
Part 1: Background, Methodology, and Clinical Adoption
of Pharmacogenetics

MAARTEN J. DEENEN,a,b ANNEMIEKE CATS,c JOS H. BEIJNEN,d,e JAN H.M. SCHELLENSa,b,e

aDivision of Clinical Pharmacology, Department of Medical Oncology, bDepartment of Experimental
Therapy, and cDepartment of Gastroenterology and Hepatology, The Netherlands Cancer Institute,

Amsterdam, The Netherlands; dSlotervaart Hospital, Department of Pharmacy & Pharmacology, Amsterdam,
The Netherlands; eFaculty of Science, Department of Pharmaceutical Sciences, Section of Biomedical

Analysis, Division of Drug Toxicology, Utrecht University, Utrecht, The Netherlands

Key Words. Pharmacogenetics • Oncology • Anticancer drugs • Genotyping technologies

Disclosures
Maarten J. Deenen: None; Annemieke Cats: None; Jos H. Beijnen: None; Jan H.M. Schellens: Intellectual property rights/
inventor/patent holder: development of oral taxanes; Consultant/advisory role: Merck, AstraZeneca, Roche; Research funding/
contracted research: Roche, AstraZeneca; Other: PI of sponsored trials of Roche, Merck, AstraZeneca, Eisai, Pfizer, Bayer,
Novartis, GlaxoSmithKline.
Section Editor Henk Verheul discloses an advisory relationship with Roche (honoraria paid to institution).
Reviewers “A” and “B” disclose no financial relationships.
The content of this article has been reviewed by independent peer reviewers to ensure that it is balanced, objective, and free
from commercial bias. On the basis of disclosed information, all conflicts of interest have been resolved.

LEARNING OBJECTIVES

After completing this course, the reader will be able to:

1. Differentiate the candidate gene and genome-wide approaches to pharmacogenetic research and the impact of
each on clinical study results.

2. Describe the clinical implications of pharmacogenetic variability and its potential role in individualized treatment
of patients with cancer.

This article is available for continuing medical education credit at CME.TheOncologist.com.CMECME

ABSTRACT

Equivalent drug doses may lead to wide interpatient
variability with regard to drug response, reflected by
differences in drug activity and normal tissue toxicity. A
major factor responsible for this variability is variation
among patients in their genetic constitution. Genetic
polymorphism may affect the activity of proteins en-

coded, which in turn may lead to changes in the phar-
macokinetic and pharmacodynamic behavior of a drug,
observed as differences in drug transport, drug metab-
olism, and pharmacodynamic drug effects. Recent in-
sights into the functional effect of polymorphism in
genes that are involved in the pharmacokinetics and
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pharmacodynamics of anticancer drugs have provided
opportunities for patient-tailored therapy in oncology.
Individualized pharmacotherapy based on genotype
will help to increase treatment efficacy while reducing
unnecessary toxicity, especially of drugs characterized
by a narrow therapeutic window, such as anticancer
drugs.

We provide a series of four reviews aimed at imple-
menting pharmacogenetic-based drug and dose pre-
scription in the daily clinical setting for the practicing
oncologist. This first part in the series describes the
functional impact of genetic polymorphism and pro-

vides a general background to and insight into possible
clinical consequences of pharmacogenetic variability. It
also discusses different methodologies for clinical phar-
macogenetic studies and provides a concise overview
about the different laboratory technologies for genetic
mutation analysis that are currently widely applied.
Subsequently, pharmacogenetic association studies in
anticancer drug transport, phase I and II drug metabo-
lism, and pharmacodynamic drug effects are discussed
in the rest of the series. Opportunities for patient-tai-
lored pharmacotherapy are highlighted. The Oncologist
2011;16:811–819

INTRODUCTION TO THE SERIES

We provide a series of four reviews about pharmacogenetic
variability in anticancer phase I and II drug metabolism,
drug transport, and pharmacodynamic drug effects. In this
series, opportunities for patient-tailored pharmacotherapy
are provided, based on the current knowledge in the field of
pharmacogenetics in oncology. This first of four reviews
provides a general background on pharmacogenetics and
discusses frequently applied methodologies and technolo-
gies in pharmacogenetic research.

