
Pharmacogenetics — the study of the asso-
ciations between the genetics of individuals 
and their response to drugs, which is a sub-
set of pharmacogenomics (BOX 1, note 1)  
— has become an important tool for drug 
development and in regulatory review1–5.  
So far, results from studies with a pharmaco­

genetics component have been used for 
several purposes including the following: 
elucidating the molecular or mechanistic 
basis for lack of drug efficacy or occurrence 
of adverse drug reactions (ADRs); clarifying 
variability in clinical response to drugs by 
ruling out the role of pathways involving the 
protein products of well-known polymor-
phic genes as clinically significant contribu-
tors to variable drug pharmacokinetics (PK) 
and/or pharmacodynamics (PD) parameters; 
estimating the magnitude of potential drug–
drug interactions (DDIs); and designing 
clinical trials to test for greater treatment 
effect in genetic subpopulations5.

Recently, the European Medicines 
Agency (EMA) published a guideline on the 
role of pharmacogenetics methodologies in 
the evaluation of drug PK properties and the 

US Food and Drug Administration (FDA) 
published a draft guidance on the use of clin-
ical pharmaco genetics in early-phase clinical 
studies. These documents, along with simi-
lar guidelines from the equivalent agency 
in Japan (the Pharmaceuticals and Medical 
Devices Agency (PMDA)), are expected 
to affect drug development by providing 
a framework for using pharmacogenetics 
data throughout a drug’s life cycle: from the 
preclinical phase to post-marketing pharma­

covigilance. After providing brief background 
information on how genetic variations can 
affect drug response, the aim of this article 
is to describe the guidelines from the EMA, 
the FDA and the PMDA, focusing on critical 
issues for the use of pharmacogenetics  
during drug development related to drug PK 
parameters. These include the use of thresh-
old values to guide decisions on the imple-
mentation of pharmacogenetics in different 
phases of drug development, and require-
ments for DNA sampling, genotyping and 
phenotyping (TABLE 1). This article also aims 
to compare the current guidelines from each 
agency and highlight future perspectives.

Genetic variants and drug response

The responses to virtually all drugs can vary 
between individuals owing to intrinsic fac-
tors (such as age, health and genetics) and/
or extrinsic factors (such as diet, the use of 
concomitant drugs and adherence) that  
may affect drug PK and/or PD parameters. 
In recent years, our understanding of the 
influence of genes on interindividual dif-
ferences in drug response has developed 
rapidly with the availability of the human 
genome sequence and technologies that 
allow high-throughput genotyping3,4,6. 
Examples of genetic variants that influence 
drug response include single nucleotide 
polymorphisms (SNPs), insertions and  
deletions, and copy number variations.

An individual’s response following 
administration of a drug depends on several 
factors. First, genes relevant to the drug’s 
absorption, distribution, metabolism and 
excretion (ADME), which determine PK 
properties; second, genes that encode drug 
targets — either intended or unintended 
— and their associated pathways, which 
determine PD properties; and third, genes 
that influence disease susceptibility or 
progression (examples of each category are 
given in TABLE 2). Although genetic vari-
ants affect both the PK and PD parameters 
of drugs, thereby contributing to hetero-
geneous clinical outcomes (that is, toxicity 
and/or efficacy), this article focuses on 
how genetic variants affect PK parameters 
because the study of genetic variants related 
to PK properties, especially in terms of drug 
metabolism, is a relatively mature field in 
which sufficient data and experience within 
the regulatory agencies are available to pro-
vide detailed guidance. For certain drugs, 
for example, in oncology, genetic variants 
directly related to PD parameters may be 
more important than genetic variants related 
to PK properties in influencing variability in 
drug response, but we have fewer examples 
to form the basis for regulatory guidance, 
and the strategy for drug development is 
often more complex than linking a genetic 
factor to drug concentrations.

The ADME properties of a drug are 
determined by a complex interplay of sys-
temic (such as cardiovascular) and molecular 
factors (such as drug transport proteins 
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and metabolizing enzymes), with pharma-
cogenetics focusing primarily on the latter 
(TABLE 3). Presently, genes encoding proteins 
involved in drug metabolism have been 
the most extensively studied and are most 
often (~80%) referenced in drug labelling7 
(see also the Table of Pharmacogenomic 
Biomarkers in Drug Labels on the FDA  
website; Further information).

Genetic variants in phase I or phase II 
metabolizing enzymes may lead to the  
following outcomes: increased or decreased 
clearance of the parent drug and/or its phar-
macologically active or toxic metabolites; 
increased or decreased production of active 
metabolites from the respective prodrugs; 
or increased or decreased formation of 
toxic metabolites. In terms of metabolizing 
capacity, the normal (wild-type) phenotype 
is generally defined as the ‘extensive metabo-
lizer’. Relative to the extensive metabolizer 

phenotype, increased metabolism capacity 
occurs in the ‘ultrarapid metabolizer’ pheno-
type, and is usually the result of multiple 
active alleles (copy numbers) or gain-of-
function mutations. Decreased metabolism 
occurs in the ‘poor metabolizer’ phenotype, 
and is often the result of genetic variants 
leading to reduced or abolished expres-
sion or function of the respective enzymes 
(in poor metabolizers the loss-of-function 
genetic variants are usually homozygous). 
Heterozygous loss-of-function genetic 
variants often result in the ‘intermediate 
metabolizer’ phenotype, with a metaboliz-
ing capacity that can range between that of 
extensive metabolizer and poor metabolizer 
phenotypes.

Of all clinically used drugs, 30–50%  
are metabolized by functionally poly-
morphic enzymes8,9, including phase I  
cytochrome P450 enzymes (for example,  

CYP2C9, CYP2C19 and CYP2D6)10  
and phase II enzymes (for example,  
UDP-glucuronosyltransferases, 
N-acetyltransferase-2, sulphotransferases  
and some methyltransferases). Examples  
of drug classes for which genetic polymor-
phisms significantly affect PK parameters in 
genetic subpopulations of patients include 
anti depressants, antipsychotics and anti-
coagulants. Many antipsychotics and  
antidepressants are known CYP2D6 sub-
strates and plasma levels of these drugs at 
the same dosage can vary 5-20-fold among 
individuals. Exposure to anticoagulants, 
such as warfarin and acenocoumarol, is 
dependent on the CYP2C9 genotype of the 
patient11,12, and multiple reports describe an 
increased frequency of ADRs among indi-
viduals with the poor metabolizer pheno-
type, which probably result from increased 
systemic exposure to the parent drug13.  

All links are active in the online PDF.

International Conference on Harmonisation (ICH)

Note 1. ICH guidelines (see also Further information) are developed to 

harmonize approaches to drug regulation in order to facilitate global 

drug development and approval processes. ICH Topic E15 is entitled 

Definitions for Genomic Biomarkers, Pharmacogenomics, 

Pharmacogenetics, Genomic Data and Sample Coding Categories. Step 5 of 

ICH Topic E15 was approved by the Medicinal Products for Human Use, 

European Medicines Agency in November 2007 (EMEA/CHMP/

ICH/437986/2006); published in the notification by the Japanese Ministry 

of Health, Labour and Welfare on 9 January 2008 (PFSB/ELD Notification 
No. 0109013 & PFSB/SD Notification No. 0109002); and published in the 
Federal Register by the US Food and Drug Administration on 8 April 2008 
(Vol. 73, No. 68, 19074–19076).

European Medicines Agency (EMA)

Note 2a. Guideline on the use of Pharmacogenetic Methodologies in the 

Pharmacokinetic Evaluation of Medicinal Products (EMA/

CHMP/37646/2009).

Note 2b. Note for Guidance on the Investigation of Drug Interactions 

(CPMP/EWP/560/95/Rev. 1 Corr.*).

Note 2c. Key Aspects on the Use of Pharmacogenomic Methodologies in 

the Pharmacovigilance Evaluation of Medicinal Products (EMA/

CHMP/917570/2011).

Note 2d. Reflection Paper on Pharmacogenomics in Oncology (EMEA/

CHMP/PGxWP/128435/2006).

Note 2e. Reflection Paper on Co-development of Pharmacogenomic 

Biomarkers and Assays in the Context of Drug Development  

(EMA/CHMP/641298/2008).

Note 2f. Reflection Paper on Pharmacogenomic Samples, Testing and 

Data Handling (EMEA/CHMP/PGxWP/201914/2006).

Note 2g. Reflection Paper for Laboratories that Perform the Analysis or 

Evaluation of Clinical Trial Samples (EMA/INS/GCP/532137/2010).

Pharmaceuticals and Medical Devices Agency (PMDA), Japan

Note 3a. Guideline on Clinical Pharmacokinetic Studies of 

Pharmaceuticals (Notification No. 796; 1 Jun 2001).

Note 3b. Guideline on Methods of Drug Interaction Study  

(Notification No. 813; 4 Jun 2001).

Note 3c. Guideline on General Principles for Clinical Trials Using 

Pharmacogenomics (Notification No. 0930007; 30 Sep 2008) (in Japanese). 

Note 3d. Basic Principles on Global Clinical Trials (Notification No. 

0928010; 28 Sep 2007).

Note 3e. Basic Principles on Global Clinical Trials (Reference Cases) 

(Administrative Notice; 5 Sep 2012).

