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Abstract
Research on genes and medications has advanced our understanding of the genetic basis of
individual drug responses. The aim of pharmacogenomics is to develop strategies for
individualizing therapy for patients, to optimize outcome through knowledge of human genome
variability and its influence on drug response. Pharmacogenomics research is translational in
nature and ranges from discovery of genotype-phenotype relationships to clinical trials which
provide proof of clinical impact. Advances in pharmacogenomics offer significant potential for
subsequent clinical application in individual patients; however, the translation of
pharmacogenomics research findings into clinical practice has been slow. Key components to
successful clinical implementation of pharmacogenomics will include consistent interpretation of
pharmacogenomic test results, availability of clinical guidelines for prescribing based on test
results, and knowledge-based decision support systems.
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Introduction
This is an exciting time in clinical medicine. Remarkable progress has been made in
developing therapies for many common diseases, thanks in part to advances in knowledge
about disease biology and pathogenesis. As more drug therapies are used to manage
diseases, it is increasingly apparent that the majority of drugs or their dosages do not have a
uniform effect across patients. A given therapy may be effective and cause serious adverse
events in one subset of patients, while delivering no response in terms of toxicity or
therapeutic effect in others. Mounting evidence demonstrates that an individual’s genetic
makeup is a major factor in this differential outcome, accounting for an estimated 20%-95%
of variability in drug disposition and effects.1

Pharmacogenomics is the study of genetic variation of drug-metabolizing enzymes,
receptors, transporters and targets, and how these genetic variations interact to produce
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drug-related phenotypes, such as drug response or toxicity. Further, genetic markers can
indicate novel drug targets or modifiers and serve to functionally classify patients’ disease
and therefore influence the design of treatment.2 Although the terms pharmacogenetics and
pharmacogenomics are often used interchangeably, “pharmacogenomics” is increasingly
used to describe the study of drug response in relation to genome variations (either inherited,
acquired or both). In this review, we use the word “pharmacogenomics” to apply to both
singlegene and polygenic models. Advances in pharmacogenomics offer significant
potential for subsequent clinical application to improve outcomes in individual patients.3

The intent of pharmacogenomics is to develop strategies to individualize therapy, with the
goal of optimizing efficacy and safety through better understanding of human genetic
variability and its influence on drug response. Here we discuss current and future initiatives
in pharmacogenomics, the extent to which findings have already made an impact on patient
care, and touch on some of the scientific challenges that lie ahead if we are to accelerate the
translation of genomic science into safer and more effective drug therapy.

Current state of pharmacogenomics research
Research on genes and medications relevant to a wide range of diseases has advanced our
understanding of the genetic basis of individual drug responses. Common genetic variations
that have been studied include single nucleotide polymorphisms (SNPs), genomic insertions
and deletions, and genetic copy number variations (CNVs). SNPs are the most frequent
inherited sequence variations, constituting approximately 90% of all human genome
variation and occurring every 100 to 300 base pairs. However, on average, CNVs account
for larger regions of genome variation than do SNPs; normal individuals carry 4 Mb of
CNVs (1 in every 800 bp).4,5 It is unclear whether SNPs or CNVs are more important in
pharmacogenomics, but it is likely that both play a role, perhaps to varying degrees in
different phenotypic outcomes and measures. Pharmacogenomics research has identified
genes that contribute to individual patients’ drug sensitivity, resistance and toxicity; it has
also identified the causes of variation in the expression and function of many of these genes
among individuals, including the roles of microRNA, DNA methylation, copy number
alterations, and single nucleotide differences, either inherited SNPs or somatically acquired
single nucleotide variants (SNVs). Humans are estimated to have approximately 7 million
SNPs whose minor allele frequency is greater than 5%.6-8 The importance of rare variants is
being increasingly recognized in pharmacogenomics.9

SNPs that occur within the same region of DNA (usually < 50 kb apart) are typically
inherited together as haplotypes. The human genome can be viewed as haplotype blocks in
high linkage disequilibrium (LD; regions with a high level of concomitant inheritance),
separated by regions of low LD and a low level of concomitant inheritance.8,10 Therefore,
SNPs that are in strong LD and are associated with a disease or drug-response phenotype
can identify the chromosomal position of a susceptibility gene or a functional SNP, although
the SNPs themselves may not cause the phenotypic trait.11

