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I PREFACE

Pharmacogenetics and individualized therapy is a rapidly evolving field that is likely
to have important consequences for clinical practice in the coming decades. This
book is aimed at a general audience including advanced undergraduate and graduate
students in medicine, pharmacy, pharmacology, and other related disciplines as well
as researchers based in either academia or the pharmaceutical industry. Some
familiarity with basic pharmacology and genetics is assumed.

This book is organized in five parts. Part I describes the basic principles of phar-
macogenetics including factors relevant to drug disposition (phase I and phase II
metabolizing enzymes, and drug transporters) and the role of pharmacodynamics
(drug targets).

Part IT includes discussions of state-of-the art pharmacogenetics in many impor-
tant therapeutic areas [cardiovascular, psychiatry, cancer, asthma/chronic obstructive
pulmonary disease (COPD), adverse drug reactions, transplantation, inflammatory
bowel disease, pain medication].

Part III describes ethical and related issues in implementing pharmacogenetics
into clinical practice.

In Part IV important developments in the techology supporting pharmacogenetics
research are discussed. More recent developments in genotyping techniques provide
opportunities for genotyping over 1 million single-nucleotide polymorphisms in
many patients at affordable prices. Further developments in analysis techniques
provide investigators with the opportunity to consider gene—environment and
epistatic interactions as well as the possibility of whole-genome sequencing.

Part V discusses the impact of pharmacogenetics in the pharmaceutical industry
and also the role that pharmacogenetics currently plays in the registration process.

It has been a privilege to interact with the distinguished expert authors who have
provided chapters for this book, and we would like to express our sincere gratitude to
them for their excellent contributions. We also wish to thank Lisa Gilhuijs-Pederson,
PhD for assistance in editing this book.

ANN K. DALy, PhD

ANKE-HILSE MAITLAND-VAN DER ZEE, PharmD PhD
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FIGURE 5.5 SLC6 gene family transporter structure: (a) the structure with transmembrane
domains shown in red; (b) in the presynaptic nerve terminals of dopamine-, SHT-, norepi-
nephrine-, glycine-, and GABA-containing synapses, the vesicular transporters [shown in
green (e.g., VMAT1 and VMAT2)] sequester neurotransmitters into synaptic vesicles.
Released neurotransmitter exerts its effects via receptors such as dopamine receptors,
adrenoceptors, and SHT receptors (light blue, with associated G protein in gray). The plasma
membrane transporters encoded by the SLC6 gene family (red) are located in the membrane of
the presynaptic neuron (DAT, SERT, NET, GlyT2, GAT1, and GAT2). (Adapted from Gether
et al. [177] and reproduced with permission.)
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I CHAPTER 1

Pharmacogenetics:
A Historical Perspective

ANN K. DALY
Newcastle University, Newcastle upon Tyne, UK

1.1 INTRODUCTION

It has been known for thousands of years that some individuals show toxic
responses following consumption of fava beans, especially in countries bordering
the Mediterranean. This is probably the earliest pharmacogenetic observation,
although the biological basis for this has been established only quite recently
(see Section 1.2). The foundation for much of modern pharmacogenetics came
from experiments on chemical metabolism during the 19th century. These studies
included the establishment that benzoic acid undergoes conjugation with glycine in
vivo in both humans and animals, that benzene is oxidized to phenol in both dogs and
humans and that some compounds can undergo conjugation with acetate (for a
review, see Ref. 1).

1.2 EARLY PHARMACOGENETICS STUDIES (FROM 1900 TO 1970)

The development of genetics and Mendelian inheritance together with observations
by Archibald Garrod on the possibility of variation in chemical metabolism in the
early 20th century has been well reviewed elsewhere see [2]. Probably the first direct
pharmacogenetic study was reported in 1932 when Synder’s study on the ability to
taste phenylthiocarbamide within families showed that this trait was genetically
determined [3]. The gene responsible for this variation and common genetic
polymorphisms have only recently been identified (for a perspective, see Ref. 4).

Pharmacogenetics and Individualized Therapy, First Edition.
Edited by Anke-Hilse Maitland-van der Zee and Ann K. Daly.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.



2 PHARMACOGENETICS: A HISTORICAL PERSPECTIVE

Although not a prescribed drug, phenylthiocarbamide shows homology to drugs such
as propylthiouracil.

The initial drug-specific pharmacogenetics observations appeared in the literature
during the 1950s. These were concerned with three widely used drugs at that time,
that are all still used today: isoniazid, primaquine, and succinylcholine. The earliest
observation concerned primaquine, which was found by Alf Alving to be associated
with acute hemolysis in a small number of individuals [5]. Subsequent work by
Alving and colleagues found that this toxicity was due to absence of the enzyme
glucose-6-phosphate dehydrogenase in red blood cells of affected individuals [6].
The molecular genetic basis of this deficiency was later established by Ernest Beutler
and colleagues in 1988 [7].

Isoniazid was first used against tuberculosis in the early 1950s, although it had
been developed originally a number of years previously as an antidepressant. As
reviewed recently, its use in tuberculosis patients represented an important advance
in treatment of this disease [8]. Variation between individuals in urinary excretion
profiles was described by Hettie Hughes [9], who soon afterwards also found an
association between the metabolic profile and the incidence of a common adverse
reaction, peripheral neuritis, with those showing slow conversion of the parent drug
to acetylisoniazid more susceptible [10]. Further studies by several different workers,
particularly Mitchell and Bell [11], Harris [12], and David Price Evans [13], led
to the conclusion that isoniazid acetylation was subject to a genetic polymorphism
and that some individuals (~10% of East Asians but 50% of Europeans) were
slow acetylators. Slow acetylation was shown to be a recessive trait. As summarized
in Section 1.4, the biochemical and genetic basis of slow acetylation is now well
understood.

Also during the 1950s, a rare adverse response to the muscle relaxant succinyl-
choline was found to be due to an inherited deficiency in the enzyme cholinester-
ase [14]. Succinylcholine is used as a muscle relaxant during surgery, and those with
the deficiency show prolonged paralysis (succinylcholine apnea). This observation
was then further developed by Werner Kalow, who showed that the deficiency is
inherited as an autosomal recessive trait and devised a biochemical test to screen for
the deficiency, as he described in a description of his early work [15]. The gene
encoding this enzyme, which is now usually referred to as butyrylcholinesterase, has
been well studied, and a number of different mutations responsible for the deficiency
have been identified. However, the original biochemical test is still the preferred
method for identifying those affected by succinylcholine apnea due to the rarity of
both the problem and the number of different mutations.

While these initial studies showing the clear role for genetics in determining
adverse responses to primaquine, isoniazid, and succinylcholine were in progress, the
general importance of the area was increasingly recognized. Arno Motulsky pub-
lished a key review on the relationship between biochemical genetics and drug
reactions that highlighted the adverse reactions to primaquine and succinylcholine in
1957 [16]. The term pharmacogenetics was first used in 1959 by Friedrich Vogel in an
article on human genetics written in German [17] and was soon adopted by others
working in the field.
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1.3 PHARMACOGENETICS OF DRUG OXIDATION

As described in Section 1.1, studies in the 19th century had demonstrated oxidation of
benzene to phenol in vivo [1]. Pioneering studies on drug metabolism, especially
those in the laboratories of the Millers and of Brodie and Gillette during the 1950s,
showed that many drugs undergo oxidative metabolism in the presence of NADPH
and molecular oxygen in liver microsomes [18,19]. In 1962, Omura and Sato
described cytochrome P450 from a rat liver microsome preparation as a hemoprotein
that showed a peak at 450 nm in the presence of carbon monoxide and dithionite [20].
Shortly afterwards Ron Estabrook, David Cooper, and Otto Rosenthal showed that
cytochrome P450 had steroid hydroxylase activity [21], and further studies confirmed
its role in the metabolism of drugs such as codeine, aminopyrene, and acetani-
lide [22]. At this time, it was still assumed that cytochrome P450 was a single
enzyme, but evidence for multiple forms emerged in the late 1960s [23,24] with
purification of a range of rat and rabbit enzymes achieved during the 1970s [25,26].

Independent metabolism studies on two newly developed drugs sparteine and
debrisoquine in Germany by Michel Eichelbaum and in the United Kingdom by
Robert Smith in the mid 1970s resulted in findings indicating that some individuals
were unable to oxidize these drugs, although the majority of individuals showed
normal metabolism [27,28]. These studies estimated that 10% of Europeans showed
absence of activity, and the term poor metabolizer was first used. At this time, the
enzymes responsible for this absence of activity were not known, but further studies
confirmed that the deficiency in metabolism of both drugs cosegregated [29] and that
the trait was inherited recessively [30]. It became clear that a number of different
drugs, including tricyclic antidepressants, were also metabolized by this enzyme [31].
Studies on human liver microsomes confirmed that the enzyme responsible was a
cytochrome P450 [32,33], and this enzyme was then purified to homogeneity [34].
The availability of antibodies to the purified protein facilitated the cloning of the
relevant cDNA by Frank Gonzalez and colleagues, who initially termed the gene
CYPIIDI1 [35]. On the basis of emerging data for cytochrome P450 genes in humans
and other animal species, it was decided subsequently that the gene encoding the
debrisoquine/sparteine hydroxylase should be termed CYP2D6. Studies on human
genomic DNA led to the identification of several polymorphisms in CYP2D6
associated with the poor metabolizer phenotype, including the most common splice
site variant, a large deletion, and a small deletion [36—40]. A major additional
contribution to the field was made in 1993 by Johansson, Ingelman-Sundberg, and
colleagues, who described the phenomenon of ultrarapid metabolizers with one or
more additional copies of CYP2D6 present [41]. These ultrarapid metabolizers had
been previously identified on the basis of poor response to tricyclic antidepressants,
and this was one of the first accounts of copy number variation in the human genome.
Agreement regarding the current nomenclature for variant alleles in CYP2D6 and
other cytochromes P450 was reached in 1996 [42].

In an approach similar to that used in the discovery of the CYP2D6 polymorphism,
Kupfer and Preisig found that some individuals showed absence of metabolism of the
anticonvulsant S-mephenytoin [43]. It was demonstrated that S-mephenytoin
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metabolism did not cosegregate with that of debrisoquine and sparteine, as this
polymorphism was due to a separate gene defect. Identification of the gene
responsible for S-mephenytoin hydroxylase proved difficult initially, probably
because the relevant enzyme was expressed at a low level in the liver. The gene,
now termed CYP2C19, was cloned by Goldstein and Meyer and colleagues in 1994,
and the two most common polymorphisms associated with absence of S-mepheny-
toin hydroxylase activity were identified [44,45].

A number of other cytochrome P450 genes are now known to be subject to
functionally significant polymorphisms. In the case of one of these, CYP2C9, which
metabolizes a range of drugs, including warfarin, tolbutamide, and nonsteroidal
antiinflammatory drugs, some evidence for the existence of a polymorphism appeared
in 1979 when a trimodal distribution in the metabolism of tolbutamide was reported [46].
Subsequently, it was shown that tolbutamide metabolism was distinct from debrisoquine
metabolism [47]. The enzyme involved was purified and cloned and later named
CYP2C9 [48,49]. Analysis of CYP2C9 cDNA sequences provided evidence for the
presence of coding region polymorphisms resulting in amino acid substitutions, and
expression studies suggested these were functionally significant [48,50,51]. Genotyping
of patients undergoing warfarin treatment confirmed the functional importance of the
two most common coding region CYP2C9 polymorphisms [52-54].

Using a similar approach involving comparison of cloned cDNA sequences,
evidence for a nonsynonymous polymorphism in CYP2A6 was obtained [55].
Following expression studies and population screening, it was demonstrated that
this polymorphism was associated with a rare absence of CYP2A6 activity, but
additional polymorphisms (including a large deletion) in CYP2A®6 that also lead to
loss of activity have been reported [56].

Biochemical studies on human liver demonstrated that some individuals express
an additional cytochrome P450 with homology but not identity to the major drug
metabolizing P450 CYP3A4 [57-59]. Expression of this isoform, now termed
CYP3AS, is also determined by a common genetic polymorphism affecting splicing
that was first identified by Erin Schutz and colleagues in 2001 [60].

From the early studies in the 1970s, it is now clear that at least four CYPs, namely,
CYP2D6, CYP2C19, CYP2A6, and CYP3AS, are subject to polymorphisms leading
to absence of enzyme activity in significant numbers of individuals and that CYP2C9
activity is very low (although not completely absent) in some individuals. There are
also a large number of polymorphisms leading to smaller changes in cytochrome
P450 activities (see Chapter 3 for more details). Current knowledge of phenotype—
genotype relationships within the cytochrome P450 family is now more compre-
hensive than for the majority of human genes, although a better understanding of
some aspects such as regulation of gene expression is still needed.

1.4 PHARMACOGENETICS OF DRUG CONJUGATION

As discussed in Section 1.2, a polymorphism affecting conjugation of drugs such as
isoniazid with acetyl CoA had been known to exist since the 1950s. Other
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conjugation polymorphisms were subsequently described from phenotyping studies.
In particular, Richard Weinshilboum identified several polymorphisms affecting
methylation of xenobiotics and endogenous compounds by measurement of enzy-
matic activities in blood cells. He described the most pharmacologically important of
these polymorphisms, in thiopurine methyltransferase (TPMT), in 1980 [61].
Approximately 1 in every 300 Europeans lacks this enzyme with lower activity
observed in heterozygotes. Other conjugation polymorphisms identified by pheno-
typic approaches included a deficiency in the glutathione S-transferase M1 (GSTM1),
which affects 50% of Europeans and was originally detected by measurement of
trans-stilbene oxide conjugation in lymphocytes [62]. The classic paper by Motulsky
on genetic variability in metabolism [16] mentioned the mild hyperbilirubinemia
described previously by Gilbert in 1901 and usually referred to as Gilbert’s
syndrome [63]. This was later shown to relate to impaired activity in glucuronidation
by a form of the enzyme UDP-glucuronosyltransferase, and there were suggestions
that glucuronidation of prescribed drugs might also be affected in this syndrome [64].

With the development of molecular cloning techniques, the basis of the various
conjugation polymorphisms known previously became clear during the late 1980s
and early 1990s, and evidence also emerged for additional functionally significant
polymorphisms by sequence comparisons. The molecular basis of the GSTMI
deficiency was established quite early in 1988, probably because it is due to a
large gene deletion that was readily detectable by a number of different
approaches [65]. Cloning of the NAT2 cDNA, encoding the enzyme responsible
for isoniazid metabolism, was achieved in 1991 by Blum and Meyer with two
common variant alleles with several base substitutions in their coding regions
found to be associated with absence of activity [66]. Other inactive variants were
identified elsewhere [67,68], and, as in the case of the cytochrome P450 alleles, a
standardized nomenclature system was developed [69]. In the case of TPMT, gene
cloning and identification of two common alleles associated with absence of activity
was achieved in 1996 [70,71]. The most common variant allele giving rise to Gilbert’s
syndrome was identified in the same year and found to be a TA insertion in the
promoter region of the UGT1A1 gene, which encodes the major UDP-glucurono-
syltransferase responsible for bilirubin conjugation [72].

Genotyping for the TPMT polymorphisms in patients being prescribed 6-mer-
captopurine or azathioprine and the UGT1A1 variant associated with Gilbert’s
disease in patients receiving irinotecan are now recommended but not mandated
by the US Food and Drug Administration (FDA). Knowledge of genotype can enable
either dose adjustment or an alternative drug to be prescribed.

1.5 PHARMACOGENETIC STUDIES ON RECEPTORS
AND TRANSPORTERS

Progress on pharmacogenetics of drug receptors and other targets has been
slower mainly because phenotypic evidence for the existence of functionally
significant polymorphisms was generally not available. However, as discussed in
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Chapter 5, data from the human genome sequencing project have provided new
insights into this area. Studies on polymorphisms in both the adrenergic receptor and
dopamine receptor genes appeared in the early 1990s with Stephen Liggett leading in
the area of adrenergic receptors [73]. As discussed in Chapter 6, polymorphisms in
the various adrenergic receptors have been demonstated to be of considerable
relevance to drug response, especially for the f2-receptor, but the overall pharma-
cological importance of polymorphisms in dopamine receptors is still less well
established.

Among other drug targets, vitamin K epoxide reductase, the target for coumarin
anticoagulants, which is also discussed in detail in Chapter 6, is another example of a
gene with well-established pharmacogenetics. In particular, limited phenotypic data
from the 1970s suggested that the target for warfarin was subject to interindividual
variation in some individuals with resistance to the drug occurring in some fami-
lies [74]. The gene encoding vitamin K epoxide reductase in humans was finally
identified only in 2004 [75,76], but this advance quickly led to identification of
isolated mutations associated with warfarin resistance and also to common genetic
polymorphisms affecting response to anticoagulants [77-79].

1.6 PHARMACOGENOMICS, GENOMEWIDE STUDIES,
AND PERSONALIZED MEDICINE

Asreviewed by Meyer [2], the term pharmacogenomics first appeared in the literature
in 1997. One of the first articles using this term [80] described its relevance to
personalized medicine. Pharmacogenomics is often described as the whole-genome
application of pharmacogenetics. There is clearly a large overlap between the two
disciplines, but pharmacogenomics is broader and may involve the development of
new drugs to target specific genes as well as more effective use of existing medicines.
Prior to the 1990s, pharmacogenetic studies were concerned with the effects of single
genes, but in the era of pharmacogenomics, the combined effects of a number of
genes on a particular phenotype is typically investigated.

Probably the best example of an area in which there has been some implemen-
tation of pharmacogenomics is in cancer chemotherapy. Although pharmacogenetic
polymorphisms such as TPMT (see Section 1.4) are important in determining the
metabolism of selected drugs used in chemotherapy and their possible toxicity, it was
realised that tumor genotype and phenotype in addition to host genotype will be
predictors of response. The licensing of trastuzumab (Herceptin) as a targeted therapy
for breast tumors in 1998 is the earliest example of a drug used as a personalized
medicine on the basis of tumor phenotype (for review, see Ref. 81). A test to
determine estrogen receptor status is needed before the drug is prescribed as only
tumors that are estrogen receptor—positive respond. Other similar drugs followed,
most notably imatinib (Glivec) in 2001. Imatinib is a tyrosine kinase inhibitor
effective only in tumors with a particular chromosomal translocation [81]. In a
separate development, it is now possible to classify tumors by signature for
expression of a number of different genes and to use this signature to predict the
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most appropriate cancer chemotherapy regimen. As discussed by Bonnefoi and
colleagues [82], clinical trials are now in progress in breast cancer patients to confirm
previous retrospective trials showing that determining mRNA expression levels for a
set of either 21 or 70 genes in tumor tissue was of value in predicting whether patients
with early-stage breast cancer should undergo chemotherapy or be treated only by
hormone therapy.

Another area of pharmacogenomics that is currently developing is the use of
genomewide association studies to identify genotypes associated with either drug
response or drug toxicity. Such studies have been widely reported for complex
polygenic diseases with some interesting novel genes affecting disease susceptibility
already identified [83]. A number of genomewide association studies on drug
response or adverse reactions have appeared since 2007 [84-86], but these have
generally pointed to only one or two genes having a major effect rather than the larger
number of genes each with a small effect typically seen in the complex polygenic
disease studies. Further similar studies, especially on serious adverse drug reactions,
are already in progress.

1.7 CONCLUSION

During 1957-1997, pharmacogenetics evolved to pharmacogenomics. There has
been considerable further progress in the subsequent 12 years. Our understanding of
single gene effects, especially in relation to drug metabolism, is now comprehensive,
but our understanding of effects by multiple genes is still limited. In addition, we still
need to translate the range of well-validated and clinically relevant pharmacogenetic
discoveries that have been made over the years into more widespread use in patient
care. Despite the predictions that we are entering an era of personalized medi-
cine [80], except for the few examples discussed in Sections 1.5 and 1.6 in relation to
cancer treatment, this has not yet occurred to any great extent.
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Pharmacogenetics in Drug Metabolism:
Role of Phase | Enzymes

VITA DOLZAN
Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia

2.1 INTRODUCTION

Phase I drug metabolizing enzymes (DMEs) catalyze the first step in metabolism of
xenobiotics such as drugs and carcinogens. Most of these enzymes, especially
cytochromes P450 (P450s or CYPs), metabolically activate xenobiotics to reactive
electrophilic forms that are then conjugated to endogenous compounds by phase 11
DMEs: UDP-glucuronosyltransferases (UGTSs), N-acetyltransferases (NATs), gluta-
thione-S-transferases (GSTs), or others (reviewed in Chapter 3). All these metabolic
processes transform the xenobiotic to a more water-soluble form that can be
transported from the cells (as reviewed in Chapter 4) to be eliminated from the body.

Although nearly 80% of phase I biotransformation reactions are catalyzed by
P450s, also other, non-P450 enzymes play an important role in metabolism of
xenobiotics, especially in metabolic activation of some clinically important drugs.
These non-P450 enzymes belong to various classes; of particular importance are
dehydrogenases, oxidases, esterases, epoxide hydrolases, and others. Of these non-
P450 enzymes, dehydrogenases are not reviewed in this chapter. The role of dihydro-
pyrimidine dehydrogenase (DPD) in cancer treatment is reviewed in Chapter 8, while
alcohol and aldehyde dehydrogenases (ADH and ALDH, respectively) play a major
role in alcohol toxicity and are mainly of toxicological importance.

Most phase I enzymes exhibit variability in their expression level and activity, and
in about 40% of these enzymes a large extent of this variability is due to genetic
polymorphism [1,2]. As these genetic polymorphisms alter enzyme activity, they
may lead to interindividual differences in the metabolism of drugs and could
therefore influence drug plasma levels and drug response. By using enzyme-specific
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probe drugs individuals can be grouped into four phenotype groups according to their
metabolic rate: poor metabolizers (PMs) lacking functional enzyme due to homo-
zygosity for two defective alleles, intermediate metabolizers (IMs) heterozygous for
one defective allele or carrying two alleles with reduced activity, and extensive
metabolizers (EMs) with two normal alleles and ultrarapid metabolizers (UMs)
carrying gene duplication or multiple gene copies. The rate of metabolism for a
certain drug can differ 1000-fold between the PMs and UMs. Such patients may
require dose adjustments as a standard population based dosing may result in a higher
risk for adverse effects due to high plasma levels in PMs or in unresponsiveness to
treatment in UMs [3.,4].

A meta-analysis performed in the United States revealed that serious ADRs occur
in 6.7% of all hospitalized patients, while 0.3% of all hospitalized patients develop
fatal adverse drug reactions (ADRs) [5]. It has been shown that among the drugs that
are cited in the ADR reports 56% are metabolized by polymorphic phase I enzymes
and that 86% of these enzymes are actually P450s. On the contrary, only 20% of drugs
that are substrates for enzymes not known to be polymorphic were cited in the ADR
reports [6].

2.2 CYTOCHROMES P450

Cytochromes P450 (P450s or CYPs) are a large and ubiquitous superfamily of
heme-thiolate proteins. Their name originates from their particular spectral prop-
erties, namely, when reduced with carbon monoxide (CO) these proteins have an
absorbance peak at approximately 450 nm. These enzymes catalyze several types of
oxidation, but also reduction reactions of a great number of endogenous and
exogenous substrates. In humans the majority of the P450 enzymes are expressed
in the liver, while some are expressed in other tissues such as gastrointestinal tract,
central nervous system, lung, trachea, nasal and olfactory mucosa, skin, and adrenal
gland [7-9]. Expression of some P450 enzymes, such as CYP1B1 and CYP2W, has
also been detected in tumour tissue [10,11].

The human genome encodes 59 P450 proteins that are categorized into 18 families
and 43 subfamilies on the basis of their sequence similarities [12]. The nomenclature
of CYPs is well established. The abbreviation CYP indicates cytochrome P450,
while the first Arabic number designates the family that includes sequences that are
more than 40% identical at the aminoacid level. The letter that follows indicates the
subfamily characterized by sequence identity higher than 55%, and the next Arabic
number indicates the individual enzyme (CYP2C9). In certain families several
subfamilies have been identified, such as in CYP2 (12 subfamilies with 16 active
genes and 14 pseudogenes) and CYP4 (5 subfamilies with 12 active genes and 8
pseudogenes), whereas in others only a single active gene product has been reported
(CYPI17, CYP19, CYP21). Genes are written in italics and the separate alleles are
designated by a star and the number that follows (CYP2C9*2). The corresponding
gene products (mRNA, cDNA and proteins) are written non-italicized and in all-
capital letters [13—15]. Cytochrome P450 (CYP) Allele Nomenclature Committee
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website publishes peer-reviewed information on human CYP alleles regarding their
nucleotide changes, their functional consequences, and links to publications where
the allele has been identified and characterized, making it a website particularly
interesting for researchers in the field of pharmacogenetics [15-17].

Cytochromes P450 are monooxygenases, and one of the most typical reactions
that they catalyze is hydroxylation, where one atom of molecular oxygen is
incorporated into a substrate and the other is reduced to water using NADPH as
the source of the electrons. However, P450s catalyse more than 40 different types of
reactions, predominantly oxidations, such as aliphatic and aromatic hydroxylations,
dealkylations, demethylations, epoxidations, oxidative group transfers, and the
oxidative cleavage of C-N, C-O, C-C, or C-S bonds, but occasionally they can
also catalyze reduction reactions [18,19].

Cytochromes P450 are involved in the metabolism of structurally very diverse
substrates, either of endogenous origin or foreign to the body (xenobiotics). Enzymes
from families CYPI-CYP3 primarily metabolize xenobiotics and have broad
substrate specificities. More than 2000 substrates for these enzymes have been
identified so far, including the majority of clinically used drugs, chemical carcino-
gens and other organic compounds [20]. In particular, three families: CYP1, CYP2,
and CYP3 account for a total of 75—-80% of the phase I metabolism of xenobiotics as
whole and for 65-70% of the clearance of clinically used drugs [21]. Among them,
CYP3A, CYP2D6, CYP2C9, and CYP2C19 account for the majority of P450-
mediated drug metabolism, while CYP1A2, CYP2B6, CYP2CS, and CYP2EI play
an important role in metabolism of a smaller number of clinically important drugs [2].
Members of family CYP4 participate in the metabolism of both exogenous and
endogenous substrates, while families CYP5 to CYP51 play a vital role in the
metabolism of endogenous, physiologically important substrates such as sterols and
bile acids, fatty acids, eicosanoids, and fat-soluble vitamins. Although these enzymes
are not involved in drug metabolism, they are becoming increasingly important as
potential targets for drug treatment in conditions such as cancer, hypercholesterol-
emia, vascular and neurological diseases, and steroid hormone disorders.

The biotransformation reactions catalyzed by drug metabolizing P450s result
mostly in inactivation of a drug as they attenuate its biologic activity and accelerate
its clearance from the body. However, these P450s also participate in bioactivation of
some prodrugs to their clinically active form. In some of the biotransformation
reactions catalyzed by P450s more reactive electrophilic metabolites are produced
that may play a role in drug toxicity (acetaminophen is a classical example), but it is
not yet elucidated how many of the ADRs can be attributed to this process [22,23].

2.2.1 CYP2D6

CYP2D6 is one of the most studied P450s. CYP2D6 accounts for less than 5% of total
P450s in liver [24,25]; however, it is involved in the oxidation of 20-25% of all drugs
in clinical use. Another important site of CYP2D6 expression is brain, where it plays
an important role in metabolism of psychotropic drugs as well as endogenous
substrates [26,27].
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The interindividual variability in the capacity to hydroxylate an antihypertensive
drug debrisoquine was reported in the late 1970s [28,29]. At the same time, a similar
report was published regarding an antiarrythmic drug sparteine [30], and it was
shown that the deficiency in this metabolism was inherited as an autosomal recessive
trait. Later it was demonstrated that both drugs are metabolized by the same enzyme,
debrisoquine—sparteine hydroxylase [31]. Since then many substrates and reactions
were reported for CYP2D6. When the human CYP2D6 gene was finally cloned in the
late 1980s [32,33] it was shown that most of the individuals with deficient capacity to
metabolize these drugs carry inactivating mutations in this gene [34-36].

2.2.1.1 CYP2D6 Polymorphism

CYP2D6 is a part of a cluster of three genes arranged in tandem with two
pseudogenes, CYP2DSP and CYP2D7P, on chromosome 22q13.1 [37]. It is a highly
polymorphic gene with 120 alleles variants characterized to date. Several nucleotide
changes may be present on one allele, or a specific change may be shared among
several alleles [16]. CYP2D6 genotypes usually exhibit large interethnic differences
and genetic variability of CYP2D6 is high also among individuals of the same
population [38].

In Caucasians, the most frequent deficiency (null) allele is CYP2D6*4, carrying a
G > A point mutation in the splice site of intron 3/exon 4 causing a splicing defect and
resulting in an altered reading frame that introduces a premature stop codon. As the
frequency of this allele is 20-25% in Caucasians, it represents 70-90% of all deficient
phenotypes. Nevertheless, this allele is rare in other populations with a frequency of
around 6—7% in Africans and African-Americans [39,40] and around 1% or less in
Orientals [41-43].

The second most common deficiency allele is CYP2D6*5, characterized by
deletion of the entire CYP2D6 gene [36] that occurs with a frequency of 3-6% in
most of the populations. Most of the other nonfunctional alleles have low frequencies
in different populations. They are due mostly to SNPs or small insertions or deletions
that alter splicing and/or the reading frame, leading to premature stop codons, while
fewer mutations result in a full-length nonfunctional proteins. Deletions resulting in
hybrid CYP2D6/2D7 genes were also reported (CYP2D6"13) [44].

Several alleles causing decreased, but not absent enzyme activity have also been
described. In Orientals the high frequencies of CYP2D6*10 allele (around 50%)
explained the lower capacity to hydroxylate debrisoquine compared to the Cauca-
sians. CYP2D6* 10 allele is characterised by a SNP causing Pro30Ser amino acid
substitution that leads to an unstable enzyme with decreased catalytic activity. This
allele is rare in Caucasians and has a frequency of about 2% [45]. A similar shift in the
metabolic ratio for debrisoquine hydroxylation was found in Africans from
Zimbabwe and was ascribed to the high frequency of CYP2D6* 17 allele that carries
nonsynonymous mutations [46]. This allele occurs with different frequencies in
African populations: 34% in Zimbabwe [47], 28% in Ghana [40], 17%
in Tanzania [48], and 9% in Ethiopia [49], however, it is almost absent in Europen
Caucasians [40]. More recently CYP2D6%41 allele was identified in Caucasian
individuals with reduced metabolic capacity [50], and it was shown that the
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molecular deficit is caused by a SNP 2988G > A located in intron 6 that leads to
alternative splicing and substantially increases the ratio between the splice variant
lacking the entire exon 6 and has a premature stop codon at position 291 and the
normal transcript [51].

Following the observation of extremely rapid metabolism of nortriptyline in some
individuals [4], alleles carrying multiple copies of functional CYP2D6 genes were
identified [52,53], and individuals carrying up to 13 functional CYP2D6 copies on
one allele have been found [49,52]. These CYP2D6*Nx2 alleles represent approx-
imately 3% of CYP2D6 alleles in Caucasians and 4.5% in African—Americans [54].
The frequency of CYP2D6 gene duplications increase with a gradient from north
to south of Europe and are 1-2% in Sweden [55], 3.6% in Germany [45], 7-10% in
Spain [56,57], and 10% in Sicily [58]. Haplotypes with multiple gene copies were
more frequent among Ethiopians (29%) [49] and in Saudi Arabia (20%) [59].
However, the finding that only 10-30% of Caucasian and UMs actually carry
CYP2D6 gene duplications led to a search of other possible genetic causes for
enhanced metabolism [60]. A CYP2D6"53 allele leading to increased activity was
identified and characterized in a Japanese population [61].