Note 3f. Guideline on Clinical Evaluation of Anti-Cancer Drugs  

(Notification No. 1101001; 1 Nov 2005) (in Japanese). 

Note 3g. Request to Cooperate in Research Regarding Severe Adverse 

Reactions (Skin Disorder and Rhabdomyolysis) (Notification No. 0926-2; 

26 Sep 2011) (in Japanese).

Note 3h. Guideline on Evaluation of Diagnostic Device for Analyzing 

Genetic Profiles Based on DNA Chips (Notification No. 0404002;  

4 Apr 2008) (in Japanese).

Note 3i. Draft Guideline on Evaluation of Diagnostic Device for Analyzing 

RNA Profiles (3 Jul 2012) (in Japanese).

Note 3j. Scientific Consultation on Pharmacogenomics/Biomarker:  
The Result of Biomarker Qualification for Drug-Induced Nephrotoxicity 
(31 May 2010).

US Food and Drug Administration (FDA)

Note 4a. Guidance on Pharmacogenomic Data Submissions (Mar 2005).

Note 4b. Guidance on Pharmacogenomic Data Submissions — 

Companion Guidance (Aug 2007).

Note 4c. Guidance on Clinical Pharmacogenomics: Premarketing 
Evaluation in Early Phase Clinical Studies (Feb 2011).

Note 4d. Class II Special Controls Guidance Document: Drug Metabolizing 
Enzyme Genotyping System (Mar 2005).

Note 4e. Guidance on Pharmacogenetic Tests and Genetic Tests for 

Heritable Markers (Aug 2007).

Note 4f. Guidance on In Vitro Companion Diagnostic Devices (Jul 2011).

Box 1 | Regulatory documents mentioned in this article
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http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/02/WC500121954.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/02/WC500121954.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/01/WC500120775.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/01/WC500120775.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003866.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2010/07/WC500094445.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2010/07/WC500094445.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003864.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003864.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Regulatory_and_procedural_guideline/2012/05/WC500127124.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Regulatory_and_procedural_guideline/2012/05/WC500127124.pdf
http://www.nihs.go.jp/phar/pdf/ClPkEng011122.pdf
http://www.nihs.go.jp/phar/pdf/ClPkEng011122.pdf
http://www.nihs.go.jp/phar/pdf/DiGlEngFinal011209.pdf
http://www.pmda.go.jp/english/service/pdf/notifications/0928010-e.pdf
http://www.pmda.go.jp/regulatory/file/english_guideline/new_drug/GCT-jirei_en.pdf
http://www.nihs.go.jp/mss/myo/20110926-tsuuchi.pdf
http://www.nihs.go.jp/mss/myo/20110926-tsuuchi.pdf
http://www.pmda.go.jp/operations/notice/2008/file/0404002.pdf
http://www.pmda.go.jp/operations/notice/2008/file/0404002.pdf
http://search.e-gov.go.jp/servlet/Public?CLASSNAME=PCMMSTDETAIL&id=495120142
http://search.e-gov.go.jp/servlet/Public?CLASSNAME=PCMMSTDETAIL&id=495120142
http://www.pmda.go.jp/operations/shonin/info/consult/file/pbm-kiroku-e.pdf
http://www.pmda.go.jp/operations/shonin/info/consult/file/pbm-kiroku-e.pdf
http://www.fda.gov/downloads/RegulatoryInformation/Guidances/ucm126957.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM079855.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM243702.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM243702.pdf
http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/ucm077933.htm
http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/ucm077933.htm
http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM071075.pdf
http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM071075.pdf
http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM262327.pdf


Table 1 | Regulatory coverage of key issues in the application of PGx/PGt in drug development

Issue identified Regulatory agency

European Medicines Agency (EMA) Pharmaceuticals and Medical 
Devices Agency (PMDA), Japan

US Food and Drug 
Administration (FDA)

DNA sampling 
during drug 
development

• Prospective DNA sampling and banking for 
PGx/PGt-related genotype analyses is highly 
recommended — even when there are no 
obvious indications of a relevant genetic 
influence on PK properties — to allow for 
retrospective analyses when clearer links 
between genetic influence and PK variability 
become evident

• Samples for genetic analysis in clinical 
trials are categorized into three 
types depending on the purpose and 
characteristics of the PGx/PGt analysis

• For each category, practical points 
to consider are described, such as 
necessary information to be included 
in the informed consent form and 
study protocol (BOX 1, note 3c)

• Baseline collection and 
storage of DNA samples from 
all participants in all arms of 
all clinical trials is strongly 
encouraged

• Obtain as high sample 
acquisition rate as possible if 
complete acquisition is not 
possible

• Reasons for incomplete 
sample acquisition should be 
described and potential for 
bias estimated

PGx/PGt 
sampling and 
genotyping 
(phenotyping) in 
PK studies

• DNA sampling and genotyping is required 
(see cut-off values below) in the following 
cases: when important PK variability is not 
explained by other intrinsic or extrinsic 
factors; when variability in exposure in 
genetic subpopulations exists that may 
require changes in the posology or treatment 
recommendation of the drug for the specific 
subpopulation; and when a different 
benefit–risk balance in certain genetic 
subpopulations prior to authorization  
needs to be identified

• Alternatively, phenotyping can be used if 
reproducible data can be generated at safe 
levels of the drug in the outlier population

• Genotyping during FIH and further Phase I 
studies is required in the following cases: 
when in vitro data indicate that >50% of the 
drug is predicted to be cleared via a single 
polymorphic enzyme; when results of in silico 
physiologically-based model simulations 
indicate importance of a polymorphic 
enzyme

• Genotyping in Phase II (dose-finding) studies 
is required in the following cases: when 
in vivo data indicate >25% of the parent drug 
is cleared by a functionally polymorphic 
enzyme; when >25% of the in vivo formation 
or elimination of an active metabolite — 
contributing to >50% of the PD effect or 
efficacy — is governed by a functionally 
polymorphic enzyme; when no genotype or 
phenotype, TDM or titration-based dosing 
is applied to normalize drug exposure, even 
though exposure is known to vary because  
of genetic variations

• Genotyping in Phase III for relevant genes 
in all patients is required to confirm the 
following: genotype or phenotype, TDM or 
titration-based dosing approach in genetic 
subpopulations, combined with sparse 
PK sampling; presumed lack of clinical 
significance of the different exposures 
between genetic subpopulations; and (lack of) 
clinical impact when exposure normalization 
is not feasible

• If a polymorphic enzyme is involved in 
the major metabolic pathway of a drug 
it is recommended that the extent to 
which PK parameters are influenced by 
genetic polymorphisms is assessed

• If large interindividual differences in 
PK parameters are expected owing 
to a genetic polymorphism it is 
recommended that the effects of the 
genetic factor are examined

• In the question and answer section 
of the guidance (BOX 1, note 3a) it 
is mentioned that non-Japanese 
clinical PK data may be used for 
regulatory submission if the frequency 
of a particular allele in individuals 
of Japanese ethnicity is rare and 
collection of Japanese PK data on  
such allele is difficult

• Need to assess the possibility of  
drug interaction in consideration  
of a phenotype and/or genotype of 
each patient if a polymorphic  
enzyme is significantly responsible  
for metabolism of a drug

• It is recommended that racial 
variability of genotypes among 
ethnicities is taken into consideration

• If genetic variation in metabolic 
enzymes or transporters is expected to 
affect the PK properties of the drug it 
is recommended that genetic tests in 
PK studies are conducted to examine 
the incidence of genetic variation 
in different ethnicities and the PK–
genotype relationship (BOX 1, note 3e)

• Concrete criteria (numerical values) 
are not specified as to when PGx/
PGt-related PK studies should be 
considered (such matters can be 
discussed on scientific consultation,  
if necessary)

• Recommended in single and 
multiple ascending dose PK 
studies if metabolism is a major 
route of elimination in humans 
and if the drug is primarily 
metabolized (or converted 
to an active metabolite) by 
well-established polymorphic 
genes

• Known differences in 
prevalence of ADME-related 
gene variants among racial 
or ethnically distinct groups 
should be considered and 
selected genetic markers 
should occur with acceptable 
prevalence in the population 
studied

• Screening of subjects in 
early clinical trials using high 
throughput methodologies (for 
example, ADME ‘gene chips’) 
may be considered instead 
of targeted candidate gene 
approach

• If genotypes are found 
to be of relevance in 
predicting exposure in early 
trials, subsequent patient 
studies should be designed 
accordingly (genotype 
based dose-adjustment, 
dose-stratification)

PGx/PGt 
sampling and 
genotyping in PD 
studies

• Although it is not the main focus of the 
guideline (BOX 1, note 2a) research is in 
progress

• However, it is partly covered by the  
reflection paper on PGx in oncology  
(BOX 1, note 2d)

• Partly described in the guideline of 
clinical evaluation for anti-oncology 
drugs (BOX 1, note 3f)

• Such matters can be discussed on 
scientific consultation if necessary

• If genotypes are found to be 
of relevance in predicting 
drug effect in early trials, 
subsequent patient studies 
should be designed accordingly 
(for example, enrichment or 
stratification designs)
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By contrast, excessive prodrug activation 
may affect the safety of codeine, tramadol 
(both of which are CYP2D6 substrates) 
and clopidogrel (a CYP2C19 substrate) in 
individuals with the ultrarapid metabolizer 
phenotype13. In 20% of Asians bearing the 
CYP2C19 poor metabolizer phenotype, 
the activation of clopidogrel is diminished, 
thereby resulting in lower anticoagula-
tion effects and lower protection against 
cardio vascular events14–16. This example also 
illustrates that pharmacogenetically based 
variations in PK properties may affect the 
clinical PD properties of a drug and the 
associated benefit–risk considerations.