Cancer pharmacogenomics presents additional challenges for research and for translation of
findings because both germline and somatic mutations must be considered when selecting
candidate genes. Tumor cells carry the same germline genetic polymorphisms as do normal
cells (unless the tumors somatically acquire genomic deletions); however, increased
genomic instability of malignant cells can produce a high frequency of additional mutations
or can increase the copy number of inherited variant alleles.12 These genomic changes can
include the acquisition of additional copies of chromosomes that carry genes encoding drug
metabolizing enzymes or drug transporters, which can lead to alterations in the disposition
of active drugs at the site of the tumor. Over the past several decades, a large amount of
knowledge has been gained regarding the somatic molecular alterations that are involved in
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tumor development and progression in many types of cancers. This knowledge has led to the
development of targeted cancer therapy, such as targeting the BCR/ABL1 fusion transcript
in Philadelphia chromosome-positive chronic myeloid leukemia or acute lymphoblastic
leukemia.

The long-term goal of pharmacogenomics is to translate findings regarding the genetic basis
of drug responses into more effective and less toxic treatment for individual patients. The
good news is that if we accurately define a person’s genome, we only need to do this once
for each patient and then it can be used to guide drug therapy for a lifetime, making this a
potentially very cost-effective diagnostic tool.

Candidate-gene approach and pharmacogenomics
Early progress in pharmacogenomics came from small candidate-gene studies of genes
encoding drug-metabolizing enzymes. These studies focused on the effect of a SNP or a
combination of SNPs in one or more candidate genes in a treatment context. One of the best-
established genotype-phenotype relationships is that of the thiopurine methyltransferase
(TPMT) gene and its effect on thiopurine therapy for acute lymphoblastic leukemia and for
immune modulation.13,14 TPMT catalyzes the S-methylation of thiopurines, thus regulating
the balance between cytotoxic thioguanine nucleotides (TGNs) and inactive metabolites in
hematopoietic cells. Polymorphisms in the TPMT gene have been characterized.15 Clinical
interest in TPMT pharmacogenomics is based on studies showing that TPMT genotype or
phenotype can be used to identify patients at high risk of hematopoietic toxicity after
thiopurine therapy.16

Another candidate gene is the hepatic cytochrome P450 gene CYP2D6, which catalyzes the
metabolism of many drugs. One drug whose metabolism is strongly associated with
CYP2D6 genotype or phenotype is the analgesic codeine, a prodrug which must be
bioactivated to morphine, a strong opioid agonist, by CYP2D6; hence, the efficacy and
safety of codeine have been shown to be influenced by CYP2D6 polymorphisms.17,18

Drug efficacy is not influenced solely by variation in drug-metabolism genes but also by
polymorphisms in genes that encode drug receptors, transporters and drug targets. For
example, a common promoter variant in the molecular target of warfarin (VKORC1)
strongly influences the dose levels required by individual patients. VKORC1 encodes the
vitamin K-epoxide reductase protein, the target enzyme of warfarin. Variants in VKORC1
are significantly associated with warfarin sensitivity and reduced dose requirements.19

Several transporters have likewise been shown to have pharmacogenomic relationships with
drug pharmacokinetics or effects. For example, a synonymous SNP in the ABCB1 gene has
been associated with the maximally achievable digoxin concentration.20 Similarly,
polymorphisms in the transporter SLCO1B1 have been associated with several phenotypes,
including an increased risk of simvastatin-induced myopathy,21 methotrexate-related
gastrointestinal toxicity,22 and disposition of the cyclin-dependent kinase inhibitor
flavopiridol.23

A disadvantage of the traditional candidate gene approach is its reliance on a priori
knowledge about the biology of the disease or phenotype of interest. This can result in an
“information bottleneck” wherein discovery is limited by the identification of candidate
genes involved in genomic traits of specific interest.24 For this reason, broad approaches
such as genome-wide association studies or whole genome sequencing may be better suited
for pharmacogenomics studies of complex diseases for which the detailed molecular
architecture behind their etiology is not well characterized, and for which the genomic
causes are likely polygenic.
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Genome-wide association studies and pharmacogenomics
Since the completion of the human genome project, genome-wide profiling platforms have
become available for use as an unbiased approach to identify genes associated with
phenotypes of interest. The possibilities for pharmacogenomics research have expanded
greatly with data generated by the International HapMap Consortium,25,26 the 1000
Genomes Project Consortium,27 and with the availability of high-throughput sequencing
technologies. The International HapMap Project has constructed a high-density haplotype
map of the human genome that provides an important tool for studying complex phenotypes
such as drug response in different racial or ethnic populations.26 Initiated in 2008, the 1000
Genomes Project is an international public-private consortium that aims to build a detailed
map of human genetic variation, ultimately including data from the genomes of more than
2,600 people from 26 populations worldwide.

