks, as the
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authors are doing through their collaboration with Perlegen

Sciences to study metabolic syndrome and depression phe-

notypes. It is anticipated that whole-genome sequencing in a

timely and cost-effective manner may represent the next

technological floodgate.16

Information technology
One of the single most important challenges facing the field

of pharmacogenomics rests in the hands of the information

technology experts. The vast amount of clinical data, com-

bined with genomic data, requires a well designed information

architecture to enable hypothesis generation at one end of

the portfolio and validated systems to enable the use of the

information in regulatory submissions at the other end. For

example, one must be able to track clinical genomic samples

from the patient from sample processing through to the sample

repository, ensuring that there is integrated information

regarding informed consent and potential restrictions on

Figure 1. Applying pharmacogenomics to deliver new medicines. The ability to integrate pharmacogenomics into the drug discovery

and development process is a continuum with applications at each step of the process. This diagram highlights the various phases of

pharmaceutical application which are highlighted in this paper.

Figure 2. Infrastructure requirements for pharmacogenomics. Much investment in various tools and technologies are required to

ensure the seamless integration of pharmacogenomics into the pharmaceutical setting to deliver value and impact throughout the

pipeline.
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sample use, and that clinical data associated with the matched

genomic sample is entered into a database. Moreover, often, a

final step of anonymisation or de-identification must occur

prior to initiation of a pharmacogenomic study. At this stage,

the challenge lies in the ability to effectively query the clinical

data in order to develop specific hypotheses that can be

addressed by pharmacogenomic investigations, followed by

data systems that will then house all of the newly generated

genomic data, often derived from very different types of

analysis platforms.

The ability to effectively integrate these data with clinical

data and to mine such datasets remains elusive, and will require

a comprehensive information technology solution to maximise

the utility of research studies. This sophisticated knowledge

base becomes a primary limitation in many cases, as the

ability to integrate and effectively mine disparate data sources

remains challenging and time intensive; however, this will have

to be addressed in sophisticated systems to enable maximum

return on investments in pharmacogenomics. In addition,

when the importance of patient confidentiality in the future

application of pharmacogenomics in medical care is consi-

dered, significant gaps exist. New business models have

emerged that aim to focus on the integration and confiden-

tiality of data sources. These include models developed by

First Genetic Trust17 and the Clinical Genomics business

unit of IBM.

Carrying out pharmacogenomics studies
to deliver value
Within the industry setting, the ability to drive pharmacoge-

nomics into the fabric of the business is directly dependent

on the potential to have an impact on business decisions.

This therefore requires close partnership with colleagues in

discovery, development and commercial marketing to work

together to shape the scientific direction of research pro-

grammes. Given the challenges of the pharmaceutical industry,

including the high attrition which occurs at every stage

throughout the pipeline, combined with the long develop-

ment time lines, excellent science alone is not sufficient.

Pharmacogenomics has to drive impact and influence decisions

aimed at increasing productivity within drug discovery and

clinical development. A discussion focused on achieving such

value follows.

Choosing the best target: Applying
human genetics to add human
relevance

There exist significant unmet medical needs of patients, and it

is now recognised that common diseases effecting morbidity

and mortality have a significant genetic component.

Consider the diseases of diabetes, obesity and osteoarthritis,

to name but a few. The degree of genetic contribution has

been estimated for these diseases based on twin studies and

sibling risk analysis.18–23 Similarly, rare gene mutations have

provided insight into complex biological processes involved

in more common disease phenotypes. For example, the

importance of cholesteryl ester transfer protein (CETP) in

influencing an individual’s high-density lipoprotein (HDL)

levels was demonstrated when individuals identified as

possessing extreme levels of HDL were shown to harbour a

rare mutation in their CETP gene and to lack CETP

activity.24,25 In another example, subjects harbouring

inactivating mutations within the Janus kinase 3 gene ( JAK3)

express severe combined immunodeficiency syndrome (SCID),

providing mechanistic evidence that JAK3 inhibition was

likely to effect immune suppression and potentially serve as

a therapy for transplant recipients.26 Most importantly,

the insight gained from the human genetics findings described

above has led to new investigational drugs for CETP inhi-

bition and JAK3 inhibition, which, upon entry into the clinic,

demonstrate efficacy consistent with the human genetics

data.27,28

While not traditionally defined as pharmacogenomics,

human genetic association studies may provide an important

avenue for establishing relationships between human genes and

disease state and thus influence the appropriate selection of

therapeutic targets. Important new discoveries of genes

associated with complex disease appear to occur on a regular

basis now, as evidenced by disease associations of neuregulin

and schizophrenia;29 PDE4D and stroke;30 and 5-lipoxgenase

and atherosclerosis.31 These studies have been strengthened by

additional scientific data supporting functional relationships

between the genetic association and the disease.