At present, most cases in which pharma-
cogenetic information has been included  
in drug labelling to help optimize the  
benefit–risk profile of the drug, such as 

those examples mentioned above, have 
been based on research conducted after the 
regulatory approval of the drug. However, as 
more knowledge has been gained on genes 
involved in drug response (particularly drug 
metabolism), and technological advances 
have aided the timely and less costly char-
acterization of relevant genetic variants 
in patients involved in clinical trials, new 
opportunities to investigate pharmacogenet-
ics during the development of novel drugs 
have emerged. In recognition of this, regula-
tory agencies globally have been developing 
guidance for drug developers for several 
years, with the goal of ensuring satisfactory 
efficacy and lowering the incidence of  
ADRs associated with novel drugs13,14. 

Recently published guidance documents 
from the EMA, the FDA and the PMDA 

provide recommendations on the conduct 
of pharmacogenetics studies at different 
phases of drug development to optimize 
drug PK parameters. The issues discussed 
below include the following: situations 
in which pharmacogenetics studies are 
required or recommended; the banking 
of DNA from trial participants, which can 
help ensure that unknown genetic variants 
or important metabolic pathways can be 
retrospectively identified and their clinical 
effects tested with sufficient power; and the 
translation of knowledge into drug label-
ling (for example, in recommendations for 
dosing adjustments). First, we summarize 
key aspects of the guidances from each 
regulatory agency and then discuss differ-
ences between the guidances and future 
perspectives.

DNA sampling 
and genotyping 
(phenotyping) 
post-approval

• PGx in pharmacovigilance guideline  
in preparation

• It is requested that cooperation is 
needed in research regarding severe 
cutaneous adverse reactions and 
severe adverse reactions (skin disorder 
and rhabdomyolysis) (BOX 1, note 3g)

• Such matters may be discussed during 
a review for a marketing authorization 
and/or on scientific consultation, if 
necessary

• Not currently covered in  
FDA guidances

References for 
sample collection 
and handling

• Covered in the following reflection papers: 
co-development of PGx biomarkers and assays 
in the context of drug development (BOX 

1, note 2e); PGx samples, testing and data 
handling (BOX 1, note 2f); laboratories that 
perform analyses or evaluation of clinical  
trial samples (BOX 1, note 2g)

• Partly covered in the following 
guideline: general principles for clinical 
trials using pharmacogenomics (BOX 1, 
note 3c)

• Such matters can be discussed on 
scientific consultation, if necessary

• Covered in the following 
guidances: pharmacogenomic 
data submission — companion 
guidance (BOX 1, notes 4a,b); 
genomic data and sample 
coding categories (BOX 1,  
note 1)

Authorized PGx/
PGt test

• Covered in the reflection paper on 
co-development of PGx biomarkers and assays 
in the context of drug development (BOX 1, 
note 2e)

• Covered in the following guidelines: 
evaluation of diagnostic device for 
analyzing genetic profiles based on 
DNA chip (BOX 1, note 3h); evaluation 
of diagnostic device for analysing  
RNA profiles (BOX 1, note 3i)

• Consideration paper on 
co-development of a drug with 
biomarker assay is under preparation

• Covered in the following 
guidances: drug metabolizing 
enzyme genotyping system 
(BOX 1, note 4d); PGx tests 
and genetic tests for heritable 
markers (BOX 1, note 4e);  
in vitro companion diagnostic 
devices (BOX 1, note 4f)

Standardization 
for in-house PGx/
PGt tests

• It is anticipated that the evolving legislation 
will address this issue

• Large public procurement networks are in 
place for developing reference standards

• Not currently covered in PMDA 
guidances

• Not currently covered in  
FDA guidances

Genotype testing 
performed by 
general providers

• EU legislation in preparation • Not currently covered in PMDA 
guidances

• Not currently covered in  
FDA guidances

Validation of 
association 
studies

• Research in progress
• Issue is taken into account on a case-by-case 

basis in the ‘qualification of novel 
methodologies for medicine development’ 
process (see Further information)

• Issue is taken into account on a 
case-by-case basis in the special 
consultation of PGx and biomarkers  
or regular scientific consultation  
(BOX 1, note 3j)

• Independent replication  
of novel markers is 
recommended

ADME, absorption, distribution, metabolism, excretion; EU, European Union; FIH, first-in-human; PD, pharmacodynamics; PGt, pharmacogenetics;  
PGx, pharmacogenomics; PK, pharmacokinetics; TDM, therapeutic drug monitoring.

Table 1 (cont.) | Regulatory coverage of key issues in the application of PGx/PGt in drug development

Issue identified Regulatory agency

European Medicines Agency (EMA) Pharmaceuticals and Medical 
Devices Agency (PMDA), Japan

US Food and Drug 
Administration (FDA)
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The new EMA guideline

The new EMA guideline (BOX 1, note 2a)  
provides information on several critical  
issues for the implementation of  
pharmacogenetics into the PK-related 
evaluation of novel drugs (TABLE 1). The 
Pharmacogenomics Working Party (PGWP; 
see Further information) at the EMA out-
lined the first reflection paper on the use 
of pharmacogenetic methodologies in 
the PK evaluation of medicinal products 
in 2007. Since the beginning of 2009, this 
initial paper was subsequently updated 
and upgraded into a guideline. In doing 
so, the PGWP built an intimate collabora-
tion with the Pharmacokinetics Working 
Party (PKWP; see Further information) of 
the Committee for Medicinal Products for 
Human Use (CHMP; see Further informa-
tion) at the EMA. In 2010, the draft version 
of the guideline was opened to the public 
for consultation, and subsequent comments 
from external academic and industrial 
parties were implemented. The CHMP 
approved the new guideline in February 
2012 and it entered into force in the 
European Union in August 2012.

The EMA guideline describes the situ-
ations and stage(s) throughout the clinical 
development programme for which phar-
macogenetics-related PK studies should be 
performed. It states the regulatory consid-
erations and/or requirements (for example, 
related to study design, selection of subjects 
and sampling) for pharmacogenetics-related 
PK studies that investigate the effects of 
polymorphisms at the ADME level (such 
as enzymes, drug transporters, binding 
proteins and other relevant proteins). It also 
provides information on when the clinical 
impact of genetic differences on PK param-
eters should be evaluated, as well as advice 
on the type of supporting studies that may 
be needed for posology and treatment rec-
ommendations for genetic subpopulations. 

Moreover, it discusses the possible con-
sequences of genetically determined dif-
ferences in PK parameters for treatment 
recommendations and labelling. Finally, 
special considerations on the integration 
of DDIs, as well as the effect of impaired or 
immature organ function in conjunction 
with pharmacogenetics-related PK studies 
are given.

Below, we summarize and directly 
compare key principles of the EMA guide-
line with those from the FDA and PMDA 
guidelines that are relevant for the following: 
situations and stages of drug development 
for which the effect of pharmacogenetics 
on PK properties should be considered; 
DNA sampling during drug development; 
the evaluation of the clinical consequences 
due to genetic variants; and the transla-
tion of those consequences into treatment 
recommendations.

When pharmacogenetic studies for PK 
properties are required or recommended. 
The EMA guideline distinguishes between 
required and recommended procedures 
throughout the drug development process. 
The discrimination between these terms 
is based on cut-off values that define an 
“important pathway” for decision-making 
purposes (FIGS 1,2). Studies evaluating the 

effect of pharmacogenetics on the PK 
parameters of an active substance (parent 
drug and/or its active metabolites), as well as 
the implications for efficacy and safety, are 
generally required when the magnitude of 
interindividual variation in exposure is likely 
to negatively influence the efficacy and/or 
safety in genetically defined subpopulations. 
Factors that identify such situations are listed 
in BOX 2.

If important interindividual variability in 
PK properties is observed and no apparent 
genetic polymorphism that can predict the 
PK outliers has been identified, dose adjust-
ment in further phases of the development 
programme can be based on phenotyped 
individuals. Factors identifying situations in 
which studies of the effects of pharmacoge-
netics on the PK parameters of an active sub-
stance and their implications for efficacy and 
safety are generally recommended are listed 
in BOX 2. Genotyping or phenotyping is not 
required during the clinical development 
programme when the results of PK studies 
obtained before the first-in-human investi-
gations clearly demonstrate that the impact 
of pharmacogenetics is irrelevant to the 
clinical outcome of the medicinal product.