Genome-wide association studies (GWAS) are aimed at discovering new biological
pathways and advancing our understanding of the genetic basis for complex phenotypic
traits. This strategy uses genotyping arrays containing 100,000 to 2.3 million SNPs per array
to screen the genome for genetic variants associated with a given phenotype. The design of
GWAS studies is based on the fact that genetic variants are inherited as haplotypes,25

allowing assessment of SNPs that tag a haplotype and thereby obviating the need to
genotype all variants present in the haplotype.28

GWAS approaches have been successfully applied to pharmacogenomics.28-30 Some studies
have confirmed previous results, such as the association of a CYP2C19 variant with
reduction of the antiplatelet effect of clopidogrel31 and the association of CYP2C9 and
VKORC1 variants with warfarin dose requirements.32 Other studies have discovered new
associations, such as the association of SNPs in the interleukin 15 gene with disposition of
antileukemic drugs in acute leukemia.33 In addition, a GWAS for the phenotype of
bisphosphonate-induced jaw osteonecrosis in patients with multiple myeloma identified
SNPs in CYP2C8 that may increase the risk for osteonecrosis.34

GWAS have provided breakthroughs in the understanding of the genetic basis for complex
drug response phenotypes. However, GWAS can be considered only the first step, as the
SNPs found by these studies to be associated with specific phenotypes are not necessarily
the causal variants, which must be identified by comprehensive resequencing and functional
analyses.

Whole genome sequencing
Sequencing of the entire exome or the whole genome of a patient is an evolving approach to
providing the most dense coverage of human genome variation for research and, ultimately,
patient care. As the cost of whole exome sequencing (now ~ $1000 per whole exome) and
whole genome sequencing (now approaching $3000 per genome) continues to decrease and
their quality and rapidity continue to increase, they are increasingly viable strategies for
assessing genomic variability. These strategies are particularly attractive for cancer
genomics and pharmacogenomics, in which identification of acquired (somatic) genome
variation is an evolving strategy for understanding individual patients’ carcinogenesis and
how these patients may best be treated with available agents that target specific mutations or
pathway perturbations. However, initial experiences in whole-genome sequencing of
individual patients’ cancer cells have typically yielded many findings of potential biological
relevance but far fewer that are deemed actionable.35 Further, the heterogeneity of most
tumors poses a challenge; DNA extracted from a bulk tumor will likely reflect the dominant
clone within the tumor, whereas a sub-clone, especially one residing in a metastatic site that
is most refractory to treatment resulting in disease recurrence is less likely to be identified,
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as it constitutes only a small fraction of the whole.36 Until such time as whole genomes or
whole exomes can be sequenced by using DNA from a single cell, this limitation will
persist. Further, if interpretation of two genomes from a single patient (the germline and
tumor-cell genomes) is a challenge, consider the daunting nature of the need to interpret
three or more genomes for every patient. To gain a truly comprehensive view of genomic
variations that alter disease risk and treatment response, it will be important to assess not
only DNA sequence variations (SNPs, CNVs, structural variants, etc.) but also epigenetic
modifications, metabolomics, proteomics, microRNAs, and other mechanisms that alter
genome structure and function.37,38

Whole-genome or whole-exome sequencing offers a logical strategy for characterizing a
person’s germline genome shortly after birth, before the onset of disease, and for depositing
the sequence data into a secure repository; the parents, and ultimately the patient, can then
authorize their physician, pharmacist, or other healthcare provider to utilize the data for
disease prevention or treatment strategies. This scenario remains futuristic, but the great
reduction in costs and improvement in technology have made it possible to incorporate a
patient’s whole genome sequence into a preemptive clinical workup, as described by Ashley
and colleagues.39