Pharmaceutical companies, as well as many academic

institutions, have been collecting DNA samples with

appropriate informed consent to investigate the relationship

between genetic variation and disease phenotypes to better

classify disease. Through the collection of clinical phenotypes

with linked DNA samples, the execution of clinical trials

provides an opportunity to investigate the underlying genetic

variation that exists in patients. This is typified in a study

in which DNA from patients who participated in a lipid-

lowering trial demonstrated a strong association between the

phenotype for HDL levels and a novel lipase gene family

member, endothelial lipase (LIPG).32 While association studies

have had mixed reviews in the scientific community, often due

to conflicting study results, careful attention to study design

can provide the first opportunity to add human data to known

and novel genes. Study design issues include: careful selection

of appropriate study subjects based on rigorous phenotypic

criteria; utility of extreme phenotypes; comprehensive SNP

selection which takes into account linkage disequilibrium

(LD) in the gene under study to ensure a density of markers

which capture the LD pattern of the gene; statistical methods

allowing one to assess how likely any result may be due to
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chance alone; and, finally, planned replication to provide

added validation of any gene association. These are critical to

the successful characterisation of disease risk alleles.

While candidate gene studies have become commonplace

in the literature, these studies may often involve a biological

hypothesis for candidate gene selection. The ability to inter-

rogate the genome based solely on phenotypic criteria with

no a priori bias on gene selection has been dramatically enha-

nced by technologies which now interrogate SNPs broadly

across the genome. These platforms have now replaced esti-

mates of 300,000 SNPs evenly spaced across the genome,

by utilising some 200,000–300,000 haplotype-defining SNPs

across the genome. For the first time, genotyping technol-

ogies — such as those developed by Perlegen Sciences —

have provided the ability to genotype hundreds of thousands

of markers in an individual using high-density oligonucleotide

arrays coupled with either highly multiplexed polymerase

chain reactions or restriction enzyme-based genomic reduc-

tion. Even with these new technologies and the availability

of millions of mapped SNPs, however, the exact number of

haplotype-defining SNPs that will be required to detect

genetic associations with common polymorphisms that are not

typed is still uncertain. The appropriate LD measure to select

these tagging SNPs for association studies is r2.33 Recent

reports evaluating common polymorphisms across candidate

gene regions suggest that, in order to detect .80 per cent of

all haplotypes in a given region using haplotype-tagging

SNPs, it is necessary to reach an r2 of .0.8.34 As the HapMap

project progresses forward with defining the linkage LD

patterns in the human genome, geneticists will have the tools

to evaluate the extent of LD within a given region and within

a given ethnicity to select the optimal SNPs to genotype

when designing a study. These data will provide valuable

information around SNP selection, irrespective of whether

the study design is for a whole-genome association or can-

didate gene-based studies. Elucidating the genetic contribu-

tors to common complex diseases, such as cardiovascular

disease and psychiatric disease, will be more efficient through

a whole-genome approach, as it does not depend on the

biased selection of candidate genes. This has been exemplified

using family-based linkage studies in stroke,30 schizophrenia29

and Crohn’s disease,35 where these genes would not have

been suspected a priori and thus not even investigated using a

candidate gene approach. Whether the study design focuses

on disease, drug response or safety, the primary driver for any

successful study is the accurate clinical phenotyping of the

study population. The present authors believe that this new

information on SNP density and LD coverage of the human

genome will allow the visualisation of a significant portion

of the genomic regions associated with the phenotype of

interest, as illustrated in Figure 3.