INTRODUCTION TO INTERINDIVIDUAL VARIABILITY

There is wide interpatient variability in the dose– effect
relationship of (chemotherapeutic) drugs; some patients
respond well to treatment and others do not, and the na-
ture and severity of adverse events also shows wide vari-
ations among patients. Several host-related factors have
evolved over time as determinants affecting anticancer
drug treatment outcome such as age, gender, renal and
liver function, concomitant medication leading to drug–
drug interactions, (co-)morbidity, compliance, environ-
ment, and lifestyle (Fig. 1), of which compliance may be
less relevant with (i.v. administered) chemotherapeutic
drugs but may be more relevant in other areas such as, for
example, with antibiotics or anti-HIV therapy. To correct
for differences among subjects in drug response, dosing
of selected drugs in general clinical practice is roughly
divided into three age groups, that is, children (up to 16
or 18 years), adults, and the elderly (aged �65 years).
The dose of most anticancer drugs is generally based on
the individual’s body weight or body surface area, but re-
nal and liver function are also taken into account (e.g.,
with carboplatin) or the dose may be adapted according
to plasma drug levels (e.g., with imatinib).

Other sources of interpatient variability in drug re-
sponse are interindividual differences in pharmacokinetics
(PK), that is, drug absorption, distribution, metabolism, and

elimination, and in pharmacodynamics (PD), that is, effects
on drug receptors and other drug targets. Variations in the
genetic constitution of genes that encode proteins involved
in the PK and PD of a drug thereby significantly contribute
to individual differences in drug response. Among the var-
ious biological mechanisms for genetic variability are dif-
ferences in transcription factor activity, gene expression,
gene silencing (epigenetics), and genetic polymorphism.
Genetic polymorphisms are DNA sequence alterations con-
sisting of single nucleotide polymorphisms (SNPs), muta-
tions, deletions, insertions, and gene copy number
variations. All types of DNA sequence alterations may lead
to changes in protein structure or stability, and hence pro-
tein activity (discussed further below). Whether or not ge-
netic variability then affects treatment outcome depends on,
among other things, the functional impact of the genetic
polymorphism on protein activity, and also on the relevance
of a gene in the drug’s pharmacological pathway and the
possibility of escape pathways for drug elimination.

Figure 1. Possible sources for interindividual variability in
drug response. Besides genetic polymorphism, various addi-
tional nongenetic factors may contribute to interindividual dif-
ferences in drug response.
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TYPES OF GENETIC VARIABILITY

DNA is subject to genetic polymorphism, which occurs
genomewide, on average, every 1,000 bp. SNP is by far the
most common genetic alteration, but small insertions, dele-
tions, and even complete gene deletions and multiple gene
copy number variants also exist [1–3]. A genetic polymor-
phism is defined as a minor allelic variant present in �1%
of the population, otherwise it is referred to as a mutation
[4]. A polymorphism is a neutral variation and can therefore
be maintained in the population.

All types of genetic variability have the potential to
affect protein function and activity, but how they exert
their functional effect varies by type of genetic variant
(Table 1). First, the functional effect of an allelic variant
depends on the locus in which the genetic defect resides.
SNPs, base pair deletions, and insertions may occur in
coding and noncoding regions, that is, exons and introns,
respectively. Exonic variants may elicit altered protein
structures as a result of either substitution of an amino
acid, introduction of an early stop codon, creation of an
alternative splice variant, or alteration of the reading
frame resulting from a frameshift (Fig. 2). Amino acid
substitution is probably the most well-known effect of
genetic polymorphism. Depending on the functional role
of an amino acid in the protein, substitution of it may
have a smaller or larger effect on the final protein activ-
ity. An example of an amino acid substitution is the iso-
leucine to valine substitution at position 105 (Ile105Val;
313A�G) within glutathione S-transferase P1 (GSTP1);
in patients with the variant allele, GSTP1 enzyme activ-
ity is lower (Table 1). Frameshifts can be caused only by
base pair deletions or insertions; for example, a deletion
of 1 bp shifts the transcription of the DNA sequence.
Subsequent translation produces different amino acids
from that point onward (Fig. 2). The deletion of the thy-
mine base pair at position 1707 in CYP2D6 (CYP2D6*6)
is an example of a frameshift mutation that creates a pro-
tein with absent enzyme activity (Table 1).