2.2.1.2 CYP2D6 Genotyping

Rapidly developing genotyping techniques permit the identification of molecular
defects causing genetic variability in metabolic capacity for CYP2D6 substrates.
Genotyping is however complicated by the presence of two highly homologous
pseudogenes within the same locus and by the diversity of mutations; a considerable
part of variability is due not only to SNPs but also to insertions or deletions and copy
number variations such as gene deletions or duplications.

CYP2D6 gene duplications and gene deletions were initially determined by
Southern blotting that was later replaced by long-distance PCR (XL-PCR) [53].
The long amplicon of the CYP2D6 gene region was then used as a template for
subsequent allele-specific PCR reactions for and restriction analysis to detect the
most frequent variant alleles [45]. Several gene copy number assays based on
quantitative PCR were developed [62,63] and are now commercially available for
research use.

The number of polymorphisms that have to be genotyped for an accurate
phenotype prediction is still debated. Several laboratories demonstrated that in
Caucasians genotyping for a limited number of CYP2D6 alleles predicts PMs
with close to 100% accuracy [45,56,64,65]. It was estimated that on the basis of
the allele frequency data, as little as one to two extra-long PCR (XL-PCR) reactions
followed by a maximum of six nested amplifications allow accurate prediction of an
individual’s genotype, while as few as four nested amplifications suffice to identify
97.9% of PMs [66]. However, testing for only a few alleles may lead to false
classification of PMs as EMs and in one study testing for 24 CYP2D6 alleles was
recommended in African-Americans [54].

Since the first allele-specific PCR test to identify the two most common defective
CYP2D6 alleles [67], a number of approaches was developed for CYP2D6 genotyp-
ing [68]. Traditional approaches were based on PCR amplification coupled to various
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post-PCR detection methods such as allele specific PCR [67], and restriction
fragment length polymorphism (PCR-RFLP) [45] for the analysis of known muta-
tions or single-stranded conformation polymorphism (SSCP) analysis for the detec-
tion of both known and unknown mutations [69]. All these methods require
considerable optimization and are laborious, especially if testing a large number
of alleles. More recently, real-time PCR methods (TagMan) have greatly simplified
SNP genotyping as the use of universal reaction conditions allowed simultaneous
analysis of different SNPs [70]. Also the introduction of microarrays simplified
genetic testing for many variants in parallel [71]. The first microarray-based
pharmacogenetic test, the Roche AmpliChip CYP 450 test [72], was approved for
clinical use in Europe in September 2004 and by the FDA in January 2005 [73]. Using
over 15,000 oligonucleotide probes, this chip enables testing for 20 CYP2D6 alleles
and 7 CYP2D6 duplications along with 3 CYP2C19 alleles and facilitates pharma-
cogenetics testing in the clinical environment [74]. Its use has advanced most in
psychiatry [75], and the potentials of CYP2D6 genotyping in oncology [76] have
been also recognized by the FDA [77].

2.2.1.3 CYP2D6 Genotype—Phenotype Correlations

An estimation of individual’s metabolic capacity for CYP2D6 substrates can be
obtained by phenotyping and several probe drugs are available [78]. Alternatively,
phenotype can be deduced from genotype data. As CYP2D6 is not inducible, genetic
polymorphism is the major determinant of its activity and the genotype correlates
well with the metabolic capacity for various drugs [71]. Correlations between the
phenotype and genotype have been extensively studied, providing a rather well-
understood molecular basis for the variation in CYP2D6 activity [79].

Many different approaches were used to predict the metabolic capacity (pheno-
type) from genotype [80]. Traditionally genotypes were categorized into PMs, IMs,
EMs, and UMs according to the number of active alleles. Individuals carrying two
nonfunctional alleles lack any CYP2D6 enzyme activity and are phenotypically PMs.
The prevalence of PMs is approximately 7% in Caucasians and 1-3% in other
populations. Subjects with one nonfunctional allele and one allele that codes for an
enzyme with decreased activity were defined as intermediate metabolizers (IMs).
Several pharmacokinetic studies suggested that the metabolic capacity in IMs is
severely reduced and may be comparable to that of PMs, especially long-term
treatment [81]. Among Caucasians more than 50% of all IMs carry CYP2D6*41/*0
genotype, while *9 and * 10 alleles account for no more than 20% of all IMs. Subjects
with at least one functional allele have normal metabolic capacity and are classified
as EMs. Ultrarapid metabolizers have three or more copies of the active CYP2D6
allele and display extremely high enzyme activity.

It was shown that genotyping correctly identifies PMs, but it is difficult to
quantitatively predict catalytic activity among IMs and EMs [64]. In addition,
there are inconsistencies in the assignment of IM phenotype, as some clinical studies
classified genotypes such as CYP2D6*2/*10 or CYP2D6*10/°10 as IMs and not
EMs [82]. Ethnicity also plays a role, as it was shown that among subjects carrying
CYP2D6*2 allele, CYP2D6 activity was considerably slower in African-Americans
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compared to Caucasians [83]. IM phenotype is of clinical importance in East
Asian population because of the high frequency of CYP2D6*10 allele [42]. The
prediction of phenotype is also difficult in carriers of CYP2D6* 17 allele, frequent in
Africans and African-Americans [54,84], as it was shown to be substrate-
dependent [83].

One problem of phenotype prediction based on the genotyping data is that it is
based on the assumption that a given allele has comparable activity toward all
CYP2D6 substrates [83] and does not account for the observations that the metabolic
capacity of a particular variant allele may be substrate dependant [82,85,86]. Enzyme
activity was also shown to be influenced by nongenetic factors such as dietary
habits [87]. The prediction is further complicated by the large number of possible
genotypes that have to be interpreted in a way that will allow application to clinical
settings. The CYP2D6 activity score model was proposed for the translation of
genotype information into a qualitative and comprehensive measure of pheno-
type [88]. In this model values were assigned to particular alleles: score 0 was
assigned to nonfunctional CYP2D6 alleles *3, *4,*4xN, *5,%6,%7,*16, * 36, *40, 42,
and *56B, score 0.5 was assigned to alleles with decreased function *9, *10, *17, *29,
*41,*45, and *46, score 1 was assigned to functional alleles *7, *2, *35, *43, *45, and
*46; and score 2 was assigned to duplicated alleles * 1 XN, *2xN, and *35xN. Besides
simplifying the genotype information, this model predicts the probability for a
subject with a certain score to present with a certain phenotype [88].

2.2.1.4 Clinical Implications of CYP2D6 Variability

CYP2D6 is involved in the metabolism of 20-25% of all drugs in clinical use,
including many antidepressants, antipsychotics, antiepileptics, antiarythmics, and
opioids.

The clinical relevance has been most consistently shown for PMs that may suffer
from ADRs at the usual doses of drugs with narrow therapeutic window or do not
respond to prodrugs that require metabolic activation by CYP2D6. On the other hand,
at usual doses UMs may lack the therapeutic effect of drugs or may exhibit toxicity of
prodrugs that require metabolic activation by CYP2D6. The clinical relevance of the
IM and EM phenotype is not so clear.

Nearly half of the drugs that are metabolized by CYP2D6 are used in psychiatry,
and these drugs are typically associated with a delayed therapeutic response, narrow
therapeutic window, and a multitude of ADRs. A number of studies investigated the
influence of CYP2D6 genetic variability on antipsychotic and antidepressant phar-
macokinetics, occurrence of ADRs, and treatment efficacy. Although the data show
that CYP2D6 polymorphism significantly influences haloperidol and risperidone
pharmacokinetics [58,89-93], the data on influence on treatment outcome and ADRs
occurrence are less conclusive, largely because studies have been small and
retrospective. The same applies to the studies on antidepressants [4,94,95]. Never-
theless, the association between the CYP2D6 PM phenotype and antipsychotics or
antidepressants induced ADRs was confirmed by systematic reviews [82,96]. In UMs
a trend toward lower therapeutic efficacy was reported [4]. A large case—control study
established that CYP2D6 PMs suffered 2.5—6-fold higher risk of risperidone ADRs
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and were more often discontinued from risperidone because of ADRs [97]. CYP2D6
PM and UM phenotypes also appeared to be associated with higher treatment costs
due to longer hospitalization [98].

On the basis of the therapeutic drug monitoring and genotyping data, dosing
adjustments for antipsychotics and antidepressants were recommended for patients
who are CYP2D6 PMs [82]. Fewer attempts have been made toward the implemen-
tation of pharmacogenetic testing for guided drug selection, despite the observations
that the first antipsychotic prescribed for a patient by a psychiatrist may not be the
best choice for that individual [99] and that the risk of switching to another
antidepressant is higher in PMs than EMs [100].

CYP2D6 also plays a crucial role in the metabolism of tamoxifen, which is an
estrogen receptor modulator widely used for the endocrine treatment of all stages of
hormone-receptor-positive breast cancer. Although many CYPs are involved in the
metabolism of tamoxifen, CYP2D6 is crucial for the biotransformation of tamoxifen
to endoxifen, the key metabolite with around 100 times greater affinity for the
estrogen receptor than the parent compound. Women with nonfunctional CYP2D6
alleles would thus achieve lower plasma concentrations of endoxifen [101]. Sim-
ilarly, tamoxifen response was influenced by the concomitant treatment with
selective serotonin reuptake inhibitors (SSRIs) that inhibit CYP2D6 [102]. Pharma-
cogenetics of tamoxifen treatment is discussed in more detail in Chapter 8.

As codeine, oxycodone, hydrocodone and tramadol are prodrugs activated by
CYP2D6, PMs may lack the analgesic effects from codeine-like drugs, while in UMs
higher plasma concentrations of morphine and its glucuronides were measured after
codeine administration [103] and toxic responses were reported [104,105]. Infant
death was reported in a breastfeeding mother that was UM for CYP2D6 and was
treated with codeine [106].

Regarding cardiovascular drugs, PMs were reported to have a 4-5-fold increase in
the risk for ADRs on treatment with metoprolol, a B-adrenoreceptor antagonist [107].

2.2.1.5 CYP2D6 in Endogenous Metabolism

CYP2D6 is also expressed in brain, where it plays an important role in the
metabolism not only of drugs but also of endogenous substrates, such as neuroactive
steroids and neurotransmitters [26,108], suggesting a link between CYP2D6 and
personality traits in healthy individuals as well as psychiatric and neurologic
disorders [109-111].

2.2.2 CYP2C Subfamily

The CYP2C gene subfamily includes four genes that cluster on chromosomal
location 10g24 [112] in the following order from centromere to telomere:
CYP2CI8-CYP2CI19-CYP2C9-CYP2CS [113].

The crystal structures of CYP2C8 and CYP2C9 are available for both unliganded
forms and complexes with respective substrates [114-116]. CYP2C18 does not seem
to translate to functional protein [117], while the other genes are expressed
predominantly in the liver and constitute 30-40% of the hepatic microsomal
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P450s and participate in the metabolism of about 20% of clinically prescribed
drugs [24]. They are also expressed in extrahepatic tissues, where they are implicated
in the endogenous metabolism of arachidonic acid and some steroids. CYP2C9 and
CYP2C19 polymorphism is of great clinical significance as they are involved in
metabolism of many drugs with narrow therapeutic window. Lately, more informa-
tion is emerging also on the pharmacogenetic importance of CYP2CS8.

2.2.3 CYP2C8

CYP2CS8 constitutes about 7% of total liver P450s [24] and is involved in the
metabolism of approximately 5% of clinically used drugs, especially antidiabetics,
antimalarials, and taxanes [118].

2.2.3.1 CYP2C8 Polymorphism

Up to now 16 alleles have been described for CYP2C8 gene [16]. Variants of wild-
type CYP2C8* 1A allele due to SNPs in 5'-regulatory region have been reported, but
they did not influence respective protein levels [119]. CYP2C8*2 codes for a
[1e269Phe substitution and was found mostly in Africans and African-Americans
with an allele frequency of around 16-18% [118,120]. CYP2C8*3 coding for
Argl39Lys and Lys399Arg has an allele frequency of 13% in Caucasians and 2%
in African-Americans and is in strong linkage disequilibrium with CYP2C9*2 [121].
CYP2(C8%4 codes for a protein with Ile264Met substitution and has a frequency of 8%
in Caucasians, butis not found in other races. The frequency of polymorphic CYP2C8
alleles appears to be very low in Asians [122].

2.2.3.2 Clinical Implications of CYP2C8 Polymorphism

CYP2CS8 plays a major role in disposition of therapeutic drugs such as the anti-
cancer drug paclitaxel [123], the antidiabetes drugs repaglinide, rosiglitazone, and
troglitazone [124]; the antiarrhythmic drug amiodarone [125]; and the HMG-CoA
reductase inhibitor cerivastatin [126,127]. Many substrates are shared with CYP3A4,
but usually different metabolic products are generated [123].

The CYP2CS gene codes for the principal enzyme involved in the elimination and
detoxification of paclitaxel. The protein products of CYP2C8*2 and CYP2C8*3
allele exhibited only 15% and 50%, respectively, of the activity toward paclitaxel
hydroxylation in vitro as compared to wild-type protein [118,119]. Nevertheless, the
impact of this variability on paclitaxel treatment is not so clear. In breast cancer
patients no major association was found between ABCBI, ABCG2, CYPIBI,
CYP3A4, CYP3A5, and CYP2C8 genotypes and paclitaxel clearance [128]. Also
relatively large clinical studies failed to show any significant association of CYP2C8
polymorphism and paclitaxel treatment response and survival in advanced head and
neck cancer, advanced non-small-cell lung cancer or ovarian cancer [129,130].
Although a study of 38 ovarian cancer patients reported lower clearance of paclitaxel
in patients heterozygous for CYP2C8*3 when stratified according to the ABCBI
G2677T/A genotype and the exposure to paclitaxel correlated to the degree of
neurotoxicity [131], a larger study revealed no significant associations between
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CYP2(C8 genotype and either outcome or toxicity of combined carboplatin and taxane
regimens after cytoreductive surgery of advanced ovarian cancer [132].

CYP2C8 genotype was also shown to influence the pharmacokinetics of glucose-
lowering meglitinides, but the clinical importance of altered metabolism remains to
be determined [133]. Most of the studies were performed on small numbers of
healthy volunteers, while large-scale studies on diabetic patients on long-term
treatment are lacking [134,135]. There are also no data as to whether CYP2C8
genotype modifies the risk of micro- and macrovascular complications in patients
with diabetes mellitus. Surprisingly, CYP2C8*3 carriers had higher repaglinide
clearance and lower plasma concentrations compared to wild-type carriers, but
no statistically significant differences in the blood glucose response to repaglinide
were observed between the genotypes [136,137]. Similarly, CYP2C8*3 carriers had
significantly lower rosiglitazone area under the plasma concentration—time curve
(AUC) and significantly higher rosiglitazone oral clearance as compared with
CYP2C8 wild-type homozygotes [138]. Although CYP2C8 genotype significantly
predicted rosiglitazone disposition, it did not influence its glucose-lowering
effect [139].

Decreased metabolism of (R)-ibuprofen was observed in carriers of CYP2C8*3
[140]. The CYP2C8*4 allele, along with variant UGT2B7 and ABCC2, also led to
increased risk of diclofenac hepatotoxicity, possibly due to formation or accumu-
lation of reactive diclofenac metabolites [141].

As CYP2C8 is the predominant P450 involved in the disposition of many
antimalarials such as amodiaquine, chloroquine, and dapsone, the relatively high
occurrence of CYP2C8*2 allele in Africans may have implications for fighting
malaria in this region [142]. Impaired activation of antimalarial amodiaquine to the
active metabolite N-desethylaminodiaquine has been observed in CYP2C8*2, leading
to increased risk of severe ADRs [143]. In another study CYP2C8*2 displayed
defective metabolism of amodiaquine, while CYP2C8*3 showed markedly decreased
activity. No evidence was reported for influence of CYP2C8 genotype on amodia-
quine efficacy or toxicity, but this remains to be investigated in larger samples [144].
Besides genetic variability drug interactions may also influence the efficacy and
toxicity of antimalarials. Coadministration of antiretroviral drugs such as efavirenz,
saquinavir, lopinavir, and tipranavir that are potent CYP2CS inhibitors at clinically
relevant concentrations may be of particular importance [144].

2.2.3.3 CYP2C8 Genotyping

No diagnostic kits are available, but reliable methods that are suitable for both
research and routine laboratory use were developed for genotyping CYP2C8*2, *3,
and *4 alleles either by classical PCR-RFLP, simple multiplex PCR [145] or by faster
and more cost-effective real-time PCR methods [146,147].

2.2.3.4 CYP2C8 in Endogenous Metabolism

CYP2C8, besides other CYP2C enzymes, participates in the metabolism of retinoids
and arachidonic acid [148,149]. Arachidonic acid is metabolized to biologically
active epoxides [150] that affect many physiologic processes, including water
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reabsorption and sodium transport in the kidney, inflammation, vascular smooth
muscle tone, and platelet aggregation [151,152]. Increased secretion of arachidonic
acid metabolites was observed in carriers of high-activity CYP2CS8 alleles compared
to the low-activity genotypes [153]. Nevertheless, few of the studies confirmed a
major role of CYP2C genetic variability in the risk for hypertension [120] or
cardiovascular diseases [154,155].

2.2.4 CYP2C9

Of the CYP2C family, CYP2C9 is the major enzyme found in the human liver,
constituting 18-30% of total hepatic P450 [156,157]. CYP2C9 is not expressed in
fetal liver, but its levels rise rapidly in the first 3 months after birth [158]. CYP2C9 is
distinguished from other human CYP2C enzymes by a preference for substrates
bearing a negative charge at physiological pH, although it also metabolizes neutral or
positively charged substrates [159]. It participates in disposition of about 10-20% of
commonly prescribed drugs, many of which have narrow therapeutic indices [20], so
subjects with slow metabolism may be at increased risk of ADRs when prescribed
drugs extensively metabolized by CYP2C9.

2.2.4.1 CYP2C9 Polymorphism

CYP2C9 is polymorphic, and 34 alleles and 7 variants with major interethnic
differences in frequency distribution were reported [16]. The CYP2C9*2 allele
carries a point mutation in exon 3 causing Argl44Cys substitution [160], while
the CYP2C9*3 allele carries a point mutation in exon 7 causing Ile359Leu
substitution [161,162]. It was demonstrated both in vitro and in vivo that these
two allelic variants of CYP2C9 gene influenced the metabolic activity of the
enzyme. The CYP2C9.2 and CYP2C9.3 proteins expressed in vitro demonstrate
approximately 12% and 5%, respectively, of the wild-type enzyme activ-
ity [160,162], however, the reduction in activity was highly dependent on the
substrate [163]. Mean clearances in homozygous carriers of the CYP2C9*3 allele
were below 25% that of the wild type for S-warfarin, tolbutamide, glipizide,
celecoxib, and fluvastatin. In the more frequent heterozygous carriers the clearances
were within 40-75% [164].

Alleles CYP2C9*2 and CYP2C9*3 are the two most common alleles in Caucasian
populations with allelic frequencies of 8-14% and 4-16%, respectively. Their
frequencies in African populations were 4% and 2%, respectively [164].
CYP2C9*2 allele was not detected, while CYP2C9*3 allele was found only in
heterozygous form in 3.5% of the Asian populations. Many new alleles with
decreased catalytic activity were discovered by sequencing of individuals from
different racial groups, but their frequencies in various populations may be too low to
be of clinical significance. CYP2C9*4 has been identified only in Japanese patients,
while CYP2C9*5, coding for Asp360Glu and CYP2C9*6, characterized by deletion
of adenine at nucleotide 818 that results in a frameshift causing a null allele were
found only among African-Americans with a frequency of 1.7% and 0.6%, respec-
tively [165-167].
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2.2.4.2 Clinical Implications of CYP2C9 Polymorphism

CYP2C9 polymorphism has clinical implications for several commonly prescribed
drugs such as oral anticoagulants, hypoglycemic agents, angiotensin-2 antagonists,
HMG-CoA-reductase inhibitors (statins), many nonsteroidal antiinflammatory drugs
(NSAIDs), and antiepileptics and other drugs [168,169].

The most important and widely replicated clinical implication of CYP2C9
polymorphism is related to oral anticoagulant treatment (for further information,
see Chapter 6). Warfarin is the most widely prescribed oral anticoagulant for
reducing thromboembolic events; however, in Europe, acenocoumarol and phen-
procoumon are also used. They act by interfering with the recycling of vitamin K in
the liver, which leads to reduced activation of several clotting factors. Oral antico-
agulant treatment can be difficult to manage because of the narrow therapeutic index
of these drugs and wide interindividual variability in the dose required to achieve the
desired therapeutic effect. Despite careful monitoring of prothrombin time expressed
as international normalized ratio (INR), bleeding events are likely to occur and the
risk of serious bleeding ranges from 1.3 to 4.2 per 100 patient years of exposure [170].

Warfarin is available as a racemate, and CYP2C9 is the major enzyme responsible
for 7-hydroxylation of S-warfarin, while CYP1A2, CYP2C19, and CYP3A4 are
responsible for oxidative metabolism of less potent (R)-enantiomer [171]. Several
clinical studies have demonstrated that CYP2C9 polymorphisms significantly influ-
ence warfarin pharmacokinetics by reducing (S)-warfarin metabolic clearance,
consequently lowering maintenance dose requirements. The effects of CYP2C9
polymorphisms on the pharmacokinetics and anticoagulant response is most pro-
nounced in warfarin and least in phenprocoumon [172]. A systematic review and a
meta-analysis of 39 studies comprising 7907 patients showed that, compared to the
CYP2C9*1/°1 genotype, dose requirement was lower for 19.6% in CYP2C9*1/*2,
33.7% in CYP2C9*1/*3,36.0% in CYP2C9*2/*2,56.7% in CYP2C9*2/*3, and 78.1%
in CYP2C9*3/*3 genotype carriers [173]. However, pharmacogenetic models could
explain only 37% of interpatient variability in warfarin dose requirement when
accounting for CYP2C9 genotype and nongenetic factors [174].

To explain the variability observed within the different CYP2C9 genotype groups,
polymorphisms in genes encoding components of the coagulation cascade were
investigated [175,176]. VKORCI, the enzyme inhibited by warfarin, is discussed in
detail in Chapter 5. All studies on warfarin dose requirement agree that around
12—-18% of variability is predicted by CYP2C9 genotype but about 30% by VKORC1
genotype. Altogether approximately 50-60% of variability in warfarin dose require-
ment can be predicted by both pharmacogenetic and nongenetic factors [176—178].

CYP2C9 also plays a major role in clearance of approximately half of the
nonsteroidal anti-inflammatory drugs (NSAIDs), including diclofenac, oxicams,
ibuprofen, flurbiprofen, and indomethacin. In ibuprofen disposition, CYP2C8
may also play a role, while CYP3A also participates in elimination of celecoxib,
valdecoxib, and meloxicam. CYP2C9 was found to play only a minor role in
pharmacokinetics of sulindac, naproxen, ketoprofen, diclofenac, rofecoxib, and
etoricoxib. Although it is generally accepted that cardiovascular and gastointestinal
adverse effects of NSAIDs are related to their mechanism of action, subjects with
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polymorphic alleles may have increased exposure and indeed, a greater risk of
adverse effects was observed in some, but not all studies [179]. For drugs that are
metabolized mainly by CYP2C9, the association of variant CYP2C9 alleles and the
risk of acute gastrointestinal bleeding showed a gene—dose effect. Besides CYP2C9*2
and *3 alleles also CYP2C8*3 showed increased risk of developing acute gastroin-
testinal bleeding during the use of NSAID that are CYP2C8 or CYP2C9 sub-
strates [180,181]. Although more data and larger studies are needed to confirm the
association between CYP2C9 genotype and adverse effects of NSAIDs [182], it was
proposed that CYP2C9 polymorphisms might be considered in treatment strategies
because of the widespread use of NSAIDs, especially in aging populations [183].
There was also great concern that CYP2CS8 or CYP2C9 polymorphisms may modify
the protective effect of regular NSAID use on the risk of colorectal carcinoma, but no
such interaction was found [184].

CYP2C9 is also the main enzyme in the disposition of sulfonylurea drugs
(tolbutamide, glibenclamide, glimepiride, glipizide) and nateglinide while rosigli-
tazone is also metabolized by CYP2C8. Although the majority of the studies was
performed on small numbers of healthy volunteers, many indicated that the
CYP2C9*3 allele was associated with decreased clearance of sulfonylureas [134].
Compared to carriers of the CYP2C9*1/*1 wild-type genotype, oral clearance of
sulfonylurea was 50-80% of normal in CYP2C9*1/*3 genotype and 20% in subjects
with CYP2C9*3/*3 genotype, but the resulting differences in drug effects were much
less pronounced [164]. Only scarce data exist on the clinical implications of this
genetic variability on adverse drug effects or clinical outcomes in patients ingesting
oral antidiabetics; however, carriers of polymorphic CYP2C9 alleles were reported to
experience higher incidences of hypoglicaemia on treatment with sulfonylurea
drugs [133]. Among sulfonylureas, the tolbutamide dose requirement was most
affected by CYP2C9*3 genotype [185]. Considering pharmacokinetic data, dose
adjustments based on CYP2C9 genotypes were proposed to help reduce the incidence
of ADRs [135].

2.2.4.3 CYP2C9 in Endogenous Metabolism

Besides its role in drug metabolism CYP2C9 contributes to the metabolism of fatty
acids, prostanoids, and steroid hormones, but our understanding of the role of
CYP2C9 in endogenous metabolism is limited. As CYP2C9 participates in the
oxidation of arachidonic acid to several physiologically active metabolites, it may
play an important role in the regulation of vascular renal, pulmonary, and cardiac
function and vascular homeostasis and inflammatory response, but more clinical
studies are needed [186,187].

2.2.5 CYP2C19

CYP2C109 is expressed predominantly in liver, where it accounts for around 3% of
total hepatic CYPs and is involved in metabolism of about 5% of all drugs. It is also
expressed in fetal liver at relatively constant levels throughout gestation, but postnatal
increases in CYP2C19 are observed within the first year of life [158]. It is particularly
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important for metabolism of several antidepressants, proton pump inhibitors, and
antiepileptics.

CYP2C19 was first described as S-mephenytoin hydroxylase. Approximately
10-fold difference in oral clearance was described between EMs and PMs of
S-mephenytoin, and about 3% of Caucasians throughout the world are PMs of
S-mephenytoin [188-190]. Large interethnic differences exist in the distribution
of EM and PM genotypes. Among Africans 4—7% are PMs [169]. The frequency of
PMs is much higher in Orientals and ranges from 12% to 22% [3,189,191], however,
in the Vanuatu islands in Melanesia the frequency of PMs is 70% [192].

2.2.5.1 CYP2C19 Polymorphism

The interindividual variability in CYP2C19 activity is determined mainly by the
genetic polymorphisms of this enzyme. Seven variant alleles (CYP2C19*2-*8) that
code for a non-functional enzyme have been described to date (as of 2011) [16].
CYP2C19*2 allele (first reported as m1) is characterized by 681G > A substitution in
exon 5 that creates an aberrant splice site and produces a premature stop codon
leading to a truncated inactive protein product that lacks the heme-binding
region [193]. This allele accounts for 93% of the defective alleles in Caucasians
and 75% in Orientals [193,194]. CYP2C19*3 allele (first reported as m2) is extremely
rare in Caucasians; however, it accounts for approximately 25% of all inactive alleles
in Orientals. It is characterized by 636G > A substitution in exon 4 that also creates a
premature stop codon [195]. Additional nonfunctional, however rare alleles have
been described in individuals with decreased ability to metabolize the probe drugs
(CYP2C1974—*8) [196-200], while most of the other rare alleles (CYP2C19*9-*15)
were discovered by direct sequencing and still need to be characterized regarding
their function [201].

A novel variant allele, CYP2C19%17 has been reported. This allele is characterized
by two SNPs in the promoter region, —3402C>T and -806C >T, the later is
associated with increased transcriptional activity that leads to ultrarapid metabolism
of some CYP2C19 substrates [202]. This allele is particularly frequent in Caucasian
populations—a frequency of 18% was reported in Swedes and Ethiopians [202],
19.61% in Greeks [203] and 25,1% in healthy German women [204], but it is rare in
Oriental populations with a frequency of 1,2—4% in Chinese [194,202] and 1.3% in
Japanese [205], indicating that CYP2C19*17 plays a minor role in Oriental
populations.

2.2.5.2 Clinical Implications of CYP2C19 Polymorphism

There is considerable evidence for the clinical significance of CYP2CI9 polymor-
phism. Among other drugs, CYP2C19 is particularly important for the metabolism of
proton pump inhibitor (PPI) omeprazole and related compounds. Altered CYP2C19
activity does not seem to increase the risk for ADRs of PPIs, although 5-fold higher
exposure to the drug was observed in PMs compared to EMs of CYP2C19. Several
studies reported higher levels of systemic drug exposure and a better pharmacody-
namic response (more effective acid suppression) as well as a more favorable
therapeutic response (improved duodenal and gastric ulcer healing) in CYP2C19
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PMs during treatment with omeprazole and lansoprazole [206,207]. Several studies
showed that the efficacy of omeprazole- and lansoprazole-based triple therapies for
eradication of Helicobacter pylori (H. pylori) infection is significantly higher in
homozygous or heterozygous carriers of CYP2CI19 deficiency alleles, while the
eradication rates of rabeprazole therapy were not dependent on CYP2CI9 geno-
type [208]. Also in Chinese and Japanese patients treated for gastroesophageal reflux
disease (GERD) with rabeprazole, the healing of erosive lesions did not depend on
CYP2CI9 genotype [209,210]. Similarly, in GERD patients treated with esome-
prazole that is predominantly metabolized by CYP3A4 rather than CYP2C19, the
healing rate was not dependent on CYP2CI9 genotype [211].

As CYP2CI19*17 allele was associated with 2-fold decrease in omeprazole
disposition due to ultrarapid metabolism in healthy volunteers, homozygous carriers
of this allele were reported to be at risk of subtherapeutic drug exposure and
therapeutic failure [202,212], however, this allele did not influence the efficacy of
H. pylori eradication with pantoprazole [213]. This result is in accordance with the
observations of previous studies where the presence of CYP2C19*2 allele had a more
pronounced effect on the metabolism of other CYP2C19 substrates, such as
escitalopram and omeprazole than did the presence of CYP2C19*17 allele [214,215].

CYP2C19 also plays an important role in elimination of several antidepressants. In
general, CYP2C19 PMs are reported to achieve higher plasma levels of antidepres-
sants than are EMs. Although no simple relationship exists between dosage, plasma
levels, and clinical outcome of antidepressants, PMs are more likely to suffer from
adverse effects and withdrawal from the treatment. Only a few studies investigated
the influence of CYP2C19*17 allele on the disposition and efficacy of antidepres-
sants. Homozygous carriers of CYP2C19*17 allele had significantly lower mean
serum concentrations of escitalopram than EMs [215], however plasma levels of
sertraline were not influenced by CYP2C19*17 allele [216]. Among 14 different
antidepressants, CYP2C19 genotype based dose adjustments were published for
amitryptyline, citalopram, clorimipramine, imipramine, moclobemide, and trimi-
pramine [217]. Overall, regardless of the substrate CYP2C19, defective alleles seem
to have a greater influence on drug disposition than CYP2C19*17 allele [216].

Diazepam is partially demethylated by CYP2C19, and the high frequency of
mutated alleles in Orientals is probably the reason why such populations have a
slower metabolism and are treated with lower doses of diazepam than Caucasians [3].