One of the immediate challenges of clinically implementing genome sequencing as a
diagnostic tool is the need to perform the sequencing in Clinical Laboratory Improvement
Amendments (CLIA)-approved laboratories, to meet the quality control standards used in
other diagnostic tests. But this challenge is made more daunting by the fact that
interpretation of human genome sequencing is not straightforward; it requires the correct use
of bioinformatic tools to align genomes against a “reference,” the identification of variations
(ruling out false positives and false negatives), and summarization of the data in a way that
is useful for discovery or clinical purposes. Further, only a fraction of the genes responsible
for most complex human diseases is currently known; therefore, genome sequencing of a
large number of patients today is unlikely to yield a definitive diagnosis based on disease-
associated variations identified in genes or pathways. Indeed, a clear diagnosis has been
obtained in only 20%-40% of highly selected cohorts of patients (e.g., children with
deafness) who have undergone whole-genome sequencing.40 However, this limitation will
decline over time as science identifies more genes that drive disease risk and drug response.

Proper bioinformatic analysis of a whole genome is suggested to cost several times as much
as sequencing a genome.41 Moreover, as DNA sequencing increasingly becomes a
commodity, the greatest source of error may be in the interpretation of genome sequences
rather than in the sequencing per se. Thus, CLIA certification of the interpretation, as well as
of the DNA sequencing process, is important. Although the interpretation of most diagnostic
laboratory tests is left to the judgment of the clinician, interpretation of millions of variants
in each genome will be well beyond the capability of most clinicians. As alignment and
interpretation become increasingly automated, certification of the analysis and interpretation
of sequence data will become more manageable, but it will remain relatively imprecise until
the genomic basis of diseases are more fully elucidated. Likewise, most pharmacogenomic
traits, like most disease risk traits, are likely to be polygenic in nature, and considerable
additional research is needed to adequately define these traits in a way that can be used to
manage most medications. Therefore, the interpretation of whole-genome and whole-exome
sequence data must evolve before robust guidelines can be developed for their clinical use.
Consortiums such as the Clinical Pharmacogenomics Implementation Consortium (CPIC) of
the National Institutes of Health’s Pharmacogenomics Research Network (PGRN) are now
helping to establish and implement guidelines for monogenic traits (e.g., risk for
clopidogrel-associated cardiovascular adverse events and CYP2C19 genotype; response to
codeine and CYP2D6 genotype) and for some multi-gene traits (e.g., warfarin dosing
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requirements and CYP2C9/VKORC1 genotypes);.42-44 likewise, consensus guidelines for
use of whole-genome data will be important in facilitating their translation into the clinic.

Research using publicly available genomic data
Pharmacogenomics investigators now use in silico methods to analyze publicly available
genomic information to predict new uses for existing drugs.45 The data from the 1000
Genomes Project is now available as a public dataset “in the cloud.”46 Data for this project
currently available include DNA sequencing results from approximately 1,700 people; data
from the remaining 900 samples are expected to be available soon (www.1000genomes.org).
Cloud access has been touted as a way to improve access to the data to decrease the cost and
time needed for analyses; doing so will advance the goal of making the data from the 1000
Genomes Project as widely available as possible to accelerate discovery.

Another source of publicly available data is The National Center for Biotechnology
Information Gene Expression Omnibus (GEO), a public repository that archives and
provides access to microarray, sequencing, and other forms of high-throughput functional
genomic data submitted by researchers. Two recent studies analyzed gene expression data
accessed from the GEO to identify potential new therapeutic uses for approved drugs. The
authors used two sets of gene expression data: microarray data associated with 100 diseases
(from the GEO) and data from human cancer cell lines treated with 164 small molecules.
The authors obtained a signature of genes that were significantly up- or down-regulated for
each disease and compared each to drug-induced gene expression signatures to create drug-
gene expression profiles. Several potential therapeutic agents were identified through this
analysis for lung adenocarcinoma, including the histamine H2-receptor antagonist
cimetidine. Follow-up preclinical studies validated the efficacy of cimetidine against lung
adenocarcinoma.47 Likewise, several potential drugs were identified in silico as therapeutic
matches for inflammatory bowel disease, including the antiepileptic drug topiramate. The
efficacy of topiramate was subsequently validated in a preclinical rodent model of colitis.48

These reports provide proof of principle that analysis of public gene expression databases is
a resourceful and affordable approach to discovering possible new uses for approved drugs.
This approach may provide an efficient alternative to traditional drug discovery methods.

The potential is enormous for pharmacogenomics to yield a powerful set of methods with
which to individualize therapy for patients. The question now is whether clinical medicine is
ready to accept these methods as standard-of-care tools.