Although most intronic mutations have no functional ef-
fect, they can create alternative splice variants that may
drastically affect protein activity, such as, for example, the
IVS14�1G�A polymorphism in the gene encoding the
5-fluorouracil detoxifying enzyme dihydropyrimidine de-
hydrogenase. This polymorphism results in skipping of
exon 14 in the translation process, and thereby in absent en-
zyme activity (Table 1).

A subtype and often overlooked type of polymor-
phism is the synonymous SNP, also termed silent poly-
morphism (Fig. 2). Silent polymorphisms are exonic
SNPs that encode the same amino acid and therefore do
not influence the primary structure of the protein. There-

fore, they are often considered as irrelevant SNPs. How-
ever, at least three possible mechanisms are reported by
which silent polymorphism may lead to differences in
protein activity: (a) by influencing mRNA stability and
structure, (b) by differences in the kinetics of translation
because the codon has changed, and (c) by alternate
splicing [5]. An example of a silent SNP is the 118C�T
polymorphism in excision repair cross-complementing
group 1, a protein involved in DNA repair. Although the
wild-type (AAC) and variant (AAT) allele codons both
encode the amino acid asparagine, the variant allele is as-
sociated with a 50% lower transcription level and lower
mRNA levels [6, 7]. Furthermore, this polymorphism has
been associated with altered clinical outcome in patients
treated with platinum-based chemotherapy [8 –10].

In the case of genetic polymorphism in the promoter re-
gion or in the 3� untranslated region (3�UTR) or 5�UTR of a
gene, the primary amino acid sequence of the protein also is
not altered. However, protein activity may be significantly
affected through altered ability or altered kinetics in protein
transcription and translation. One type of polymorphism
that often occurs in promoter regions is a microsatellite,
also known as a variable number of tandem repeats
(VNTR). These are repeats of short base pair sequences in
which the number of repeats may vary among individuals.
One example of a VNTR is the UGT1A1*28 polymorphism
in the promoter region of UGT1A1. UGT1A1*28 shows ei-
ther six or seven repeats of the nucleotide sequence TA, in
which the glucuronidation activity of UGT1A1 inversely
relates to the number of TA repeats.

Another type of genetic variability that contributes to
various phenotypes is gene copy number variants (CNVs)
[11, 12]. CNVs leave the primary amino acid sequence un-
changed, but when multiple gene copies are present, the
protein activity generally increases. An example of a CNV
is the gene duplication of CYP2D6 (CYP2D6*1XN/
CYP2D6*2XN), which subsequently result in the cyto-
chrome P450 (CYP)2D6 ultrarapid metabolizer phenotype
[13, 14]. Finally, entire gene deletions may occur. As a con-
sequence, genes are not transcribed, thereby resulting in ab-
sent protein activity. Known frequently occurring gene
deletions exist, for example, for the glutathione S-trans-
ferases GSTT1 and GSTM1 [15, 16].

DIFFERENCES BETWEEN SOMATIC AND

GERMLINE DNA
DNA analysis for pharmacogenetic purposes is usually per-
formed with germline DNA. However, for anticancer ther-
apy, DNA is also analyzed in tumor tissue, so-called
somatic mutation analysis. The major difference between
germline and somatic polymorphism is that germline poly-
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morphism is inherited and transmits to offspring, whereas
somatic polymorphism does not. The concordance rate be-
tween germline and somatic DNA may be high; this differs,
however, by gene and by individual and is therefore not al-
ways extrapolatable [17]. Analysis of germline DNA in
pharmacogenetics is very suitable for both PK and PD as-
sociation analyses. However, in oncology, analysis of tu-
mor tissue (somatic DNA) is especially attractive when
evaluating PD effects, such as tumor response [18]. For ex-
ample, somatic activating mutations in KRAS are signifi-
cantly associated with the likelihood of nonresponse to
monoclonal antibodies targeting the epidermal growth fac-
tor receptor (EGFR): patients who bear wild-type KRAS tu-

mors are almost exclusively likely to respond to EGFR-
targeted therapy with cetuximab or panitumumab, whereas
patients with mutated KRAS tumors are significantly less
likely to respond [19, 20].