CYP2C19 also plays an important role in the conversion of clopidrogrel into an
active thiol metabolite that inhibits platelet aggregation and is an important part of the
treatment for patients with ischemic heart disease. Although several CYP enzymes
may be involved in the metabolic activation of clopidogrel, thus far the clinical
relevance was reported only for carriers of defective CYP2CI9 alleles [218,219].
Plasma levels of the active metabolite of clopidogrel were one-third lower in healthy
carriers of at least one nonfunctional CYP2CI9 allele compared to noncarriers, while
among patients with acute coronary syndromes CYP2CI9 polymorphism signifi-
cantly increased the risk of death from cardiovascular causes [220] and the risk of
stent thrombosis [221]. Also among young survivors of acute myocardial infarction,
the risk of recurrent arterial thrombotic events was greatly increased in carriers of at
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least one copy of CYP2C19*2 allele [222]. Similarly, among patients with acute
myocardial infarction, those carrying two nonfunctional CYP2CI9 alleles had a
higher rate of subsequent cardiovascular events than did the noncarriers. This effect
was particularly marked among the patients undergoing percutaneous coronary
intervention [223].

Given the important role of CYP2CI19 in the bioactivation of clopidogrel,
drugs that inhibit CYP2C19 may also reduce the antiplatelet effect of
clopidogrel. Increasing evidence suggests that some proton pump inhibitors inhibit
CYP2C19 [224,225] and thus potentially lead to an increased risk of adverse cardiac
outcomes and deaths [226]. In fact, among patients receiving acetylsalicylic acid and
clopidogrel following acute myocardial infarction, concomitant therapy with proton
pump inhibitors other than pantoprazole was associated with a loss of beneficial
effects of clopidogrel and increased risk of reinfarction [227]. Despite these findings,
it remains to be investigated whether genotyping for CYP2C19 would help to stratify
the risk for adverse events in patients with acute coronary syndrome as many other
factors also influence the pharmacodynamic response to clopidogrel [228].

Although genetic variability is the main determinant of the interindividual
variability in CYP2C19 activity, other factors such as age, use of interacting
drugs, and chronic disease were also shown to contribute to this variability [229—
231]. Mild liver disease significantly decreased the capacity to hydroxylate mephe-
nytoin, while metabolic capacity of cytochromes CYP1A2, CYP2D6, and CYP2E1
was compromised only in patients with moderate to severe liver disease [231]. In
human hepatocytes inflammatory cytokines downregulate CYP2C19 mRNA expres-
sion [232]. Also in patients with congestive heart failure, an inverse relationship
between TNF-o and IL6 (interleukin 6) plasma concentrations and the activity of
CYP2C19 was reported [233]. Decreased activity of CYP2C19 was also observed in
patients with advanced cancer, resulting in a conversion of phenotype to PM in
25-37% of the patients with normal genotype [234,235]. Therefore any attempts to
individualize the treatment using genotyping approach would significantly under-
estimate the number of phenotypical PMs among advanced cancer patients [235].
As CYP2C19 is involved in a disposition of a number of chemotherapeutic agents,
cyclophosphamide included [236], decreased activity of this enzyme may influence
the efficacy and toxicity of these agents, particularly in Oriental populations.

2.2.5.3 CYP2C19 in Endogenous Metabolism

Similar to other members of CYP2C family, CYP2C19 also metabolizes arachidonic
acid to epoxyeicosanoid acids, which are involved in vascular tone and inflammation.
Increased circulating levels of inflammatory markers were found in women from the
Stanislas cohort homozygous for the defective allele CYP2CI9*2, and it was
suggested that CYP2C19 may be considered a new candidate gene for cardiovascular
risk via inflammation [237]. So far these associations were studied mostly in
cardiovascular diseases, but not in other inflammatory processes, such as rheumatoid
arthritis. However, a study on leflunomide treated rheumatoid arthritis patients
reported that frequencies of polymorphic CYP2C9 and CYP2C19 alleles in patients
were not significantly higher than in general healthy population [238].
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Another clinically important role of CYP2C19 in endogenous metabolism has
emerged as CYP2C19 and CYP3A4 were reported to contribute to extraadrenal 21-
hydroxylation of progesterone but not 17-hydroxy progesterone. It was proposed that
these enzymes may ameliorate mineralocorticoid deficiency, but not glucocorticoid
deficiency, in patients with congenital adrenal hyperplasia (CAH) due to 21-hydrox-
ylase (CYP21A2) gene mutations. Indeed, one of five patients with a CAH phenotype
milder than that predicted by CYP21A2 genotype was homozygous for CYP2C19*17
allele [239].

2.2.6 CYP3A Subfamily

The CYP3A subfamily represents the most abundantly expressed CYPs in human
liver, as well as in the gut, where they are involved in the metabolism of 50% of all
drugs currently on the market [240]. The human CYP3A locus carries four genes
and two pseudogenes, probably arising through gene duplication. Only CYP3A4,
CYP3A5, CYP3A7, and CYP3A43 encode active enzymes relevant for drug
metabolism.

The CYP3A subfamily accounts for more than 50% of all CYP-dependent drug
metabolism, including HMG-CoA reductase inhibitors such as simvastatin and
atorvastatin, the immunosuppressants cyclosporine A and tacrolimus, macrolide
antibiotics such as erythromycin, antihistamines, and anticancer agents [240].

CYP3A enzymes have similar substrate specificities [241], and most of the drugs
that are metabolized by CYP3A enzymes are also substrates of p-glycoprotein. Huge
interindividual variability in CYP3A expression levels and activity exists. The
variability in clearance of CYP3A substrates was greater than 10-fold in vivo and
around 30-fold in vitro [242]. Genetic factors were estimated to account for 70-90%
of this variability; however, environmental or endogenous factors may lead to even
greater level of variability due to induction or inhibition of the enzyme [243].
Inducers such as rifampicin, anticonvulsants such as carbamazepine or phenytoin,
glucocorticoids, and hyperforin in St. John’s wort significantly decrease plasma
levels of coadministered CYP3A4 substrates, due to increased clearance, and may
lead to therapeutic failure. A classical example is decreased effectiveness of oral
contraceptives in patients on rifampicin [244]. On the other hand, a number of drugs
such as the antifungal ketoconazole, HIV protease inhibitors, some macrolide
antibiotics, and antidepressants belonging to selective serotonin reuptake inhibitors
and even food constituents such as grapefruit juice inhibit CYP3A4, and when
coadministered, significantly increase the plasma levels of CYP3A substrates,
resulting in drug toxicity [245]. Because many drugs that are metabolized by
CYP3A4 are coadministered, these drug interactions frequently lead to ADRs
and seem to be clinically more relevant than genetic polymorphism [246].

2.2.7 CYP3A4

CYP3A4 is the most abundantly expressed CYP in human liver and small intestine,
where it accounts for 30-40% of total CYP content. Intestinal CYP3A4 plays a major
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role in the first-pass metabolism of orally administered drugs. CYP3A4 is also
expressed in other parts of gastrointestinal tract, kidney, and pancreas.

2.2.7.1 CYP3A4 Polymorphism

Following observations of the large extent of variability in CYP3A activity as being
due to genetic factors [243], a large number of sequencing and phenotype—genotype
correlation studies were performed, but they failed to identify a common functional
polymorphism, and no correlation was found between the genotype and the pheno-
type [247]. Most CYP3A4 alleles occur at low allele frequency (<1-2%) or are
prevalent only in specific populations [248]. In vitro some alleles lead to absent (*20),
decreased (*8, *11, *13, *17), or increased activity (*18), but only limited
genotype—phenotype association was observed [249]. The only allele that appears
to influence the CYP3A4 expression is the promoter variant CYP3A4* 1B, charac-
terized by —392A > G polymorphism that is present with 35-67% allele frequency in
African-Americans and 2-10% frequency in Caucasians but is absent in Asians.
CYP3A4*18 allele that codes for Leu293Pro substitution was not found in
Caucasians, but occurs with an allele frequency of 10% in Chinese. This population
specific frequency distribution may result in increased disposition of CYP3A4
substrates in Africans and Asians [250].

2.2.7.2 Clinical Implications of CYP3A4 Polymorphism

In general, it was suggested that genetic variability of CYP3A4 may be of limited
importance as a pharmacogenetic marker due to a low frequency of CYP3A4 poly-
morphic alleles in Caucasians and a limited genotype—phenotype relationship [249].

CYP3A4 polymorphism seems to play a role in treatment with antiretroviral
agents. CYP3A4*IB decreased absorption of indinavir, which may be problematic
because plasma levels correlate with decrease in viral load [251]. Besides CYP2B6,
also CYP2A6 and CYP3A4 influenced efavirenz pharmacokinetics in HIV
patients [252].

CYP3A4 also plays an important role in metabolism of more than 33% of
anticancer agents such as docetaxel, irinotecan, etoposide, tamoxifen, and cyclo-
sporine, so cancer treatment may be influenced by CYP3A4 variability. CYP3A4 was
implicated in increased risk of cancer-treatment-related complications, especially
secondary malignant neoplasms [253]. Enhanced docetaxel clearance was demon-
strated in patients carrying the CYP3A4* 1B allele, suggesting that these patients may
be undertreated and have poorer therapeutic outcome [254]. Cancer treatment with
CYP3A4 substrates was also shown to be compromised by drug interactions. In
cancer patients treated with docetaxel in combination with the potent CYP3A4
inhibitor ketoconazole, a 49% decrease in docetaxel clearance was found [255]. On
the contrary, formation of the cytotoxic irinotecan metabolites was significantly
decreased on induction of CYP3A4 [256,257].

2.2.7.3 CYP3A4 in Endogenous Metabolism
CYP3A4 is involved in metabolism of endogenous substrates such as steroid
hormones, and bile acids and xenobiotics such as food constituents and
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environmental pollutants and its polymorphism were frequently studied in relation to
cancer risk [258]. Increased metabolism of estrogens and testosterone was observed
in CYP3A4*18 allele in vitro, and the presence of this allele was associated with low
bone mineral density [259].

2.2.8 CYP3A5

CYP3AS is the major CYP expressed in kidney, but has also been detected in
other extrahepatic tissues [260]. CYP3AS is expressed in fetal and adult liver
in about 25% of Caucasians and more than 50% of African-Americans [261], but
the level is usually less than that of CYP3A4. However, because of genetic
polymorphism, CYP3A5 may account for more than 50% of CYP3A content in
liver in some individuals [262].

2.2.8.1 CYP3A5 Polymorphism

Of 11 polymorphic alleles and 15 variants reported to date [16], CYP3A5*3 and
CYP3A5%6 alleles result in severely decreased or absent CYP3AS expression in the
liver due to alternative splicing that leads to protein truncation [247,263]. As 80% of
Caucasians and 30% of Africans are homozygous for CYP3A5*3 allele, they do not
express CYP3A4 in liver. CYP3A5%6 allele is found in 15% of African-Americans,
but is very rare in Caucasians.

2.2.8.2 Clinical Implications of CYP3A5 Polymorphism

As nonfunctional CYP3AS5 alleles occur with high frequency, they may be of clinical
importance for drug treatment; however, it is difficult to predict the impact of
CYP3A5 polymorphism on total CYP3A activity in the liver, due to a large
substrate overlap with CYP3A4. In addition, it is difficult to determine the contri-
bution of a particular allele to increased CYP3A activity due to linkage between
CYP3A4*IB and CYP3A5*1.

CYP3AS polymorphism may be of importance for treatment with immunosup-
pressive drugs as they have a narrow therapeutic index and exhibit large interpatient
variability regarding both pharmacokinetics and pharmacodynamics. In general, the
influence of CYP3A5*1 and CYP3A5*3 on tacrolimus pharmacokinetics is well
established, while data on cyclosporine A and sirolimus disposition are not conclu-
sive [264]. Carriers of CYP3A5*1 allele associated with hepatic expression of
CYP3AS5 had significantly lower tacrolimus exposure and more nephrotoxicity
within 5 years of kidney transplantation, but it was not possible to determine whether
this toxicity is due to increased production of toxic metabolites due to genetic
variability in CYP3AS5 expression or due to increased exposure to corticosteroids,
known inducers of CYP3A enzymes [265]. On the contrary, patients with CYP3A5*3
showed higher dose-adjusted blood concentrations of tacrolimus [266]. It was shown
that an adult renal transplant recipient with a CYP3A5*1/*3 genotype requires a 1.5
times higher starting dose of tacrolimus compared to CYP3A5*3 homozygous
patients to reach the predefined target exposure and adequate immunosuppression
early after transplantation [267].
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2.29 CYP3A7

CYP3A7 is the major CYP detected in the embryonic, fetal, and newborn liver,
although it was detected also in some adult livers, but at much lower levels than
CYP3A4. Only a few substrates have been studied for CYP3A7-dependent metab-
olism, and hydroxylation of dehydroepiandrosterone sulfate (DHEA-S) was sug-
gested to be its most physiologically important role during fetal life [268]. After
birth CYP3A7 appears to be silenced, and CYP3A4 expression increases rapidly,
reaching 50% of adult levels between 6 and 12 months of age [260,269].

2.2.9.1 CYP3A7 Polymorphism

CYP3A7*1C allele was reported to cause persistent CYP3A7 activity during adult life
and resulted in nearly 50% reduction in DHEA-S levels in healthy elderly indivi-
duals [270]. CYP3A7*2 allele is characterized by a SNP in exon 11 that leads to
Thr409Arg substitution and occurs with an allele frequency of 8% in Caucasians,
17% in Saudi Arabians, 28% in Chinese and 62% in Tanzanians. This allele encoded
a functional enzyme with a higher detoxification capacity than CYP3A7*1 allele, but
its impact on fetal drug clearance and endogenous metabolism is not clear. Fetal
livers that expressed CYP3A7.2 also expressed CYP3AS protein, and linkage
disequilibrium was found between the CYP3A7*2 and CYP3A5* 1. Linkage disequi-
librium was also observed between CYP3A7*1 and CYP3A5*3, resulting in
CYP3A7.1 but no CYP3AS5 expression and lower detoxification capacity [271].

2.2.10 CYP3A43

CYP3A43 shares over 70% amino acid sequence homology with other CYP3A
enzymes, but as it represents only 0.1-0.2% of total CYP3A content in adult human
liver, it is unlikely to play an important role in drug metabolism. Besides liver, it was
found also in testis, kidney, pancreas, and prostate [272,273].

2.2.10.1 CYP3A43 Polymorphism

Of 5 variants reported in CYP3A43, CYP3A43*2 leads to a frameshift mutation
causing a premature stop codon, while CYP3A43*3 causes amino acid substitution
(P340A). The functional role of these mutations remains to be elucidated [274].

2.211 CYP1A2

CYPI1A2 is expressed mainly in the liver, where it may account for 10-15% of the
total CYP content. Large interindividual differences were observed in the metabolic
capacity for caffeine, a test substrate for CYP1A2. Although this variability is due
mainly to genetic factors as shown by twin studies [275], environmental factors also
influence the activity. Smoking is a potent inducer of CYPIA2 gene, and patients who
are smokers would be expected to have a higher rate of CYP1A2-mediated drug
disposition.
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2.2.11.1 CYP1A2 Polymorphism

In total, 16 different alleles in CYPIA2 have been reported, with an additional 21
different variants described for CYPIA2*1 allele [16], but there are no common
functional polymorphisms. In smokers, CYPIA2*IC (-3860G>A) caused
significantly reduced rate of caffeine 3-demethylation [276], while CYPIA2*IF
(—163C> A) resulted in higher inducibility by smoking [277] or omeprazole [278].
The CYPIA2*IK allele (=739, —729T, and —163A) resulted in lower constitutive
CYP1A2 activity [279].

2.2.11.2 Clinical Implications of CYP1A2 Polymorphism

CYP1A2 is involved in the metabolism of atypical antipsychotics such as clozapine
and olanzepine. As the prevalence of smokers is higher among psychiatric patients
than in the general population (around 80% compared to 25%) [280], CYP1A2 was
suggested to play an important role in metabolism of atypical antipsychotics, especially
insubjects onlong-term treatment. Many studies investigated the association of CYPIA2
polymorphisms with development of tardive dyskinesia, as this is a frequent and
potentially irreversible extrapyramidal side effect of long-term antipsychotic treatment,
but the results were not concordant. No association was observed in German [281] or
Chinese [282] schizophrenia patients, while an association of CYPIA2* I C with higher
risk for developing tardive dyskinesia was observed among north Indian patients who
were smokers and treated only with typical antipsychotics [283].

2.2.12 CYP2A6

CYP2AG6 is expressed at medium to low levels in liver, where it accounts for 0.2—13%
of total CYP content [24]. It was also detected in lung, trachea, and nasal and
oesophageal mucosa. CYP2A6 exhibits large interindividual and interethnic vari-
ability in levels of expression and activity, due largely to genetic polymorphisms.

2.2.12.1 CYP2A6 Polymorphism

CYP2A6is highly polymorphic. It has 78 alleles and variants and many additional SNPs
where the haplotype has not yet been determined; however, the frequency of nonfunc-
tional and deficiency alleles is low in Caucasians [284]. CYP2A6" 1 B displays several
variants and occurs with an allele frequency of 37.5% in the Japanese population.
CYP2A6*1BI1 variant carries gene conversion in the 3’-flanking region and was
associated with increased metabolic capacity [276]. The most important defective
allele is CYP2A6"4, carrying a gene deletion that occurs with a frequency of 7-22% in
Asiansbutonly 0.5-1% in Caucasians [285]. Large interindividual variations in the rate
of nicotine metabolism were reported within groups of individuals having the same
CYP2A6 genotype possibly due to CYP2B6 also contributing to metabolism [286].

2.2.12.2 Clinical Implications of CYP2A6 Polymorphism
CYP2AG6 is the major enzyme involved in oxidation of nicotine to cotinine. As
nicotine is primarily responsible for the addictive properties of cigarettes, it is
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generally accepted that individuals with reduced nicotine metabolism due to low
CYP2AG6 activity smoke less [287]. A 2009 multicenter study found a rare variant
resulting in decreased activity associated with reduced risk of the upper aerodigestive
tract cancer [288]. As frequency of defective alleles is higher in Asians compared to
Caucasians, they also have lower smoking related cancer risk [289,290]. This may be
due to decreased metabolism of procarcinogens from tobacco smoke to carcinogenic
tobacco-specific nitrosamines [291]. The effect of nicotine metabolism on risk of
cigarette smoking associated health problems such as other cancers and cardiovas-
cular and pulmonary disorders remains to be determined [292-294].

CYP2AG6 is also involved in metabolism of clinically important drugs such as
coumarin, halothane, valproic acid, and disulfiram. Along with CYP1A2 and
CYP2CS8, it activates prodrug tegafur to active anticancer drug 5’-fluoroura-
cil [295,296]. As patients with defective CYP2A6 alleles exhibit significantly
decreased plasma levels of 5'-fluorouracil, genotyping for CYP2A6*4 allele was
proposed to increase the efficacy of treatment with tegafur in Japanese patients [297].

2.2.13 CYP2B6

CYP2B6 has long been considered to have a minor role in drug metabolism; however,
the list of clinically relevant substrates of this enzyme is growing. CYP2B6 is
expressed mainly in liver, where it constitutes about 3—-5% of the total microsomal
P450 pool [298-301], but it was also detected at lower levels in extrahepatic tissues,
including intestine, kidney, lung, skin, and the brain [9,299,302]. CYP2B6 expression
levels in human livers vary 20-250-fold between individuals, while CYP2B6 activity
in liver microsomes varies more than 100-fold [303-305]. Transcriptional regulation
is considered to be one of the major contributors to this variability. CYP2B6 is highly
inducible by phenobarbital-type compounds as well as many other typical inducers of
CYP3A4 in a dose-dependent manner [306-308]. Constitutive androstane receptor
(CAR), pregnane X receptor (PXR), glucocorticoid receptor (GR), and vitamin D
receptor were shown to mediate transcriptional activation in response to xenobiotic
exposure [309].

2.2.13.1 CYP2B6 Polymorphism
Besides the differences in gene regulation, genetic polymorphisms largely contribute
to interindividual variability in CYP2B6 activity. CYP2B6 is highly polymorphic,
and currently 29 alleles and a number of variants have been described [16]. Several
SNPs cause amino acid substitutions and are found at frequencies up to 30% in
Caucasian populations [301], but are less frequent in Japanese [310]. Most of these
SNPs were associated with moderately decreased expression and activity [301];
however, some novel nonsynonymous SNPs actually result in phenotypic null
alleles [311]. Several SNPs associated with polymorphic CYP2B6 expression
were also identified in the promoter region and in the introns [312].

CYP2B6"4 characterized by amino acid substitution Lys262Arg was associated
with increased clearance of the probe drug bupropion [313]. One of the most
frequently studied alleles is CYP2B6*6 characterized by two SNPs 516G >T in



CYTOCHROMES P450 37

exon 4 and 785A >G in exon 5, that lead to amino acid substitutions GIn172His
and Lys262Arg. It was shown that 516G >T leads to aberrant splicing, reduced
levels of CYP2B6 mRNA that lacks exons 4-6 and to decreased CYP2B6 expres-
sion [314,315]. The activity of this allele seems to be substrate-dependent, as it was
higher for cyclophosphamide [316] and lower for efavirenz [317,318].

Besides genetic polymorphisms, CYP2B6 activity also varies according to sex and
ethnicity. CYP2B6 activity was 3.6- and 5.0-fold higher in Hispanic females than in
Caucasian or African-American females [312].

2.2.13.2 Clinical Implications of CYP2B6 Polymorphism

Whereas CYP2B6 participates in the disposition of a few precarcinogens and some
important therapeutic drugs such as artemisinin, ketamine, propofol, bupropion, and
the HIV1 reverse transcriptase inhibitors nevirapine and efavirenz, it is involved in
the metabolic activation of the cytotoxic prodrugs cyclophosphamide, ifosfamide,
thiotepa, and procarbazine. Although CYP2B6 contributes only 20% to ifosfamide
activation (compared to 40% of the prodrug activated by CYP3A4), it contributes
more than 80% to cyclophosphamide activation (compared to the 4% share of
CYP3A4) [319,320]. Regarding the important role of CYP2B6 in the metabolism of
many clinically important drugs, polymorphisms of this enzyme are likely to affect
their pharmacokinetics. In addition, substrates such as cyclophosphamide, ifosfa-
mide, anti-HIV drug efavirenz, and antimalarial artemisinin can affect their clearance
or toxicity as they accelerate their own metabolism due to induction of
CYP2B6 [308,321], while the anticancer agent thiotepa inhibits CYP2B6 [322].

Many studies showed that CYP2B6*6 carriers have reduced capacity to metabolize
the probe drug bupropion [323] and efavirenz (EFV) [317,318]. This allele is
particularly common in Africans (frequency close to 50%) [324] and more common
in African-Americans (20-30%) than in European Americans (3%) and is associated
with significantly greater efavirenz plasma exposure and central nervous system
(CNS) side effects during HIV therapy [325]. The CYP2B6*6 allele occurred at a high
frequency of 49% in HIV patients from Zimbabwe and was associated with high EFV
concentrations. Predictions showed that a 35% dose reduction would maintain drug
exposure within the therapeutic range in homozygous CYP2B6*6 patients [326] and
indeed successful HIV1 suppression and reduced EFV-associated CNS symptoms
were achieved with reduced dose in a clinical trial [327]. There is increasing evidence
that CYP2B6 genotyping may be useful to complement an individualization strategy
based on plasma drug determinations to increase the safety and tolerability of
EFV [328].

Regarding the activation of cyclophosphamide, homozygotes for CYP2B6*6
showed significantly higher clearance and shorter half-life of the drug than did
heterozygotes and homozygotes for CYP2B6*1 [316]. The potency of cyclophos-
phamide activation was also affected by polymorphisms in the promoter region and
introns in the CYP2B6 and was related to leukocytopenia in Japanese patients with
malignant lymphoma or breast cancer [329].

Stimulants such as ecstasy [330] and nicotine [331] are partly metabolized by
CYP2B6, and CYP2B6*6 allele was associated with faster nicotine and cotinine
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clearance, especially among individuals exhibiting decreased activity CYP2A6
genotypes [286]. CYP2B6 is also the primary enzyme involved in the metabolism
of the antidepressant and antismoking drug bupropion; therefore this drug is preferred
for both in vitro and in vivo phenotyping [332,333]. Carriers of CYP2B6*6 allele
treated with bupropion had higher abstinence rates than did placebo-treated smokers
at the end of treatment as well as at the 6-month follow-up [334].

2.2.14 CYP2E1

CYP2EI metabolizes a small number of clinically important drugs such as haloge-
nated anesthetics (enflurane, halothane, isoflurane, methoxyflurane, sevoflurane),
acetaminophen (paracetamol), and theophylline [240]. CYP2EI1 is of greater tox-
icological than clinical importance because of its role in the metabolism and toxicity
of alcohol and solvents. Besides alcohol dehydrogenase, CYP2EI is the second major
enzyme involved in ethanol oxidation to acetaldehyde, a highly reactive and toxic
metabolite. Reactive species are generated in this process and may contribute to liver
injury and other alcohol-induced diseases [335]. CYP2E1 also activates many low-
molecular-weight xenobiotics (nitrosamines, styrene, aniline, benzene, and many
other solvents, especially halogenated hydrocarbons) to hepatotoxic or carcinogenic
products [336].

In addition to human liver, CYP2E1 is expressed in other tissues, including
brain [337]. Regulation of CYP2EI expression and activity is complex and involves
transcriptional activation, mRNA stabilization, increased mRNA translation effi-
ciency, and decreased protein degradation [338]. CYP2E] is induced by ethanol. This
induction is accompanied with the proliferation of the endoplasmic reticulum that
results in enhanced activity of other P450s and in tolerance to other drugs due to
increased metabolism. CYP2E] is also induced by isoniazid. In livers of patients with
chronic hepatitis C viral infection, nRNAs encoding CYP2E1 were downregulated,
due at least in part to the elevated production of proinflammatory cytokines [339].
Moderate to severe liver disease also decreased CYP2EI enzyme activity [231].

Interindividual variability was observed in the expression of hepatic CYP2EI in
humans [337]. Subjects also differed with respect to CYP2EI inducibility by
ethanol [340]. Genetic diversity of CYP2E1 may be increased by alternative splicing.
Alternatively spliced mRNA transcripts were detected in cancer cell lines and were
predicted to lead to truncated non-functional proteins [341].

2.2.14.1 CYP2E1 Polymorphism
The CYP2EI gene is not very polymorphic as only 13 variants were described to
date [16]. Especially the coding region seems very conserved. Among the three
alleles that code for an amino acid substitution—CYP2E[*2 (Arg76His), CYP2EI*3
(Val389Ile), and CYP2E[*4 (Vall791le)—reduced protein levels and catalytic activ-
ity were observed only in CYP2E1*2 [342-344].

Several polymorphisms have been identified in the 5'-flanking region, including a
repeat polymorphism consisting of either six (CYP2EI*IC) or eight (CYP2EI*ID)
sequence repeats. Although this repeat polymorphism had no effect on constitutive
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expression [345], increased activity was observed after alcohol exposure and in obese
subjects with eight repeats [346]. Other polymorphisms identified so far do not
appear to be of functional importance [343].

2.2.14.2 Clinical Implications of CYP2E1 Polymorphism

Although the CYP2EI*2 polymorphism has been widely studied in toxicogenetics,
especially in regard to its role in alcohol metabolism, oxidative stress, and suscep-
tibility to alcohol-related diseases and cancer, the results of most of these studies are
not conclusive and are not reviewed here.

Regarding drug treatment, CYP2E1 may play an important role in the metabolism
of anesthetics [347] and acetaminophen (paracetamol) toxicity [348]. As CYP2E]
genotype influenced acetaminophen metabolism [349], genetic variability may
increase the risk of developing liver failure on acetaminophen overdose.

CYP2E!1 participates in metabolism of the antituberculosis drug isoniazid
(besides NAT?2), and many studies investigated the association between CYP2E]
polymorphism and isoniazid-induced hepatotoxicity, but with conflicting results.
Two studies demonstrated higher risk for hepatotoxicity in patients homozygous
for wild-type allele [350,351]; but no association between polymorphic alleles
and isoniazid-induced hepatotoxicity has been observed in more recent studies
[352-354].

Theophylline is partly metabolized by CYP2E1 (besides CYP2A1), and hydrox-
ylation of theophylline was reported to be affected by CYP2E] promoter polymor-
phism in asthma patients [355].

2.2.14.3 CYP2E1 in Endogenous Metabolism
It has been proposed that CYP2E1 enables ketone utilization [356,357], so it may
have an important physiological role in starvation, obesity, and diabetes. CYP2E1
was upregulated in diabetic patients, and the clearance of several CYP2E]1 substrates
was higher in obese than nonobese individuals [358].

2.3 NON-P450 PHASE | ENZYMES

2.3.1 Flavin-Containing Monoxygenases

Flavin-containing monoxygenases (FMOs) constitute a family of microsomal fla-
voproteins containing a single flavin adenine dinucleotide (FAD). They catalyze
monoxygenation of many nitrogen-, sulfur-, and other nucleophile-containing xeno-
biotics, including drugs [359].

Flavin-containing monoxygenases represent the second most important mono-
xygenase system, besides P450s, involved in xenobiotic metabolism. There are
many similarities as well as differences between both classes of enzymes. Both
have similar intracellular and tissue localization and catalyze monoxygenation
reactions, but the catalytic cycle of both monoxygenases is different and FMOs
do not require a reductase to transfer electrons from NADPH. Despite overlapping
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substrate specificities, different metabolites are usually produced. In addition,
biotransformation reactions catalyzed by FMOs mostly decrease the pharmacolog-
ical activity and/or toxicity of the compound. In contrast to P450s, FMOs are not
inducible by xenobiotics, so the risk for ADRs due to drug—drug interactions may be
low for drugs metabolized by FMOs, and the contribution of FMOs in drug
metabolism may be advantageous [360].

Although it was proposed that FMOs may play an important role in
drug metabolism, their role is not as widely documented as that of P450s and
clinical studies are lacking. It was shown that FMOs metabolize endogenous
substrates such as biogenic amines and trimethylamine, lipoic acid, and sulthydryls,
such as cysteamine and methionine, but the physiological role of FMOs is not
elucidated [359].

The nomenclature for human FMOs is similar to that for P450s and is based on
nucleotide sequence similarities. Genes with more than 82% sequence similarity are
grouped within a family, and the italicized abbreviation FMO is used to designate a
gene or an allele [361].

Six FMO gene families, each with a single member, have been identified in
humans, along with five pseudogenes. The similarity in exon/intron organization of
FMO genes suggests that the FMO family members may have arisen from gene
duplication events [362].

The functional diversity of FMOs is determined by their developmental- and
tissue-specific expression pattern [363]. There is also considerable interindividual
and interethnic variability in the levels of FMOs. Most of this variability is presumed
to be due to genetic variability, as these enzymes are not readily induced by
xenobiotics. SNPs contributing to genetic variability in human FMOs as missense,
nonsense, deletion, and truncation mutants that can affect FMO function have been
reported [364-366]. The major alleles of FMO2 and FMO6 encode nonfunctional
proteins due to a nonsense mutation and splice-site abnormalities, respec-
tively [367,368]. Splice variants were also detected in other FMOs [369].

2.3.2 FMO1

Human FMOI1 represents the major FMO in fetal liver, where its activity is
approximately 32% of CYP3AT7’s, but it is not detectable in adult liver [370,371].
In adults, FMO1 represents the most prevalent FMO in kidney. It is also expressed at
points of xenobiotic entry in the body such as intestinal mucosa, esophagus, and nasal
mucosa [372]. FMO1 was reported to participate (besides several P450s) in the
metabolism of disulfiram, an aldehyde dehydrogenase inhibitor used to support the
treatment of alcohol dependence [373]. FMO1 may also play a role in extrahepatic
metabolism of pesticides [374].