Translation
The continuum of pharmacogenomics research is complex, ranging from gene discovery to
clinical trials. (Figure 1) Advances in pharmacogenomics offer significant potential to
improve the clinical outcome of individual patients. However, the translation of
pharmacogenomics research findings into clinical practice has been slow in most settings.

Barriers to Translation of Pharmacogenomic Testing
Clinicians face many challenges to implementing pharmacogenomics in clinical practice,
and the end result is that drugs are prescribed to patients whose relevant genotype is
unknown. For example, codeine is still prescribed to patients whose CYP2D6 genotype is
unknown, despite strong evidence that patients who are CYP2D6 poor metabolizers are not
likely to experience analgesia, and ultrarapid metabolizers are at increased risk of toxicity.
The challenges to widespread implementation are many, and include poor availability and
scope of clinicians’ education in pharmacogenomics. Recent surveys of pharmacists and
physicians in the U.S. reveal that many feel inadequately educated in
pharmacogenomics.49-51 Reported deficiencies included knowledge about what tests are
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available, how to procure them, and how to interpret and apply the results to a patient’s care
in the context of other clinical variables. 49,52 Interestingly, survey results have shown that
clinicians who felt well-informed about the availability and applications of testing and had
received pharmacogenomics instruction as part of their formal education were more often
early adopters of pharmacogenomic testing.49

Cost is another barrier to the implementation of pharmacogenomics into routine clinical
practice. In today’s economic environment, fiscal restraint is a top priority for both
healthcare payers and healthcare providers. The results of a number of recent studies
evaluating the clinical validity and utility of pharmacogenomic tests provide incentive for
reimbursement of genetic testing and investment in implementation strategies.53-55

Pharmacy benefit managers such as Medco are partnering with health care organizations
such as the Mayo Clinic to determine the benefit of modifying pharmacotherapy on the basis
of genotyping. One such partnership found that CYP2C9 and VKORC1 genotyping of new
warfarin recipients resulted in a 43% lower risk of hospitalization for bleeding or
thromboembolism.56

One factor complicating cost-benefit analysis is the cost of genetic testing itself. The
rapidity of probing a patient’s genome for variants continues to increase while the cost
decreases as technology advances. Because the cost of genotyping is expected to decrease
over time, it has been argued that any cost-benefit analysis should assume that the cost of
genotyping is negligible.57 Previous benefit analyses, which used much higher cost figures,
are likely to underestimate the cost-effectiveness of clinical pharmacogenomics. In the
future, the cost of pharmacogenomics testing will shift from genotyping costs to the expense
of personnel who interpret the results, produce reports for clinical use, and oversee the
technology.

The increasing number of clinically relevant genes and their variants will soon far exceed
the capacity of a clinician’s memory or ability to integrate them into clinical decision
making. Fortunately, the difficulties of reporting, organizing, and interpreting complex
pharmacogenomic test results will be reduced by the continuing adoption of electronic
medical records. Further, in a system-based model of healthcare, expert collaboration,
clinical guidelines, and knowledge-based decision support systems will be available to guide
selection of therapy options. Decision support alerts allow point-of-care interventions and
guide gene-based drug dosing months or years after a genetic test result is reported.
Although the increased use of technology will enable integration of pharmacogenomics into
clinical practice, the fragmentation of technology between health care systems will prevent
the transfer of genetic test results between health care settings. Ultimately, the goal will be
to overcome the fragmentation of health care databases so that genetic test results will
follow patients from one healthcare setting to the next over the patient’s lifetime. As more
complex, multigenic predictors of therapeutic response are identified, clinicians will
increasingly rely on powerful decision-support tools to implement new testing protocols in
clinical practice.