EPIGENETICS

Another type of inherited gene transcription regulation that
differs among individuals is epigenetics. Epigenetic variability
does not depend on differences in the primary amino acid se-
quence but depends on so-called gene silencing. This is,
among other things, induced by methylation of the promoter
region [21, 22]. Methylation mostly occurs on so-called CpG
islands, which are typically prevalent in the promoter region of

Table 1. Possible effects of genetic polymorphism on protein structure and function

Type of polymorphism

Effect on protein
expression and
function Example

Affected
anticancer drug(s)

Nonsynonymous SNP
in coding region

Altered amino acid
or early stop codon
resulting in a
variant protein

GSTP1*B (313A�G,
Ile105Val)

Altered substrate
affinity [51]

Platinum agents

Synonymous (silent)
SNP in coding region

Similar protein,
but mRNA
translation
capacity may be
altered, resulting in
lower or greater
protein expression

ERCC 1(19007C�T,
Asn118Asn)

Lower mRNA levels
and possibly lower
enzyme activity
[6, 7]

Platinum agents

Deletion or insertion in
coding region

Frameshift or stop
codon at another
position, resulting
in different protein

CYP2D6*6 (1707delT, 118
frameshift)

No enzyme activity
left [52]

Tamoxifen

SNP in noncoding
region

May induce
alternative protein
splice variants;
may affect protein
transcription or
stability

DPYD*2A
(IVS14�1G�A, exon 14
skipping)

No enzyme activity
left [53]

5-fluorouracil,
capecitabine,
tegafur

Deletion or insertion in
noncoding region

May induce
alternative protein
splice variants;
may affect protein
transcription or
stability

Thymidylate synthase 3�
UTR 6 bp deletion

Lower mRNA level
3 lower enzyme
activity [54, 55]

5-fluorouracil,
capecitabine,
tegafur

SNP in promoter region Similar protein,
but expression
may be altered

CYP2C19*17 (�806C�T
and �3402C�T)

Greater enzyme
activity [56]

Cyclophosphamide,
ifosfamide

Microsatellites (variable
number of tandem
repeats)

Similar protein,
but expression
may be altered

UGT1A1*28 (TA)6TAA3
(TA)7TAA

Lower enzyme
activity [57, 58]

Irinotecan

Gene copy number
variants

Similar protein,
but expression
may be altered

CYP2D6*1XN Multiple copies lead
to greater activity
[13]

Tamoxifen

Gene deletion No protein
transcribed

GSTM1*0 (null allele) No enzyme activity
left [16, 59]

Platinum agents,
melphalan

Abbreviations: SNP, single nucleotide polymorphism; UTR, untranslated region.
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genes. A CpG site is a DNA region where a cytosine nucleo-
tide lies adjacent to a guanine, separated by a phosphate link-
ing these two nucleosides. If CpG islands are methylated, gene
expression decreases and protein activity is thereby reduced.