2.3.2.1 FMO1 Poymorphisms and Their Clinical Implications

Several SNPs were reported in FMO1. Many of them are synonymous or do not affect
catalytic activity, but some SNPs leading to missense or nonsense mutations were
described as well [375]. Because FMO1 is the major form in fetal human liver, these
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variants may be important in pediatric drug disposition. They may also contribute to
altered metabolism in fetus on maternal exposure to xenobiotics such as
pesticides [374].

2.3.3 FMO2

2.3.3.1 FMO2 Poymorphisms and Their Clinical Implications

Although FMO?2 represents the dominant FMO expressed in adult lung [376], most
Caucasians and Asians are homozygous for FMO2*2A allele, which codes for
GIn472Stop truncation mutation, so they do not express a functional protein [367].
However, around 26% of African-Americans, 7% of Puerto Ricans, and 2% of
Mexicans carry one normal FMO2*1 allele and express a functional full-length
protein [377,378]. These individuals may be at higher risk for pulmonary toxicity of
chemicals containing thioureas [379], but on the other hand they may be protected
against toxicity of some thioether organophosphate insecticides metabolized by
FMO2 to sulfoxides that are less toxic than oxon metabolites produced by
P450s [380].

FMO?2 also catalyzes bioactivation of second-generation antituberculosis drugs
such as ethionamide and thiacetazone. It was proposed that carriers of FMO2* ] allele
might suffer from decreased antimicrobial effect or even toxicity of these drugs.
FMO?2 variability may be clinically important in regions such as sub-Saharan Africa,
where tuberculosis presents a major health problem and the frequency of FMO2*1
allele carriers is high [381].

2.3.4 FMO3

Human FMO3 is responsible for the majority of FMO-mediated hepatic metabolism
as it is the major FMO present in adult human liver, with levels approaching 0.5% of
the total microsomal and 60% of the CYP3A protein levels [382]. FMO3 levels in
lung, kidney, fetal liver, and small intestine are much lower [383]. In brain, FMO3
levels are less than 1% of levels in adult liver [384].

2.3.4.1 FMO3 Poymorphisms and Their Clinical Implications

Human microsomal FMO3 levels have been reported to differ by 2-20-fold,
presumably due to genetic variability [371,382]. Large interethnic differences
exist in the distribution of FMO3 polymorphisms [385]. In total, 283 FMO3
SNPs have been listed so far in the GeneCards database; 25 of them lead to
amino acid substitution, and five are nonsense and/or frameshift mutations [386].
FMO3 promoter haplotype variants that result either in increase or in decrease of
transcriptional activity were also reported [387].

A phenotype—genotype correlation was observed and in particular missense and
nonsense FMO3 mutations (e.g., Prol53Leu, Met66lle, Glu305Stop) were shown to
cause severe deficiency in metabolism of trimethylamine (TMA), derived from
dietary precursors such as choline, to the odorless TMA N-oxide [364]. Homozygous
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individuals may excrete as much as 90% of dietary TMA unmetabolized in their
urine, sweat, and breath, and they suffer from the characteristic fish-like odor, thus
trimethylaminuria is also called “fish-like odor syndrome” [388,389]. Between 0.1%
and 1% of Caucasians suffer from this disease, however, a larger prevalence is
observed in some parts of the world, especially in the tropics [388,389]. Many
individuals with trimethylaminuria manifest additional metabolic and psychosocial
symptomatology that might be due to a disturbance of endogenous metabolism of
biogenic amines. Adverse reactions from tyramine, other amines, and sulfur-contain-
ing drugs were observed in several patients with this condition [388]. It has been
suggested that tricyclic antidepressants may potentiate the symptoms in patients
suffering from mild or severe trimethylaminuria, but no clinical evidence has been
published.

It was proposed that FMO3 is the most important FMO in drug metabolism, but
clinical studies assesing the impact of FMO3 polymorphisms on drug metabolism are
scarce. FMO3 catalyzes tamoxifen N-oxygenation, which represents a detoxication
pathway, in contrast to P450-mediated tamoxifen activation [390]. As it was
suggested that the benefits of tamoxifen treatment may depend on the rate of
metabolic activation versus detoxication, FMO3 polymorphisms may influence
breast cancer therapy and chemoprevention [391].

Variability of FMO3 may also influence the benefits of chemoprevention with the
nonsteroidal antiinflammatory drug (NSAID) sulindac. Among patients with familial
adenomatous polyposis, carriers of SNPs that decrease FMO3 activity were shown to
benefit more from the chemopreventive efect of sulindac sulfide [392,393].

Caffeine oxidation in healthy subjects and metabolism of clozapine in schizo-
phrenia patients were not influenced by common FMO3 SNPs [394]. More recently,
FMO3 polymorphisms have been associated with the symptomatology of schizo-
phrenia and adverse effects of olanzepine treatment, but associations with different
SNPs were observed in different ethnic groups [395].

2.3.5 FMO4, FMO5, and FMO6

Both FMO4 and FMOS5 are expressed in adult liver and to a lesser extent in kidney,
fetal liver, small intestine, lung, and also brain. All three FMOs exhibit genetic
polymorphism [375]. Although FMOS represents >50% of the total FMO transcripts
in adult human liver, the role of FMOS in drug or chemical metabolism remains to be
established [382,383]. It is, however, believed that FMO4 and FMO5 do not
contribute significantly to drug metabolism in humans as they display very restricted
substrate specificity [383,396]. On the basis of sequence analysis of FMO6 70%
amino acid sequence identity with human FMO3 was predicted, but alternative
splicing creates shorter transcripts that do not encode a functional enzyme [368].

2.3.6 Quinone Oxidoreductases

Quinone oxidoreductases are cytosolic flavoproteins that catalyze metabolic reduction
of a variety of quinone compounds, including bioreductive chemotherapeutic drugs,
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such as mitomycin C and anthracyclines, and may thus play a role in cancer
chemotherapy [397]. Two quinone oxidoreductases with similar substrate specificities
were identified, however, they differ in their requirement for the electron donating
cofactors. NAD(P)H:quinone oxidoreductase 1 (NQO1) can use either NADH or
NADPH [397], while NRH:quinone oxidoreductase 2 (NQO2) requires dihydronico-
tinamide riboside (NRH) as the electron donor [398]. As both enzymes catalyze the
two-electron reduction of quinones to hydroquinones, which can be removed by
conjugation, NQOs may protect from the formation of more reactive semiquinones and
reactive-oxygen species (ROS) produced by the one-electron reduction catalyzed by
P450s [399]. Of both enzymes, NQOI is better characterized than NQO2.

2.3.7 NQO1

NQOL is expressed in all types of tissues, but inter- and intraindividual variability
in enzyme activity has been observed [400]. NQO1 gene is expressed at higher levels
in several tumor tissue types, including liver and colon, as compared to normal
tissues of similar origin, thus it may serve as the target of bioreductive chemo-
therapeutic drugs [401-403]. NQOI gene expression is induced as a part of the
oxidative stress-triggered defense mechanism that includes the coordinated induc-
tion of >24 other genes. Also, prooxidant drugs, such as anthracyclines, induce
NQOL1 activity [404].

In general, NQOI1 provides protection against toxicity of quinones, free-radical
damage, oxidative stress, and neoplasia, but on the other hand it activates cytotoxic
antitumor quinones such as mitomycin C, leading to the production of ROS and DNA
alkylation [405].

2.3.7.1 NQOT1 Polymorphism

In general, NQOI is not highly polymorphic and only two functional SNPs have
been identified so far. The NQO1*2 allele carries a 609C >T SNP in exon 6 that
codes for Prol87Ser substitution. Ubiquitination and rapid degradation of the
variant protein lead to deficiency in NQO1 enzyme activity [406]. Significant
interethnic differences in NQOI*2 allele frequencies were observed. Approxi-
mately 5% of Caucasians and African-Americans and around 20% of Asians may
be homozygous and completely lack NQO1 activity, while a further 20-25% of
Caucasians or Africans and 34-52% of Asians may be heterozygous for this allele
and have low to intermediate NQO1 activity [407,408]. The NQO1*3 allele carries
465C>T SNP in exon 4 and codes for Argl39Trp substitution, associated with
reduced enzyme activity [409]. The frequency of this allele in Caucasians and
Asians is around 5% and 4%, respectively [408].

2.3.7.2 Clinical Implications of NQO1 Polymorphism

As NQOIL plays an important role in the metabolism of bioreductive chemothera-
peutic drugs and elevated NQO1 activity was observed in certain tumors, it has been
proposed that NQOI genotyping might help in the selection of patients who would
benefit most from a specific anticancer regimen. In agreement with these suggestions,
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reduced tumor NQOI1 activity and decreased survival were observed in carriers of
NQOI*2 compared to noncarriers treated for disseminated peritoneal cancer with
intraperitoneal mitomycin C perfusion [410]. However, in women with metastatic
breast cancer NQO1 polymorphism was not associated with the efficacy or toxicity of
the sequentially administered low-dose mitomycin C and irinotecan [411].

No association was found between the NQOI*2 polymorphism and the risk of
anthracycline-related congestive heart failure [412,413]; however, in independent
studies this polymorphism increased the risk of secondary malignant neoplasms
after treatment for childhood acute lymphoblastic leukemia [414,415].

Studies of the role of NQOI polymorphism in the risk for tardive dyskinesia during
long-term antipsychotic treatment are still inconclusive: the initial study showed an
association that was not confirmed in the meta-analysis of five later studies [416].

Although NQOI1 participates in the reduction of vitamin K to vitamin K
hydroquinone [417], no association was observed between NQO! polymorphism
and warfarin dose requirement [418,419].

2.3.7.3 NQOT1 in Endogenous Metabolism

Besides its role in the cellular defense against electrophilic and oxidative stress,
NQOI has multiple physiological functions [420] that might be influenced by its
genetic variability. It is involved in the reduction of CoQ [421], in the maintenance of
intracellular levels of bioactive vitamin E, and in the reduction of vitamin K [417].
NQOI1 may also be involved in scavenging superoxide within the cell and may
influence p53-dependent stress responses by p53 stabilization [422].

2.3.8 NQO2

NQO?2 is the second member of quinone oxidoreductase family of proteins. Similar to
NQO1, NQO?2 is also expressed in all types of tissues [423], and variability in NQO2
activity has been observed in tumor tissues. NQO2 was downregulated in tumor
hepatic tissue [403], but its expression was detected in superficial bladder tumors and
in intraperitoneal metastases in ovarian cancer [424].

Despite 54% homology with human NQOI1 [425], NQO2 has little endogenous
enzyme activity. The addition of its electron donor NRH potentiates its activity, so it
may be considered a potential therapeutic target in tumors expressing
NQO2 [398,424]. More recently, NQO2 was shown to play a role in mediating
the antiproliferative effects of resveratrol, a grape-derived polyphenol under inten-
sive study for its potential in cancer prevention [426]. The off-target binding of Abl
kinase inhibitor imatinib to the active site of NQO2 has been documented, but
potential implications of this binding for the treatment of chronic myelogenous
leukemia patients are not known [427].

2.3.8.1 NQOZ2 Polymorphisms and Their Clinical Implications

Human NQO?2 gene is highly polymorphic, but most of the polymorphisms
are located in the promoter region or do not lead to amino acid substitutions [428].
The 29-bp (basepair) insertion/deletion polymorphism in the promoter region
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resulted in a differential expression of NQO?2. Higher NQO2 expression and
increased susceptibility to Parkinson’s disease was observed in carriers of the allele
without the 29-bp insertion [429,430]. This promoter polymorphism is highly linked
with the 14055T > C SNP in exon 3, resulting in Phe47Leu substitution and lower
NQO2 enzyme activity relative to wild-type allele. It was proposed that tumors
homozygous for this polymorphism may be unresponsive to some bioreductive
anticancer agents [424]. NQO2 polymorphisms were also associated with clozapine-
induced agranulocytosis in schizophrenia patients [431].

2.3.8.2 NQO2 in Endogenous Metabolism

Information on the physiological role of NQO2 is scarce. NQO2 binds melatonin
(MT3 receptor), but its function in central control of circadian rhythm is not
known [432]. Deficiency of NQO2 may influence TNF signalling [433] as well
as p53-dependent stress responses [434,435].

2.3.9 Esterases

Esterases are hydrolysis enzymes that split an ester into an acid and an alcohol.
A wide range of esterases exist that differ in their substrate specificity, protein
structure, and biological function [436]. Most pharmacogenetic information is
available on carboxylesterases, butyrylcholinesterases, and paraoxonases, so only
these enzymes will be reviewed.

2.3.10 Carboxylesterases (CES)

Carboxylesterases (CES) constitute a multigene family that may have evolved from a
common ancestral gene. According to the sequence alignment of the encoding genes,
they were classified into five major groups displaying 80% sequence identity within a
group (ranging from CES1 to CESS5) and several subgroups. The majority of CESs
that have been identified belong to the CES1 or CES2 family [437]. CES3 shares
about 40% sequence identity with CES1 and CES2 [438].

Carboxylesterases are localized in the endoplasmic reticulum of many tissues.
CESI1 and CES2 expression is the highest in liver, where they play an important role
in systemic clearance of esters. CES1, but not CES2, is expressed in monocytes/
macrophages. CES1 also plays an important role in renal clearance, while CES2
plays a role in the clearance of orally administered drugs through the small intestine
and colon. CES3 expression is highest in liver, followed by colon and small
intestine [439]. A large interindividual variability in CES expression was observed
in both normal and tumor tissue. Approximately 6% of total CES2 transcripts in
colon tissue were found to be alternatively spliced to inactive CES2A [458-473]
variant that lacked irinotecan hydrolase activity [440].

Carboxylesterases efficiently hydrolyze a variety of xenobiotics and endogenous
substrates with ester, thioester, or amide bonds to more soluble acid, alcohol,
and amine products and are involved in drug metabolism and xenobiotic detoxica-
tion [439]. CES1 and CES2 differ in their substrate specificity. CES1 acts on
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structurally distinct compounds, but prefers substrates with a small alcohol group and
large acyl group. In contrast, CES2 mainly hydrolyzes substrates with a large alcohol
group and small acyl group [441]. This finding is in agreement with reports that
several angiotensin-converting enzyme (ACE) inhibitors that are ethyl esters with
large acyl groups are hydrolyzed by CES1, while the local anesthetic procaine and the
anticholinergic drug oxybutynin with large alcohol substitutes are substrates for
CES2 [442]. CES1 and CES2 are both involved in hydrolysis of heroin, but the
methyl ester of cocaine is hydrolyzed by CES1, and benzoyl esters of cocaine are
hydrolyzed by CES2 and butyrylcholinesterase [443].

Carboxylesterases play an important role in metabolic activation of prodrugs that
are ester derivatives of therapeutic agents [441]. Although CES1, CES2, and CES3 all
metabolize irinotecan (CPT11) and its oxidative metabolites to the active metabolite
SN38, a potent topoisomerase I inhibitor, CES2 showed the highest catalytic activity
and CES3, the lowest [438].

2.3.10.1 CES1 Polymorphisms and Their Clinical Implications
Significant interindividual variability was observed in the disposition of some of the
CESI substrates, and polymorphisms were identified in CES/ gene that can lead to
clinically significant alteration in pharmacokinetics and drug responses to CES1
substrates. In the CES1 promoter region, —816A > C substitution resulted in increased
transcriptional activity and enhanced antihypertensive response to imidapril, a prodrug
for ACE inhibitor [444]. The polymorphic allele was later shown to be closely linked to
the haplotype with two putative Sp1 binding sites and higher trancription activity as
compared to the major haplotype withouth any Sp1 binding sites [445].

More recently, two functional polymorphisms were identified in the CES1 coding
region. The 428G > A transition in exon 4 codes for Gly 143Glu substitution and leads
to severely reduced CES1 hydrolytic activity. The frequency of the polymorphic
143Glu allele was reported to be 3.7%, 4.3%, 2.0%, and 0% in white, black, Hispanic,
and Asian populations, respectively. A rare 1-bp deletion (780delT) in exon 6 results in
a frameshift (Asp260fs) and premature truncation of the protein that has completely
lost hydrolytic activity [446]. Both CES1 variants were recently shown to be deficient
regarding activation of the antihypertensive prodrug trandolapril [447]. Both variants
alsoresultinimpaired activation of the antiviral prodrug oseltamivir, widely used in the
treatment and prophylaxis of influenza A and B as well as avian influenza [448].

2.3.10.2 CES1 in Endogenous Metabolism

As CESI has been implicated in hydrolysis of stored cholesterol esters in macro-
phage foam cells and in release of free cholesterol for high-density lipoprotein-
mediated cholesterol efflux [449], it might play a role in cholesterol homeostasis and
athersoclerosis [450].

2.3.11 Butyrylcholinesterase

Two types of cholinesterases exist, which differ in their tissue distribution, substrate
specificity, and sensitivity to various inhibitors. Acetylcholinesterase (AChE) is
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present mainly in muscles and nervous tissue and has a very specialized function in
neural transmission. Butyrylcholinesterase (BChE) is produced in liver and is present
in plasma and all the tissues and participates in drug metabolism. BChE hydrolyses
the neuromuscular blocking agents, such as succinylcholine and mivacurium, used
during general anaesthesia. In the 1960s, it was first recognized that the abnormal
response to the muscle relaxant drug succinylcholine administered to surgery patients
to facilitate tracheal intubation is due to an inherited alteration in serum butyr-
ylcholinesterase [451] (for more detailed discussion, see Chapter 1).

2.3.11.1 BCHE Polymorphisms and Their Clinical Implications

Until now more than 60 different variants have been reported to code for enzymes
with absent or significantly decreased activity. People with BCHE variants experi-
ence an extensively prolonged apnea in response to muscle relaxants [452,453].

2.3.11.2 BCAhE in Endogenous Metabolism

The physiological role of BChE is not clear; however, the recently developed BCHE
knockout mouse model might help to unravel some of its roles in metabolism and
disease [454]. In elderly nondemented individuals the presence of reduced-activity
butyrylcholinesterase variants correlated with preserved attentional performance and
reduced rate of cognitive decline, so it was proposed that besides acetylcholines-
terase, butyrylcholinesterase also plays a role in attention span and memory [455]. It
has been proposed that butyrylcholinesterase genotyping may contribute to phar-
macogenetics-based treatment of dementia, as dementia patients with normal
butyrylcholinesterase showed the highest improvement in attention span during
cholinesterase inhibitor therapy [456]. Similarly, female patients with normal BChE
benefited more from rivastigmine treatment for Alzheimer’s disease [455], while
patients with BChE deficiency are expected to be intolerant of standard doses of anti-
Alzheimer’s drugs, such as donepezil [457].

2.3.12 Paraoxonases

Paraoxonases (PONs) belong to arylesterases and share no sequence similarity with
carboxyesterases or cholinesterases. Three esterases with over 80% of deduced ami-
noacid sequence similarity belong to this family: PON1, PON2, and PON3 [458]. PON1
and PON3 are expressed in liver and excreted in blood, where they associate with high-
density lipoprotein (HDL) particles [459]. PON2 is not present in blood, but is expressed
widely in a number of tissues, including liver, lungs, brain, and heart [460].

Besides displaying paraoxonase activity, which is important for metabolism of
organophosphates (paraoxon and diazoxon), warfare agents (soman and sarin), and
aromatic esters (phenylacetate), PON1 also has arylesterase activity and hydrolyzes a
large number of aromatic and aliphatic lactones, such as statin lactones (simvastatin
and lovastatin) and the diuretic spironolactone [461]. PON1 may thus play an
important role in the disposition of dietary lactones. PON2 and PON3 lack para-
oxonase activity, but they share the lactonase activity of PON1 [462]. PONI1 is the
most widely investigated and best understood enzyme of the paraoxonase family.
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2.3.12.1 PON1 Polymorphisms and Their Clinical Implications
Expression levels and activity of PON1 are largely determined by common poly-
morphisms in the PON1 gene. Among polymorphisms identified in the promoter
region of the human PONI gene, the —107C >T SNP influenced PON1 expression
and serum levels [463].

Two SNPs that result in amino acid substitution were reported in PON. The first
codes for Leu55Met substitution; however, its influence of PON1 protein levels is due
largly to linkage with —107C > T SNP in the promoter region [464]. The GIn192Arg
substitution had no effect of PON1 esterase activity, while its influence on para-
oxonase activity was substrate-specific [465].

PONI1 may be an important effect modifier of the success of the statin treatment. A
reciprocal interaction was observed between statins and PON1; statins were found to
influence PON1 activity, concentration, and gene expression, while PONI genotypes
significantly predicted changes of HDL cholesterol during statin treatment in a
number of populations [466].

Two noncoding SNPs (rs854548 and rs854555) in PONI were associated with the
response to anti-TNF treatment in a recent genomewide association study in
rheumatoid arthritis patients prospectively followed after beginning anti-TNF ther-
apy with adalimumab, etanercept, or infliximab, but the mechanism of this inter-
action remains to be clarified [467].

2.3.12.2 PON1 in Endogenous Metabolism

As PONI is believed to attenuate the oxidation of LDL, it may thus participate in
cardiovascular protection, but epidemiological studies reported conflicting
results [466,468]. PONI polymorphisms may also influence the risk of diabetic
complications [469].

2.3.13 Epoxide Hydrolases (EHSs)

Epoxide hydrolases (EHs) are a special class of hydrolases that transform endog-
enous and exogenous epoxides to usually less reactive and less mutagenic diols.
These reactions are particulary important for detoxification of the chemically reactive
epoxides that arise from the oxidative metabolism of endogenous compounds and
xenobiotics, including P450 reactions [470]. Five epoxide hydrolases that differ in
molecular weight, subcellular localization, and substrate specificity have been
identified: microsomal EH (EPHX1), soluble EH (EPHX2), a soluble hepoxilin A
(3) hydrolase, leukotriene A(4) hydrolase, and microsomal cholesterol 5,6-oxide
hydrolase [471]. The last three enzymes have very limited and unique substrate
specificities and do not participate in drug metabolism.

2.3.14 Microsomal Epoxide Hydrolase (EPHX1)

Microsomal epoxide hydrolase (EPHX1 or mEH) metabolizes a broad array of
epoxide substrates, including epoxide metabolites of certain antiepileptic medica-
tions, such as phenytoin and carbamazepine, and many environmental epoxides, such
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as those derived from polycyclic aromatic hydrocarbons (PAHs) [472]. Their
association with cancer risk and xenobiotic toxicity has been extensively investigated
in epidemological studies, but these studies are not reviewed here.

EPHX1 has a broad tissue distribution and substrate specificity [473]. The highest
concentrations are found in liver, gonads, kidneys, lungs, and bronchial epithelial
cells [474]. EPHX1 is inducible, and an increase in its enzyme activity was observed
in tuberculosis patients treated with rifampicin, ethambutol, and isoniazid [475].

2.3.14.1 EPHX1 Polymorphisms and Their Clinical Implications
EPHX] is highly polymorphic. Although more than 100 SNPs have been identified in
the EPHX1 gene region, only a few are characterized and show effects on hydrolase
activity in vitro. The 337T > C SNP in exon 3 results in Tyr113His substitution and
decreased enzyme activity, while 416A > G in exon 4 leads to His139Arg substitution
and increased enzyme activity [476]

Clinical studies investigating the implications of EPHXI polymorphism in drug
treatment are scarce. Both functional SNPs influenced the maintenance dose of
carbamazepine in patients treated for epilepsy [477], but were not associated with
risk of adverse reactions to anticonvulsants [478,479].

Initial observations that homozygotes for EPHXI 139Arg polymorphism require
higher warfarin doses than do noncarriers [480] were not replicated, and EPHX] poly-
morphism was not associated with warfarin dose requirement in larger studies [418].

Variability in EPHX] may also have implications for lung cancer treatment as it
influenced EPHX1 expression levels and survival in non-small-cell lung cancer
(NSCLC) patients treated with adriamycin-containing chemotherapy regimens [481].

2.3.14.2 EPHX1 in Endogenous Metabolism

Identification of two SNPs resulting in decreased mRNA and protein levels
(-4238T >A in the promoter region and 2557C>G in intron 1) in a patient with
extremely elevated serum bile salt levels in the absence of observable hepatocellular
injury, suggested that microsomal epoxide hydrolase participates in the sodium-
dependent uptake of bile acids into hepatocytes [482].

2.3.15 Cytosolic Epoxide Hydrolase (EPHX2)

Cytosolic (soluble) epoxide hydrolase (EPHX2, also cEH or sEH) differs from the
microsomal form regarding its substrate specificity, molecular weight, and immu-
nologic reactivity. The role of EPHX2 in the metabolism of endogenous substrates
has been more widely studied than its role in drug metabolism. Microsomal P450-
mediated oxidation of polyunsaturated fatty acids results in formation of epoxides
that are excellent substrates for EPHX2 [483].

2.3.15.1 EPHX2 Polymorphisms and Their Clinical Implications

Greater than 500-fold interindividual variability in EPHX2 activity was observed
in human lymphocytes and liver microsomes, and a large extent of this variability
could be explained by genetic variability in coding and regulatory regions of the
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gene [475,484]. Many common polymorphisms were observed in EPHX?2 that result
in amino acid substitution and alter enzyme activites [485-487].

As EPHX?2 participates in disposition of endogenous epoxide intermediates and
may thus play a role in vascular tone homeostasis, inflammation, response to
ischemia, and other physiological processes, the association of EPHX2 polymor-
phism and susceptibility for neurological, cardiovascular and lung diseases, and
inflammation has been widely investigated in epidemiological studies [488—491].
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I CHAPTER 3

Pharmacogenetics of Phase Il Drug
Metabolizing Enzymes

INGOLF CASCORBI
University Hospital Schleswig—Holstein, Kiel, Germany

3.1 INTRODUCTION

Drug effects are subject to substantial interindividual variability. Polymorphic phase
Il enzymes facilitate the excretion of endogenous and foreign compounds by
conjugating hydrophilic side groups (Fig. 3.1). Many substrates are activated
beforehand by phase I enzymes, particularly by oxidation through cytochrome
P450 enzymes. Some phase II enzymes exhibit genetically determined strong
interindividual different phenotypes, thus contributing to variability in drug response,
but also act as susceptibility factors for malignant diseases such as bladder or lung
cancer, by modulating an individual’s cancer risk according to the extent of
environmental exposure (Table 3.1). The polymorphic character of NAT and GST,
and particularly their functions with respect to malignancies, was extensively
investigated, and the role of TPMT for azathioprine toxicity is well established.
The UGT family provides certain polymorphic traits, hereditary defects may lead to
mild or severe hyperbilirubinemia, and there is increasing evidence that genetic
variants may have an important pharmacological impact on, for example, anticancer
therapy with irinotecan [1,2]. The impact of polymorphisms of sulfotransferases is
much more difficult to consider, since the different isoforms of sulfotransferases are
involved in not only detoxification but also toxification pathways, leading to partly
contradictory results [3]. Also, the phase II enzyme catecholamine-S-methyltrans-
ferase COMT is polymorphic and is related to neuropsychiatric disorders [4,5] or
malignancies [6]. The associations with drug therapy, however, are weak or need
confirmation. This chapter focuses on the role of the polymorphic phase II enzymes
arylamine N-acetyltransferases, glutathione S-transferases, thiopurine S-methyltran-
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Detoxification: Detoxification: Dapsone,
Mesalazine isoniazide

Detoxification:
Bilirubine, irinotecane

Detoxification: Epinephrine,
dopamine, norepinephrine
Detoxification:
Azathioprine, mercaptopurine

FIGURE 3.1 Phase II enzymes, involved in drug and xenobiotic metabolism (NAT —
arylamine N-acetyltransferase; GST — glutathione S-transferases; ST — sulfotransferases;
COMT - catecholamine O-methyltransferases; TPMT — thiopurine S-methyltransferases,
UGT - UDP-glucuronosyltransferases). [From Evans WE, Relling MV. Pharmacogenomics:
Translating functional genomics into rational therapeutics. Science 1999;286(5439):487—491.
Reprinted with permission from AAAS.]

ferases, UDP glucuronosyltransferases, and sulfotransferases as detoxifying but also
toxifying factors, modulating pharmacokinetics and disease susceptibility.

3.2 ARYLAMINE N-ACETYLTRANSFERASES

Only a short time after the introduction of isoniazid into clinical treatment of
tuberculosis in the early 1950s, it was recognized that there exist considerable
interindividual differences of urinary excretion of the acetylated metabolite [8]
(see also Chapter 1). Because of this observation, Mitchel and Bell [9] inaugurated
the terms rapid and slow acetylator. Arylamine N-acetyltransferase (EC 2.3.1.5),

TABLE 3.1 Polymorphic Phase II Enzymes Relevant for Drug Therapy or
Cancer Susceptibility

Pharmacotherapy (Drugs) Cancer Susceptibility
Arylamine N-acetyltransferase 2 (dapsone, Arylamine N-acetyltransferase 2 (bladder
hydralazine, isoniazid, procainamide, cancer)
sulfamethazine, sulfapyridine)
Thiopurine S-methyltransferase Glutathione S-transferases (bladder cancer,
(azathioprine, 6-mercaptopurine) lung cancer, acute lymphatic leukemia)
UDP-glucuronosyltransferases (irinotecan, Sulfotransferases

morphine, mycophenolate mofetil
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which is responsible for this conjugation reaction, consists of two isoenzymes, NAT1
and NAT?2, which were shown to be independently expressed in different liver
samples [10]. NAT2 catalyzes the acetylation of certain drugs such as sulfametha-
zine, whereas NAT1 acetylates arylamines such as p-aminosalicylic acid and
p-aminobenzoic acid. The apparent interindividual differences of isoniazid or
sulfamethazine acetylation were identified as being caused by genetic polymorph-
isms in NAT2. Slow acetylation in humans was shown to be based on a reduced
activity of enzymes with aminoacid variants rather than lower expression rates. In
rabbits, however, a complete deletion of the NAT2 gene causes the slow acetylators
phenotype [11]. NAT?2 is expressed preferably in the human liver, whereas NAT 1 can
be determined in a wide variety of different tissues.

Before elucidation of the genetic basis of the NAT2 polymorphism, the acetylator
status was determined by probe drugs such as isoniazid, dapsone, and sulfametha-
zine [12]. With these probe drugs, a large number of studies were conducted to
investigate associations between the acetylator polymorphism and a variety of
diseases, particularly cancer. The advantages of these probe drugs are chemical
stability of the substrate and acetylated metabolite facilitating a reliable and sensitive
detection; however, in some cases, side effects cannot be excluded. Grant et al. [13]
introduced the caffeine test, which became a well-accepted and well-tolerated in vivo
probe, by calculating the ratio of concentrations of the secondary metabolites
5-acetylamino-6-formylamino-3-methyluracil (AFMU) and 1-methylxanthine
(1X) in urine. The caffeine test is also appropriate for determining the activity of
cytochrome P450 1A2 (CYP1A2) [14].

Human arylamine N-acetyltransferases are encoded by different genes: the so-
called polymorphic NAT2 and the (formerly believed) monomorphic NATI. Both
genes are located on chromosome 8p21.3-23.1 and provide a relatively short distance
of approximately 170-360kb [15]. NATI and NAT2 consist of a 8§70-bp coding
sequence. In contrast to NATI, NAT2 provides a noncoding exon approximately
800 bp upstream. Additionally, there is a pseudogene pNAT on chromosome 8, which
does not code for a functional protein [16].