Even if genetic test results are conveyed to clinicians, consistent interpretation of the results
remains an issue. The star-allele nomenclature was created to standardize genetic
polymorphism annotation for the cytochrome P450 genes, wherein a discrete star allele
represents either a single genetic variant or a haplotype (www.cypalleles.ki.se). However,
translation to star-allele nomenclature itself can be problematic as new variants are
continuously being described and published.58 For the many well-characterized
pharmacogenes (e.g., CYP2D6, CYP2C19, CYP2C9, TPMT) with extensive population
frequency linkage data that facilitate the use of star-allele nomenclature for genomic
variants, assignment of a likely diplotype, or specific genetic variant combination, is
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possible.58 Because the function of the most commonly reported alleles has been described,
a phenotype can be predicted for each patient and utilized for clinical recommendations. As
the evidence supporting gene-based dosing has grown, there has been a move to develop
specific, peer-reviewed, publicly available guidelines for the dosing or choice of drugs,
based on specific pharmacogenopmic tests. Consortiums such as CPIC and the
Pharmacogenomics Working Group of the Royal Dutch Association for the Advancement of
Pharmacy (both highlighted on www.pharmgkb.org) are working to publish peer-reviewed
guidelines that address practical issues in applying a patient’s pharmacogenomic test results
to individualize therapy.52,59

Successful clinical pharmacogenomic test implementation
Even with the increasing availability of clinical guidelines for specific gene-drug
pairs 42-44,60-62 that clearly indicate how prescribing should be modified based on test
results, actual implementation of dose modifications remains a challenge. At St. Jude
Children’s Research Hospital, we have gained experience in implementing
pharmacogenomic tests in the clinic, first using single-gene tests63 and more recently, using
array-based tests. This experience illustrates some of the steps needed for implementation
and the importance of computational decision support tools.

Many health care practices begin implementing pharmacogenomics on a gene-by-gene
basis; the decision to order a genetic test is individualized and based on the high likelihood
that a “high-risk” drug (one substantially influenced by specific genetic variation) will be
prescribed for any given patient or group of patients. An advantage is that the genetic test
result is likely to be applied by the clinician, at least initially, because the prescribing
decision was, by definition, linked to the ordering of the genetic tests. Pharmacogenomic
test results may then be used as a covariate along with other patient characteristics to dose
medications, as exemplified by warfarin-dosing algorithms that use both genetic and non-
genetic factors to individualize warfarin doses. However, this “per gene” reactive testing has
historically had disadvantages, in that it is expensive, and the turn-around time may be too
slow to be useful for the initial prescribing decisions. In the context of reactive genetic
testing, tests have usually not been ordered for patients who will eventually be prescribed a
high-risk drug.

One example of a method to overcome these disadvantages has been introduced in the field
of antiplatelet therapy. Recently, a novel “bedside” genetic test has been developed to
identify carriers of the CYP2C19*2 allele with a buccal swab (Spartan RX CYP2C19,
Spartan Biosciences, Ottawa, ON, Canada) for the purpose of identifying patients in whom
clopidogrel should be avoided. The rapid nature of this technique is designed to ease the
problem of turn-around time in allowing a pharmacogenomic approach to guiding
antiplatelet treatment after percutaneous coronary intervention (PCI). A proof-of-concept
study indicated that point-of-care genetic testing after PCI can be done effectively at the
bedside,64 providing a valuable step toward improving the feasibility of individualized
antiplatelet therapy.

A second approach to counteracting many of the disadvantages of reactive
pharmacogenomic testing is the option of preemptive pharmacogenomic testing,65 made
possible by the recent availability of inexpensive array-based pharmacogenomic testing
platforms. Unlike individual pharmacogenomic testing for individual drugs, array-based
preemptive testing can include a large number of relevant pharmacogenes that essentially
cover most, if not all, “high-risk” drugs that may be prescribed to any individual, and is
feasible for every patient entering the health care system because of its low cost. The test
results would theoretically be available prior to any prescribing decision, consistent with the
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futuristic vision that patient genomes will be considered in every prescribing decision as an
inherent patient characteristic,66 as are age and allergy status.

Our group has used single-gene tests, e.g. TPMT and CYP2D6, for several years to guide
clinical prescribing decisions for thiopurines and codeine, respectively.13,63,67 More
recently, we have implemented array-based genotyping for clinical purposes in a CLIA-
approved laboratory, using the Affymetrix DMET Plus array, which tests for variants in 225
genes.68 Focusing on only two genes (TPMT and CYP2D6) to start, we have found that 46
of the first 220 patients (21%) had one or more “high-priority” actionable genotypes; thus,
multigene arrays are likely to provide useful results for a substantial number of patients. For
several reasons, we have elected to clinically implement an array-based pre-emptive
genotyping approach via a research protocol (www.stjude.org/pg4kds) rather than as routine
clinical care. One reason is that informed consent from patients is prudent, given that we
will withhold some results: although arrays interrogate hundreds of genes, those for which
there are no clear drug-related recommendations will be withheld from transfer to the
medical record until such time as we have clear clinical recommendations for at least one
drug for each genetic test. Consent is also required to inform patients that we may discover
incidental findings during the course of the study that link a pharmacogene to disease risk,
and to ascertain whether they wish to be notified of such incidental findings. In addition, the
processes of prioritizing gene/drug pairs for clinical implementation, assessing their
utilization, and ultimately communicating and acting on pharmacogenomic test results are
complex and have been developed and tracked most easily in the context of a research
protocol. All decisions on migration of gene/drug pair information into the medical record
are approved by an oversight committee that reports to our institution’s Pharmacy and
Therapeutics Committee, providing a mechanism for tracking integration of
pharmacogenomic tests into the medical record.