Requirements for DNA banking. In all 
clinical phases of development, prospective 
banking of DNA for genotyping is highly 
recommended, even when there are no 
obvious indications of a relevant genetic 
influence on PK properties. These strong 
recommendations ensure that unknown 
genetic variants or biochemical pathways of 
importance can be retrospectively identified 
and their clinical effects tested with adequate 
statistical power. It is important to keep in 
mind that during the different phases of 
drug development, only a limited number 
of patients can be included, and rare ADRs 
may only become apparent after marketing 
(that is, at Phase IV) when a larger number 
of patients have received the drug. Such a 
situation is exemplified by clopidogrel, for 

Table 2 | Examples of genes affecting PK, PD or disease susceptibility or progression

Area involved Treatment or disease Gene involved

ADME (PK) Clopidogrel CYP2C19 variants14–16

Simvastatin SLCO1B1 variants13,32

PD Vemurafenib BRAF variants (for example, BRAF-V600E)47

Cetuximab and panitumumab KRAS variants (for example, wild-type KRAS)48

Disease 
susceptibility or 
progression

HIV CCR5 variants (that is, CCR5-Δ32)49

Rheumatoid arthritis HLA-DRB1 and HLA-DRB4 variants50

ADME, absorption, distribution, metabolism and excretion; CCR5, chemokine (C-C motif) receptor 5; 
CYP2C19, cytochrome P450, family 2, subfamily C, polypeptide 19; HLA-DRB, major histocompatibility 
complex, class II, DR beta; PD, pharmacodynamics, PK, pharmacokinetics; SLCO1B1, solute carrier 
organic anion transporter family, member 1B1.

Table 3 | Systemic and molecular factors affecting ADME properties

Property Examples of systemic factor Examples of molecular factors

Absorption Gastrointestinal function,  
lung function

Variants in genes encoding drug 
transporters and channel proteins

Distribution Cardiovascular function Variants in genes encoding drug 
transporters and channel proteins

Metabolism Liver function, kidney function Variants in genes encoding enzymes 
involved in phase I and phase II of 
metabolism

Excretion Gastrointestinal function,  
liver function, kidney function

Variants in genes encoding drug 
transporters and channel proteins
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A single functionally polymorphic enzyme is responsible for >50% of 
drug metabolism

In vitro metabolism studies with human enzymes before human exposure

Genotype all individuals included in the study

Adjust starting dosage according to genotype

Phase I
First in human

If feasible, study PK in genetic subpopulations
and/or use inhibitors for specific enzymes

>25% of the drug metabolized by a single
functionally polymorphic enzyme (in vivo)

Genotype all individuals included in Phase I
and the next phases

No further pharmacogenetics
investigations required

Further exploration

Outliers
• Interindividual differences in PK cannot be
 explained by other intrinsic or extrinsic factors

• Genotyping
• Phenotyping
• GWAS

Phase I

Yes

Yes

No

No

Yes

Yes

No

No

which activation by polymorphic enzymes 
was identified only after the drug was in 
wide clinical use14; if stored DNA samples 
were available it would have probably  
facilitated clarification of the consequences.

Integrating pharmacogenetics effects on PK 
properties into drug development. In the  
following subsections, recommendations are 
made on how to implement pharmacogenetics 
during the different phases of drug develop-
ment, starting with the in vitro studies that 
are conducted before clinical investigation  
in Phase I–IV studies (FIGS 1,2). The final 
goal of the clinical development programme 
should be to obtain a clear dosing or  
treatment recommendation at the time  
of marketing authorization that yields  
effective and safe treatment not only in the  
main population, but also in genetically or 
phenotypically defined subpopulations.

In vitro studies before human exposure. 
In vitro metabolism studies using human 
enzymes should be conducted before Phase I 
(BOX 1, note 2b). Such studies preferably 

include identification of in vitro metabolizing 
enzymes, and the identification and char-
acterization of metabolites formed through 
candidate metabolic pathways (both pharma-
cologically active and/or toxic metabolites of 
the drug). In the EMA guideline, a pathway 
can be considered “important” when in vitro 
data indicate that >50% of the drug is cleared 
by a single polymorphic metabolizing enzyme. 
Although arbitrary, it is assumed that the 
increased drug exposure under these condi-
tions is likely to be relevant for efficacy and/
or safety, as such a reduction in drug clearance 
could double the intended exposure in vivo, 
which is typically equivalent to increasing the 
dose to the next level in an early PK study.  
The aim of this cut-off level is to avoid indi-
viduals with a poor metabolizer phenotype 
from being exposed to unsafe doses.

Involvement of drug transporters may 
also be indicated by in vitro data obtained 
before Phase I trials. The in vivo importance 
of a drug transporter may be implied through 
use of animal models and in vitro systems 
or from information on similar substances. 
It may be difficult to make quantitative 

predictions of the in vivo contribution of 
drug transport proteins and no cut-off values 
for these entities have been provided in the 
guideline thus far.

Phase I (exploratory, first-in-human). When 
the in vitro data indicate that >50% of the 
drug is cleared by a single functionally poly-
morphic enzyme, it is advised to genotype 
the relevant gene in the first-in-human study 
population to avoid safety issues related to 
genetically determined differences in active 
substance exposure (FIG. 1). Subjects with a 
genotype predicted to result in markedly 
increased exposures of active drug or its 
metabolites should preferably be allowed 
to participate in the first-in-human study 
only at doses lower than those expected to 
be safe in individuals that have an extensive 
metabolizer phenotype.

Phase I (further exploration). In this phase, 
the relative contribution of an important 
polymorphic enzyme on the in vivo PK 
properties of a drug or active metabolite is 
investigated. It is recommended to inves-
tigate the relevance of the genotype of an 
important metabolizing enzyme on the PK 
parameters of a drug in a conventional PK 
study within genetically defined subpopula-
tions whenever feasible (FIG. 1).

When this is impractical, and when there 
is ample supporting scientific literature 
or validated data available, the effect of a 
genotype may be confidently mirrored by 
treatment with an inhibitor of the respective 
metabolizing enzyme, and the effect of the 
polymorphism could be estimated from the 
results. In such cases, it is important to con-
sider off-target effects of the respective inhib-
itors. If a marked effect of a polymorphism 
is confirmed in vivo (arbitrarily defined in 
the EMA guideline when >25% of the parent 
drug is cleared by the polymorphic enzyme 
in vivo), it is recommended to genotype the 
indicated genes in as many of the Phase I 
studies and the next phases as possible.  
This is to maximize the amount of supporting 
data for recommendations utilized for  
studies in genetically defined subpopulations. 
Moreover, where relevant, it is necessary to 
expand the Phase I study and evaluate  
relevant drug interactions and consequences 
of impaired or immature organ function in 
defined subpopulations. The >25% cut-off is 
consistent with that applied to DDIs (BOX 1, 
note 2b).

Phase II (dose finding, exploratory). The 
ultimate aim of Phase II investigations is 
to optimize the posology and design of the 

Figure 1 | The European Medicine Agency’s decision-making tree for in vitro studies prior to 

human exposure and Phase I studies. For polymorphic enzyme systems for which well-validated 

in silico physiologically based pharmacokinetic (PK) models have been developed, pharmacogenetics 

differences in humans may be predicted and used as a guide for clinical study design with respect to 

pharmacogenetics investigation. GWAS, genome-wide association study.
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A single functionally polymorphic enzyme is responsible for
>25% of drug metabolism in vivo

Phase I

Genotype- or phenotype-based dosing 
or apply TDM or biomarker approach

Phase II

Outliers
• Interindividual differences in PK cannot be
 explained by other intrinsic or extrinsic factors

• Genotyping
• Phenotyping
• GWAS

Phase II

Yes No

Study dosing
in ‘intermediate
metabolizer’
phenotype

• Genotype- or
 phenotype-based
 dosing or 
• TDM or biomarker
 approach in
 Phase III

Study unadjusted
dose also in genetic
subpopulations
in Phase III

Study unadjusted
dose in genetic
subpopulations

Yes No

No

Yes

Yes

No

No further pharmacogenetics
investigations required 

Phase III studies, including the decision of 
whether genotype-based dosing should be 
applied or not. Potential clinically relevant 
pharmacogenetic influences on drug PK 
properties from Phase I studies must be 
considered in the design of Phase II stud-
ies, either by investigating genotype-based 
or phenotype-based dosing or exploring 
therapeutic drug monitoring (TDM) or 
biomarker-guided dosing (FIG. 2).

When Phase II data indicate that the 
difference in exposure observed between 
genetically defined subpopulations is indeed 
likely to be of clinical importance, individuals 
with an intermediate metabolizer phenotype 
should be investigated in a further PK study. 
If the sponsor decides that dose adjustment 
is not needed based on genotype, TDM or 
biomarker data, the exposure level obtained 
with an unadjusted dose in the genotypically 
defined subpopulation should also be used in 
Phase II studies.

Phase III (confirmatory). When data from 
Phase II studies indicate a significant dif-
ference in exposure or distribution of the 
drug or metabolite within the genetically 
or phenotypically defined subpopulation, 

genotyping and/or phenotyping of all rel-
evant genes in all patients in Phase III trials 
is required and doses need to be adjusted 
accordingly. There are several ways to apply 
knowledge regarding the likely consequences 
of a polymorphism on the efficacy and/or 
safety to designing a Phase III trial (BOX 2).