3.2.1 Genetic Basis and Functional Effect of NAT1 Polymorphisms

Until now (2011) more than 26 different alleles have been discovered. There is
consensus to consider NATI1*4 as the wild type (frequency in Caucasians approx-
imately 75%). The most frequent variant is NATI* 10 (allele frequency in Caucasians
approximately 20%) [17]. It consists of a 1088T > A and a 1095C > A exchange in the
3’-untranslated region. The functional properties are not fully characterized; how-
ever, some haplotypes showed clearly diminished in vitro or ex vivo activity.
Investigating the distribution of NATI genotypes and in vitro activity in bladder
and colon cancer patients, Bell et al. reported an increased frequency and an elevated
activity of the NATI*10 allele in bladder and colon cancer patients [18]. It was
suggested that the alteration of the polyadenylation signal possibly led to an increased
activity toward O-acetylation in the urinary bladder or colon epithelium. The results
were supported by the observation of raised DNA adducts among carriers of NAT*10
in bladder cancer tissue [19]. In clinical studies in humans, characterization of the
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specific activity of NAT1 is difficult to perform, since there are no NAT 1-specific
nontoxic substrates, which can be administered systemically. With the use of p-amino
salicylic in an in vitro-assay of recombinantly expressed NAT1 in Escherichia coli as
well as in ex vivo-tests in red blood cells, NATI*4 provided highest acetylation
capacity. NATI*15 (559C > T) had no activity, due to a premature stop in codon 187,
and NATI*14 (560G > A) presented a low activity as mirrored by a low V.« and
increased Ky [20]. In ex vivo studies with p-aminosalicylic acid, NATI* 10 showed no
different kinetics to the wild-type NAT1*4 but confirmed the finding on NAT7* 14 and
*15 [21].

Since both NAT1 and NAT?2 are located relatively close to each other, with a
distance of only 170-360 kb on the same chromosome 8p21.3-23, it is not surprising
that the SNPs of both genes are in linkage disequilibrium. NAT* 10 was found linked
to the rapid NAT2*4 haplotype in two studies [22,23].

3.2.2 Genetic Basis of NAT2 Polymorphism

Although a number of SNPs have been identified in NAT1 and NAT?2, seven SNPs in
NAT?2 form the most important haplotypes. Five of these nucleotide transitions lead to
aminoacid exchanges: 191G > A (Arg63Glu), occurring preferentially among African
blacks; 341T > C (Ile114Thr); 590G > A (Arg197Gln); 803A >G (Lys268Arg); and
857G > A (Gly286Glu). The remaining two SNPs 282C > T and 481C > T are silent
mutations in wobble base positions. These mutations provided the basis for a large
number of genotyping studies on the ethnic distribution of NAT2 polymorphism or
their association with different diseases. Beside these frequently described SNPs,
there exist further SNPs, partly observed only in single individuals. Variants in
regulatory or untranslated regions have not been reported so far.

Most NAT?2 variants are in linkage disequilibrium. There was initial consensus on
the nomenclature in 1995 [24]. In 2008 an update considering, in particular, a new
nomenclature on NAT in mammals was published [25]. The current known haplo-
types are listed on the Internet [26].

In vivo studies using caffeine [27] or sulfamethazine [28] as probe drugs
demonstrated concordance of the acetylator phenotype with NAT2 genotypes of
about 95%. However, in HIV patients, reportedly some individuals with rapid
genotypes exhibited a slow phenotype [29]. In a Schizosaccharomyces pombe
recombinant expression system, the silent SNPs 111T>C, 282C>T, 481C>T,
and 759C >T showed no significant reductions in either sulfamethazine or amino-
fluorene metabolism compared to the wild-type NAT2*4 [30]. Interestingly, the
missense variant 803A >@G, causing a Lys268Arg exchange, showed no altered
activity, RNA or protein expression, or heat inactivation rates, confirming the in vivo
data of a single family [31]. Considering in vitro data, besides NAT2*4, all NAT2
haplotypes consisting exclusively of the abovementioned variants in haploytpes *11,
*12, *13, as well as *18 (845A>C) should be considered rapid acetylators. In
contrast, alleles possessing 191G>A, 341T>C, or 434A>C exert a strongly
reduced activity, whereas modest decreases are observed for 590G>A,
845A >C, or 857G > A. The low in vivo activity of haplotypes *6A or *7B, consisting
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of 590G > A or 857G > A can be explained by the 20-fold reductions in intrinsic
protein stability. An important question arises as to whether the different slow NAT2
genotypes have different substrate specificities. Using caffeine as phenotyping
substrate, *6A was less active in vivo than *5B [27]. In in vitro expression systems,
however, *7B exhibited a higher affinity for 5-aminofluorene, for example, resulting
in elevated clearances compared to the wild-type NAT2*4 [32].

In general, in order to predict the NAT2 phenotype from the genotype, it is
sufficient to genotype only three SNPs, namely, SNPs 282C >T, 341T>C, and
857G > A for studies in subjects of Caucasians or Oriental descent. In Africans,
however, 191G > A should also be considered [33].

3.2.3 Ethnic Distribution

Phenotyping studies in since the 1960s have disclosed distinct ethnic differences of
slow acetylator frequencies. Extremes can be found between northern Africa with a
frequency of genetically predicted phenotypes for slow acetylation of 95% and the
Far East Pacific region with a frequency of only 11% (Fig. 3.2). Genotype revealed
that the allelic pattern differs significantly between Caucasians, Asians, Aborigines,
and in particular blacks. In Caucasians the predominant alleles are the slow NAT2*5B
(40.9%) and *6A (28.4%) and the rapid *4 (23.4%) [17]. All other alleles have a
frequency lower than 3%. In Asians, within the slow acetylators, NAT2*6A is more
common than *5B (e.g., 23% vs. 19% in Japan). In Australian Aborigines, the highest
frequency (25%) of the low stable variant NAT2*7B was observed [34]. In Africa,
aside from the frequently observed G191 A mutations, a large diversity of haplotypes
can be observed; the rapid *4 allele, * 124, and *13 occur in many samples obtained
from different tribes [35].

N

Rapid acetylators

Slow acetylators

FIGURE 3.2 Ethnic distribution of rapid and slow NAT2 acetylators. The reference bars
indicate a frequency of 10%.
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TABLE 3.2 Substrates of Arylamine N-Acetyltransferases (NAT) 1 and 2

NAT1 NAT1 and NAT2 NAT2
Drugs Precarcinogens Drugs
p-Aminobenzoic acid 4-Aminobiphenyl Amrinone
p-Aminosalicylic acid 2-Aminofluorene Caffeine metabolite
Benzidine Clonazepam metabolite
3,4-Dichloroaniline Dapsone
3-Naphthylamine Hydralazine
Isoniazid
Nitrazepam metabolite
Procainamide
Sulfamethazine
Sulfapyridine

3.2.4 Involvement of NAT2 in Drug Therapy

Arylamine N-acetyltransferase 2 is responsible for the conjugation of drugs such as
isoniazid, dapsone, procainamide, and many others (Table 3.2). There is a body of
literature on the role of polymorphic N-acetyltransferase and the clinical outcome of
isoniazid therapy in tuberculosis treatment. Some studies reported an increased rate
of isoniazid-induced hepatotoxicity among slow acetylators [36,37], while others
showed conflicting results [38—40]. This is possibly due to a complex situation of
isoniazid metabolism. Isoniazid is metabolized to acetylisoniazid, acetylhydrazine,
and diacetylhydrazine. Among rapid acetylators, the area under the plasma con-
centration—time curve (AUC) of acetylisoniazid and diacetylhydrazine is elevated,
whereas the AUC of acetylhydrazine, the postulated precursor of a toxic metabolite
formed from isoniazid, is increased in slow acetylators, probably caused by a lower
acetylhydrazine clearance [41]. In summary, the rate of acetylation of isoniazid
seems to influence the exposure to acetylhydrazine only moderately. Plasma levels of
the anti-leprosy drug dapsone are clearly dependent on acetylator status. Side effects
such as allergic skin reaction were found particularly in slow acetylators [42],
possibly due to increased formation rates of N-hydroxylamines. These examples
show that consideration of the arylamine N-acetyltransferase 2 genotype would
possibly be beneficial for patients treated with drugs, which are N-acetylated and
undergo further toxification by oxidative pathways. The results of large prospective
studies, however are lacking.

3.2.5 Modulation of Disease Susceptibility

3.2.5.1 Bladder Cancer

Both oxidative metabolism by cytochrome P450s and conjugation with acetyl-CoA
also play a major role in an individual’s risk for suffering from certain diseases
related to environmental toxicants, particular cancer. Phenotyping studies in the late
1960s provided evidence that slow acetylators are at increased risk for bladder cancer.
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After elucidation of the genetic background of acetylation polymorphism, a huge
number of studies have been performed since the 1980s which could in principle
confirm these early findings [43]. It is hypothesized that in rapid acetylators
arylamines, as contained in aniline dyes or cigarette smoke (e.g., 4-aminobiphenyl),
are detoxified by N-acetylation in the liver and excreted in the urine. In contrast, low
N-acetylation activity leads to increased formation of N-hydroxylated products. In
case of bladder cancer, hydroxylamines may undergo further O-acetylation in the
urinary bladder preferentially by arylamine N-acetyltransferase 1 (NAT1), which was
found to be expressed in the urinary epithelium. The product, arylamine acetox-
yesters, are unstable in the acid environment and disintegrate spontaneously to highly
reactive arynitrenium ion radicals that may well interact with proteins and DNA of
bladder epithelial cells forming adducts [44].

A number of in vitro studies provided evidence for this theory. Most carcinogenic
compounds activated by acetyltransferases are heterocyclic aromatic amines, such as
2-amino-3-methylimidazo[4,5-f]quinoline (IQ) or 2-amino-1-methyl-6-phenylimi-
dazo[4,5-b]pyridine (PhiP), which lead to dose-dependent effects in mutagenicity
tests. However, to date, occupational exposure is fortunately decreasing. A meta-
analysis comprising a total of 2496 cases and 3340 controls in different populations
revealed that slow acetylators had a 40% increased risk compared to rapid acetylators
(odds ratio 1.4) [45], and there is a clear gene—environment interaction. Slow
acetylators with a smoking history of more than 50 pack years had a 2-fold higher
risk of bladder cancer, as did subjects with typical risk occupations. Subjects meeting
both criteria showed the highest risk. Aside from the unequivocal role of NAT2,
discovery of the polymorphic nature of NAT1 raised the question as to whether
different NAT1 genotypes may additionally modulate bladder cancer susceptibility.
As mentioned above, NAT1*10 was found to provide elevated activity in bladder
tissue compared to NAT1*4; however, ex vivo studies using p-aminosalicylic acid
showed that NAT1*10 does not alter enzyme activity. In contrast, NAT1* 10 genotypes
were significantly underrepresented among bladder cancer patients [46]. Moreover,
individuals with NAT2*4 and NATI*10 alleles are at a significantly lower risk for
bladder cancer, particularly when exposed to environmental risk factors. More recent
large-scale studies confirmed the NAT2 slow acetylator status as a risk factor for
bladder cancer in individuals exposed to arylamines, whereas NAT1 genotypes
exhibited weak associations [47-49].

3.2.5.2 Colon Cancer

Similar to bladder cancer, colon cancer is the result of a number of subsequent
processes after initiation of a cascade of malfunctions of tumor suppressor genes,
protooncogenes and cell cycle controlling factors. It was suggested that food-derived
heterocylic amines are hydroxylated in a first step by locally expressed CYP1A2,
moreover, it is well established that NAT1 as well as NAT?2 are expressed in colon
tissue. Enhanced O-acetylation in the colon mucosa could therefore contribute to the
formation of adducts. However, findings on NAT1 and NAT? as a susceptibility factor
of colon cancer is not consistent or is less pronounced in several other large
molecular—epidemiological studies [50-53]. A more recent meta-analysis revealed
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lack of evidence of an association of NAT2 genotypes with colon cancer, although
there was loss of heterozygosity in colon cancer tissue [54].

3.2.5.3 Lung Cancer

A survey of the literature revealed no clear association of NAT2 genotype with lung
cancer. An increased risk was described for slow acetylators among individuals who
never smoked but an increased risk for rapid acetylators among smokers [55]. Rapid
acetylators were also reported to be at risk for lung cancer; in particular, homozygous
rapid NAT2*4/*4 carriers were found to be significantly overrepresented in a German
sample (odds ratio 2.36) [56].

Interestingly, in another German sample NATI*10 carriers had a significantly
increased risk of adenocarcinomas (odds ratio 1.92), and combined analysis with
NAT?2 revealed an odds ratio for NATI*10/NAT2*slow carriers of 2.22 [57].
However, in large-scale studies, phenotypes reconstructed after haplotype analyses
showed the carriers of the combined NAT1 rapid/NAT?2 rapid phenotypes to be at
lower risk when compared to those with the combined NAT1 slow/NAT2 slow
acetylator phenotypes [58].

3.2.5.4 Association with Inmunological Diseases

The role of acetylator genotype or phenotype in determination of susceptibility to
idiopathic systemic lupus erythematosus (SLE) has been discussed often in the past.
Some reports have indicated an increased frequency of slow acetylator phenotype in
idiopathic SLE patients, while others found no association. A large study in a German
sample revealed lack of evidence for an association of NAT2 genotypes with SLE,
making it unlikely that further attempts will lead to other results [59].

3.25.5 Summary
NAT?2 plays a significant role in the susceptibility to bladder cancer; the evidence
of application in individualized medicine is currently weak.

3.3 THIOPURINE-S-METHYLTRANSFERASE (TPMT)

A rare but serious side effect in treatment with the antimetabolites azathioprine or its
metabolite 6-mercatopurine is a severe bone marrow depression, which may result in
lethal side effects [60]. Detoxification takes place by TPMT, which was believed to be
homozygously deficient in one of 300 individuals [61] (Fig. 3.3).

Later comprehensive studies on phenotype—genotype correlation in 1214 healthy
German blood donors clearly defined a trimodal frequency distribution of TPMT
activity: 0.6% were deficient, 9.9% were intermediate, and 89.5% were normal to
high methylators [62]. The frequencies of the mutant alleles were 4.4% (*3A), 0.4%
(*3C), and 0.2% (*2). Lack of activity was strictly associated with the homozygous
deficient genotype. The overall concordance rate between TPMT genotypes and
phenotypes was 98.4%. In a study on adverse effects of azathioprine in patients with
inflammatory bowel disease (IBD), thiopurine-related adverse drug reactions are
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FIGURE 3.3 Metabolism of thiopurine drugs. In case of TPMT deficiency, the generation
of 6-thioguanosines by hypoxanthine phosphoribosyltransferase is substantially enhanced.
Adapted from [61]. Reproduced with permission from Informa healthcare.

frequent, ranging from 5% to 40%, in either a dose-dependent or dose-independent
manner. Hematologic side effects were related to TPMT genotype, but intestinal
adverse events occurred independent of the genotype. TPMT [63]. On the basis of
several cost-benefit analyses, it was concluded that assessment of TPMT activity is
recommended prior to thiopurine therapy in patients with IBD. It should be noted,
however, that the concomitant use of allopurinol without dosage adjustment of
azathioprine/mercaptopurine may lead to clinically relevant severe haematotoxicity
due to inhibition of TPMT and subsequent elevated thiopurine levels [64]. Among
TPMT-deficient patients, metabolism takes place by an alternative pathway to the 6-
thioguanin nucleotide (6-TGN). The plasma concentration of 6-TGN correlates with
the severity of the medication’s side effects. However, a problem arises, since TPMT
exhibits a high number of variants, which allows genotyping to only a limited degree.
Many clinics still routinely prefer ex vivo phenotyping procedures to date, but
increasing knowledge about rare variations and application of modern genotyping
technologies allow a reliable prediction of TMPT status by means of genotyping [62].
The clinical importance was shown in a large study in pediatric acute lymphoblastic
leukemia patients, showing that TPMT-poor metabolizers are at clear risk for severe
azathioprine side effects, making a significant dose reduction necessary [65]. Much
more recently it was shown, however, that TPMT genetics is not a major risk factor
for secondary malignant neoplasms after treatment of childhood acute lymphoblastic
leukaemia with purine analogs [66].

In summary, TPMT genotyping is recommended by FDA prior to treatment
with irinotecan, and TPMT intermediate metabolizers (10%) have a higher risk for
side effects. Poor metabolizers (0.6%) have a 100% chance of developing severe side
effects. A reduction to 5—10% of the standard dose is recommended for such individuals.
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TABLE 3.3 Classes of Glutathione S-Transferases, Chromosomal Location, and
Major Substrates

Chromosome
Class Gene Location Substrate
Alpha (o) GSTAI1, GSTA2, GSTA3, 6pl12.1 Bilirubin,
GSTA4, GSTAS cyclophosphamide
Kappa (x) GSTK1 7q35 1-Chloro-2,4-
dinitrobenzene (model
substrate)
Mu () GSTM1, GSTMI1L, 1p13.3 Organic hydrocarbons and
GSTM2, GSTM3, many other xenobiotics
GSTM4, GSTM5
Omega (®) GSTO1, GSTO2 10g24.3 Modulation of the activity
of interleukin 1
Pi (m) GSTP1 11q13.2 Ifosfamide, busulfan,
chlorambucil
Theta (0) GSTTI1, GSTT2 22q11.23 Small aliphates
Zeta (§) GSTZ1 14g24.3 Dichloroacetic acid
Microsomal ~ MGSTI1, MGST2, MGST3 12p12.3, Lipid peroxidation and
4q28.3, 1923 others

3.4 GLUTATHIONE S-TRANSFERASES

Glutathione S-transferases (GSTs, EC 2.5.1.18) are a large family of cytosolic
enzymes of classes GSTA, -M, -P, -T, and -Z that conjugate a variety of exogenous
and endogenous compounds, including several cytostatics (Table 3.3). Most signif-
icant is the detoxification of electrophilic metabolites, including benzo[«]pyrene and
other polycyclic aromatic hydrocarbons as present in tobacco smoke, forming
soluble, nontoxic peptide derivatives. All are polymorphic, but widely most inves-
tigated are GSTM1 (50% in Caucasians) and GSTT1 (20%) deletions, which are
recessive variants for which homozygous deletions result in null activity of their
respective enzymes. GSTP1 Ile105Val is a nonsynonymous A >G SNP resulting in
alterations in the substrate binding site and enzyme activity. The «-class genes,
located in a cluster mapped to chromosome 6pl2.1, are the most abundantly
expressed glutathione S-transferases in liver. In addition to binding or metabolizing
bilirubin and certain anticancer drugs in the liver, the o class of these enzymes exhibit
glutathione peroxidase activity, thereby protecting the cells from reactive-oxygen
species and the products of peroxidation.

Since glutathione conjugation represents a detoxification pathway, it becomes
rapidly clear that the total absence of GSTM1 activity (genotype GSTM1*0/*0) may
be linked to increased drug toxicity or cancer susceptibility. Indeed, some years ago
GSTM1 deficiency was shown by several studies to be a risk factor for lung [67],
laryngeal [68], and urinary bladder cancer [69,70], comprehensively reviewed by
Parl et al. [71]. However, there is a clear lack of association between GSTMI,
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GSTT1, and GSTP1 and breast cancer [72], although an increased risk of breast
cancer was found among women with lower consumption of cruciferous vegetables
and among current smokers who carry the GSTA1 B genotype. Interestingly, GSTM 1
deficiency was also reportedly associated with other smoking-related diseases such as
atherosclerosis [73].

These findings may be partly explained by the fact that glutathione S-transferase
deficiency prevents detoxification of diepoxides from, for example, benzo(a)pyrene.
Thus several studies could show elevated levels of DNA and protein adducts in
carriers of GSTM1 and GSTT1 [74,75]. Independent meta-analyses for GSTM
deletion and lung cancer revealed a significant associations of GSTM1*0/0 with lung
cancer with odds ratio ranging up to 1.34 [68,76,77]. Meta-analyses of the risk for
bladder cancer calculated a significant risk for deletion carriers of 1.53 [78] or
1.44 [70]. Considering separately the loss of one or two GSTMI1 copies, the odds
ratios for individuals with deletion of one copy was 1.2 (95% CI 0.8-1.7) and 1.9
(1.4-2.7) for deletion of two copies [79]. More recently, data on the association of
GSTM1 and GSTT1 on the risk for different types of leukaemia have been
reported. For example, meta-analyses on acute lymphatic leukemia demonstrated
a significant overrepresentation of carriers of the nonactive variant of GSTM1 (odds
ratio = 1.20) [80].

In summary, among populations studied to date, there is evidence that GSTM1
null status is associated with a modest increase in the risk for lung and bladder
cancer, as well as leukemia, but there is currently no application in individualized
medicine.

3.5 UDP GLUCURONOSYLTRANSFERASES

Uridine diphosphate (UDP) glucuronosyltransferases (UGTs) are a superfamily of
enzymes located primarily in the endoplasmic reticulum of cells that detoxify a
diverse range of xenobiotics, as well as endogenous compounds, through their
conjugation to glucuronic acid, generating more hydrophilic compounds that may
be excreted via efflux transporters in kidney or bile. Moreover, the conjugates alter
the biological properties into less pharmacologically active products. Glucuronida-
tion plays a major role in a number of drugs, with specific UGT enzymes performing
either N- or O-glucuronidation. A well-known substrate is the hemoglobin degra-
dation product bilirubin. It is conjugated through a UGT1A1 to bilirubin—glucuronide
that may be excreted after efflux transport by ABCC2 into the urine; additional drugs
metabolized by UGT1A1 are the cytostatic irinotecan and the immunosuppressant
mycophenolate mofetil.

The UGT superfamily is classified into UGT1 and UGT2 families on the basis of
aminoacid sequence homology. Seventeen human enzymes have been identified thus
far, each with high homology at their carboxy termini; some of them are expressed
only in extrahepatic tissues (UGT1A and 2B subfamilies), whereas others have a
more ubiquitous tissue distribution (UGTs 1A7, 1AS8, and 1A10). UGT2 enzymes are
coded by individual genes clustered in chromosome 4 (4q13), the nine functional
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UGT1A isoforms are coded by a single gene (UGT1A) located on chromosome 2q37
and spanning approximately 290 kilobases. It consists of multiple isoform-specific
exons that are expressed by alternate splicing of one unique exon (exon 1) to adomain
consisting of four common exons (exons 2-5). The UGT2A enzymes are found
mainly in olfactory tissues, with UGT2A1 active against odorants, steroid hormones,
and some drugs [81]; to date, the only substrates shown to be glucuronidated by
UGT2A2 are B-estradiol and epiestradiol. There are at least six members of the
UGT?2B family with unique genes clustered on chromosome 4 in humans. Interest-
ingly, a considerable number of prevalent, functional polymorphisms were previ-
ously identified in several UGT genes, including 1A1, 1A3, 1A4, 1A6, 1A7, 1A8,
1A10, 2B4, 2B7, 2B15, and 2B17 with several implicated as determinants of cancer
risk or response to different pharmacotherapies [82].

ATA tandem repeat polymorphism in the promoter region of UGT1A1 leads to the
well-known clinical feature of Gilbert’s syndrome. The presence of 7 TA repeats
(allele UGT1A1%28) significantly lowers the transcription rate compared to the wild
type with six TA repeats. Further studies, however, showed that the frequency is 40%
in Caucasians, but few ever develop UGT1A1-associated hyperbilirubinemia. Thus
the variant is necessary but not sufficient for developing Gilbert’s syndrome. In
contrast, the Crigler—Najjar syndrome type I is associated with mutations that result
in a complete absence of normal UGT1A1 enzyme activity, causing severe hyperbi-
lirubinemia with total serum bilirubin levels ranging from 20 to 45 mg/dL. Crigler—
Najjar syndrome type II is associated with reduced activity of mutated UGT1Al,
which causes elevated total serum bilirubin from 6 to 20 mg/dl.

Irinotecan is a topoisomerase I inhibitor approved worldwide for the treatment of
metastatic colorectal cancer. It is metabolized by CYP3 A enzymes and esterases to its
active metabolite SN38, which is detoxified by conjugation with glutathione and
extreceted preferentially via ABCC2 back into the intestine or into urine (Fig. 3.4).
The genetic polymorphism in UGTIAI increases the risk of irinotecan toxicity,
particularly when administered as a single agent in a dose-dependent manner [83].
Accordingly, in 2007 the US FDA changed the drug label for irinotecan to include the
UGTIAI*28 genotype as arisk factor for severe neutropenia, since irinotecan-treated
patients who were homozygous for the UGTIAI*28 allele had a greater risk of
hematologic toxic effects than did patients who had one or two copies of the wild-
type allele (UGTIAI*I) (see Fig. 3.5).

It appears that UGT2B7 is the most active hepatic UGT. Additionally, UGT2B7
expression has been detected in a variety of tissues, including liver, gastrointestinal
tract, and breast; therefore, variations in UGT2B7 function or expression could
potentially significantly impact individual response to drugs [84]. UGT2B7 is
the major enzyme isoform for the metabolism of morphine to the main metabolites,
morphine-3-glucuronide and morphine-6-glucuronide. Also, for tamoxifen it
could be shown that O-glucuronidation of both trans-4-OH-tamoxifen and trans-
endoxifen was significantly associated with UGT2B7 genotype, with lower activities
correlated with increasing numbers of the UGT2B7 268Tyr allele [85]. These results
are in line with observation for other substrates, including tobacco carcinogen
metabolites.
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FIGURE 3.4 Pathway of irinotecan in the human liver. Irinotecan is transformed into its
active metabolite SN38 by cytoplasmatic esterases. SN38, a topoisomerase inhibitor, is
conjugated with glucuronic acid catalyzed by UGTs. UGT1A1 was proved to significantly
modulate toxicity. [Figure adapted from the PharmGKB database (www.pharmgkb.org).]

3.6 SULFOTRANSFERASES

Sulfotransferase enzymes catalyze the transfer of a sulfo group from the cofactor 5'-
phosphoadenosine-3’-phosphosulfate (PAPS) to relatively small acceptor molecules.
Thus they conjugate sulfate to many hormones, neurotransmitters, drugs, and
xenobiotic compounds. Within the SULT superfamily, 10 distinct human SULT
forms are known so far, differing in their tissue distributions and substrate specifi-
cities. A total of 11 human SULT forms have been characterized at the gene, message,
and protein levels. Two additional possible SULT genes (SULTIC3 and 6BI) were
identified in the human genome [86]. Common functional polymorphisms of the
transcribed region are known for many of them. The best described is the SULT1A
family, consisting of SULT1AIl, 1A2, 1A3 in human tissue [3]. SULTI1Al
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FIGURE 3.5 Dose-dependent irinotecan-mediated probability of hematologic toxicity and
UGT1ALI genotype (solid lines indicate predicted values, dotted lines indicate 95% confidence
limits). (Figure adapted from Hoskins et al. [83].)

metabolizes phenolic compounds such as 4-nitrophenol, a typical probe drug,
medications such as acetaminophen and minoxidil; and endogenous and synthetic
hormones such as estrone, estradiol, 2-hydoxyestrone, 2-hydroxyestradiol, 4-
hydroxyestrone, 4-hydroxyestradiol, or diethylstilbestriol, trans-4-hydroxytamoxi-
fen, and 2-methoxy estradiol. The SULT1B and SULTIE genes are located on
chromosome 4q13, SULT1C on 2q11.2, and SULT2 on 19q13.3 [87]. The SULT1A
genes are located on chromosome 16. SULT1A1 has a 885-nucleotide open reading
frame, consists of seven cosing exons and two alternatively spliced noncoding exons
upstream. It codes for a 295-aminoacid protein that is expressed cytosolic in certain
organs such as liver and kidney and also in platelets. The presence in platelet
allows investigation of its activity ex vivo. Such attempts revealed more than 50-fold
interindividual differences in a large sample [88]. Besides a large number of SNPs,
SULT1AL1 is known to have copy number variations (CNVs) of up to five genes. In
one study, 5% of Caucasian subjects contained a single copy of the gene and 26%
had three or more copies, while 63% of African-American subjects had three or
more copies [89]. The presence of CNVs is believed to have a stronger impact on
interindividual SULT1A1 activity than single-nucleotide polymorphisms. The major
SNPs are 638G>A, more recently addressed as SULTIAI*2, 667G>A
(SULTIAI*3), 624G >C, and —-396G > A (Table 3.4).

The analgesic drug acetaminophen (paracetamol) is excreted to a major extent as
sulfo and glucuronic acid conjugates in the urine. In several studies, the ratio of these
conjugates in 8-h or 24-h urine showed an approximately 6-fold variation among
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TABLE 3.4 Functional Significance and Frequencies of Selected SULT1A1 SNPs

Frequency
Allele SNP rs Number Location  Activity Caucasians Chinese Africans
—624G>C 133760091 Intron 1 T 0.48 0.42 0.63
—396G>A rs750155 Intron 1 l — — —
SULT1A1*2 638G>A 159282861 Arg213His ! 0.33 0.08 0.29
SULT1AI*3 667G>A 151801030 Val223Met  (T) 0.012 0.006 0.23

healthy adult subjects [90]. The extent to which extent this variation is due to
differences in the levels and properties of SULTs, UDP glucuronosyltransferases, or
other factors, and whether genetic or environmental factors are more important, has
not yet been elucidated. The genetic contribution to the total interindividual variation
however, appears to be low.

Due to the role of sulfotransferases in the detoxification — and partly in the
activation — of carcinogens, a number of studies have been performed to elucidate
the significance of SULT gene polymorphisms to the risk of certain malignancies.
Statistically significant associations were observed between presence of the
SULTIAI*2 genotype and age; obesity; and mammary, pulmonary, esophageal,
and urothelial cancer [3].
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Pharmacogenetics of Drug
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4.1 INTRODUCTION

Pharmacogenetics is a field of clinical pharmacology focusing on the impact of
genetic variations of interindividual differences in drug disposition, toxicity, and
efficacy. The extent of intersubject variation determined by inherited factors is
currently assumed to account for 15-30% of interindividual differences in drug
disposition and response, although for some drugs it can be as high as 95% [1].
Initially the influence of genetic variations on drug disposition was studied looking
mostly into phase I and phase II metabolizing enzymes [1,2].

Membrane-bound carrier-mediated processes and their contribution to drug
disposition is an emerging aspect of pharmacogenetics. Thus far several transporters
mediating cellular uptake or elimination of endogenous and exogenous compounds
have been identified. Particularly transporters, which are highly expressed in organs
such as the liver, intestine, and kidney (see Fig. 4.1), seem to play a major role in drug
disposition and are described in detail below. In the following chapter we will focus
on drug transporters for which a significant impact on drug disposition and/or
drug efficacy has been discussed in association with inherited variability of the
encoding gene.

4.2 PHARMACOGENETICS OF UPTAKE TRANSPORTERS

Cellular entry of a variety of compounds has been shown to be facilitated by transport
mediating carrier proteins located in the cellular membrane. Until the present, a
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FIGURE 4.1 Schematic summary of drug transporters described in intestine, kidney, and
liver. In enterocytes (a) several efflux and uptake transporters have been detected and studied
for their involvement in drug disposition. An important aspect for pharmacology is the
polarized distribution of drug transporters, thereby mediating directed transport in elimination
organs such as liver (b) and kidney (c).

number of these transport proteins have been identified and characterized for their
expression profile in humans. However, not all transporters have been screened for
genetic variants, and not every transporter exhibits genetic variability that has been
associated with changes in drug disposition. In fact, substrate overlap and regulative
processes have been assumed to limit the effect of function impairing mutations.
However, in general uptake transporters significantly influence cellular accumulation
of their substrates and therefore are assumed to function as a rate limiting step for
intracellular processes, including binding to the drug target, drug metabolism, or even
elimination of parent compound.