ADOPTION OF PHARMACOGENETICS IN THE CLINIC

Pharmacogenetic studies in clinical oncology typically an-
alyze the relationship between genetic polymorphism and
drug-related toxicity, treatment response, and survival with
the (chemo)therapeutic treatment. Thereby, knowledge of
the clinical impact of genetic variants may then enable
patient-tailored pharmacotherapy [23]. An example of how
this knowledge could be applied in clinical practice is a
guideline that was developed with regard to CYP2D6 drug
substrates [24]. Herein, patients are categorized as either
poor, intermediate, or ultrarapid metabolizers based on
their CYP2D6 genotype. Subsequently, therapeutic (dose)
recommendations are provided for the individual categories
for a variety of CYP2D6 substrate drugs. However, the use
of pharmacogenetics in clinical practice to date, that is, gen-
otype-based individualized drug and dose prescription, is
still very limited despite the fact that thousands of pharma-
cogenetic association studies have been performed to date.
There are only a few centers worldwide that prospectively
screen, for example, for CYP2D6 variants, and make a clin-
ical decision based on the genotype. This is partly a result of
the fact that, although there may be variants that are predic-
tive of clinical outcome, there are also genetic polymor-
phisms that have shown nonsignificant or even
nonconsistent associations among various clinical trials.
For example, contradictory results have been published for
the polymorphism CYP2D6*4 in patients with breast can-
cer given tamoxifen [25–27]. The relationship between
CYP2D6 polymorphism and tamoxifen treatment outcome
is extensively reviewed in the next part of this series [28].

To demonstrate how nonconsistency in results of compara-
ble pharmacogenetic studies may arise, it is crucial to un-
derstand the methodology of pharmacogenetic research.
There are two main approaches that can be distinguished:
the candidate gene approach and the genome-wide
approach.

The Candidate Gene Approach
In the candidate gene approach, only a limited number of
polymorphisms, which mostly reside in genes involved in
the PK and PD of a drug, are associated with clinical out-
come. Candidate genes are, in advance, considered to be re-
lated to the pharmacology of the drug, and these studies are
therefore also termed hypothesis-driven association stud-
ies. Typical candidate genes encode, for example, drug
transporters, biotransformation enzymes, or drug receptors.
This is a very reasonable approach; however, thus far only a
small percentage of all tested genetic variants have been
identified as significant predictors of treatment outcome. A
classical example of a clinically relevant candidate gene is
TPMT, the gene that encodes thiopurine S-methyltrans-
ferase (TMPT). TPMT catalyzes the S-methylation of
6-mercaptopurine (6-MP) into inactive metabolites [29]. A
strong genotype–phenotype relationship exists between
three polymorphisms in TPMT and TPMT enzyme activity.
About 80%–95% of patients with low TPMT enzyme ac-
tivity are explained by the presence of TPMT*2, TPMT*3A,
and TMPT*3C [30–35]. Hetero- and homozygous variant
allele carriers for these SNPs present with the intermediate
and poor metabolizer phenotypes, respectively. Indeed,
dose reductions of mercaptopurine of up to 50% are indi-
cated in heterozygous polymorphic carriers, and reductions
up to 90% are indicated in homozygous polymorphic carri-
ers [36–38].

Obviously however, in many cases, one single genetic
trait does not sufficiently explain the wide interindividual
differences in drug response. This is partially a result of the
fact that the pharmacological pathway of a drug is very
complex, with many PK and PD proteins involved. Differ-
ences in response to (anticancer) drugs are mostly polyge-
netic traits. For example, cyclophosphamide is extensively
metabolized by various CYP enzymes, including CYP2A6,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, and CYP3A4.
Subsequently, genetic deficiency of CYP2A6 will most
likely not significantly influence the PK of or treatment out-
come with cyclophosphamide. In addition, on the PD level,
the combined activity of multiple proteins together, such as
receptors and signal transduction pathways, determines the
response to a drug. Moreover, in the case of chemothera-
peutics, specific tumor-related proteins also are involved.
Because of this complexity, the effect of a single genetic

Figure 2. Effects of genetic polymorphism on the encoded
protein. Dependent on its type and physical location, a genetic
polymorphism may elicit changes to the primary amino acid
sequence of a protein in various ways.

Abbreviation: SNP, single nucleotide polymorphism.
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alteration is mostly not sufficiently predictive of treatment
response to a drug. Namely, genetic variability in additional
genes involved in the pharmacology of a drug affects treat-
ment outcome as well, but other nongenetic factors also add
to predictability [39–41].