In an attempt to validate the haplotype tagging approach

to identify genetic associations, as well as to evaluate the

Perlegen Sciences array-based chip-based genotyping plat-

form, 7,283 SNPs spanning 17.1 megabases (Mb) of DNA

were genotyped to identify associations with HDL levels.36

SNPs associated with the 50 haploblock of the CETP gene

were identified as the most significant association in the

Figure 3. Exploiting whole-genome approaches. Candidate gene-based studies have been the focus of human genetic association

studies for the past several years. As the knowledge of genetic variation has emerged and the genotyping technologies to investigate

such variation have matured, our ability to carry out whole-genome association studies appears poised to address fundamental issues,

such as the association with complex diseases and drug responses.
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dataset.36 Readouts from several genome-wide studies are

expected within the next year and will provide further insight

into the potential value of these studies to identify genes

involved in complex disease phenotypes, including metabolic

syndrome and drug response. The public HapMap project7

and companies like Perlegen, which recently announced its

intention to provide its SNP markers into the public domain

to further advance the foundation for such experiments, will

further aid these whole-genome approaches for the scientific

community.

Drug discovery and development:
Understanding target variability

Early in the drug discovery phase, the assessment of com-

prehensive target variation achieved through gene resequen-

cing in ethnically diverse DNA panels provides discovery

scientists with information that is critical for screen design,

functional assessment of variant alleles and animal model

design. In partnership with companies like Genaissance Phar-

maceuticals, the present authors will typically screen a panel of

92 DNA samples with representations from Caucasian, Asian,

Hispanic and African-American DNA samples, which allow

the detection of polymorphisms with a frequency greater than

1 per cent.37 For example, the CETP gene variation depicted

in Figure 4 provides a comprehensive understanding of

the variation within this gene locus. In addition, these

comprehensive SNP data provide the basis for candidate

gene-based studies to interrogate the relationship between

putative therapeutic target genes and human disease pheno-

types.38 This knowledge of target variation can then be

utilised for hypothesis testing in early clinical programmes,

with particular emphasis on putative functional variants which

may have been defined during discovery studies exploring

functional activities. This is exemplified in the following

discussion.

Drug development: Traditional
pharmacogenetics for clinical
decision making

Most, if not all, pharmaceutical companies have actively

engaged in the area of pharmacogenomics with differing

levels of investment, strategies and application. It is the

authors’ belief, however, that application of this discipline is

still in its infancy. Yet there are some very clear demon-

strations of impact already in place, with particular emphasis

on the oncology area, which are described in more detail in

the next section.
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Figure 4. Structure of the cholesteryl ester transfer protein (CETP) gene and polymorphic markers. The CETP gene is located on

chromosome 16 and contains a number of polymorphisms which have been identified through dense resequencing. These polymorph-

isms occur at differing frequencies in various ethnic populations, as shown in the accompanying table. In this table, the single nucleotide

polymorphism (SNP) marker is identified and the db SNP identifier along with other common names for the SNP and minor allele fre-

quencies for Caucasians and African Americans (Af. Amer.).38
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One can also look to the area of drug metabolism, the more

classically defined area of pharmacogenetics, and find clear

demonstrations of the utility of genetic knowledge of the

cytochrome P450 gene family, as well as other genes involved

in the pharmacokinetics of drug disposition. These genes have

been extensively studied, and examples such as cytochrome

P450 CYP2D6, 2C19 and 2C9 provide a clear demonstration

of the predictive use of genotype in clinical development. For

example, the use of genotyping to predict poor metaboliser

status for individuals deficient in CYP2D6 enzyme is used

routinely when evaluating CYP2D6 substrates.39,40 Many

excellent reviews have been published, providing detailed

summaries of the area of drug metabolism and its importance

for clinical development.41–45

In the early stages of clinical development, CYP2D6 geno-

typing is routinely employed for prospective enrolment or ret-

rospective analysis of subjects, to rapidly establish individual

pharmacokinetic differences for those compounds suspected

to be metabolised via the CYP2D6 pathway.40 Additionally,

drug–drug interaction studies with experimental therapies and

knownCYP2D6 substrates, such as paroxetine, can benefit from

the incorporation of CYP2D6 genotyping.46,47 CYP2D6 poor

metabolisers may demonstrate altered paroxetine exposure,

which would remain unexplained in the absence of CYP2D6

genotyping, and thus incorporation of the genotyping data

removes the potential for uncertainty in those individuals who

would be expected to demonstrate increased exposure due to

the possession of two non-functional alleles of CYP2D6.