Communication of pharmacogenomic test results is a critical step. Results must be
communicated to clinicians and available statically in the medical record and at the point of
care via clinical decision support. In our pharmacogenomics protocol, test results are
translated into genotypes when possible, and each gene’s results are posted to the medical
record with an accompanying written pharmacogenomic consultation. (Figure 2) The
consultation contains information on the pharmacogenomic test result itself, phenotype
assignment, genotype interpretation, basic dosing recommendations for our highest-use
drugs, and a hyperlink to educational sites (Hicks JK, Crews KR, Hoffman JM, Kornegay
NM, Wilkinson MR, Lorier R, et al., unpublished data). The phenotype assignment is
categorized as “routine” or “high-priority” (high-risk); that is, phenotypes that should
prompt alteration of dosing (such as poor or ultrarapid metabolizer of CYP2D6, and
homozygous or heterozygous TPMT deficiency) are characterized as high-priority and
added to the patient’s Problem List in the medical record. High-priority test results are also
communicated to each attending physician via email, and they prompt the firing of alerts to
prescribers and dispensers of high-risk drugs at the point of care.

Decision-support alerts that link high-priority genotypes to high-risk drugs must be
amenable to updates, as data linking additional drugs to known gene variants or linking
additional gene variants to high-risk drugs are constantly emerging. The most practical site
at which to pre-empt potentially dangerous prescribing/dispensing decisions is at the point
of care. For example, after the CYP2D6 genetic test result has been placed in the medical
record to guide codeine prescribing, the test should also guide the prescribing of tramadol
and of tricyclic antidepressants, SSRIs, and many other agents. A system that can
accommodate updates is necessary to allow the addition of high-risk drugs to a single
pharmacogenomic test result.
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A personalized letter describing the results of each gene test is written to each participant at
the time the result (high-priority or routine) is entered into the medical record, and a copy of
the letter is uploaded to the pharmacogenomics section of the medical record and sent to the
attending physician. At present, this “hard copy” letter to the patient is the primary means by
which non-St. Jude clinicians may be informed of the patient’s genetic test results and their
implications, requiring patients to be their own advocates in communicating these results.
The lack of universal access to critical information in patients’ medical records is of course
an issue not only for pharmacogenomics but across the entire health care system. However,
this communication problem in the context of pharmacogenomic test information, with its
lifelong implications for prescribing for each patient, fully illustrates the inefficiency and
suboptimal care inherent in fragmented health care, with its lack of free access to
information in most care settings. It will be an important undertaking to implement a more
comprehensive approach to health care records on a nationwide scale, which will improve
the reporting and disseminating of pharmacogenomic test results. Obviously, the optimal
system will allow inpatient, clinic, and outpatient prescribers and pharmacies access to
pharmacogenomic test results, preferably at the time of prescribing and dispensing.

Influence of pharmacogenomics on drug development
The U.S. Food and Drug Administration (FDA) has required that the labels of several dozen
medicines (e.g., abacavir, carbamazepine, cetuximab, imatinib mesylate, irinotecan,
mercaptopurine, traztuzumab) be revised to include pharmacogenomic information. In the
case of clopidogrel, new findings demonstrated that CYP2C19*2 carriers treated with
clopidogrel were at higher risk of major adverse cardiovascular events, particularly stent
thrombosis, than were non-carriers.69,70 This information was added to the prescribing
information in 2010. A similar action based on evidence of a pharmacogenomic relationship
has been taken for warfarin. In the case of the cancer drug panitumumab, new findings
suggested that patients be tested for KRAS mutations before starting therapy to determine
whether they may benefit from the drug,71 prompting the FDA to issue a new label warning
in 2009. Changes in drug labels are likely to be ongoing as evidence for gene-drug
associations continues to emerge for both approved drugs and new agents.