Therefore, well-defined (prospective) clinical trials are
required to determine whether genetic polymorphisms are
possibly clinically relevant. Study populations need to be
adequately powered to demonstrate any possible relation-
ships, if they do exist. The population size should prefera-
bly consist of up to hundreds or even thousands of patients,
but this depends, among other things, on the prevalence of
the investigated polymorphism(s) and the type of parameter
(e.g., toxicity or survival) that the genetic variants are asso-
ciated with. To conclude, the candidate gene approach en-
ables identification of predictive and clinically relevant
polymorphisms. However, by far, not all polymorphisms
have been shown to be predictive. If inconsistent associa-
tions for a genetic variant are observed, possible combina-
tion with additional polymorphisms in one or more genes
might increase the predictive value for clinical outcome.

The Genomewide Approach
In contrast to the candidate gene approach, in which only a
limited number of polymorphisms is tested, the genome-
wide approach analyzes multiple polymorphisms (mostly
SNPs) across the entire human genome. Therefore, it is in-
dependent of whether or not a gene is a priori expected to be
involved in the pharmacological pathway of a drug. This
approach requires high-throughput genotyping technolo-
gies that are able to analyze multiple SNPs simultaneously.
The number of SNPs on the array may range from a few
hundred to even hundreds of thousands. These SNPs are
mostly common SNPs, with a population prevalence �5%–
10%, and are present throughout the whole genome. In this
way, every gene is covered by several SNPs. Because up to
hundreds of thousands of SNPs are analyzed, genomewide
association study (GWAS) requires the use of advanced
bioinformatics to handle the extensive amount of data. In
addition, because of multiple comparisons within a GWAS,
the data need to be corrected for multiple testing [42]. When
hundreds of thousands of comparisons are performed, the
p-value to reach significance may become too stringent;
this is a common phenomenon in GWAS and is an impor-
tant cause for replication failure.

GWAS is, however, not always genomewide. Recently,
an intermediate approach in pharmacogenetic studies was
introduced that uses the so-called DMET (drug metabolism
enzymes and transporters) array. This array covers up to
2,000 polymorphisms within 225 genes involved in drug
transport and drug metabolism. By using this reduced gene

subset, compared with a larger GWAS, the need to correct
for many irrelevant genes in a drug’s pharmacology is elim-
inated, and the likelihood of obtaining false positives is
thereby reduced [43].

The general methodology of GWAS is a case–control
design. The case group consists of patients with a well-
defined response after treatment with a specific drug. The
control group is either a similar patient cohort given the
same drug who did not develop that specific response or,
otherwise, the control group is randomly selected from the
population. The sizes of the case and control groups are
mostly tens of to up to a few hundred patients. Most dis-
criminating SNPs between cases and controls may indicate
a possible relevant role for these genes in the treatment with
that drug. However, because of the high number of associ-
ation tests typically performed in a GWAS, positive find-
ings always need to be confirmed in independent
populations [44].

The genomewide approach differs from the candidate
gene approach in that it is not hypothesis driven and it does
not make use of the current knowledge about a drug’s
mechanism of action. Thereby, it is capable of identifying
genes that were previously unknown to be of relevance. On
the other hand, GWAS methodology also has a couple of
disadvantages, such as high costs and the inclusion of se-
lection bias in case and control selection. Furthermore,
there is a relatively high risk (even after correction for mul-
tiple comparisons) for gaining false-positive and false-
negative results because of the high number of SNPs
analyzed. In addition, GWAS lacks sensitivity for rare ge-
netic variants that are usually not covered using these types
of assays [44]. A possibility for overcoming the noncover-
age of rare variants is to resequence the specific genomic
regions of interest to identify the causal variant allele that
was associated with a certain phenotype.

The GWAS number has increased over the last years.
One example of such a GWAS is a study conducted by
Yang et al. [45], in which the association between
�400,000 polymorphisms and treatment response in child-
hood acute lymphoblastic leukemia was analyzed.