Drug development: Transitioning
to proof of concept

The combined knowledge of genetic contributions to the

underlying disease state and comprehensive data on target

variation, provides new and valuable insight which can be

applied in early clinical studies aimed at establishing proof of

concept for novel therapeutic agents. Genetic biomarkers

defining the risk of disease onset and/or progression can

potentially be used to select optimal patient populations in

early clinical development by targeting a genetically defined

disease risk population relevant to the therapeutic interven-

tion or the endpoint being studied. This is exemplified by

recent data from deCODE Genetics, in which genetic

variation within the 5-lipoxygenase activating protein

(FLAP) gene locus was associated with an increased risk

of myocardial infarction in the Icelandic population.48

Functional assessment of isolated neutrophils from indivi-

duals carrying the ‘at-risk’ four-SNP marker haplotype

demonstrates increased production of leukotriene B4, a

major leukotriene in this inflammatory pathway. This unique

haplotype identifies a specific population in which to assess

the potential therapeutic benefits of a FLAP inhibitor, and

deCODE Genetics has initiated clinical studies to validate

this approach, combining genetic enrichment with related

biochemical measures of drug activity and inflammation to

assess proof of concept. Should this study prove successful,

the question will remain as to whether this mechanism will

be beneficial in the genetically ‘at risk’ FLAP haplotype

individuals alone, or whether other individuals will also

benefit from therapeutic intervention directed at this specific

mechanism. This is a bold new approach which has

encouraged Merck to partner with deCODE Genetics, and

will probably be watched carefully by other pharmaceutical

companies.

The utility and importance of target variation data and

knowledge about the functional relevance of this variation to

execute pharmacogenomic studies in early development has

also been applied in the development of novel therapies for

HIV. Genetic studies first demonstrated that the CCR5

receptor was associated with susceptibility to HIV infection

and the progression to AIDS.49 The CCR5 gene has been well

characterised, with particular importance placed on the delta

32 allele, as individuals heterozygous for the allele exhibit sig-

nificant reduction in receptor numbers on the cell surface

while individuals homozygous for the allelle have no func-

tional receptor present. Pharmaceutical companies have

therefore rapidly moved CCR5 receptor antagonists from

discovery into the clinic. In early clinical studies of a CCR5

antagonist, examination of the delta 32 genotype and receptor

density as measured by fluorescence-activated cell sorting

analysis, has shown that the CCR5 delta 32 was not signifi-

cantly associated with any safety and toleration endpoints

tested, nor with baseline viral load. Preliminary investigation

suggests no apparent relationship between CCR5 delta 32,

CCR5 expression and receptor saturation in healthy volun-

teers. Future studies will examine the CCR5 genotype and

antiretroviral activity as the compound progresses through

clinical development.50

Utilisation in late-stage clinical
development programmes
and beyond

It is often difficult to ascertain individual pharmaceutical

experience in late-stage clinical development, as much

experience to date has involved retrospective analysis of clinical

programmes and has not moved into true prospective appli-

cation. In addition, there still exists a significant rate of late-stage

attrition. A recent publication from the US Food and Drug

Administration (FDA) provided some insight into the inte-

gration of pharmacogenomics into clinical development pro-

grammes, citing some 70 investigational new drug applications

involving pharmacogenomics; of these 80 per cent involved

cytochrome P450 genotyping and were related to drug metab-

olism.51 Recent issuance of the draft guidance for Voluntary

Genomic Data Submissions by the FDAwill also promote
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additional regulatory dialogue and information sharing related

to the application of pharmacogenomics.

Roses recently provided an excellent example with

Tranilast, a Phase III programme which was unsuccessful for

restenosis, in which pharmacogenomics data were generated in

real time during the Phase III development programme,

demonstrating that a small percentage of patients developing

hyperbilirubinaemia, during drug treatment contained a

promoter variant in the UDG-glucuronosyltransferase I gene

(UGT1); this was not seen in placebo-treated subjects.52,53

This initial Tranilast work has now been extended to model

SNP scoring at a density expected for whole-genome scans and

to serve as a validation of whole-genome analysis for identi-

fying genomic regions associated with safety events. Some 76

haplotype-defining SNPs, spanning a 2.7Mb region of DNA

including the UGT1A1 gene, were examined in 1,054 patients

who had been treated with Tranilast with no evident hyper-

bilirubinaemia, and 147 patients receiving therapy who did

experience hyperbilirubinaemia. This analysis demonstrated an

association in a 150 kilobase region that included the UGT1A1

gene locus, which upon further dense mapping confirmed the

association with the UGT1A1 gene.54,55

Table 1 describes other examples of currently available

drugs that have been examined for genetic associations with

particular genetic pathways or gene markers. These references

provide an early window onto the types of studies which are

exploring the complex relationship between drug response

and genetic heterogeneity in relatively small numbers of

individuals receiving such therapies. These have relied on

focused candidate gene-based investigations with limited

ability to interrogate the entire genome; however, it is envi-

sioned that several such genome-wide analyses will appear in

the scientific community over the coming year or two.