4.2.1 Organic Anion Transporting Polypeptides (OATPs)

Organic anion transporting polypeptides (OATPs) are classified within the solute
carrier class (SLC) superfamily, referred to as solute carrier organic anion trans-
porter family (SLCO) [3]. This subfamily summarizes membrane proteins shown to
be involved in sodium-independent cellular uptake. Thus far, in particular OATP1B1
and OATP1B3, members of the human OATP1B subfamily, have been studied for
their implication in drug disposition. Both transporters have been noted to be liver-
enriched and located in the sinusoidal membrane of hepatocytes [4—6]. In addition,
OATPI1B transporters exhibit a remarkably broad substrate specificity (for summary,
see Table 4.1), including many drugs of clinical relevance.
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TABLE 4.1 Summary of Exogenous Substrates of Uptake and Efflux Transporters

Uptake Transporters

OATP1B1

ACU154“ [256], arsenic (arsenite, arsenate) [257], atorvastatin [8,9,258], atrasentan [259],
Bamet-R2“ [69], Bamet-UD2“ [69], benzylpenicillin [75], bosentan [260,261] BQ123 [46],
bromosulfophthalein [BSP] [41,46], caspofungin [262], cerivastatin [263], demethylphalloin
[264], enalapril [265], ezetimibe-G [266], fluvastatin [10,11], methotrexate [6], olmesartan
[267,268], phalloidin [264,269], pitavastatin [270,271], pravastatin [8,272,273], rifampin
[274,275], RO48-5033 [260], rosuvastatin [7,276], SN-38 [39], S-8921G [277,278],
temocaprilat [26], TR14035 [279], troglitazone-S [280], valsartan [26,281]

OATP1B3

Amanitin® [282], atrasentan [259], bosentan [260,261], BQ123 [46], bromosulfophthalein
(BSP) [46,47,283], deltorphin II [46], demethylphalloin [264], digoxin® [46], docetaxel [51]
D-[penicillamine-2,5]enkephalin [46], enalapril [265], erythromycin [54], fexofenadine
[284], fluvastatin [10], fluo-3 [285], methotrexate [6], microcystin [286,287], olmesartan
[267,268], ouabain® [46], paclitaxel [51], phalloidin [264], pitavastatin [270,271], rifampin
[274], RO 48-5033 [260], rosuvastatin [7] SN38 [58], S-8921G [277,278], telmisartan [48],
TR14035 [279], valsartan [281]

OCT1

Aciclovir [288] Bamet-R2 [69], Bamet-UD2 [69], berberine [289], cimetidine [290],
famotidine [290], furamidine” [291], ganciclovir [288], HPP *#[292], imatinib [101,102],
lamivudine [111,293], 1-methyl-4-phenylpyridinium [84,142], pentamidine® [291],
procainamide [294], quinidine” [294], ranitidine [295], RHPP * ¢ [292]

0OCT2

Amantadine [296], amilorid [297], Bamet-R2 [69], Bamet-UD?2 [69], berberine [289], cimetidine
[290], famotidine [290], HPP © b [292], lamivudine [111,293], memantine [296], 1-methyl-4-
phenylpyridinium [113], paraquat® [298], procainamide [294], ranitidine [290], RHPP * “[292]

Efflux Transporters

ABCB1“

Actinomycin D, amitryptiline, amprenavir, atovastatin, bunitrolol, celipolol, chlorpromazine,
cimetidine, citalopram, cyclosporine, daunorubicin, dexamethasone, digitoxin, digoxin,
diltiazem, docetaxel, domperidon, doxepine, doxorubicin, erythromycin, etoposide,
etoposide, FK506, indinavir, irinotecan, itraconazole, levofloxacin, loperamide, losartan,
lovastatin, methotrexate, mibefradil, mitoxantrone, mitoycin C, morphine, nelfinavir,
nortriptyline, ondansetron, paclitaxel, paroxetine, phenobarbital, phenytoin, quetiapine,
quinidine, ranitidine, rifampin, risperidon, ritonavir, saquinavir, sparfloxacin, tacrolismus,
talinolol, teniposide, terfenadine, tetracycline, topotecan, trimipramine, venlafaxine,
verapamil, vinblastine, vincristine

ABCC1?

Daunorubicin, difloxacin, DNP-SG, doxorubicin, etoposide, etoposide-G, geprafloxacin,
imatinib, irinotecan, methotrexate, ritonavir, saquinvir, SN38, teniposide, topotecan,
vinblastine, vincristine

ABCC2!

Acetaminophen-G, ampicillin, cisplatin, daunorubicin, diclofenac-G, DNP-SG, doxorubicin,
epirubicin, etoposide, grepafloxacin-G, imatinib, indinavir, indomethacin-G, irinotecan,
methotrexate, pravastatin, ritonavir, saquinavir, SN38, SN38-G, teniposide, topotecan,
vinblastine, vincristine

(Continued)
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TABLE 4.1 (Continued)

Efflux Transporters

ABCC3

MTX, etoposide, morphine-3-glucuronide, vincristine

ABCC4?

3TC [2/,3'-dideoxy-3'thiacytidine], 6-mercaptopurine, AZT, camptothecins, ganciclovir,
methotrexate, PMEA, PMEG, thioguanine

ABCC5?

5FU, 6-mercaptopurine, cladarabine, cladribine, cytarabine, gemcitabine, methotrexate,
PMEA, PMEQG, thioguanine

ABCG2“

Cerivastatin, cimetidine, ciprofloxacin, cyclosporine, DNP-SG, diflomotecan, flavopiridol,
gefitinib, imantinib, irinotecan [SN38], lamivudine, methotrexate, mitoxantrone, nelfinavir,
norfloxacin, oflaxacin, omeprazole, pantoprazole, resveratol, ritonavir, rosuvastatin,
saquinavir, sirolimus, tacrolimus, topotecan, UCNO1, zidovudine

“Substrates that are assumed to be transported by only one member of the OATP1B subfamily or one
member of organic cation transporters.

PHPP* is 4-[4-chlorophenyl]-1-[4-[4-fluorophenyl]-4-oxybutyl|pyridinium ion, a pyridium metabolite of
haloperidol.

‘RHPP™ is a reduced form of HPP ™.

‘IAdopted from References 195,200, and 299-301.

G glucuronide.

4.2.1.1 OATP1B1 Substrates and Polymorphisms
The notion that hepatic uptake transporters act as a rate limiting step in drug
elimination and drug efficacy has been strongly supported by studies on the influence
of OATPIBI1 transport activity on pharmacokinetics and pharmacodynamics of
statins. Statins inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase, the rate limiting enzyme of endogenous cholesterol synthesis, and are therefore
used to treat hypercholesterolemia. The hepatic route of elimination, in addition to
the hepatocellular drug target, made statins an excellent probe to study the effect of
genetic variants in liver-enriched OATP1Bs on drug disposition and efficacy.
Initially, in vitro studies suggested that OATPIB transporters, especially
OATPI1B1, determine the cellular uptake of rosuvastatin [7], pravastatin [8,9],
atorvastatin [9], cerivastatin [9], and fluvastatin [10,11]. Identification of frequent,
naturally occurring-single nucleotide polymorphisms of SLCOIBI by Tirona and
colleagues in 2001 [12] and demonstration of their functional impact proved to be an
important milestone setting the stage for determining the in vivo relevance of
SLCOIBI SNPs [13]. A number of variant alleles were identified, of which
SLCOIBI*2 (c.217T>C), SLCOIBI*3 (c.245T >C and c.467A >G), SLCOIBI*5
(c.521T>C), SLCOIBI*9 (c.1463G>C), SLCOIBI*10 (c.1964A>G), and
SLCOIBI*12 (c.217T>C and c.1964A >G) exhibited reduced transport activity
in vitro. Most of these variants are rather rare; however, one, namely, the ¢.521T >C
(p-174V >A), proved to be relatively common. Subsequent studies identified several
SLCOIBI haplotypes, which include the ¢.521T >C SNP such as SLCOIBI*15
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(c.388A>G + ¢.512T>C)[14,15],and SLCOIBI*17 (—11187G>A +c.388A>G
+ ¢.521T>C) [16].

Subsequently, the in vitro findings on SLCOIBI variants were translated into
humans (see Table 4.2), revealing pronounced changes in pharmacokinetic para-
meters for pravastatin [16—19], pitavastatin [20,21], simvastatin [22], rosuvasta-
tin [23,24], and atorvastatin [24,25]. Closer studies revealed that subjects harboring
the SLCOIBI*15 allele exhibited elevated systemic exposure of pravastatin as
compared to subjects lacking this allele [16,18]. Some reports indicated that the
SLCOIBI*1b allele (c.388A > G) may have enhanced transport activity as compared
to the wild-type allele (SLCO1B1*1a) [17,19,26]. In fact, this is supported by a more
recent report on the efficacy of fluvastatin [27].

Regarding statins with their intrahepatocellular drug target and resultant extrahe-
patic side effects, reduced hepatic uptake would lead not only to significantly lower
efficacy but also to an increased risk for side effects due to higher systemic exposure.
However, an effect of the functional impaired alleles on the short-term efficacy of
fluvastatin, rosuvastatin, atorvastatin, and simvastatin has not been detected in healthy
volunteers [28—-30]. An attenuated pharmacodynamic effect was reported in patients
receiving pravastatin in secondary prevention of coronary heart disease [31]. Con-
cerning the adverse events, it is assumed that carrying impaired function alleles is
associated with an increased risk for myotoxic side effects [31-33] (see chapter 6).

Various other drugs have been studied for their susceptibility to changes in
OATPIBI1 activity revealing an impact on the pharmacokinetic profile of torase-
mide [34], repaglinide [35,36], fexofenadine [37], and nateglinide [38]. However,
changes in drug efficacy or the incidence of side effects have not been described for
these substances yet. OATP1B1 also appears to play a role in the hepatic uptake of
anticancer drugs, such as SN-38 (the active metabolite of irinotecan) [39], a drug
widely used to treat colon cancer. Here, most studies to date have focused on the role
of the promoter polymorphism in the drug conjugating enzyme UGT1A1 as the main
determinant of unexpected toxicity from SN38 therapy. However, the observed
toxicities may be the result of synergistic or additive effects of low metabolic
(UGTI1AI76/*28) and transport (SLCO1B1*15/*15) capabilities [40].

In summary, OATP1BI1 is the best clinically characterized uptake transporter.
Frequently occurring SNPs are associated with impaired function in vitro, and this
translates into changes in pharmacokinetics and dynamics in vivo.

4.2.1.2 OATP1B3 Substrates and Polymorphisms

OATP1B3 is the second member of the liver-enriched human OATP1B subfam-
ily [4,41]. However, expression has also been detected in other tissues, including
placenta [42], prostate [43], and colon [44]. In general, OATP1B3 shares a variety of
substrates with OATP1B 1, but in most cases transports with lower affinity (Table 4.1).
Only a few substrates have been shown to be exclusively transported by OATP1B3
such as the gastrointestinal peptide hormone CCKS8 [45] and the cardiac glycoside
digoxin [46]. Similar to OATP1B1, several naturally occurring SNPs have been
identified in the SLCO1B3 gene. Specifically, the ¢.334T >G (p.112S > A) and the
¢.699G > A (p.233M >1) variant have been shown to occur with relative high allele
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frequencies. In vitro assessments of the impact in terms of transport activity have
been inconclusive, and the understanding seems still rather vague, although these
SNPs have been reported to result in altered transport of prototypical substrates in
vitro [47].

Various studies focused on the impact of these OATP1B3 variants on the
pharmacokinetic parameters of telmisartan, a drug initially thought to be a substrate
of only OATP1B3 and not OATPIBI, revealing no differences in exposure or
clearance [48-50]. Similar results were seen for paclitaxel and docetaxel [51-53],
suggesting that OATP1B3 variants play a minor role in the interindividual variability
of pharmacokinetics. However, there are more recent reports that the OATP1B3
genotype influences hepatic accumulation of erythromycin as assessed using the
erythromycin breath test (ERMBT). This was unexpected given that the ERMBT is
commonly used as a marker of hepatic CYP3A4 activity. Franke et al. were able to
show that individuals carrying two copies of the T allele at the 334 locus had a
2.4-fold lower value for ERMBT 1/T,,,,, suggesting a more rapid hepatic uptake [54].
In summary, the role of OATP1B3 in terms of drug elimination and therefore classical
pharmacokinetic parameters seems rather negligible.

However, more recent findings suggest that OATP1B3 might participate in cancer
biology. In fact, OATP1B3 has been detected in several tumor entities, including
gastric, colon, pancreatic, and breast cancer [6,55,56]. The function of OATP1B3-
mediated transport is seen differently in tumor progression. In breast cancer, for
example, the expression level of the transporter has been described as an important
prognostic factor, showing that higher levels of the transporter are associated with
smaller tumor size, with lower risk of recurrence, and with improved prognosis [55].
In contrast, in prostate cancer, OATP1B3 function is noted to be a risk factor for
androgen insensitivity as reduced function variants are beneficial for the out-
come [43,57]. Similarly, in colon cancer OATP1B3 is assumed to function as an
anti-apoptotic factor and is therefore assumed to be associated with higher tumor
growth [56]. The role of OATP1B3 in tumor progression and therapy needs to be
further elucidated, especially considering the findings of OATP1B3 mediating the
transport of various anticancer agents, including taxanes such as docetaxel and
paclitaxel [51,53] or the camptothecin derivate SN38 [58].

4.2.1.3 The Other OATPs

The huge family of OATP transporters summarizes several other transporters shown
to mediate sodium-independent uptake. However, few of these transporters have been
studied in detail for their role in pharmacokinetics and -genetics.

As summarized by Franke and Sparreboom, it seems worthwhile to mention
OATP1A2 as another candidate gene for pharmacogenetic analyses in vivo [59]. The
expression and localization of this transporter have been object of expert discussions,
however, the transporter is expressed in a variety of tissues [60-62]. Moreover, its
localization in intestine and kidney might result in effects on oral drug absorption and
renal elimination. The high expression in the blood—brain barrier suggests a potential
role of OATP1A2 in brain penetration of therapeutic agents [63]. Several drugs have
been shown to be transported by OATP1A2, including fexofenadine [64],
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mitoxantrone [65], imatinib [66], ouabain [67], rocuronium [68], and Bamet-UD2
and Bamet-R2 [69]. Even if frequently occurring nonsynonymous SNPs have been
identified in the gene encoding OATP1A2, such as ¢.516A>C (p.172E>D) and
¢.38T > C (p.131>T), the influence on in vivo pharmacokinetics has not been studied
yet [59,63,65].

Moreover, OATP2B 1, which is the only member of the human OATP2B subfamily
of solute carriers should be included at this point [70]. In contrast to other previously
described members of the family of OATPs, the substrate specificity of OATP2B1 is
much more restricted, whereas the expression pattern is less confined. In fact,
OATP2B1 expression has been demonstrated in small intestine, colon, liver, pan-
creas, heart, testis, mammary gland, thrombocytes, and placenta [14,71-75].
More recent findings suggest that OATP2B1 might be involved in oral drug
disposition, as a reduced function variant was associated with significantly reduced
oral bioavailability of the leukotriene inhibitor montelucast [76]. OATP2B1 is
implicated in the transport of several substances, including aliskiren
(K, 72uM) [77], atorvastatin (K, 0.2uM) [72], amiodarone [78], rosuvastatin
(Km 2-6 uM) [7,79], fluvastatin (K, 0.7 uM) [11], pravastatin [80,81], and glib-
enclamide (K, 6.24 uM) [82].

Even if a few genetic variants have been identified as being located in the
SLCO2BI gene locus, the impact of those on drug disposition needs to be further
elucidated. In vitro experiments suggested reduced transport activity of the frequently
occurring ¢.1457C > T variant that results in an aminoacid exchange in position 486
(p-486S >P also referred to as SLCO2B1*3) [14]. However this variant was also
detected in one individual, which aroused attention because this variant was an outlier
in an analysis of the effect of OATP1B1 variants on pravastatin [16]. No effect of the
SLCO2BI*3 variant was seen on the disposition of montelukast; however, the same
study reported a significant effect of the SLCO2B] variant ¢.935A >G (p.312R >G)
on disposition and efficacy of this leukotriene receptor antagonist [76].

4.2.2 Organic Cation Transporters

The polyspecific organic cation transporters OCT1-3 (SLC22A-3) are members of
the solute carrier subfamily 22A (SLC22A), a part of the major facilitator superfamily
(MFS) that comprises transporters from bacteria, plants, animals, and humans in 18
transporter families [83]. Members of the SLC22A family facilitate the transport of a
variety of structurally diverse organic cations, including many drugs, toxins, and
endogenous compounds. The distinctive tissue distribution of the OCTs suggests that
even if there are wide substrate overlaps, changes in transport activity might translate
into rather unique differences in pharmacokinetics.

4.2.2.1 Organic Cation Transporter 1 (OCT1) Substrates

and Polymorphisms

OCT1 (SLC22A1) is located mainly in the sinusoidal membrane of hepatocytes and is
thus assumed to facilitate the hepatocellular accumulation of its substrates [84]. In
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addition, OCT1 has been detected in the basolateral membrane of enterocytes, where
it might function as modulator of direct intestinal secretion [83,85]. Findings using
mice harboring a deletion of SIc22al (Octl “mice) showing reduced hepatic
accumulation and decreased intestinal secretion support this assumption [86—90].
Genetic variations with impaired transport function in humans might therefore be
expected to result in reduced efficacy of drugs that exert the desired pharmacody-
namic action (or metabolic activation) in the liver or in reduced adverse events for
drugs that induce their adverse side effects in hepatocytes.

Several genetic variants have been identified in the SLC22A1 gene [91-95]. Most
of those currently known nonsynonymous variants of SLC22A1 are rare; however, the
polymorphisms p.61R>C (c.181C>T), p.341P>L (c.1022C>T), p.420del
(c.1256delATG), and p.465G>R (c.1489G>A) are of higher frequency, with
pronounced variation in populations of different ethnic backgrounds [96]. These
latter SNPs have been consistently linked to reduced transport activity in
vitro [91,94,97]. Various of compounds have been described to interact with the
hepatic uptake transporter (summarized by Koepsell et al. [83] and Ciarimboli [98]).
However, as summarized in Table 4.1, only a small number of drugs have actually
been shown to be transported by OCT1.

Imatinib, a specific abl-tyrosine kinase inhibitor (TKI), has been successfully used
in the treatment of patients with Philadelphia chromosome—positive chronic myeloid
leukemia (CML). More than 95% of patients achieve a complete hematologic
response and more than 80%, a complete cytogenetic response. However, a propor-
tion of patients demonstrate resistance or suboptimal response; in many cases the
mechanism is unknown [99]. More recent findings suggest a possible role for OCT1
(SLC22A1) in the uptake of imatinib into leukemic cells [100]. This translates into a
lower probability of achieving a cytogenetic or molecular remission in patients
harboring functional impaired variants of this transporter [101,102]. Even if
those data have to be further validated, especially as more recent reports deny a
predictive value of OCT1 [103,104], it is hypothesized that patients in whom
impaired response is associated with OCT1 might profit from a treatment with
desatinib, as this TKI exhibits a lower dependence on OCT1 for cellular accumu-
lation [102,105]. As mentioned above, it had been hypothesized that OCT1 might be
involved in direct intestinal secretion; therefore, it seems noteworthy that no
relevance of OCT1 genotype (p.61R >C, p.465G > R) was seen in the oral clearance
of imatinib [106]. However, the same study was able to show that OCT1 expression
interrelates with several efflux transporters that were implicated in the transport of
imatinib before, such as ABCB1, ABCC4, and ABCG2.

In conclusion, it seems worthwhile to include genetic variants of OCT1 in
pharmacogenomic approaches. However, especially in the case of imatinib, several
other genetically variable transporters [66,107,108] have been assumed to be
implicated in drug disposition; therefore, a multigenic approach seems inevitable.

More recent findings suggest a role of OCT1 in the uptake of cationic compounds
into HIV target cells. OCT1 has been detected not only in several peripheral
blood cells, including CD4 " T lymphocytes, but also in lymph nodes [109-111].
Of particular interest seems the finding that mononuclear cells of the lymph nodes of
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HIV-infected individuals exhibited significantly higher levels of OCT1 compared
to HIV-negative controls [111]. The antiretroviral drugs lamivudine and zalcitabine
have been reported to be transported by organic cation transporters including OCT1
and OCT2 [111]. It would be of interest to determine whether genetic variants are
associated with differences in drug therapy outcome. Other compounds used in
antiretroviral drug therapy have been shown to interact with OCT1, but are not
transported [112].

4.2.2.2 OCT2 Drug Substrates and Polymorphisms

The majority of the polyspecific cation transporter 2 (OCT2/gene name SLC22A2) is
expressed in the renal proximal tubule epithelial cells [113,114], mediating the
pH-sensitive cellular uptake of cationic compounds [115,116]. Because of the
localization in the basolateral membrane and the high abundance in kidney,
OCT?2 is assumed to be the first and rate limiting step in renal elimination of its
substrate compounds. Previously, several drugs in clinical use have been shown to
interact with OCT2, including NSAIDs [117], oral antidiabetics [118], class Ia
antiarrthythmics [119], «-receptor antagonists [120], Hj-receptor antago-
nists [121,122] and platinum drugs [123,124]. However, even if interactions have
been shown for a variety of compounds, the influence of OCT2 facilitated trans-
membrane transport on actual cellular uptake has been demonstrated only for a few
drugs in clinical use (Table 4.1).

To date several genetic polymorphisms of the OCT2 transporter have been
reported. Leabman et al. screened 247 ethnically diverse individuals for polymorph-
isms in the gene locus of SLC22A2 and identified eight nonsynonymous SNPs;
however, only 2 of these, namely, p.165M>1 (c.493A>G) and p.400R>C
(c.1198C>T), were identified with allele frequency > 1% [119]. Subsequently,
the nonsynonymous variants p.199T >1 (c.596C > T) and p.201T >M (c.602C >T)
of OCT2 were found in studies of Asian populations, again exhibiting low allele
frequency (<1%) [95,125,126]. The only frequently occurring variant of OCT2
seems to be the p.270A > S (c.808G >T) variant, which has been identified in all
ethnic groups examined so far [95,119,125,127]. In vitro data suggest significant
changes in transport mediated by the OCT2 variants p.165M >1, p.199T >1 and
p-201T>M, p.270A > S, p.400R >C [95,119,128-130].

Platinum drugs are widely used in anticancer therapy; in particular, cis-
dichlorodiammine platinum [II] (cisplatin), has emerged as a principal chemother-
apeutic agent in the treatment of otherwise resistant solid tumors and is currently
among the most widely used agents in the chemotherapy of cancer [131]. The major
limitation to its use is the induction of nephrotoxicity [132]. The major site of renal
damage is assumed to be located in the proximal tubule of the nephron [133], and
more recent findings suggest that a basolateral cationic uptake mechanism might be
implicated in the mechanism [134].

Organic cation transporters, especially OCT2, have been demonstrated to facil-
itate the uptake of cisplatin, thereby inducing cytotoxic effects [123,135,136].
Functional impaired variants of the renal organic cation transporter would therefore
be expected to display benefits in the outcome of patients receiving cisplatin. This
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assumption is supported by findings in male rats, where gender-related expression
levels of OCT2 have been shown to result in changes in susceptibility of cisplatin-
induced nephrotoxicity [124].

In accordance with those findings, Ciarimboli et al. provided convincing evidence
that human OCT?2 expression and cisplatin-induced nephrotoxicity might be asso-
ciated. On one hand, they were able to demonstrate that cimetidine, a well-
documented OCT inhibitor, was able to decrease cisplatin uptake in freshly isolated
human proximal tubular cells. On the other hand, they also demonstrated that
proximal tubular cells isolated from a human diabetic kidney showed reduced
cisplatin uptake, which is attributed to the well-documented lower expression of
OCT?2 in diabetic kidneys [137,138]. However, Zhang et al. noted a minor contri-
bution of OCT transporters in general to cisplatin-induced cytotoxicity using a
heterologous expression system [139]. A more recent study conducted in 106 patients
treated with cisplatin was not able to demonstrate any changes in cisplatin clearance
associated with genetic variant SLC22A2 [135]. However, this does not exclude the
possibility that OCT2 might be involved in the development of cytotoxic side effects.
It should be mentioned at this point that Ctrl, a renally expressed copper transporter,
has been reported to also facilitate tubular accumulation of cisplatin [140].
In summary, it is hypothesized that OCT2 plays a role in cisplatin-induced renal
toxicity; however, the impact of genetic variants needs to be further evaluated in
clinical studies.

In addition, OCT?2 has been implicated in physiological and pathophysiological
processes. Indeed, testing the influence of genetic variants in the transporter revealed
a higher prevalence of the p.270A > S variant in patients diagnosed with essential
hypertension [141]. It is hypothesized that this might be associated with OCT2
functioning as an extraneuronal transporter of neurotransmitters such as dopamine,
norepinephrine, and epinephrine [142]. Another study suggests a role of this
transporter in the development of Parkinson disease, which is hypothesized to be
associated with the dopaminergic neuromodulators histidylproline diketopiperazine
[cyclo(HisPro)] and salsolinol [143].

4.2.2.3 Organic Cation Transporters and Metformin Pharmacokinetics
Interindividual differences in pharmacokinetics and dynamics are an important part
of the approach of individualized medicine. Because of easy accessibility and high
sensitivity, analysis of blood glucose levels as an index of the efficacy of antidiabetic
drug therapy is often applied used to exemplify the potential of genetics in future
concepts of pharmacology. Metformin is an antidiabetic drug that has been proved to
exert beneficial effects in the prevention of secondary macro- and microvascular
complications of diabetes mellitus, especially in overweight patients [144]. In
general, it is assumed that the glucose lowering efficacy of metformin is governed
by its pharmacokinetics. Plasma concentration and tissue distribution are of partic-
ular importance for the interindividual response to metformin [145]. Among various
pharmacokinetically related genes, drug transporters governing renal tubular secre-
tion and/or hepatic uptake are of particular interest concerning the evaluation of
the influence of genetics on metformin disposition and efficacy. Renal secretion is the
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major elimination route, whereas hepatic uptake facilitates the drug response as the
drug target is located in hepatocytes [146]. This was first reported using knockout
mouse models showing that the lack of OCT]1 results in significant changes in hepatic
accumulation and the development of lactacidosis, the feared serious side effect of
metformin treatment [87,88]. In accordance with those findings are more recent
reports on the influence of OCT1 variants (p.R61R>C,p.401G> S, p.420del and
p-465G>R) on the pharmacodynamic effects of metformin in healthy volun-
teers [94]. Surprisingly, it has been noted that OCT1 variants also affect metformin
disposition [145], even if it has been suggested that active renal secretion is the major
metformin elimination route. In fact, in humans approximately 79-86% of an
intravenous dose of the biguanide is recovered in urine unmetabolized [147,148].
Previously it was estimated that 93% of the interindividual variability of metformin
clearance is determined by genetic factors [149,150], and OCT2, the kidney-enriched
transporter, has been suggested to play a pivotal role in this process [118,151,152].
Subsequent studies testing the influence of variants of SLC22A2 revealed significant
decreased renal and total clearance of metformin in individuals harboring the
functionally impaired transporter [127,129]. Attempts to translate those findings
into response to metformin of diabetes patients are rather disappointing [153,154].

In conclusion, although several groups reported changes in metformin disposition
and efficacy associated with genetic variants of OCTs (Table 4.2), additional studies
are needed to elucidate the role of function impairing SNPs in clinical practice.
However, it seems inevitable to include these transporters in consideration of a
pharmacogenomic approach for metformin treatment.

4.3 PHARMACOGENETICS OF EFFLUX TRANSPORTERS

In addition to the above mentioned uptake transporters, cellular accumulation and
therefore efficacy of exogenous and endogenous compounds are assumed to be
significantly modulated by transporters facilitating cellular efflux. The family of ATP
binding cassette (ABC) transporters summarizes a variety of phylogenic conserved
membrane proteins that mediate ATP-dependent processes. In total, the ABC
transporter family consists of about 50 human members that have been shown to
be involved in a variety of cellular processes. With regard to drug transport processes,
the most frequently studied ABC transporters are P-glycoprotein (P-gp, MDRI,
ABCBI1), the multidrug resistance related transporters (MRP, ABCC), and the breast
cancer resistance protein (BCRP, MXR, ABCG?2). Since all of those proteins
transport various structurally and functionally unrelated drugs, it was not surprising
that drug—drug interactions on the level of transport processes influence drug efficacy
and bioavailability. But not only coadministration of a second transporter substrate or
an inhibitor can affect this processes, there is also evidence that genetic variations
within transporter genes can affect transport function and therefore influence drug
disposition and efficacy.

In this context, the most interesting and best studied ABC transporters are
ABCBI1, ABCC2, and ABCG?2, as they are highly expressed in tissues that are
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assumed to play a pivotal role in drug disposition such as intestine, liver, and kidney.
Genetic variants have been described for all of these transporters that affect
expression and/or function of these proteins and in turn modulate bioavailability
and distribution of drugs transported by them and hence that might alter efficacy.

4.3.1 ABCB1 (P-gp, MDR1) Substrates and Pharmacogenetics

P-glycoprotein (ABCBI) is the best characterized ABC transporter and has been
demonstrated to facilitate the export of a variety of compounds including several
drugs in clinical use (summarized in Table 4.1). Because of its broad substrate
specificity, and its expression in tissues such as intestine, liver, kidney, or the
blood—brain barrier, its impact on pharmacokinetic parameters has been addressed
in a multitude of studies. One aspect of those studies was the influence of genetic
variances. Indeed, a variety of single-nucleotide polymorphisms has been identified
within the ABCBI gene locus [155]; however, only a few of these have been shown to
affect ABCB1 function.

For position 2677, two nonsynonymous variants, ¢.2677G>T and ¢.2677G > A
(p-893A > S and p.893A >T, respectively), have been identified. The frequency of the
respective alleles, however, was different and exhibits interethnic differences. While
these polymorphisms do not affect ABCB1 expression [156], the majority of in vitro
reports indicate an enhanced transport activity for the p.893S/T variant [157-159],
while only one failed to show any difference [160].

In contrast, the ¢.3435C > T polymorphism in exon 26 is a synonymous exchange;
however, there is convincing evidence that this SNP might result in reduced
expression of the transporter [161,162] explained by reduced stability of transcripts,
prolonged translational processes due to altered protein conformation, or linkage
to functional impairing polymorphisms such as ¢.2677G>T and c.1236C >
T [159,163-166]. However, it should be noted that the data concerning the impact
of this polymorphism are not consistent [167—171]. Current knowledge regarding
ABCB1 polymorphisms and their influence on ABCB1 mRNA and protein expres-
sion has been summarized by Leschziner et al. [172].

Functional findings may therefore be a consequence of haplotypes rather than that
of the isolated SNP. In this context, it should be noted that the haplotype frequency
for the positions 1236-2677-3435 significantly differs between ethnicities. While
the dominant haplotypes for Caucasians were TTT and CGC, the majority of
African-Americans had CGC, and in the Japanese population three (CAC, CGC,
and TTT) common haplotypes were described [159,163,173]. Taken together, in vitro
results indicate an enhanced transport activity for p.893A>S and p.893A>T,
whereas the ¢.3435C > T might affect ABCB1 expression.

Besides these in vitro and expression data, ABCB1 polymorphisms have been
widely addressed in clinical studies regarding their pharmacokinetic impact and
treatment outcome. One of the most intensively studied drugs in association with
ABCBI1 polymorphisms is the cardiac glycoside digoxin. It has been demonstrated
that the ¢.3435C > T variant results in enhanced digoxin plasma levels [162,174,175],
which has been explained by lower intestinal ABCB1 activity. However, several
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studies failed to reproduce this association [176,177]. A more recent meta-analysis
concluded that the ¢.3435C >T SNP alone has no influence on digoxin pharmaco-
kinetics [178]. The most likely explanations for the controversial results could be the
fact that the study populations exhibited different haplotypes. An association
between ABCB1 haplotypes and pharmacokinetics of digoxin has been
reported [175]. This is in accordance with a Japanese study focusing on
c.2677G>T/A and ¢.3435C>T, demonstrating a dominant effect of the 2677
polymorphism [166]. However, a more recent study focusing on the influence of
¢.1236C >T, c¢.2677G >T/A and c.3435C > T on digoxin plasma levels of European
digoxin users described elevated digoxin concentrations for each T allele and an even
more pronounced effect for the TTT haplotype [173]. In addition, it is now
increasingly accepted that polymorphic uptake transporters might also be involved
in disposition of digoxin.