For polymorphic drug transport pro-
teins, plasma levels may not vary between 
different genotypes. Instead, altered intra-
cellular or inter-organ distribution may 
occur (affecting target exposure at the cellu-
lar level). The consequences here depend on 
the relationships between the local exposure 
and PD properties of the drug. If indicated, 
genotyping for the relevant drug transporter 
genes is encouraged.

Phase IV (post-marketing). At the time of 
marketing authorization, information on the 
safety of a drug is relatively limited owing 
to factors including the low numbers of 
subjects (together with genetic subpopula-
tions) in clinical trials, restricted inclusion 
criteria and restricted conditions for drug 
treatment. Furthermore, rare but serious 
ADRs may be identified late in development, 
or may only be discovered and characterized 

after marketing authorization and increased 
population exposure. Therefore, systematic 
consideration of pharmacogenetics in the 
risk management plan (RMP) is warranted.

The EMA is currently formulating a 
guideline on the use of pharmacogenomic 
methodologies in pharmacovigilance (BOX 1,  
note 2c). Retrospective analyses on the 
collection of stored, high-quality genomic 
material during clinical trials or after obtain-
ing marketing authorization may prove 
indispensable for clarifying the contribution 
of pharmacogenetics to observed ADRs or 
lack of efficacy. For retrospective analyses, 
it is essential that the genomic informa-
tion can still be linked to sufficient clinical 
information from the respective patients. 
Furthermore, these types of analyses are 
more effective with a larger amount of data 
(DNA and respective clinical information). 
Therefore, as stated in the EMA guideline, 
DNA samples from all individuals enrolled 
in clinical studies (Phases I–III) should 
be stored.

Involvement of relevant polymorphic 
proteins identified during Phases I to IV. 
FIGURE 1 and FIGURE 2 outline an ideal situ-
ation for the decision-making process (that 
is, the potential effect of pharmacogenet-
ics on PK parameters is detected early in 
drug development and further investigated 
throughout the remaining phases of clini-
cal development) as conceived by the EMA. 
However, in reality, it is likely that knowl-
edge regarding the potential effect of phar-
macogenetics on drug PK properties will be 
limited at the initial stages of clinical devel-
opment. Under such conditions, acquired 
PK data, as well as clinical efficacy and safety 
information obtained at later developmental 
stages, may trigger the need for pharmaco-
genetics-guided studies for evaluating the 
impact of pharmacogenetics on the clini-
cal outcome. Such situations may arise on 
the following occasions: first, a previously 
unknown or sparsely studied functionally 
polymorphic enzyme or drug transporter is 
found to be involved in the metabolism or 
transport of the drug. Second, the enzyme or 
drug transporter involved in the metabolism 
or transport is known but there is no prior 
knowledge regarding functional polymor-
phisms of the gene. Third, PK outliers are 
observed throughout Phases I to IV.

For the first and second scenarios, 
appropriate standard pharmacogenetic con-
siderations need to be implemented in the 
subsequent evaluation of the drug. Special 
attention must be paid to outliers (as in 
the third scenario) whereby an important 

Figure 2 | The European Medicine Agency’s decision-making tree for Phase I and Phase II 
studies. For polymorphic enzyme systems for which well-validated in silico physiologically based 

pharmacokinetic (PK) models have been developed, pharmacogenetics differences in humans may 

be predicted and used as a guide for clinical study design with respect to pharmacogenetics inves-

tigation. GWAS, genome-wide association study; TDM, therapeutic drug monitoring.
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PK alteration may be caused by a rare but 
functionally relevant genetic variant. For 
outliers occurring during Phase I and II 
trials, additional investigations including 
detailed genotyping (beyond known candi-
date genes), phenotyping and/or genome-
wide association studies are recommended 
(FIGS 1,2). Proactive analyses of all possible 
pertinent genes are recommended in such 
cases. To further guide drug development, 

meta-analyses on pooled data from different 
PK or clinical studies can be considered.  
If possible, the included studies should be 
similar with respect to non-genetic factors that 
may affect the PK parameters of a drug. For all 
three scenarios, population PK analyses may 
be used as a hypothesis-generating tool.

Conclusions from retrospective analyses 
carried out in response to emerging data 
may be acceptable for genetic issues related 

to PK parameters if they are mechanisti-
cally supported by available in vitro or PK 
information. In this case, it is preferable that 
DNA from a representative proportion of 
patients enrolled in the Phase I, II and III 
studies should be available. If new genetic 
associations are discovered from retrospec-
tive analyses, complementary in vitro or 
PK examinations aimed at investigating the 
mechanism of action and confirming the PK 
consequences are expected to be carried out.

Clinical consequences of genetic variants 
and translation into treatment recom-
mendations. The clinical consequences of 
observed variability in drug exposure due 
to genetic variants in genetically defined 
subpopulations depend on the following: 
first, the magnitude of drug exposure caused 
by the polymorphism; second, the relation-
ship between PK and PD properties of the 
drug; third, the relationship between drug 
dose and clinical effect/ADRs; and fourth, 
the severity of possible ADRs and/or clinical 
consequences of reduced efficacy.

Dosing recommendations should ensure 
that patients receive effective and safe drugs. 
In principle, unless it is reliably shown that a 
difference in active substance and metabolite 
exposure has little consequence for efficacy 
and safety, the EMA expects genetic variants 
to be compensated with dose adjustments. 
For this, either genotype-based or pheno-
type-based dosing can be applied or individ-
ual dose titration based on TDM can be used 
to improve efficacy or reduce ADRs. If dose 
titration based on clinical markers is applied, 
data showing satisfactory efficacy and/or  
safety of the drug within the genetically 
defined subpopulation must be provided.

The PMDA, Japan, guideline

The PMDA has been promoting the use 
of pharmacogenetics in drug development 
through multiple efforts, such as forma-
tion of guidelines (in collaboration with the 
Ministry of Health, Labour and Welfare)  
and conducting scientific consultation with 
the pharmaceutical and medical device 
industries and biomarker qualification  
meetings17,18. The following section provides 
an overview of how the current PMDA 
guidelines relate to pharmacogenetics and 
the current perspective of the PMDA on the 
use of pharmacogenetics in drug develop-
ment (TABLE 1).

Evaluation of pharmacogenetics in PK studies.  
Two guidelines relating to PK studies  
published in 2001 (BOX 1, notes 3a,b) recom-
mend that a sponsor should examine how 

Box 2 | Pharmacogenetics studies in the European Medicines Agency guidance

Here, the factors influencing the need for pharmacogenetics investigations are outlined.

Factors describing when pharmacogenetics studies are required

• If in vitro and/or clinical (in vivo) studies indicate that a known functionally polymorphic enzyme 

or drug transporter is likely to be important in the disposition of the drug.

• Or if in vitro and/or clinical studies indicate that a known functionally polymorphic enzyme or 

drug transporter is likely to represent an important factor in the formation, elimination or 

distribution of a pharmacologically active or toxic metabolite.

• Or if clinical studies indicate that substantial interindividual differences in the pharmacokinetic 

(PK) properties of a drug that cannot be explained by other intrinsic or extrinsic factors are likely 

to influence the efficacy or safety of the drug in a genetically variable subpopulation.

Factors describing when pharmacogenetics studies are recommended

• If the available in vitro data indicate that a polymorphic enzyme or drug transporter contributes 

to the PK properties of the active substance, but that the quantitative role is relatively low based 

on the in vitro data.

• Or if there is high interindividual PK variability, or there are PK outliers with higher or lower 

exposure to the active substance that cannot be attributed to other known intrinsic or extrinsic 

factors, but which could possibly give rise to clinical efficacy and/or safety concerns based on 

the existing knowledge.

• Or if major PK differences between ethnic groups cannot be attributed to other known intrinsic 

or extrinsic factors.

Factors describing when pharmacogenetics studies are considered in Phase III studies
• If all previously acquired data suggest (but are insufficient to prove) that a marked difference in 

drug exposure lacks clinical relevance, and no genotype- or phenotype-specific treatment is 

under consideration. In this situation, a goal of the Phase III study should be to confirm this 
presumed lack of clinical significance. The conclusion on comparable efficacy and/or safety 

obtained from subjects exposed to high or low levels of the parent drug due to their genotype 

must be supported by conclusive clinical data obtained from those exposure levels. Therefore,  

a sufficient number of genetically defined patients should be included in Phase III (enrichment 

studies). For cases in which the prevalence of the poor metabolizer phenotype is low, an 

additional treatment group that consists of subjects that have the extensive metabolizer 

phenotype and implementation of larger doses may be needed. PK and pharmacodynamics (PD) 

data related to efficacy and/or safety may be supportive of a lack of clinical significance in this 

respect.

• If all previously acquired data suggest that the difference in dosage is likely to be clinically 

relevant, and a genotype- or phenotype-based dosing regimen yielding comparable dosages was 

developed in Phase I and Phase II studies. The posology of active substances used in Phase III 
studies is to be adjusted on a genotype or phenotype basis, and sparse sampling with population 

PK analyses may be applied in the Phase III studies to confirm the dose normalization.

• If all previously acquired data indicate that the difference in dosage is likely to be clinically 

relevant, and dose titration is pursued regardless of genotype (if suitable markers exist).  