Utilisation of pharmacogenomics
in oncology to have an impact
on patient care

Cancer is a genetic disease, both in terms of the germline

(inherited genome) as well as the somatic genome, which is

unique to the tumour itself. While mutations in genes such

as BRCA1 and BRCA2 result in a significant increase in

cancer risk, these types of mutations represent only a small

percentage of all tumours.67 The vast majority of cancers result

from somatic alterations within cells resulting in a selective

growth advantage over the well-controlled mechanisms of

normal cell growth.68–71 There are currently technologies

available for identifying and studying the molecular mechan-

isms defining various subtypes of common cancers and incor-

porating these data into the drug discovery and development

process. The characterisation and understanding of genetic

alterations driving tumourigenesis has already led to targeted

oncology therapies with increased benefit to these molecularly

Table 1. Selected examples of pharmacogenomics studies investigating currently available therapies.

Therapeutic Indication Phenotype investigated Gene/genomic relationship References

Carbamazepine Seizures Stevens–Johnson syndrome HLA-B*1502 56

Metoprolol Hypertension Blood pressure lowering Beta-1 adrenergic receptor 57

Abacavir HIV Hypersensitivity HLA-B*5701 58,59

HLA-DR7

HLA-DQ3

Raloxifene Osteoporosis Bone mineral density Vitamin D receptor 60

Tolcapone Parkinson’s disease Elevated liver transaminase levels UDP-glucuronosyltransferase 1A 61

Azathiopurine,

mercaptopurine,

thioguanine

Childhood leukaemia Drug exposure Thiopurine S-methyltransferase-

inactivating mutation

62

Zileuton Asthma FEV1 response 5-lipoxygenase promoter variant 63

Fluvoxamine Depression Drug response based on

Hamilton Depression Rating Scale

Serotonin transporter 64

Sertraline Depression Time to therapeutic response Serotonin transporter 65

Enalaprilat Hypertension Blood pressure lowering ACE Ins/Del 66

ACE ¼ angiotensin-converting enzyme; FEV1 ¼ forced expiratory volume in one second.
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defined patient populations. The approval of Herceptin in

1998 paralleled the explosion of new scientific data emerging

from the Human Genome Project. Scientists at Genentech

recognised that a certain percentage of women with breast

cancer overexpressed the Her-2 neu protein and that their

cancer was particularly aggressive.72 In cells overexpressing the

Her-2 neu protein it was discovered that targeted reduction in

the expression of the protein returned the cancerous cells to a

normal state, leading to the development of a monoclonal

antibody which attaches to the Her-2 neu receptor to prevent

the cell growth response.73,74 The overexpression of the Her-2

neu gene is observed in approximately 30 per cent of breast

cancers, and it is this 30 per cent of patients that appreciate the

optimal benefit from this targeted therapy.75 Based on these

data, currentHerceptin therapy requires women with advanced

breast cancer to be screened for Her-2 neu overexpression

through fluorescence in situ hybridisation or quantitative

protein measures.

Gleevec, approved in 2001 for chronic myeloid leukaemia,

treats a subset of patients who possess a genetic rearrangement

known as the Philadelphia chromosome, in which a translo-

cation of chromosome 9q34 to 22q11 [t(9;22) (q34;q11)]