In addition to digoxin, the antihistaminic agent fexofenadine has often been used
as a probe drug for ABCB1 function. As for digoxin, the results for fexofenadine are
not consistent. While it has been proposed that the ¢.2677C >T/A SNP is the most
important [159], there are also convincing data on the relevance of ¢.3435C > T [179]
in fexofenadine kinetics. From these results, it is not surprising that there are also
studies that failed to show any effect of ABCBI1 genetics on fexofenadine kinet-
ics [180], or that the effect was present only after pretreatment with an ABCBI1
inhibitor [181].

A multitude of clinical studies are also available on interaction of ABCB1 with the
immunosuppressant cyclosporine A (CsA). In contrast to digoxin and fexofenadine
studies, these studies were performed mostly in (transplant) patients. The results are
in line with the findings described above, while some studies demonstrate a reduced
absorption or enhanced elimination of CsA in association with the 2677 and 3435 T
alleles [182—184]. Other groups found an opposite effect or even no effect of these
polymorphisms [185-190]. Interestingly, one study in pediatric patients described an
age-dependent effect of ABCB1 polymorphisms on the CsA kinetics [191]. In view
of these conflicting results, it is unlikely that ABCB1 polymorphisms by themselves
play an important role in CsA disposition, and this is supported by a meta-analysis
that failed to demonstrate a definitive correlation between CsA kinetics and
¢.3435C>T [192]. Interestingly, the same study indicated an association of the T
allele with an elevated CsA AUC [192].

Besides digoxin, fexofenadine, and CsA, several other ABCBI1 substrates
have been studied for a genetic influence on their pharmacokinetic characteristics.
The results are as contradictory as the studies described in detail above (for summary,
see Table 4.3).

In addition to pharmacokinetics, there are a vast amount of data focusing on the
possible impact of ABCB1 polymorphisms on pharmacodynamic effects. This
relationship was especially studied for anticancer and retroviral drugs, which are
often transported by ABCB 1. Because this field is beyond the scope of this chapter, it
is not discussed in detail.

In summary, many efforts have been made to investigate the influence of genetic
variants on disposition and efficacy of P-gp substrates. However, various studies
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122 PHARMACOGENETICS OF DRUG TRANSPORTERS

focusing on the same issue yielded different results, and available meta-analyses for
compounds such as digoxin or CsA revealed no significant associations. The most
likely explanations for the differing results in this field may be the presence of
different haplotypes. Lack of haplotype identification could explain at least some of
the observed differences. This may be of particular relevance since in vitro data
suggest enhanced transport activity for ¢.2677C >T/A, and reduced expression for
¢.3435C >T. In addition, the effect of ABCB1 polymorphisms on pharmacokinetics
seems to be minimal for drugs such as digoxin, fexofenadine, or CsA and much less
important compared to genetic variations in metabolizing enzymes, which could be
explained by the fact that drug transport is often mediated by several transporters.
Moreover, the transporter expression is influenced by a variety of other parameters
(e.g., environmental factors or other drugs), which may enhance the interindividual
variability and may be more important than genetic factors (for further reading on the
relationship between ABCB1 polymorphisms and pharmacokinetic, see Ref. 193).

4.3.2 Multidrug Resistance Protein (MRP) Transporters

Multidrug resistance protein transporters belong to the C branch of the ABC-
transporter superfamily, which consists of 12 members. Among these, only nine
are transporters (MPR1-9), while the other members are ion channels (ABCC7/
CFTR) or sulfonylurea receptors (ABCC8/SUR1 and ABCC9/SUR?2). Structurally,
MRP1-3,6,7 contain an additional N-terminal transmembrane domain of five
transmembrane helices (TMDy), which make these proteins larger (around 1500
amino acids) compared to MRP4,5,8,9 (MRP4, 1325 amino acids; MRPS5, 1437
amino acids). Like most other ABC transporters, MRPs are expressed in various
tissues.

4.3.2.1 ABCC1 (MRP1) Substrates and Pharmacogenetics

In 1992, ABCCI1 was first identified as multidrug resistance factor in a doxorubicin-
resistant lung cancer cell line [194]. This transporter is ubiquitously expressed with
high amounts in heart, kidney, placenta, and testis, whereas only modest levels are
found in intestine, liver, and brain. ABCC1 is distributed mainly to the basolateral
membrane of polarized cells [195]. Like other members of the ABC transporter
family, the gene encoding this transporter has been screened for single-nucleotide
polymorphisms [155,196]; however, because of its expression and localization, its
impact on general oral drug disposition or hepatic elimination seems rather limited.
Nevertheless, ABCC1 polymorphisms may be relevant for drug efficiency, local drug
concentrations, or unwanted side effects [197]. It seems noteworthy that the
¢.2012G>T (p.671G>V) variant has been associated with acute cardiac toxicity
of doxorubicin [198], a well-known substrate of this transporter.

4.3.2.2 ABCC2 (MRP1) Substrates and Pharmacogenetics

As ABCC2 (MRP2) is localized in the apical membrane of polarized cells, it is
assumed to play a pivotal role in the final excretion for substances where the major
route of elimination is the kidney or the liver. Moreover, ABCC2 is highly expressed
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in intestine, indicating an impact on intestinal absorption [199]. As demonstrated by
loss of function mutations of MRP2 leading to the rare Dubin—Johnson syndrome
(DJS), one major physiological function of this transporter is the hepatic elimination
of bilirubin conjugates as DJS patients present with conjugated hyperbilirubine-
mia [200]. In addition to these disease-associated variants, several other genetic
variants have been identified within the ABCC2 gene [199,201], some of which have
already been tested for pharmacogenetic relevance. Among those, there has been
substantial interest in —24C >T polymorphism, which occurs with a frequency of
around 20%. While this polymorphism is unlikely to affect ABCC2 protein stability
or functional activity, it is assumed to influence ABCC2 transcription. Indeed,
decreased renal mRNA amounts have been described [202]; however, this finding
has not been reproduced for intestinal or placental ABCC2 expression, respec-
tively [169,203,204]. Other candidate SNPs with potential clinical importance have
been described at positions c¢.3563T>A (p.1188V>E) and c.4544G>A
(p-1515C>Y), which occurred with 5-10% frequency in the Caucasian population
and are associated with a reduced hepatic protein expression [205]. Other variants,
such as the frequent (10-20% with little ethnic differences) p.417V >1, did not affect
ABCC?2 function in vitro or are rare, such as p.789S > F and p.1450A >T, which also
exhibit a reduced in vitro function [206].

The in vivo relevance of ABCC2 polymorphisms has been addressed in numerous
studies (see Table 4.3). For example, the topoisomerase inhibitor irinotecan and its
active metabolite SN38 themselves, which are also studied for ABCB1 and ABCG2
polymorphisms, have been tested in several independent studies. While Fujita et al.
were able to demonstrate an association between irinotecan AUC and ¢.1249G > A,
as well as for the irinotecan metabolite SN38 and -1023G > A [207], other studies
failed to show any impact. One group observed at least a trend toward a higher AUC
in association with —24TT [196], and in another study an elevated AUC ratio of the
combination of SN38 and SN38 glucuronide against irinotecan in association with
—24C>T indicated a reduced elimination. In addition, the same study clearly dem-
onstrated a relationship between —24C > T as well as ¢.3972C > T and progression-free
survival and tumor response rate [208]. Taken together, these data provide strong
evidence for an influence of ABCC2 polymorphisms and the kinetic and dynamic of
irinotecan and its metabolites.

In the same way as for irinotecan, similar results were reported for the 24C >T
SNP and telmisartan [50], mycophenolic acid [209], and methotrexate [210], indi-
cating a reduced expression or function of ABCC2. However, in the cases of
retroviral drugs this genotype was also associated with the opposite effect [211].
Further studies focusing on pharmacodynamic parameters provide indirect evidence
of an influence of ABCC2 genotypes on pharmacokinetics. For example, the presence
of the —-24C>T variant was identified as a risk factor for diclofenac-induced
hepatotoxicity, which may be explained by higher hepatic diclofenac and especially
diclofenac-metabolite concentrations due to lower ABCC2-mediated billary
elimination [212].

In summary, for ABCC2, the —24C >T variant seems to be of special relevance
and should be included in pharmacogenetic analyses. In addition, some unexpected
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results may be explained by linkage to other SNPs and the presence of certain
haplotypes [207,213].

4.3.2.3 The Other MRPs

From the current perspective, other ABCC transporters may also impact pharma-
cokinetic, such as ABCC3 (MRP3), ABCC4 (MRP4), and ABCCS5 (MRPS5). While
ABCC3 is structurally closely related to ABCC1, its mRNA is highly expressed in
liver and tissues such as adrenal gland or small intestine. In polarized cells such as
hepatocytes or enterocytes, ABCC3 is expressed mainly in the basolateral mem-
brane; however, the main hepatic ABCC3 expression is located in cholangio-
cytes [214]. Compared to studies of other ABC transporters, not much effort has
been exerted to identify polymorphisms within the ABCC3 gene; however, some
general data are available [215-218]. Functional studies have been performed for
some variants indicating that the p.1381R > S is associated with a distribution defect,
while p.346S >F and p.670S >N led to a reduced transport activity in vitro [219].
Another polymorphism (—211C>T) in the ABCC3 promotor region was initially
associated with a reduced hepatic ABCC3 mRNA expression probably by affecting a
transcription factor binding site [216]; however, this finding was not present in
leukocytes [220]. Moreover, a further study performing reporter gene assays could
not demonstrate any impact of the —=211C >T on promoter activity [221]. The in vivo
relevance of this polymorphism is still unclear; however, in one study the —211C>T
SNP was associated with the clinical outcome of lung cancer patients indicating at
least an impact on drug disposition to microcompartments [222].

The last two MRPs that are discussed here are ABCC4 and ABCCS. Both
transporters have a broad tissue distribution, including liver, brain, and kidney
(ABCC4) and brain, lung, heart, or skeletal muscle (ABCCS5) [223]. In addition,
ABCCH4 has also been detected in anuclear structures such as human platelets, where
it is discussed to be involved in ADP storage [224]. ABCC4 is of further interest
because of its apical localization in kidney (in contrast to other tissues such as
liver [225], indicating a possible involvement in renal secretion of drugs transported
by ABCC4 [226]. Physiological substrates of these transporters are cyclic nucleo-
tides such as cGMP and cAMP [227,228], but several drugs have also been shown to
be transported (see Table 4.1). Compared to other ABC transporters, ABCC4 is
highly polymorphic; for example, in a Japanese study on 48 individuals 257
variations were detected (cf. 95 for ABCCI1 and 41 for ABCC2) [218]. While
few of these SNPs have been studied in detail, some have already been tested in vitro,
indicating a reduced function for c.1460G > A (p.487G > E) and an enhanced activity
for ¢.2867G>C (p.956C>S) [229]. For c.2269G>A (p.757E>A), which is
especially common within the Japanese population, an altered cell surface expression
has been demonstrated [191].

To date, only a limited number of studies focused on ABCC4 polymorphisms
and the impact on transport activity in vivo. However, the p.757E > A variation has
been identified as a risk factor for the thiopurine-induced hematopoietic toxicity,
which could be explained by an enhanced intracellular accumulation [191], and
in HIV patients the c.4131T>G polymorphism was associated with elevated
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lamivudine—triphosphate concentrations in PBMC [211]. Similar findings were also
made for tenofovir diphosphonate (TFV-DP) and the ¢.3463A >G on PBMC level
(enhanced intracellular levels) [230] and for renal elimination of tenofovir (reduced
CL) [231]. Since ¢.3463A > G and ¢.4131T > G are synonymous variations or located
in the 3’UTR, it is unlikely that they affect the function and distribution of ABCC4,
while a reduced mRNA stability or an altered splicing process may be an explanation.

4.3.3 ABCG2 Substrates and Pharmacogenetics

The breast cancer resistant protein (BCRP/ABCG2) was first identified in a mitox-
antrone-resistant cell line, which did not express the previously described multidrug
resistance factors P-gp and MRP1 [232]. In contrast to the ABC transporters
described above ABCG2 belongs to the so-called subfamily of half-transporters.
Members of this family consist of only one transmembrane domain (TMD) and one
nucleotide binding fold (NBF). To achieve functional activity, ABCG2 has to form
homodimers [233]. ABCG?2 is expressed in a variety of different tissues such as
intestine, liver, kidney, blood—brain barrier, placenta, or stem cells [234]. In addition,
several single-nucleotide polymorphisms have been described and characterized for
this protein [235]. Some ABCG?2 variants have been reported to result in impaired
transport function associated with increased susceptibility to cytotoxic effects of cells
expressing genetic variants of ABCG2. In particular, the variants c.34G>A
(p-12V>M, allele frequency 2-45%), c.421C>A (p.141Q>K, allele frequency
8-35%), ¢.1465T>C (p489F>L, allele frequency <1%), and c.1291T>C
(p-441S >N, allele frequency < 1%) are assumed to exhibit changes in transport
capacity [236-238]. However, many of those reported SNPs are rather rare, and
interethnic differences in allele frequency might be fundamental. ABCG2 substrates
are mostly cytotoxic compounds clinically used as anticancer drugs; therefore,
translations of in vitro findings on functional impairing SNPs are limited. However,
the p.141Q > K variant exhibits relative high frequency in Caucasians and especially
Asians and has therefore been subject of several pharmacogenetic association
studies.

Because of its localization in the apical membrane of enterocytes, ABCG2 is
assumed to function as a limiting factor in the intestinal absorption of orally
administered drugs [239,240]. This assumption is supported by findings showing
enhanced steady-state plasma concentrations associated with an increased risk for
developing intestinal side effects in individuals treated with gefitinib and harboring the
impaired function allele (p.141Q > K) [241,242]. Similar results were obtained testing
the influence of this ABCG2 variant on disposition of rosuvastatin and sulfasala-
zine [243-245]. Because of the lack of cytotoxicity and the finding that ABCG2 might
be the major contributor to sulfasalazine disposition [246], this compound has been
proposed as a potential probe drug for genotype—phenotype analyses of ABCG2 [245].

It seems noteworthy that several studies failed to show an association between
c.421C> A of known ABCG?2 substrates, including nitrofurantoin [247], lamidvu-
dine, indinavir, and zidovudine [211]. Regarding the impact of ABCG2 polymorph-
isms on the disposition and efficacy of anticancer drugs, prospective pharmacokinetic
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analyses are rather limited. However, it has been shown that the p.141Q > K variant is
associated with enhanced response and survival of hormone-refractory prostate
cancer patients, suggesting an influence at least on the intracellular docetaxel
accumulation [248]. In addition, a retrospective Hungarian study reported that in
children with acute lymphoblastic leukemia (ALL) treated with ABCG2 and ABCB1
substrates (vincristine, doxorubicin, daunorubicin, or MTX), the combination of the
3435TT and 421AA/AC genotype was most predictive for the development of toxic
encephalopathy [249]. Most of these described clinical data are in line with in vitro
studies demonstrating reduced activity (e.g. lower resistance against drugs such as
SN38, mitoxantrone, or toptecan and higher intracellular accumulation for
c.421C>A) (see discussion below and Ref. 237). The underlying mechanisms,
however, remain unclear. While there are some indications for an altered transport
activity [250,251], other studies indicate an effect on protein stability, possibly due to
enhanced proteosomal and lysosomal degradation [237,238,252,253]. In addition,
reduced protein expression of the p.141Q>K variant was observed at least in
placenta; however, this finding could not be reproduced for intestinal ABCG2 protein
expression [245,254,255].

For the other frequent mutation ¢.34G > A, although, initial in vitro findings
indicated a decreased expression of ABCG2 at the apical plasma membrane and
increased intracellular accumulation of ABCG2 substrates [251], in vivo studies
failed to demonstrate an association with pharmacokinetic parameters. This is in
accordance with further in vivo studies that could neither reproduce altered local-
ization of the p.12V >M variant [252], nor show an effect on protein expression,
sensitivity toward chemotherapeutic drugs, and transport activity [237,252].

Taken together, the ¢.421C > A polymorphism within the ABCG2 gene should be
considered as a modulating factor for pharmacokinetics of ABCG?2 substrates, while
the c.34G> A variation seems to have no functional consequences in vivo. In
addition, for studies on drugs transported by several transporters, it might be critical
to not only focus on the genetics of one transporter, but also to consider all (uptake
and efflux) transporters (and metabolizing enzymes) involved in the transport of the
investigated drug.

4.4 CONCLUSION

In conclusion, there is growing evidence that transporters are of importance for drug
disposition and efficacy. In addition to being subject of drug—drug interactions,
transporters are assumed to function as a rate limiting step in absorption, elimination,
and tissue distribution of clinically used compounds. Even if several genetic variants
have been identified and functionally characterized, it seems noteworthy that,
considering the broad substrate overlap, or even if not discussed in detail in this
chapter, regulative processes are factors that significantly influence the effect of those
genetic variants. In general, haplotype analysis and multiple gene approaches that
also account for drug metabolizing enzymes seem mandatory in order to evaluate the
overall impact of transport mechanisms in clinical studies.
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5.1 INTRODUCTION

As described in detail in Chapters 2 and 3, there is a good understanding now of
pharmacogenetic polymorphisms affecting drug metabolism, and it is well estab-
lished that a number of pharmacogenetic polymorphisms are important to the
pharmacokinetics of commonly prescribed drugs. There is currently much less
understanding of the relationship between polymorphisms that affect drug targets
and drug response. For a number of reasons, pharmacogenetic studies on pharma-
codynamics have not progressed as rapidly as those concerned with pharmacoki-
netics. These include poorer understanding of the genes encoding the relevant targets,
the difficulties involved in performing studies on functional effects of polymorphisms
in some of these genes, and, in many cases, difficulties in quantitating and defining
drug response. The availability of improved information on the extent of polymor-
phism in all genes from projects such as the HapMap has been beneficial for
pharmacogenetic studies on drug targets. In addition, detailed in vifro studies on
the consequences of polymorphisms have now been initiated, especially for impor-
tant drug targets such as certain adrenergic receptors.

Drug targets include drug receptors, enzymes, and transporters such as those
involved in reuptake of serotonin (5-hydroxytryptamine or SHT) and dopamine. This
chapter considers a number of specific pharmacogenetic examples relevant to each of
these. Drugs generally target specific receptors or enzymes, but overall response will
involve a number of different proteins often as part of a complex pathway. Any
component of such a pathway may contribute to pharmacogenetic variability in
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response, but the main emphasis here is on the primary target as overall under-
standing of pathway effects is currently very limited.

5.2 RECEPTORS

5.2.1 Introduction

At least four different receptor types can be distinguished on the basis of their signal
transduction mechanism. These include the ionotropic receptors, metabotropic
receptors, and kinase-linked receptors, which are all located on the plasma membrane
together with the nuclear receptors, which are intracellular and target gene tran-
scription directly. A more detailed account is given by Rang et al. [1, Chapter 3]. Up
to the present, the majority of pharmacogenetic studies on receptors have been
concerned with the metabotropic receptors that are G-protein-linked receptors with a
characteristic 7 transmembrane domain structure. Pharmacogenetic information on
other receptor types such as the ionotropic nicotinic acetylcholine receptor or steroid
hormone receptors is still very limited and is not considered further. The receptors
that have been well studied pharmacogenetically are summarized in Table 5.1, and
each is described in more detail below.

5.2.2 Dopamine

5.2.2.1 Introduction

Dopamine (DA) is a catecholamine neurotransmitter that regulates locomotor
functions, cognition, emotion, positive reinforcement, and food intake [2]. Dopamine
and serotonin receptors are important targets for drugs used in the treatment of
psychotic disorders, given the involvement of both systems in the etiology and

TABLE 5.1 Pharmacogenetic Studies on Receptors as Drug Targets

Functionally
Significant Relevance to

Receptor (Gene) Polymorphisms Drug Response
Dopamine receptor DR, (DRD2) Yes + +
Dopamine receptor DR3 (DRD3) Yes + +
Dopamine receptor DR, (DRD4) Yes +
Serotonin receptor 5-HTR;, (HTR1A) Yes +
Serotonin receptor 5-HTR;, (HTR2A) Yes + +
Serotonin receptor 5-HTR,c (HTR2C) Yes +
Adrenergic receptor a5 (ADRA2B) Yes +
Adrenergic receptor oxc (ADRA2C) Yes + 4+
Adrenergic receptor 3; (ADRB1) Yes + + +
Adrenergic receptor 3, (ADRB2) Yes + + +

Adrenergic receptor ;3 (ADRB3) Yes +




RECEPTORS 151

FIGURE 5.1 Dendrogram of the family of dopamine receptors. The D, and D5 receptors are
characterized by a short third intracellular loop and long intracellular carboxy termini. The D,,
D3, and D4 receptors possess a long third intracellular loop and a short intracellular carboxy
termini. Boxes represent transmembrane domains [-VII. (Reproduced from Levant [176] with
permission.)

pathological processes of mental disorders. The classical hypothesis of schizophrenia
states that the positive symptoms of the disease (hallucinations, delusions, thought
disorder) are caused by hyperactivity of dopamine neurotransmission in mesolimbic
brain regions. This hypothesis is supported by the observation that all currently
available antipsychotic drugs, without exception, bind to dopamine D, receptors to
varying extents. In addition, the level of D, occupancy is directly related to
improvement in psychotic symptoms and side effect improvement. A 60% D,
occupancy level is required to observe antipsychotic activity, but occupancy levels
higher than 80% lead to the development of movement disorders or extra-pyramidal
side effects caused by dopamine depletion (EPS) [3.,4].

There are five subtypes of dopamine receptors (from D, to Ds) classified into two
subfamilies, the D,-like (D; and Ds) and D,- like (D,, D5 and D, receptors) (see
Fig. 5.1).

5.2.2.2 Dopamine D, Receptors

The D,-like receptors are G-protein-coupled receptors, with seven transmembrane
regions, that inhibit adenylyl cyclase and stimulate K* channels [2,5]. The D,
receptor is abundant in the striatum, olfactory tubercle, and nucleus accumbens, and
is also moderately expressed in other brain areas [2]. D, receptors are the main target
of first-generation antipsychotics such as haloperidol and chlorpromazine; it is
believed that blockade of dopamine receptors in the mesolimbic system leads to
antipsychotic activity over the positive symptoms of schizophrenia, whereas EPS are
a result of the antipsychotic blockade of D, receptors in the striatum [2,5,6]. D,
receptors are also targeted by second-generation antipsychotics (i.e., risperidone,
olanzapine, ziprasidone), although to a lesser extent [7]. Interestingly, amisulpride, a
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newer antipsychotic that displays high mesolimbic affinity for D, receptors, retains
antipsychotic efficacy but without causing movement disorders [8].

Dopamine D, receptors were the first subtype to be cloned, facilitating genetic
studies on the coding genes. Two functional polymorphisms in DRD?2, the gene
encoding this receptor, Ser311Cys and —141-C Ins/Del, have been associated with
response to antipsychotics [9-11]. The —141-C Del promoter variant, associated with
decreased expression of the D, receptor protein [12]; and the 311Cys variant,
associated with lower receptor functioning [13], showed poorer responses to anti-
psychotics, suggesting that the D, receptors mediate response to these medications.
Some studies have provided evidence relating DRD2 polymorphisms and treatment-
induced tardive dyskinesia (TD), a severe and longlasting movement disorder [14].
Although negative reports have been published, two more recent meta-analyses have
confirmed these associations and the involvement of D, receptors in the development
of movement disorders [15,16]. In these meta-analyses, the low expression allele
—141-C Del was associated with a higher risk of developing TD, probably due to the
lower receptor availability facilitating higher levels of occupancy. A Tagl polymor-
phism located 10 kb downstream of the DRD2 gene has also been associated with TD,
with the A2 allele conferring a higher risk [15,16]. The same allelic variant has been
associated with poorer response to the antipsychotic aripiprazol [17,18]. This
polymorphism has now been mapped to ANKKI1 [19], a gene adjacent to the
DRD?2 gene, but its functionality is still unclear.

5.2.2.3 Dopamine D; Receptors

The D5 receptors are most abundant in limbic areas, mainly postsynaptically in
nucleus accumbens, and poorly expressed in other brain regions. D5 receptors inhibit
adenylyl cyclase and have an inhibitory role on locomotor activity. This finding is
supported by the observation that D3 agonists inhibit locomotor activity, whereas D5
antagonists evoke motor activation [2]. D5 receptors are also involved in cognitive,
emotional, and endocrine functions.

Several polymorphisms of potential functional relevance have been described in the
promoter (—7685-G/C, —712-G/C, and —205-A/G) and coding region (Ser9Gly,
Ala38Thr) of the DRD3 gene, which codes for this receptor. The 9Gly variant,
which results in an N-terminal amino acid substitution, shows higher dopamine
binding affinity than the more common Ser9 allele. The functionality of the other
polymorphisms is as yet unknown. The DRD3 Ser9Gly polymorphism has been
associated with response to antipsychotic treatment, with the 9Gly variant associated
with better improvement of positive psychotic symptoms [20,21]. This polymorphism
has also been associated with drug-induced tardive dyskinesia [22]. The 9Gly variant is
more frequent in patients presenting TD as a result of antipsychotic treatment. Although
discrepant reports for both findings exist, these observations reflect the mediation
of dopamine in cognition and motor activities. The higher affinity of the 9Gly allele for
dopamine may lead to faster binding of drugs, increasing response and the movement
disorders associated with higher receptor occupancy. Additionally, the —205-A/G
promoter polymorphism, of yet unknown functionality, has been related to positive
symptom improvement in patients treated with the antipsychotic olanzapine [21].
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5.2.2.4 Dopamine D, Receptors

The D, receptors are highly enriched in the prefrontal cortex, where they modulate
GABAergic signaling transmission in pyramidal neurons, which may underlie their
role in cognition. D4 receptors are also found in amygdale, hippocampus, and
hypothalamus [2,23,24]. The role of D, receptors in the dopamine system remains
unclear. However, the brain location of these receptors (abundant in limbic but not in
striatal areas) and their role in modulating cognition and exploratory behavior made
them attractive targets for antipsychotic medication. However, in clinical trials, D4
antagonists have failed to live up to promise [25,26].

There is less pharmacogenetic evidence relating this receptor gene termed DRD4
with antipsychotic response than for genes encoding other dopamine D,-like
receptors, indicating perhaps a secondary role in mediating antipsychotic activity.
The antipsychotic clozapine displays relatively higher affinity for D, receptors than
for any other dopamine subtype. This led to the hypothesis that these receptors were
responsible for the superior efficacy of clozapine over other antipsychotics in
treatment of positive and negative symptoms of schizophrenia. Initial reports of
an association between a 48-bp polymorphic repeat in DRD4 resulting in size
variation in the putative third cytoplasmic loop of the D, receptor and clozapine
response and other antipsychotics were not universally replicated [27-30], and the
association remains unclear. This repeat polymorphism has also been associated with
attention deficit and hyperactivity disorder (ADHD) [31]. The DRD4 variant contain-
ing 7 repeats of the 48-bp sequence shows lower expression of the receptor
protein [32], and is associated with novelty seeking behavior [33] and heroin
craving [34]. This allele has been related to a reduced improvement with methyl-
phenidate, a dopamine transporter blocker used for the treatment of ADHD [31,35].
However, it is not clear if these associations are a direct result of the functionality of
the polymorphism or of an alternative variant in linkage disequilibrium with the 7
repeat allele. A second functional polymorphism, a —521-C/T change in the
promoter region of the gene, influences DRD4 expression with the T allele showing
lower levels. Individuals with the —521-C/C genotype show higher novelty seeking
behaviour [36], and, not surprisingly, higher risk of heroin addiction [37]. A
haplotype combining several polymorphisms in the DRD4 gene, including the
48-bp repeat, was found to be associated with TD [38]. Although the gene is highly
polymorphic, no other variant has provided clear associations.

On the whole, pharmacogenetic studies have proved that dopamine receptors are
major role players in the mechanism of action of currently available antipsychotic
medications. However, it is more difficult to discern the involvement of genetic
variants in the peripheral functions modulated by dopamine, where other systems
may be major participants.

5.2.3 Serotonin

Serotonin is involved in the regulation of mood states, food intake, anxiety, sleep,
reproductory activity, and cognitive function [39—41]. Not surprisingly, serotonin or
5-hydroxytryptamine has been hypothesized to play a significant role in the etiology
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and treatment of disorders such as anxiety, depression, schizophrenia, and anorexia
nervosa, among others. Serotonin response is mediated by serotonin receptors widely
distributed pre- and postsynaptically in the central nervous system (CNS) and can
also be found in peripheral tissues. There are seven classes of serotonin receptors
(SHT,-5HT,) further subdivided into 14 subtypes, according to their structural and
functional characteristics; 13 of these subtypes are G-protein-coupled receptors and
one ligand-gated ion channel receptor (SHT3). Of these, the SHT; and SHT, families
have been closely related to antipsychotic and antidepressant mechanisms.

5.2.3.1 5HT,, Receptors

5SHT, 5 receptors are widely distributed in the CNS and highly abundant in cortical
and hippocampal pyramidal neurons and induce hyperpolarization and subsequent
inhibition of pyramidal neurons [42—44]. SHT,5 receptors are located in brain
regions associated with cognition and memory functions, and have been hypothe-
sised to mediate in their regulation [42,45,46]. The observation that SHT 5 partial
agonists show some effectiveness in improving cognition in schizophrenia supports
this hypothesis [42].

In comparison to other serotonin receptors, relatively few pharmacogenetic studies
have investigated variants in HTR1A, the gene encoding SHT 5. Interestingly, three
studies on a HTR1A —1019-G/C functional polymorphism have observed an asso-
ciation with treatment response, with the —1019-G allele associated with less
improvement in negative symptoms of schizophrenia [47—49]. This same polymor-
phism has been associated to antidepressant response [50-52] with the —1019-G allele
showing poorer response. Only one study reported association of the —1019-C allele
with nonresponse [53]. The —1019-G allele reduces inhibition of SHT;5 gene
expression, which results in a reduction of 5SHT transmission, predisposing to
depression, anxiety, and other personality traits [47] and providing biological plau-
sibility to these findings. Several other HTRIA polymorphisms were found associated
with antidepressant response in an Asian population [54], confirming the involvement
of this gene in treatment response.