The Phase III study should then aim to confirm that there are no efficacy and/or safety concerns 
for the genetically defined subpopulation when the proposed general dose titration is applied. 

PK and PD data related to efficacy and safety may be supportive of clinical significance in this 

respect.

• If all previously acquired data indicate that the difference in exposure is likely to be clinically 

relevant, but owing to the available marketed formulations it is not possible to adjust the doses. 

Patients tested positive for a specific genotype or phenotype (patients at risk) should then be 

excluded from trials.
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genetic variants of metabolizing enzymes 
affect PK parameters and DDIs of drugs.  
It is recommended that genetic tests should 
be incorporated in PK studies in order to 
select a stratified population when marked 
interindividual differences in PK parameters 
of the drug are expected and/or when a 
drug is metabolized mainly by polymorphic 
enzymes. The phenotype and/or genotype 
of an individual subject should be taken 
into consideration when examining possible 
DDIs. In the question and answers docu-
ment attached to the guideline on clinical PK 
studies of pharmaceuticals (BOX 1, note 3a), 
it is also mentioned that if it is not feasible 
to conduct PK studies that include Japanese 
individuals with a poor metabolizer pheno-
type, extrapolation of non-Japanese clinical 
PK data may be considered for review by the 
PMDA.

Compared with the EMA guideline, 
concrete criteria (numerical values) are not 
specified as to when pharmacogenetics-
related PK studies should be considered. 
Although such discussions are currently 
being carried out between the PMDA and 
respective sponsors on a case-by-case basis, 
the general principles are similar to that 
described in the EMA guideline. In addition, 
a significant amount of scientific knowledge, 
such as the influence of drug transport-
ers on PK parameters and experiences of 
pharmacogenetics-related PK studies, has 
rapidly accumulated since these guidelines 
were published.

Requirements for DNA banking. The PMDA 
encourages a sponsor to collect DNA sam-
ples in clinical trials for the prospective and/
or retrospective examination of the involve-
ment of genetic variants in the efficacy or 
safety of a drug. In the guideline published 
in 2008 (BOX 1, note 3c), sample collection in 
clinical trials is categorized into three types 
depending on the purpose and characteris-
tics of the pharmacogenetics analyses.

In the first and second categories  
(category A and B, respectively), genes for 
analysis are specified before the initiation 
of clinical trials and limited to the scope 
of the investigational drug. One difference 
between category A and B is the defini-
tion of the timing for pharmacogenetics 
analyses. In category A, pharmacogenetics 
analyses are conducted throughout clini-
cal trials, whereas the timing of genomic or 
genetic analyses in category B is undefined. 
In the third category (category C), explora-
tory pharmacogenetics analyses that are 
not directly related to the investigational 
drug may be included. Banking of DNA 

samples is allowed only in categories B and 
C. Because all genetic testing is prespecified 
and conducted during clinical trials in cat-
egory A, banking of DNA samples for future 
use is not thought to be necessary.

The PMDA guidelines describe the 
points to consider in planning a pharma-
cogenetics study for each category, such as 
the necessary information to include in the 
informed consent form and study protocol. 
Thus, these documents clearly support the 
collection of DNA samples in clinical trials 
by a sponsor. Although the EMA guideline 
provides more details, both agencies are 
working towards a common goal.

Pharmacogenetics in the globalization of 
drug development. Consideration of phar-
macogenetics is also important in global 
drug development. Pharmacogenetic analy-
sis in multi-regional clinical trials (MRCTs) 
will provide useful scientific data for under-
standing similarities and differences in drug 
responses (efficacy and/or safety) among 
various ethnicities. Specifically, when large 
differences in PK parameters among differ-
ent populations is observed, pharmacoge-
netic analyses are useful for the examination 
of the reason or reasons for the differences 
and to set an appropriate dose for each  
population in later clinical trials (such as  
an exploratory dose-finding study).

When genetic variants in metabolic 
enzymes or transporters are expected to 
affect the PK properties of the investiga-
tional drug, the PMDA encourages the 
conduct of pharmacogenetic analyses in 
MRCTs to characterize the incidence of 
genetic variants in different ethnicities, as 
well as the relationship between PK proper-
ties and genotype. The PMDA has worked 
on a new document describing the points to 
consider in planning MRCTs and evaluating 
the data. This is an accompanying document 
to the former 2007 notification entitled Basic 
Principles On Global Clinical Trials (BOX 1, 
note 3d), and was published in September 
2012 (BOX 1, note 3e).

The US FDA guidance

Approximately a decade ago, the FDA real-
ized that the completion of the Human 
Genome Project would bring with it sig-
nificant advances in personalized medicine 
and that there was a need for pharmaco-
genetically informed drug development19. 
Consequently, several pharmacogenetics-
related programmes (for example, the 
Voluntary Genomic Data Submissions 
Program20,21, which is held regularly with 
EMA) and guidances were developed to 

facilitate communication and translate 
pharmacogenetics into drug development 
and regulation (BOX 1, notes 1, 4a and 4b). 
There has been a subsequent growth in the 
proactive incorporation of pharmacogenetic 
principles into various aspects of clinical 
development (TABLE 1), most notably in 
clinical pharmacology studies and in patient 
selection for later confirmatory studies5.

The FDA draft guidance released for pub-
lic comment in February 2011 (BOX 1, note 
4c) is among the latest in a series of guid-
ances related to individualized therapy and 
stratified medicine. It was formulated to aid 
drug developers and regulatory staff in con-
sidering how to leverage early-phase clinical 
studies to better characterize the genetic 
sources of variability in PK and PD responses 
and in safety predisposition. Improved 
understanding in these areas could aid in 
the design of later phase clinical studies or 
serve as evidence supportive of drug benefit 
relative to risks. The FDA received feedback 
from external stakeholders and is currently 
updating the original draft version.

The following sections provide an over-
view of the FDA guidance and current FDA 
thinking on the potential for genomics to 
help answer questions that arise during early 
drug development. Of note, the guidance 
does not address trial design or statistical 
analyses considerations for later phase, rand-
omized controlled confirmatory clinical tri-
als or co-development of a drug and in vitro 
diagnostic. Rather, it focuses on exploratory 
and observational studies that are intended 
to determine the effect of genetic variants on 
PK and PD parameters, safety or response 
that may generate genomic hypotheses that 
could be applied in late-phase confirmatory 
trials. As with the FDA’s other guidance doc-
uments, this guidance (BOX 1, note 4c) does 
not establish legally enforceable responsibili-
ties for the pharmaceutical industry. Rather, 
it describes the FDA’s current perspective 
and should be viewed only as advice, except 
where specific regulatory or statutory 
requirements are cited.

General pharmacogenetic considerations in 
drug development. To date, the FDA experi-
ence suggests that pharmacogenetic studies 
may contribute to a better understanding of 
interindividual differences in the exposure 
to or efficacy and safety of investigational 
drugs. Additionally, dose–response or con-
centration–response relationships can be 
affected by genetic variants in PD-related 
genes. When considering non-genetic covar-
iates (intrinsic and extrinsic factors), genetic 
differences between individuals can affect 

P E R S P E C T I V E S

NATURE REVIEWS | DRUG DISCOVERY  VOLUME 12 | FEBRUARY 2013 | 111

© 2013 Macmillan Publishers Limited. All rights reserved



patients’ disease trajectory (that is, as prog-
nostic factors) or likelihood for treatment 
response (that is, as predictive factors).

The FDA recognizes the potential utility of 
genetic variants in PK-related or PD-related 
genes in prognostic or predictive enrich-
ment of clinical trials, which in turn could 
enhance clinical phases of drug development 
by increasing the efficiency of clinical trials 
(for example, by decreasing the sample size 
or shortening the treatment duration needed 
to demonstrate a treatment effect — if one 
exists). Preliminary data from early-phase 
trials can serve to inform enrichment 
strategies in later phases of development. 
Furthermore, results from studies with a 
pharmacogenetics component can be used 
in various ways to optimize knowledge about 
a given compound and inform regulatory 
review as previously described5.

Requirements for DNA banking. A major 
issue in the meaningful conduct of pharma-
cogenetic analyses is the availability of DNA 
from a sufficient number of patients. Similar 
to the EMA guidance, the FDA guidance 
strongly encourages baseline collection and 
storage of DNA samples from all participants 
in all arms of all clinical trials. This includes 
exploratory, adequate and well-controlled 
clinical trials that are intended to support 
the effectiveness and safety of a novel drug. 
Complete DNA collection at baseline is rec-
ommended in order to minimize the poten-
tial for biases that may occur from delayed 
sampling. This is likely to be most critical in 
situations in which fatal or morbid condi-
tions are being studied, a high drop-out rate 
occurs or tolerability of treatment is an issue. 
The guidance also recommends storage of 
DNA samples, as questions of drug response 
variability or safety amenable to pharmaco-
genetics investigation can emerge any time 
during drug development and putative can-
didate genes may not have been considered 
in advance of initiating the clinical trial.

The FDA received various comments 
from the public regarding its position on 
the acquisition of DNA samples. Many 
applauded the recommendation of complete 
sample acquisition in the context of early 
exploratory trials as essential for advancing 
the field. Other comments from the public 
posited that complete sample acquisition 
is not practical given the global nature of 
drug development and regional heterogene-
ity of institutional review boards and ethics 
committees in reviewing protocols with a 
pharmacogenetics component. The FDA 
acknowledges the challenges of conduct-
ing clinical trials in the global context. 