occurs, resulting in a breakpoint cluster region that fuses

two genes, BCR and the oncogene Abl, resulting in a con-

stitutively active oncogenic product that plays an important

role in cell growth. At least 90 per cent of patients with chronic

myeloid leukaemia harbour this translocation, providing

genetic evidence that it plays a role in disease risk.76 Once

again, gaining a clear understanding of the molecular entity

driving the disease, scientists at Novartis developed Gleevec,

an inhibitor of BCR-ABL tyrosine kinase. A Phase II study

reported in 2002 showed major cytogenetic responses in 60

per cent of subjects ðn ¼ 454Þ and complete haematological

responses in 95 per cent of subjects who had previously

failed on treatment with interferon-alpha.77

Genetic studies have also been instrumental in elucidating

mechanisms of resistance to cancer therapy. Several reports

have shown that the cause of Gleevec resistance in advanced

phase disease is due to identified somatic point mutations

within the ABL kinase domain in a subset of patients, which

could possibly interfere with Gleevec binding.78–80

More recently, the elucidation of the response to the

tyrosine kinase inhibitor Iressa has again highlighted the

importance of characterising the somatic alterations contri-

buting to tumourigenesis and the relationship between the

mutations to increase the confidence in target mechanisms and

drug response.69 In clinical development, some 10 per cent of

patients with non-small cell lung cancer demonstrated a sig-

nificant benefit with Iressa. When Lynch et al. examined the

EGFR gene sequence — the target for Iressa action — in

tumour DNA isolated from a subset of these responders, gain-

of-function mutations were identified in eight out of nine

responders, compared with zero out of seven non-respon-

ders.81 Paez et al. examined the EGFR gene in DNA obtained

from non-small cell lung cancer tumour samples and found

similar mutations in one out of 61 tumour DNAs from US-

based patients, while in Japanese patients the incidence rose to

15 out of 58 tumour DNAs, providing data correlating with

an observed increase in response rates to Iressa in Japan.69

These data reinforce the importance of characterising

underlying genetic heterogeneity within large tumour types.

A priori knowledge of specific genetic markers indicative of

drug response may influence the design of early proof-of-

concept clinical trials. In the case mentioned above, screening

for those 10 per cent of subjects with EGFR mutations for

enrolment would have actually increased the power of the

development studies substantially by improving the efficacy

rates through reducing intersubject variability in tumour

heterogeneity. Studies have also shown the power of utilising

expression-profiling patterns of selected signature genes in

defining prognostic criteria, as exemplified by a recent report

defining prognostic criteria for metastatic disease across mul-

tiple tumour types.82 The incorporation of these molecular

signatures into a drug discovery and clinical development

programme may influence many different phases, including

the selection of the optimal target based upon the role it plays

Table 2. Current oncology products with a pharmacogenomics relationship.

Therapy Developer Date approved Primary indication Genetic alteration References

Herceptin Genentech September 1998 Metastatic breast cancer

in tumours overexpressing

HER2 protein

Amplification of the

Her-2 neu gene

73–76

Gleevec Novartis May 2001 Chronic myeloid

leukaemia

Chromosomal translocation,

resulting in fusion of BRC

and the oncogene Abl,

resulting in activated

oncogene

77–80

Iressa AstraZeneca May 2003 Advanced or metastatic

non-small-cell lung cancer

Activating mutations

in EGFR

69,81

Milos and SeymourReviewPERSPECTIVE

q HENRY STEWART PUBLICATIONS 1473 – 9542. HUMAN GENOMICS . VOL 1. NO 6. 444–455 NOVEMBER 2004452



in the molecular aetiology of the tumour subtype; the potential

to allow enrichment of a patient population with molecularly

defined tumours, as exemplified above and, finally, enrichment

of the patient population most at risk for disease progression,

to clearly test for drug effect.

Conclusion

As exemplified by the oncology examples highlighted in

Table 2, pharmacogenomics will have an impact on optimal

target selection and will increase efficacy in clinical develop-

ment by targeting patient populations based on genetically

defined disease phenotypes. It will also, ultimately, influence

patient care when it provides a clear benefit to physicians’

ability to deliver better medical care to patients. This will

require a clear demonstration of benefit over standard assess-

ments used in clinical practice, or when the molecular basis of

the disease is so well understood that the clear path for

development requires genomic knowledge to advance drug

development. Advancements in genomic technologies, charac-

terisation of human population genetic variation, enhance-

ments in disease phenotyping methodologies, advances in

informed consent processes and patient confidentiality tech-

nologies and the integration of molecular science with that of

traditional clinical practice are paving the way for novel

pharmacogenomic discoveries aimed at characterising disease

risk, contributing to novel therapeutics and providing clues

into the optimal treatment regimen based on a combination of

clinically and genetically defined disease. While we are still in

the early stages of this revolution, significant opportunities can

be envisaged for scientific innovation to shape the future of

medical care and patient health for many years to come.
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