GWAS is nowadays frequently applied in pharmacoge-
netics, but the primary area in which this methodology was
used was in research in disease susceptibility. Disease sus-
ceptibility studies are focused on (genomewide) genetic
differences in the prevalence of SNPs between a patient co-
hort with a specific disease entity and a healthy control
group. The methodology for disease genetics studies uses
similar genomewide screening technologies for polymor-
phism detection to that used in pharmacogenetic genome-
wide studies. Because polymorphisms can induce changes
in protein activity and thereby affect human (patho)physi-
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ology, differences in the genetic constitution between a dis-
eased and nondiseased population might identify loci that
are possibly involved in the development of that disease
[46–48]. Thereby, this may lead to a better understanding
of the mechanism of disease and, additionally, identify new
possible targets for drug development [49]. For example, a
recent GWAS in disease genetics showed that several loci
were associated with the risk for colorectal cancer; further-
more, these genes appeared to be especially related to mi-
togen-activated protein kinase signaling pathways [50].

GENOTYPING TECHNOLOGIES

A prerequisite for the routine application of pharmaco-
genetics in daily clinical practice is that reliable genotyp-
ing assays be available for the practicing clinician. The
simplicity, sensitivity, costs, robustness, specificity,
throughput (i.e., the number of reactions that can be si-
multaneously performed), and turnaround time of the as-
say are key elements for introducing pharmacogenetics
successfully into the clinic. The molecular background
and clinical applications of current commonly applied
DNA genotyping technologies is described in detail in
supplemental online data.

CONCLUSIONS AND FUTURE PERSPECTIVES

Genetic polymorphism is a frequently occurring phenome-
non that is prevalent throughout the whole genome. DNA
alterations may affect protein transcription, translation, and
stability, which can have serious consequences for the ac-
tivity of encoded proteins. As a consequence, genetic vari-
ability in genes that interact with the PK and PD of a drug may
contribute to interindividual differences in drug response.

The study of pharmacogenetics is aimed at elucidating
the functional and clinical impacts of genetic polymor-
phism. Implementation of this knowledge in clinical prac-
tice allows genotype-based drug and dose prescription for
the individual patient. This enables safer and possibly more
effective (chemotherapeutic) therapy. Using the candidate
gene approach, a series of clinically relevant loci and allelic
variants have been identified. However, results of pharma-
cogenetic trials have not always shown clear associations
with clinical outcome. This is partially explained by differ-
ences in study design, patient selection, and treatment reg-
imen. Most importantly, however, these observations

demonstrate that variation in response to a drug does not
solely rely on a few polymorphisms in genes that encode for
PK- or PD-related proteins, but in fact is much more com-
plex—a multigenetic trait. Future studies using combined
predictive models including multiple genetic variants plus
nongenetic factors will probably lead to clearer and addi-
tional associations with drug response. Furthermore,
GWAS is becoming more common, which has the power to
identify loci that were previously unknown to affect drug
treatment outcome.

Besides knowledge of the functional impact of genetic
polymorphism, implementation of clinical pharmacogenet-
ics will also be boosted by the availability of rapid, robust,
high-throughput, sensitive, and specific genotyping tech-
nologies. One of the various existing genotyping technolo-
gies can be chosen depending on the intended clinical
application. For example, retrospective genotyping studies
may suffice, with a sensitivity of a little �100% (but pref-
erably �90%), whereas assays used for prospective phar-
macogenetic testing in personalized medicine should be up
to 100% specific and sensitive. This will enable the clini-
cian to use pharmacogenetics as a tool for patient-tailored
pharmacotherapy.

Furthermore, cost-effectiveness is an important factor
that may determine whether genotype-based pharmacother-
apy can become a standard of care in drug treatment. For
treatment with highly expensive (chemotherapeutic) drugs,
in particular, such as monoclonal antibodies, genotype-
based selection of patients for whom the drug is most likely
to be effective could prevent unnecessary toxicity and high
costs. Indeed, for chemotherapeutic treatment, it has been
shown that genotype-based drug and patient selection is
possible and individualized pharmacotherapy is possible,
as discussed in the following three parts of this series. This
leads to less severe side effects and greater treatment ben-
efits in subgroups of patients who can be selected using
pharmacogenetic approaches.
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