Nevertheless, DNA collection is particularly 
important to characterize the role of genetic 
variants for drugs for many reasons. These 
include characterizing high interindividual 
variability in PK or PD properties; multi-
modal distributions for measured PK or PD 
parameters; observed PK or PD differences 
between racial or ethnic groups; narrow 
therapeutic ranges; and potential safety 
issues that have been previously linked to 
genetic predisposition (for example, liver 
injury, severe cutaneous reactions, QT pro-
longation). To the extent that these drug 
characteristics may not be predictable before 
initiating clinical development, the FDA 
considers it good practice to ensure high 
rates of DNA sample acquisition for most 
drugs entering clinical testing. If complete 
acquisition is not possible, efforts should be 
made to obtain as high a sample acquisition 
rate as possible. Additionally, it is important 
to describe specific reasons for incomplete 
sample acquisition, report where the  
“missingness” occurs (for example, domestic 
versus non-domestic) and to estimate the 
potential for bias where possible.

Evaluation of pharmacogenetics in clinical 
pharmacology studies. The FDA guidance 
emphasizes the importance of considering 
data from preclinical assessment in deter-
mining the best approach for integrating 
pharmacogenetics in early-phase clinical 
studies. Subsequent to in vitro studies, clini-
cal pharmacology studies may be used to 
identify a potential association between 
the drug’s PK and PD properties, as well as 
genetic variants in metabolizing enzymes, 
drug transporters and drug targets. In cases 
for which metabolism is a major route of 
elimination in humans and the drug is 
primarily metabolized by well-established 
polymorphic genes (for example, CYP2D6 
and CYP2C19), as identified during preclini-
cal development, the contribution of genetic 
variants to PK variability and subsequently to 
dose or dosing regimen selection in human 
studies should be evaluated. However, 
whereas the EMA guideline recommends 
that the contribution of a specific polymor-
phic metabolizing enzyme to PK variability 
should be assessed when in vitro data show 
>50% of the drug is predicted to be cleared 
by the enzyme, the FDA guidance does not 
propose such a threshold as lesser degrees of 
metabolism could be relevant for drugs with 
a steep exposure–response relationship. 

It is generally recommended that phar-
macogenetics should be considered in single 
dose and in multiple ascending dose PK 
studies. These studies may be able to provide 

information on the influence of common 
ADME gene variants with large effects 
on PK parameters. DNA samples from all 
enrolled subjects in early-phase clinical stud-
ies should be collected for potential analyses 
of the genetic cause of PK outliers, and to 
determine the influence of genetic variation 
on PK parameter distribution. Prospective 
genotyping may be needed when there is a 
high likelihood that a subset of patients will 
experience excessive exposure due to their 
genetically mediated altered drug metabo-
lism (which is particularly relevant if drug 
toxicity is suspected to be dose-related). 
These subjects may either receive an adjusted 
dose in early-phase dose-ranging studies, or 
be excluded from the initial dosing cohorts 
until a better understanding of the in vivo 
relevance of the PK variation has been 
developed.

For cases in which in vitro studies sug-
gest a drug is metabolized extensively by 
a polymorphic enzyme the FDA guidance 
recommends that pharmacogenetic analyses 
should be conducted in single and/or mul-
tiple-dose PK studies to evaluate the impact 
of common genetic variants on in vivo drug 
concentrations (and relevant PD measure-
ments if available). Consideration of known 
differences in the prevalence of ADME-
related gene variants among racial or ethni-
cally distinct groups should be incorporated 
into the planning for such analyses. Selected 
genetic variants (for example, SNPs in genes 
encoding metabolizing enzymes) occurring 
with acceptable prevalence in the population 
should be studied. A dedicated clinical phar-
macology study with targeted, genotype-
based enrolment may be desirable in certain 
situations and should allow for a meaningful 
retrospective analysis.

Attention should also be given to drugs 
for which conversion to an active metabolite 
occurs through a polymorphic metabolism 
pathway, as differences in metabolite expo-
sure among individuals may have implica-
tions for dosing, efficacy and safety. Notably, 
strategies other than a targeted candidate 
gene approach may be useful for assessing 
PK variability in early drug development. 
For example, screening of subjects in early-
phase clinical trials using high-throughput 
methodologies (for example, ADME ‘gene 
chips’) may generate valuable information 
on the sources of PK and/or PD variability.

The FDA guidance recognizes that 
important PK variability of an active par-
ent drug (or metabolites), if observed in 
Phase I trials, should shape the design of 
subsequent clinical studies (for example, 
dose–response studies in genetically defined 
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subpopulations). For cases in which geno-
types are found to be of relevance in predict-
ing exposure and drug effect, this knowledge 
should be used in the design of subsequent 
clinical trials. For example, genotypes can be 
used to select patients for trials (for example, 
enrichment with responders or exclusion of 
patients likely to experience toxicity); stratify 
groups within trials; and adjust doses for tri-
als. This strategy may increase average effect, 
decrease toxicity and improve the chances 
for overall success of the study.

Another important aspect for the design 
of clinical pharmacology studies is the phar-
macogenetic evaluation of dose–response 
relationships. If genotype is shown to be 
associated with systemic exposure–response 
(activity and/or safety) in early PK or PD 
studies, subsequent dose–response studies 
with methodological features including, but 
not limited to, genotype-based dose stratifi-
cation should be considered.

Discussion and future perspectives

The three guidelines described in this article 
represent current regulatory thinking on 
the application of pharmacogenetics in PK 
studies and are intended to complement 
early and continuous scientific discussions 
between drug developers and regulatory 
agencies during drug development. The 
guidelines are primarily relevant for drugs 
that are still under development, and apply-
ing them should help ensure that benefit–risk 
assessments of genetic variants that affect 
drug PK properties are made before drug 
registration, as opposed to post-registration, 
which was the case for older drugs such as 
warfarin, acenocoumarol, codeine, tramadol 
and clopidogrel. With respect to drugs that 
are already registered (original or generic), 
pharmacogenetics-related investigations 
triggered by observations in Phase IV of the 
drug’s life cycle may be necessary, and are at 
the moment underserved by the guidelines of 
the three agencies (TABLE 1). It is an upcoming 

challenge to address these critical issues in 
future guidelines — an exercise under way  
at the different agencies.

Differences between approaches to key 
issues. There are several differences in how 
the three agencies deal with critical issues 
in the application of pharmacogenetics to 
PK parameters and these are highlighted in 
TABLE 4. First, whereas the EMA guideline 
covers preclinical and clinical Phases I–IV, 
with a main focus on PK parameters, the 
PMDA guideline only covers clinical Phases 
I–IV and the FDA guidance focuses only on 
early clinical Phases (I–II). One potential 
factor underlying these differences is that the 
EMA, in contrast to the FDA and PMDA, is 
not systematically involved in early clinical 
trial design, when many facets of pharmaco-
genetics are relevant to drug development. 
This introduces variation in the levels of 
exposure and data to rely upon. Therefore, 
the EMA adopted a pragmatic and focused 
approach that facilitates clinically relevant 
discussions in scientific advice meetings and 
allows for gathering data sets in a defined 
context from a regulatory point of view.

Second, there are differences with respect 
to the stringency of banking of DNA sam-
ples recommended for pharmacogenetics 
analyses. Whereas banking of DNA samples 
is highly recommended by the EMA and 
strongly encouraged by the FDA, it is only 
encouraged by the PMDA and only for those 
cases in which pharmacogenetic analyses are 
not a priori necessary. One factor underlying 
these differences is that DNA banking in 
clinical studies requires approval by regional 
ethics committees, and may also be subject 
to national laws and regulations. Therefore, 
general DNA banking for pharmacogenetic 
studies can only be mandated within the 
guidelines if permitted under legislation 
and the ethics committees agree that this 
procedure is in the interest of the subject 
and/or public; for example, by allowing for 

retrospective analyses in cases in which 
clearer links between genetic influence and 
PK properties become evident. Thorough 
science-based regulatory guidance might 
provide useful information to ethics com-
mittees about the need for pharmacogenetic 
sampling, and encourage the development 
of consistent and robust approaches to the 
oversight of sample collection, data collec-
tion and data protection.

A third area in which there are differences 
among the three agencies is when pharma-
cogenetics-related PK studies are required or 
recommended. The clear in‑vitro/in vivo cut-
off values used to guide developers’ decision-
making during early-phase drug development 
put forward by the EMA are not shared by 
the respective agencies in the United States 
or Japan. The experience of the EMA with 
the respective cut-off values will undoubtedly 
help to stimulate discussion regarding a har-
monization process among the three agencies. 
Such future harmonization of the respective 
guidelines is and will continue to be a major 
challenge, but could substantially aid global 
drug development programmes22 by provid-
ing pragmatic, unified and transparent guid-
ance for drug developers. Such an enterprise 
will, however, also need to involve national 
legislations, as regional ethics committees are 
intimately involved in governing clinical drug 
development.