In recognition of the role that pharmacogenomics data play in evaluating drug safety and
efficacy, in 2003 the FDA initiated a voluntary data exchange program (i.e., safe harbor
agreement) through which companies may voluntarily submit genomic data with their new
drug applications; many drug companies now do so. Notably, the FDA has recently
approved two genomically-targeted cancer treatments, vemurafenib and crizotinib. In both
cases, the FDA simultaneously approved a diagnostic test developed to identify patients
eligible for treatment with the agent. Vemurafinib, a BRAF inhibitor, is approved for
treatment of BRAFV600E mutation-positive metastatic melanoma. Crizotinib, an anaplastic
lymphoma kinase (ALK) inhibitor, is approved for ALK-positive non-small cell lung cancer.
For both drugs, the genomic markers of interest were known to be associated with disease
pathology before either the drug or the associated diagnostic test was approved. Both drugs
are intended for patient subpopulations with limited treatment options, and the FDA worked
with the sponsors to grant accelerated approval to quickly bring these treatments to market.
Both of the drug and diagnostic test combination products were approved on the basis of
data from two single-arm studies; in these cases, sponsors were not required to enroll
biomarker-negative patients, signaling a break from the FDA’s historical preference for at
least one well-controlled, randomized study comparing an investigational anticancer agent to
the standard of care. These approvals represent a proof of concept that the approval process
can help speed the translation of a targeted therapy from science to practice. The growing
frequency with which companion diagnostic tests accompany new agents will continue to
spur the implementation of pharmacogenomics in an increasing number of therapeutic areas.
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Future directions
Pharmacogenomics research is making steady progress toward understanding how genes
influence drug responses and disease outcomes. To prepare for the inclusion of clinical
pharmacogenomics tests as a medical standard of care, medical, pharmacy, and nursing
professionals must significantly expand the availability and scope of pharmacogenomics
education for new and practicing clinicians in all healthcare fields.

For pharmacogenomics, rigorous and systematic measurement of drug response phenotypes
(e.g., drug toxicity, drug response) is often more difficult than is the measurement of
genomic variability. Therefore, clinical trials should routinely include both informed consent
to obtain samples of genomic DNA (and cancer cell DNA, when appropriate) and the
collection of standardized prospective phenotype measurements for pharmacogenomics
studies.72 Because a specific genotype may be important in determining the effects of a
medication in one population or disease but not in another, gene-drug relationships must be
extensively validated for each therapeutic indication and in different racial and ethnic
groups. Ideally, clinical trial protocols will be designed so that subsequent genomic studies
can be performed as new knowledge about candidate genes grows and as new platforms
emerge. These approaches should facilitate future pharmacogenomic discoveries and their
translation into practice.

It is now time to develop processes for translating pharmacogenomic findings to clinical
care, so that clinicians can use existing and future data to personalize treatment and
prospectively identify patients at high risk of treatment failure due to excessive toxicity or
inferior efficacy. Key components to successful clinical implementation of
pharmacogenomics will include consistent interpretation of pharmacogenomic test results,
availability of clinical guidelines for prescribing based on test results, and knowledge-based
decision support systems. Pharmacogenomic discoveries hold promise for optimizing
treatment, for developing more effective therapies, and ultimately, for improving patient
outcomes.
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Figure 1.
The pathway of pharmacogenomics, from science to implementation.
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Figure 2.
Steps involved in translating a genotype test result into therapy recommendations in a
patient’s health record. Several well-characterized genes have variants which can be
translated into likely star-allele (*) nomenclature and from there into diplotypes, or specific
genetic variant combinations. Each diplotype is translated into a probable phenotype, which
drives dosing recommendations for affected medications. The steps required vary based on
whether the result is determined to be high-priority or routine, where high-priority refers to a
result that has an actionable gene-based dosing recommendation. Dosing recommendations
can be delivered to the clinician by static written pharmacogenomic consultations in the
electronic medical record (EMR), and by decision-support based automated alerts which fire
when an affected drug is ordered to a patient with an actionable pharmacogenomic test
result. Patients are informed about each phenotype result and, if necessary, about
recommended changes to therapy.
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