Other future issues relevant to regulatory 
guidance on pharmacogenetics. A major issue 
in translating well-validated pharmacogenet-
ics-related data into everyday patient care is 
the difficulty in making it useful for clinicians. 
Conversely, the rapid proliferation of non-
validated pharmacogenetics associations and 
tools could be prematurely or inappropriately 
introduced into clinical decision-making. For 
example, research with high-content genome-
wide panels may lead to spurious associa-
tions (dubbed the ‘incidentalome’23–25) that 
could undermine hard-won achievements 

Table 4 | Summary of differences between the three regulatory guidelines on pharmacogenetics

Issue Regulatory agency

European Medicines Agency Pharmaceutical and Medical 
Devices Agency, Japan

US Food and Drug 
Administration

Development phases covered  
in guideline or guidance

Preclinical and clinical development 
(Phases I–IV; focusing on PK)

Clinical development 
(Phases I–IV)

Early clinical development 
(Phases I and II)

Banking of DNA samples Highly recommended Encouraged* Strongly encouraged

Genomic testing Required‡ Recommended Recommended

In vitro cut-off values§ >50% None None

In vivo cut-off values§ >25% None None

*Does not apply to category A (see main text for more details). ‡Is a firm requirement only when in vitro (>50%) or in vivo (>25%) cut-off values are met. §For when 
pharmacogenetics-related testing is required in pharmacokinetics (PK) studies.
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in translating functionally important muta-
tions into adjusted drug dosing. The use of 
“informed cohorts”26 (genetically defined and 
phenotypically characterized subpopulations) 
throughout drug development programmes 
might aid the delivery of expert-vetted rec-
ommendations for drug dose adjustments,  
as well as health-care considerations27.

The EMA is implementing a policy of 
transparency and involvement of stakehold-
ers in collaborations with, for example, the 
PGWP, in open conferences such as the 
recent workshop on Pharmacogenomics: 
from science to clinical care (see Further 
information). This approach will provide 
dissemination of state-of-the-art informa-
tion to ensure balanced understanding of the 
contribution of validated pharmacogenetics 
tests to public health. The ongoing revi-
sions of legislation on in vitro diagnostics in 
Europe will further reinforce the oversight 
of genomic testing and limit inappropriate 
claims. The FDA has also conducted a series 
of open workshops in collaboration with the 
Drug Information Association in order to 
enhance implementation of pharmacogenet-
ics in drug development, to inform policy 
development for pharmacogenetics and to 
increase transparency among stakeholders.

Ongoing and future challenges in the 
area of pharmacogenetics include the suc-
cessful and streamlined implementation of 
drug and device co-development in order to 
bring the clinical utility and implementation 
of a personalized medicine approach to the 
next level. As mentioned in the guidances, 
apart from metabolizing enzymes other 
molecular determinants of ADME include 
drug transporters and/or channels, which 
allow movement of drugs across the plasma 
membrane28. In recent years, a multitude 
of articles describing the possible effects of 
genetic variants of drug transporters on the 

efficacy and/or safety of medicinal products 
have been published29. One example is cer-
tain polymorphisms in SLCO1B1 — which 
encodes the organic anion transporter pro-
tein 1B1 (OATP1B1) — which significantly 
alter the PK properties and associated ADRs 
of drugs such as statins30–32. Importantly, 
genetic variants affecting drug transport may 
also alter target exposure at the cellular level, 
which is more complex to measure and to 
monitor compared to systemic exposure. In 
general, the effects of these genetic variants 
on PK parameters has not been extensively 
evaluated relative to those of metabolizing 
enzymes, and it is anticipated that additional 
functionally important genetic variants 
affecting drug transport will be defined as 
research continues.

Until now, translation of knowledge 
regarding the effect of genetic variants (both 
metabolizing enzymes and proteins respon-
sible for drug transport) into specific regula-
tory recommendations has been challenging. 
With the expected expansion of our existing 
knowledge on such genetic variants and the 
functional interactome33–40 they are involved 
in — as well as emerging research regard-
ing the role of microRNAs, small regulatory 
RNAs and epigenetic alterations of genes 
involved in ADME — it is anticipated that 
the resolution for understanding the basis for 
interindividual differences in ADME gene 
expression and function will exponentially 
increase in coming years, and new tools in 
the field will thus evolve. Regulatory agencies 
are attentive to the evolution of such science 
as it has an impact on various aspects of the 
drug’s life cycle. Therefore, mechanisms such 
as Innovation Task Force meetings, the ‘qual-
ification of novel methods methodologies for 
medicine’ process (see Further Information) 
and scientific advice (provided through the 
regulatory agencies), are available to the 

scientific community to ensure platforms 
for dialogue and the evolution of regulatory 
standards in line with scientific progress.

Finally, as mentioned earlier, even a 
complete understanding of the influence 
of genetic variants on drug PK properties 
would only be one component of what has 
been described as “precision medicine”41. 
For some drugs, genetic variants directly 
related to PD properties — for example, a 
genetic variant in the target protein — may 
be more important than genetic variants 
related to PK parameters in influencing vari-
ability in drug response. This is particularly 
true for targeted medicines for which the 
genetic variant of the pathway is key for the 
clinical effect, such as vemurafenib, cetuxi-
mab and panitumumab. The study of such 
genetic variants is most advanced in the field 
of oncology, which has been the focus of 
particular regulatory attention. For example, 
the experience of the EMA with pharma-
cogenetics in the oncology field has been 
summarized in a reflection paper (BOX 1, 
note 2d), and the need for further regulatory 
guidances will be considered by the regula-
tory agencies in upcoming years. Moreover, 
the effects of genetic variants in drug targets 
and off-targets on interindividual vari-
ability in drug response could be further 
exacerbated if these proteins are part of large 
protein interaction networks (and particu-
larly if they are key nodes), rather than only 
being single components of a targeted path-
way. Ultimately, as highlighted in a recent 
commentary24, precision medicine41,42 “… 
informed by molecular phenotypes, envi-
ronmental modulators of physiology and a 
systems-oriented view of multiple pharma-
cological interactions…”, together with the 
integration of pharmacogenetics13,43–46 into 
PK data, will build the foundation for indi-
vidualized or personalized medicine.

Glossary

Adverse drug reactions

(ADRs). Noxious, undesired or unintended responses to 

pharmacological treatments that occur at dosages used  

for prophylaxis, diagnosis or therapy of diseases.

Enrichment studies

Clinical studies in which patient subsets are enrolled  

or analysed in order to increase the likelihood for 

demonstrating a specific treatment effect (if one exists).

Genetic subpopulations

Groups of individuals sharing the same genetic  

variants. Ethnicity is not included in the context here.

Interactome

The entire set of protein–protein interactions that  

occur in a cell.

Pharmacodynamics

(PD). The desired or adverse biological (for example, 

biochemical or physiological) effect of a drug on the 

body.

Pharmacogenetics

According to the definitions set by the International 

Conference on Harmonisation Topic E15 guideline, 

pharmacogenetics is a subset of pharmacogenomics that 

studies variations in DNA sequence as related to drug 

response.

Pharmacogenomics

According to the definitions set by the International 

Conference on Harmonisation Topic E15 guideline, 

pharmacogenomics is the study of variations in DNA  

and RNA characteristics as related to drug response.

Pharmacokinetics

(PK). How the body affects a drug over a period  

of time as a function of absorption, distribution,  

metabolism and excretion.

Pharmacovigilance

A pharmacological science related to the detection, 

assessment and prevention of adverse drug  

reactions in the post­marketing period of a drug’s  

life cycle.

Phenotyping

Grouping of individuals based on measurement of an 

observable characteristic (for example, the extent to 

which they are able to metabolize a drug or other 

substrate).
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FURTHER INFORMATION
Committee for Medicinal Products for Human Use:  

http://www.ema.europa.eu/ema/index.jsp?curl=pages/

about_us/general/general_content_000094.

jsp&mid=WC0b01ac0580028c79

EMA — Qualification of novel methodologies for medicine 

development: http://www.ema.europa.eu/ema/index.

jsp?curl=pages/regulation/document_listing/document_

listing_000319.jsp&mid=WC0b01ac0580022bb0

EMA workshop on pharmacogenomics: from science to 

clinical care: http://www.ema.europa.eu/ema/index.

jsp?curl=pages/news_and_events/events/2012/04/event_

detail_000559.jsp&mid=WC0b01ac058004d5c3

Innovation Task Force: http://www.emea.europa.eu/ema/

index.jsp?curl=pages/regulation/general/general_

content_000334.jsp&mid=WC0b01ac05800ba1d9

International Conference on Harmonisation — Guidelines: 

http://www.ich.org/products/guidelines.html

Pharmacogenomics Working Party: http://www.ema.europa.

eu/ema/index.jsp?curl=pages/contacts/CHMP/people_

listing_000018.jsp&mid=WC0b01ac0580028d91

Pharmacokinetics Working Party: http://www.ema.europa.

eu/ema/index.jsp?curl=pages/contacts/CHMP/people_

listing_000070.jsp&mid=WC0b01ac05802327c9

Table of Pharmacogenomic Biomarkers in Drug Labels: 

http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/

Pharmacogenetics/ucm083378.htm

ALL LINKS ARE ACTIVE IN THE ONLINE PDF
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