5.2.3.2 5HT,, Receptors
The SHT, family of receptors comprises the SHT,, SHT,p and SHT, subtypes, of
which 5HT, and SHT,¢ are strongly targeted by psychotropic medications. The
genes encoding the SHT, 5 and SHT,c receptors, HTR2A and HTR2C, were among
the first SHT receptor clones isolated, and thus have been extensively studied.
The SHT; 4 receptors are widely distributed in peripheral and central tissues, being
abundant in the cerebral cortex, claustrum, basal ganglia, and peripheral blood
vessels [43]. SHT,, receptors are G-protein-coupled and stimulate phospholipase
(PLC) activity. The effects of SHT, 5 receptors are opposite those of SHT | 5 receptors
as they have an excitatory function over pyramidal neurons. SHT, 5 antagonists have
shown a modest improvement in cognition in schizophrenia patients [42]. They
mediate vasoconstriction and platelet aggregation, and are involved in depression,
anxiety, and eating behavior. LSD activation of brain SHT,, receptors leads to
hallucinations and psychotic-like symptoms. Strong binding by atypical



RECEPTORS 155

antipsychotic drugs was suggested to be the main reason for antipsychotic efficacy
without extrapyramidal side effects. However, it has been suggested that low affinity
or rapid dissociation from D, receptor are the reasons behind clinical efficacy without
adverse reactions [55,56]. Antagonism of SHT,, receptors has been suggested to
improve the negative symptoms of schizophrenia and to reduce the EPS caused by
dopamine binding [7]. There are numerous genetic and pharmacogenetic association
studies of HTR2A polymorphisms in relation to mental disorders. In particular, the
102-T/C and —1438-A/G polymorphisms, which have been found in nearly complete
linkage disequilibrium in Caucasian populations, have been associated with schizo-
phrenia [57], bipolar disorder [58], Alzheimer’s disease [59], and antipsychotic
response [60-62]. However, many negative studies have also been published, as
would be expected from a gene with moderate effects. In Caucasian populations
the —1438-G and 102-C alleles are generally associated with a higher risk for
developing mental disorders and to poorer treatment response [61], but in other ethnic
groups an opposite effect may be observed [63,64], indicating differences in linkage
disequilibrium status among populations. A structural His452Tyr polymorphic
change has also been associated with treatment response, with the Tyr452 variant
conferring a higher risk of failure in response to clozapine treatment [60]. Functional
studies have shown the —1438-G variant, in linkage disequilibrium with the 102-C
allele, to be associated with a lower expression of the receptors protein [65,66], and
the Tyr452 variant with reduced calcium release and phospholipase activation [67],
thus reinforcing SHT, as a mediator of antipsychotic activity. Two major studies
on antidepressant medications have also associated SHT,4 with clinical outcome.
The STAR'D study investigated a large cohort of depression sufferers treated
with citalopram and found a 5SHT,, polymorphism, rs7997012, associated with
response [68]. A more recent European study, GENDEP, investigating patients
treated with the antidepressants escitalopram and nortriptyline, found associations
between two HTR2A polymorphisms (rs9316233 and rs2224721) and level of
response [69]. Not surprisingly, the same study found other variants in genes coding
for serotonin signaling pathways associated with response to escitalopram, a
selective serotonin reuptake inhibitor (SSRI), and that variants in genes encoding
for norepinephine signaling influenced response to nortriptyline, a norepinephrine
reuptake inhibitor. Serotonin inhibition of dopamine function has been hypothesized
to contribute to the movement disorders associated with antipsychotic treatment. A
study provided supporting evidence by associating HTR2A polymorphisms with
drug-induced tardive dyskinesia [70]. This association became more evident when
the age of the patient was considered [71].

5.2.3.3 5HT,c Receptors

The SHT,c subtype was initially named SHT,c, but cloning revealed structural
similarities with the SHT, family and was later renamed SHT,c. This subtype is
particularly abundant in the choroid plexus, but widely distributed in other brain
areas [43]. SHT,c receptors mediate feeding behaviour and appetite [7]. Antagonism
of SHT,c receptors protects against EPS and D,-induced hyperprolactinemia [7].
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The role of this receptor in regulating feeding behavior has been confirmed by
several studies associating HTR2C genetic variants with antipsychotic-drug-induced
weight gain. Pharmacogenetic studies revealed an association of a promoter poly-
morphism, —759-T/C with weight gain in antipsychotic treated patients [72,73]. The
—759-T allele reduces receptor expression and may be the cause of resistance to
weight gain [74]. Although some contradictory findings followed, indicating het-
erogeneity, a meta-analysis has confirmed a modest association of this polymorphism
with weight gain [75]. Other polymorphic HTR2C variants have been reported
in association with obesity and metabolic syndrome [76]. There is less evidence
supporting an involvement of HTR2C variants on the level of antipsychotic res-
ponse [77] or drug-induced tardive dyskinesia [78,79]. However, a possible role of
5HT,¢ in movement disorders, via inhibition of dopamine neurotransmission, cannot
be refuted.

Antipsychotic medication display varied levels of affinity for other serotonergic
receptors, namely, SHT;, 5HT¢, and SHT, subtypes. However, a few genetic
association studies have attempted to investigate a possible involvement in medi-
ating, at least partially, antipsychotic activity [80-82], but no definite reports has been
published to date.

Although the role of serotonin receptors and pathways in mediating treatment
efficacy may be an indirect result of their regulatory roles on dopaminergic and
glutamatergic systems, these pharmacogenetic findings support the hypothesis that
serotonin targeting mediates, at least partially, antipsychotic and antidepressant
activity.

5.2.4 Adrenergic Receptors

5.2.4.1 Introduction

Adrenergic receptors are G-protein-coupled receptors that bind epinephrine and
norepinephrine and mainly use cAMP as second messenger with a role for inositol
triphosphate in the case of the al receptors only. Structurally, these receptors show
considerable homology, with all featuring seven transmembrane domains. They
are divided into o1 and B subfamilies which are further divided into o1 and o2
subfamilies; 1, a2 and B each have three subtypes, all encoded by separate genes.
The genes encoding these receptors have been relatively well studied, and infor-
mation is also available on pharmacogenomic aspects. Collectively, the adrenergic
receptors play major roles in the cardiovascular and respiratory systems and also
contribute to a range of other physiological processes. These major roles mean that
they are important drug targets, especially in the case of the B receptors, with both
agonists and antagonists that are selective for specific receptors useful for treatment
of various diseases. This section considers selected adrenergic receptors from a
pharmacogenomic standpoint. There is considerable information available on the
extent of polymorphism in each adrenergic receptor with detailed studies on
functional significance performed on a number of the more common polymorphisms.
The majority of clinically based studies linking drug response to particular genotypes
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and haplotypes have been on the B1 and B2 receptors, probably because they are the
major adrenergic receptors targeted by widely used drugs.

More detailed general information on pharmacological function can be obtained
from a variety of sources [1], and there are detailed reviews available on their
pharmacogenomic aspects in relation to both cardiovascular medicine and respira-
tory medicine [83-86]. Other information on clinical relevance is also included in
Chapter 6 (on pharmacogenetics of cardiovascular therapy) and Chapter 9 (on
pharmacogenetics of asthma and chronic obstructive pulmonary disease).

5.2.4.2 «a—Adrenergic Receptors

There are three members of the ol subfamily: 1A, a1B and a1D, each encoded by
separate genes. Although polymorphisms in coding regions of each gene have been
described, pharmacogenetic knowledge is limited possibly because these receptors
are not important drug targets.

On the other hand, the o2 subfamily, which again includes three separate
receptors, 02A, 02B, and o2C, is a major regulator of sympathetic nervous system
activity and has roles in regulation of blood pressure, platelet aggregation, and
vasoconstriction and vasodilatation, making this group of receptors more important
pharmacological targets [84]. In this group of G-protein-linked receptors, agonist
binding results in inhibition of adenyl cyclase. The main focus of pharmacogenetic
studies has been on the o2B and o2C encoding genes (ADRA2B and ADRA2C). Both
genes have common deletion polymorphisms [87]. In the case of ADRA2B, a 9-bp
deletion results in the absence of three amino acids located within the third
cytoplasmic loop (see Fig. 5.2). This polymorphism is found in a number of ethnic
groups but is particularly common in Europeans (frequency ~0.3) with a lower
frequency in African-Americans. The variant form of the receptor is associated with
decreased phosphorylation by G-protein receptor kinase and with loss of receptor
desensitization. ADRA2C also shows a common deletion polymorphism that affects
the third cytoplasmic loop (Fig. 5.2). In this case, four amino acids are lost and the
polymorphism is more common in African-Americans (allele frequency 0.4) com-
pared with Europeans (0.04). As with the ADRA2B deletion, this deletion appears to
be associated with lower receptor activity with impaired inhibition of adenylcyclase
following binding of agonist and poorer agonist-induced stimulation of the enzyme
mitogen-activated protein (MAP) kinase. The number of clinical studies in relation to
the two a-adrenergic deletion polymorphisms is small, with slightly more data on the
clinical significance of the ADRA2C polymorphism available. The most potentially
interesting observation for ADRA2C is not concerned directly with drug response but
concerns a study suggesting that homozygous carriers of the ADRA2C deletion (of
African-American origin) had an increased risk of developing heart failure [88]. This
is a biologically plausible observation in that decreased inhibition of norepinephrine
release from presynaptic nerve terminals would be expected in those positive for the
deletion resulting in increased adrenergic drive. More recent studies in healthy
volunteers subject to stress have provided limited support for this hypothesis [§9], but
attempts to confirm the original observation of the deletion being associated with
increased risk of heart failure have not been successful [90]. The limited current use
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of drugs targeting o-receptors means that little data on the relevance of the o2
deletion polymorphisms to drug response are available. However, the regulation by
a2C receptors of norepinephrine release means that ADRA2C genotype may affect
response to -adrenergic antagonists. This has been demonstrated in a study showing
that response to metoprolol in heart failure patients is affected by ADRA2C genotype
in addition to ADRBI1 genotype [91]. This interesting observation needs to be
confirmed in larger studies.

5.2.4.3 pB1-Adrenergic Receptor (ADRB1 Gene)

B1-adrenergic receptors are the major adrenoreceptor class found in the heart with
a key role in regulation of heart rate. They act by stimulating adenyl cyclase, in
amechanism common to all three classes of -adrenergic receptors. The ADRB1 gene
is located on chromosome 10 with a common nonsynonymous polymorphism in codon
398 (Gly389Arg) that has been well studied. Although the Gly variant was the first
cDNA clone isolated, the frequency of the Arg variant (~0.70 in Europeans) is
higher [92,93]. Another nonsynonymous polymorphism, Ser49Gly, has also been
described, but the variant form is relatively uncommon in both Europeans and African-
Americans with a frequency of ~ 0.08 [93]. For the Arg389 variant, transfection
studies demonstrated slightly higher basal levels of expression compared with the Gly
form, but when stimulated with isoproterenol, the Arg variant showed ~3-fold higher
levels of activity [92]. In the case of the Ser49Gly polymorphism, the rare Gly variant
appears to be more susceptible to agonist-induced downregulation, and this finding
may be helpful in chronic heart failure [94,95].

As the Gly389Arg polymorphism is common and clearly functionally significant,
it has formed the basis for a large number of clinical studies, particularly on the
relationship between genotype and response to [B-receptor antagonist treatment.
Several studies have shown significant differences in response on the basis of
genotype, in studies on hypertension and heart failure. A general conclusion from
these studies is that patients homozygous for the Gly489 variant may show a poor
response to -antagonists and might benefit from higher drug doses but, as suggested
more recently [83], larger prospective studies are needed to assess the clinical
relevance of this concept.

<

FIGURE 5.2 o2-Adrenergic receptor structure and polymorphisms: (a) Topological model of
the a2B-AR. Variants to the coding sequence are indicated by diamonds. The deletion allele
of the I/D variant (rs29000568) has been associated with enhanced receptor function. Other
variants in the coding sequence include the rare SNPs T12T (rs9333567), S40S (rs35812638),
A211G (rs9333568), and R326P (rs45494291), and the more frequent I376V (rs29000569) and
G394G (rs2229169). (b) Topological model of the a2C-AR. Glycosylation sites are denoted by
y-like structures at the external loop. Variants to the coding sequence are indicated by diamonds.
The frequent insertion/deletion variant affects amino acids 321-325 (rs61767072). Rare variants
in the coding region include N371K (rs1800037), R376R (rs7435505), G389G (rs7434630),
14018 (rs1133450), P446R (rs1133451), and F448F (rs1133453). (Reproduced with permission
from Rosskopf and Michel [84].)
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5.2.4.4 pB2-Adrenergic Receptor (ADRB2 Gene)

The B2-adrenergic receptor is probably the best studied receptor from the pharma-
cogenetic standpoint, mainly due to its importance as a target for (-agonists in
asthma. (2-Adrenergic receptors are classic G-protein-linked receptors that are
expressed in smooth muscle. Activation involves elevation of intracellular cAMP.
The receptor is encoded by a small intronless gene termed ADRB2 on chromosome 5.
ADRB? is unusually polymorphic compared with other adrenergic receptors, espe-
cially in the coding sequence, and this has resulted in considerable interest in
assessing the relevance of these polymorphisms to drug response and also, to some
extent, to disease susceptibility.

There are at least nine polymorphisms in the coding region, with four of these
resulting in aminoacid substitutions (nonsynonymous polymorphisms) (see Fig. 5.3).
In addition, there is a single nonsynonymous polymorphism in the region encoding
the leader peptide and a number of upstream polymorphisms close to the transcription
start site. A limited number of haplotypes have been observed, with only four
showing frequencies above 5% in any population studied to date, but there is
considerable variation between haplotype frequency in different ethnic groups,
especially those of European, African, and East Asian origin [96]. For example,
among Europeans, three haplotypes are common. Two of these differ mainly at codon
16, with one having a sequence encoding glycine and the second arginine at this
position. The Gly encoding form can be further subdivided into two haplotypes, one
encoding glutamine at position 27 and the second, which is less common, glutamic
acid. These three haplotypes are also common in other ethnic groups, although
overall frequencies differ from those seen in Europeans, and there is also a fourth
haplotype, which is common in African-Americans [96]. Most clinical studies have
focused on the codon 16 polymorphism probably because this SNP is seen at a
relatively high population frequency and also because it was the first coding region
polymorphism to be identified.

Although the codon 16 polymorphism was identified around 1995, data on its
functional significance are quite limited and rather contradictory. Early studies
involving transfection of cell cultures with cDNA constructs of defined sequence
suggested that the Gly-containing receptor showed enhanced downregulation fol-
lowing agonist binding compared with the Arg-containing form [97]. This down-
regulation is the main mechanism by which long-term agonist-promoted
desensitization of B2-adrenergic receptors occurs [98]. The presence of the codon
27 Glu variant alone had no effect on downregulation, but a double mutant, including

«

FIGURE 5.3 o-Adrenergic receptor structure and polymorphisms: (a) Topological model of
the B1-AR. Glycosylation sites are denoted by y-like structures at the external loop. Variants to
the coding sequence are indicated by diamonds. S49G (rs1801252) and G389R (rs1801253)
are common variants. (b) Topological model of the 2-AR. Glycosylation sites are denoted by
y-like structures at the external loop. Variants to the coding sequence are indicated by
diamonds. R16G (rs1042713), Q27E (rs1042714), and I1164T (rs1800888) are common
nonsynoymous variants. (Reproduced with permission from Rosskopf and Michel [84].)
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both Gly at codon 16 and Glu at codon 27 (the more common combination seen
in vivo), resulted in a downregulation broadly similar to that for receptors, including
the Gly variant only [97]. More recently, in a number of separate studies using either
cells (lymphocytes and lung cells) of known genotype or genotyped patients
receiving [2-adrenergic receptor—agonist treatment for asthma, it was found that
the Argl6-containing form of ADRB2 was associated with increased agonist-induced
downregulation and with a poorer response to inhaled short-acting B-agonists
[99-102]. The poorer response to P2-adrenergic receptor agonists appears to be
specific to short-acting agonists since a large study involving patients undergoing
treatment with longer-acting agonists and with an inhaled steroid for asthma failed to
show any difference in outcome on the basis of codon 16 genotype [103]. In general, it
is now accepted that codon 16 genotype does appear to affect response to short-acting
agonists but that this may not be clinically important as current treatments mainly
involve use of longer-acting agonists. Further studies would be useful in resolving the
question of whether genotyping patients taking 2-adrenergic receptor agonists for
polymorphisms in ADRB?2 and personalizing their treatment on this basis is of benefit.

The ADRB?2 genotype may also be relevant to response to -antagonists. However,
since most antagonists tend to have equal affinities for Bl and P2-receptors or
preferential interaction with B1 receptors, assessing the contribution of ADRB2
genotype to response is more difficult. However, a few studies have studied this
aspect in patients receiving B-antagonists for treatment of heart failure or hyper-
tension. Most studies, especially larger, more recent ones, have failed to detect any
difference in response in relation to genotype for either codon 16 or codon 27 of
ADRB?2 [104-106].

5.2.4.5 B3-Adrenergic Receptors

B3-Adrenergic receptors are expressed mainly in adipose tissue, although there is
some limited evidence that they may also be expressed in heart tissue (for review, see
Ref. 107). There is a common polymorphism at codon 64 (Trp64Arg) at the start of
the first intracellular loop. As reviewed by Strosberg [108], this polymorphism varies
in frequency between different ethnic groups, and there have been some suggestions
that the variant allele might be associated with higher body mass index or suscep-
tibility to type II diabetes. In general, these suggested associations have not been
confirmed [107]. Some suggested differences in agonist response between expressed
receptors of different codon 64 genotypes [109] was not confirmed in a more detailed
study [110]. However, the possibility that noncoding polymorphisms contribute to
variability in response to 3-agonists that are in clinical development needs further
investigation [110].

5.3 ENZYMES

As well as contributing to drug metabolism, enzymes are important drug targets.
Widely used drugs targeting enzymes include the coumarin anticoagulants which
inhibit vitamin K epoxide reductase; ACE inhibitors, which target the angiotensin-
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TABLE 5.2 Pharmacogenetic Studies on Enzymes as Drug Targets

Functionally Significant Relevance to
Enzyme (Gene) Polymorphisms Drug Response
Vitamin K epoxide reductase (VKORC1) Yes + + +
HMGCoA reductase (HMGCR) Yes +
Cycloxygenase 1 (PTGS1) Yes +
Angiotensin-converting enzyme (ACE) Yes + +
Monoamine oxidase (MAOA and MAOB) Yes ND
Dihydrofolate reductase (DHFR) Yes Possible

converting enzyme; statins, which inhibit HMGCoA reductase, nonsteroidal
antiinflammatory drugs (NSAIDs), which inhibit prostaglandin H-synthases I and
II; and monoamine oxidase inhibitors. Table 5.2 lists the main enzyme targets whose
pharmacogenetics is well studied and will be considered in detail here. In cancer
chemotherapy, enzymes expressed in tumor tissue are also an important drug target.
Tumor genotype is the key predictor of response to such drugs. This area is outside the
scope of the present chapter but is discussed in Chapter 8.

In general, as discussed below, there are clear pharmacogenetic data showing
associations between certain genotypes and drug response only for VKOR and
HMGCoA reductase. There have also been some studies on PGHS and ACE
genotypes in relation to drug response, but, as discussed below, these are generally
more limited. Pharmacogenetic studies on other important enzyme targets such as
MAQO have been concerned mainly with disease susceptibility and are not discussed
further.

5.3.1 Vitamin K Epoxide Reductase

Coumarin anticoagulants, including warfarin, acenocoumarol, and phenprocoumon,
act by inhibiting the enzyme vitamin K epoxide reductase (VKOR). As shown in
Figure 5.4, this enzyme regenerates reduced vitamin K from vitamin K epoxide that is
generated during ) carboxylation of coagulation factors [111]. The human enzyme
has not been studied extensively but is known to be an integral membrane protein
within the endoplasmic reticulum and to have a molecular weight of approx 21,000
daltons [112,113].

Coumarin anticoagulants are among the most widely prescribed drugs world-
wide [114]. Unlike most drugs, individualization of coumarin anticoagulant dosing is
needed to ensure that adequate anticoagulation is achieved without the patient
developing potentially fatal bleeding. Currently, coumarin anticoagulant overdose
remains one of the most common reasons for hospital admission due to adverse drug
reaction [115] and is also a common cause of adverse drug reaction among
inpatients [116].

It is now well established that interindividual variation in the dose of coumarin
anticoagulant required to achieve appropriate anticoagulation is due in part to genetic
factors affecting both response to the drugs and metabolism by cytochrome P450
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Warfarin and other coumarin anticoagulants
Inhibit

Vitamin K epoxide reductase

o (VKOR)
Vitamin KH, < Vitamin K epoxide

Carboxylase

Glutamic acid y-carboxyglutamic acid

FIGURE 5.4 The vitamin K cycle. The two main enzymes involved are y-glutamylcarbox-
ylase, which carboxylates glutamate residues on a number of clotting factors in a vitamin
K-dependent reaction. Vitamin K epoxide reductase then converts the newly formed vitamin K
epoxide back to vitamin K. Warfarin and other coumarin anticoagulants inhibit this reaction,
causing lack of vitamin K for the carboxylation reaction.

(see Chapter 2) as well as additional factors such as patient age and body mass
index [117]. VKORCI, the gene encoding the enzyme vitamin K epoxide reductase in
humans, was identified only quite recently [112,118]. It is a small gene located on
chromosome 16 with 3 exons. A small proportion of patients treated with coumarin
anticoagulants fail to respond at doses within the normal range and are termed
coumarin-resistant. This lack of response is due mainly to non-synonymous muta-
tions in VKORC that appear to affect binding of the anticoagulant to the enzyme.
Polymorphisms in coding sequences of VKORCI are rare but are relatively common
in noncoding sequences. A polymorphism at position —1639 (G — A) is in linkage
disequilibrium with a number of other polymorphisms in noncoding sequences [119—
121]. The polymorphism has been shown to affect levels of VKORCI gene
expression [120,122], which probably results in interindividual variation in the
amount of protein present in hepatocytes. The basis for this is that the A variant
is associated with lower transcription than the G found more commonly in European
populations [122]. VKOR protein levels appear to be a direct determinant of the
required dose of anticoagulant. A clear association between G-1639A genotype and
warfarin dose requirement has been reported in a large number of independent
studies [120,121,123] and similar associations for the coumarin anticoagulants
acenocoumarol and phenprocoumon have also been detected [124,125]. There is
ethnic variation in the frequency of the A variant. Although A at position —1639 is
less frequent than G in Europeans, it is seen at a higher frequency in East Asians, and
as aresult, the average dose of coumarin anticoagulant required in East Asian patients
is significantly lower than that required in Europeans [126].

Itis estimated that approximately 20% of the variability in coumarin anticoagulant
dose requirement can be explained by VKORCI1 genotype [117]. Anticoagulant
dosage is already individualized by measurement of response (coagulation rate
measured by prothrombin time), but the possibility that problems with excessive
bleeding or lack of response during the initial induction period may be decreased by
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incorporation of genotyping for VKORCI and also for CYP2C9, the gene encoding
the main metabolizing enzyme (see Chapter 2), is currently under investigation (see
also Chapter 6). The potential value of VKORC1 genotyping is also illustrated by the
US FDA'’s recent recommendation that genotyping for common polymorphisms in
this gene and CYP2C9 be considered in patients receiving warfarin treatment [127].

5.3.2 HMGCoA Reductase

3-Hydroxy-3-methylglutaryl coenzyme A (HMGCoA) reductase converts
3-hydroxy-3-methylglutaryl coenzyme A to mevalonic acid, which is the rate
limiting step in the biosynthesis of cholesterol [128]. It is also the target enzyme
for the statins that act to lower plasma cholesterol levels. In view of the large number
of patients worldwide now taking statins, the possibility that pharmacogenetic
factors, especially those affecting the target, might determine response is of
considerable interest. Two polymorphisms in noncoding regions of HMGCR, the
gene encoding HMGCoA reductase, are associated with a decreased response to
statin treatment and form part of a relatively rare haplotype, including a polymor-
phism in the 3’-untranslated sequence that may affect RNA stability [129]. The
haplotype frequency is approximately 7% in the US population but is more common
in African-Americans than in whites [130]. The low haplotype frequency means that
up to the present, it has only be possible to study statin response in heterozygotes due
to homozygous mutants being extremely rare. The original study reported that this
haplotype results in a significantly smaller reduction in both total cholesterol and
LDL cholesterol in response to pravastatin treatment, and several more recent studies
have attempted to replicate this for both pravastatin and other statins [129—134]. Only
two of the five more recent studies have confirmed the original findings [130,134], but
there are limitations, with several of the other studies including use of different
statins, and failure to provide data on total cholesterol and small sample sizes. The
largest more recent study included only white patients with diabetes and did report a
significantly smaller decrease in total cholesterol in heterozygotes but no effect on
LDL cholesterol [134].

Because of the reported effect on response being relatively small and the low
frequency of the SNP, it was suggested in the original report that it is not cost-effective
to genotype for polymorphisms in this haplotype as a predictor of statin response [135].
This conclusion seems in line with the findings in the subsequently published studies.

Statins response may be determined by a number of additional pharmacodynamic
factors including genotype for other genes that contribute to lipid homeostasis [136]
and genes that are independent of the cholesterol pathway [137]. No very clear
associations have yet emerged. Some further discussion of this topic can be found in
Chapter 6.

5.3.3 Angiotensin-Converting Enzyme (ACE)

Angiotensin-converting enzyme (ACE) catalyzes conversion of the peptide angio-
tensin I to angiotensin II by removal of two amino acids from the C terminus. This
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reaction is important in regulating blood pressure and maintaining normal electrolyte
balance in the body. Because of this, ACE is a important drug target and ACE
inhibitors such as enalapril are of value in the treatment of hypertension. ACE is
encoded by a large gene of 25 exons located on chromosome 17. A 287-bp deletion/
insertion polymorphism in intron 16 has been studied extensively, from the stand-
point of both disease susceptibility and drug response (see also Chapter 6). Indivi-
duals positive for the deletion have higher plasma levels of ACE activity compared
with those positive for the insertion Ref. [138].

The possibility that the insertion/deletion polymorphism genotype might affect
response to ACE inhibitors when used for the treatment of cardiovacular disease,
including hypertension generally or specifically in diabetics for the prevention of
renal and cardiovascular complications, has been the subject of a number of
studies [139]. Unfortunately, no clear consensus has emerged from these studies
as to whether ACE genotype is a determinant of ACE inhibitor response. The most
positive data are from a large study in an Asian population showing that diabetics
homozygous for the deletion genotype showed a poorer response to treatment with
drugs targeting the renin—angiotensin system, mainly ACE inhibitors in terms of
renal endpoint [140]. There is also more limited data from non-Asians in a meta-
analysis suggesting that the best response to ACE inhibitor treatment in renal disease
prevention is seen in those homozygous for the insertion [141]. It was also suggested
on the basis of these findings that treatment with angiotensin 2 inhibitors might be
more appropriate for achieving renal protection in those positive for deletion
alleles [141]. In separate studies concerned with treatment of cardiovascular disease
more generally, no significant association between ACE genotype and outcome of
treatment with ACE inhibitors was found [142,143]. The lack of agreement on the
relevance of ACE genotype to outcome of treatment with ACE inhibitors may be due
to a number of factors, including the possibility that the deletion/insertion polymor-
phism is not the main SNP determining enzyme levels but simply in linkage
disequilibrium with other polymorphisms, including some promoter region poly-
morphisms. Other complications include the possibility that ACE genotype may also
contribute to susceptibility to hypertension and renal disease directly [139].

5.3.4 Other Enzyme Targets

More limited studies on pharmacogenetic relevance have been performed for several
other enzyme targets, including prostaglandin H synthase or cycloxygenase, mono-
amine oxidase, and dihydrofolate reductase; however, up to the present, it is not clear
whether genotype for the genes encoding these proteins is relevant to drug response.
Cyclooxygenase is the target enzyme for NSAIDs, including aspirin. At least two
isoforms, encoded by the genes PGHS1 and PGHS2, occur. Most of the limited
pharmacogenetic studies relating to these genes is concerned with studies on aspirin
response in relation to its use as an anti-platelet drug. Cyclooxygenase 1, encoded by
PGHSI, is expressed in platelets and the target for the antiplatelet effect of aspirin. A
more recent large genetic study has indicated that response to aspirin is heritable
though this did not include studies on specific genes [144]. Several studies have
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investigated possible relationships between PGHSI genotype and anti-platelet
response to aspirin [145,146]. In particular, some evidence for a decreased response
associated with an upstream variant allele was reported by Maree and collea-
gues [146], whereas a separate study found a haplotype including this SNP was
associated with greater inhibition of aggregation [145]. Such discrepancies are likely
to reflect a number of issues, including small sample size and differences in methods
used to determine platelet aggregation, but particularly the complexity of the
aggregation pathway, which makes it difficult to study single-gene effects in
isolation. There is further coverage of this area in Chapter 6.

Our understanding of the contribution by polymorphism in the gene encoding
another important drug target, dihydrofolate reductase, is more limited. Methotrex-
ate, which is widely used in the treatment of cancer and for immunosuppression, is an
inhibitor of dihydrofolate reductase. This inhibition results in decreased levels of
tetrahydrofolate that will affect de novo synthesis of purines and pyrimidines. The
folate pathway is complex, with levels of tetrahydrofolate and purine and pyrimidine
biosynthesis also subject to regulation by other gene products, including methylene
tetrahydrofolate reductase and the reduced folate carrier. Polymorphisms in the genes
encoding these proteins may also affect methotrexate response, making it difficult to
predict the contribution to variability in response to methotrexate when only the
target gene is considered [147]. Only one detailed study on the DHFR gene in relation
to methotrexate response has so far been reported. This study on the influence of a
range of upstream polymorphisms in DHFR on outcome of treatment in acute
Iymphoblastic leukemia patients, found that poorer event-free survival was associ-
ated with a haplotype that the investigators denoted as *1 [148]. The *1 haplotype was
also found to be associated with higher DHFR mRNA levels, which would be
consistent with poorer inhibition of enzyme activity.

Finally, polymorphisms in the monoamine oxidase genes MAOA and MAOB have
been studied fairly extensively as risk factors for psychiatric disease but also in
studies on response to selective serotonin reuptake inhibitors, where monoamine
oxidase will be a determinant in levels of SHT and thus drug response. However,
there have been hardly any studies on MAO genotype and response to monoamine
oxidase inhibitors, which target monoamine oxidase directly. This probably reflects
the fact that monoamine oxidase inhibitors are currently not widely used as
antidepressants, mainly because other antidepressant classes are associated with
fewer serious side effects.

5.4 TRANSPORTERS

5.4.1 Introduction

Transporters or carrier proteins play an important role in transporting ions and small
molecules across cell membranes. This is especially important in the reuptake of a
range of neurotransmitters by nerve terminals and receptors that contribute to this
process represent an important drug target (for more background, see Chapter 3 in
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Rang et al. [1]). The pharmacogenetics of two important neurotransmitter transpor-
ters has been well studied, as discussed in detail below.

5.4.2 Serotonin Transporter (SHTT)

The serotonin transporter (SHTT/SERT) mediates SHT availability in the neuro-
transmitter pool. After serotonin release in the synapse, the transporter recaptures the
neurotransmitter and takes it up to the presynaptic neuron (see Fig. 5.5).

SHTT is a direct target of the selective serotonin reuptake inhibitors (SSRIs) and
tricyclic compounds used as antidepressant medications, and may also mediate the
toxic effect of cocaine and amphetamines.

(a)

Dopamine
5-HT
Norepinephrine
GABA

Glycine

Na*, K*, Ca®*, CI-
Ligand-gated ion channel

FIGURE 5.5 SLC6 gene family transporter structure: (a) the structure with transmembrane
domains shown in red; (b) in the presynaptic nerve terminals of dopamine-, SHT-, norepinephrine-,
glycine-, and GABA-containing synapses, the vesicular transporters [shown in green (e.g., VMAT1
and VMAT?2)] sequester neurotransmitters into synaptic vesicles. Released neurotransmitter exerts
its effects via receptors such as dopamine receptors, adrenoceptors, and SHT receptors (light blue,
with associated G protein in gray). The plasma membrane transporters encoded by the SLC6 gene
family (red) are located in the membrane of the presynaptic neuron (DAT, SERT, NET, GlyT2,
GAT1, and GAT2). (Adapted from Gether et al. [177] and reproduced with permission.) (See insert
for color representation.)
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The SHTT gene (SLC6A4) spans 31kb, includes 14 exons [149], and is highly
polymorphic, with several polymorphisms of known functional significance. The
transcriptional activity of the gene is modulated by a repetitive element upstream of
the transcription start site [40]. A common functional polymorphism was described
within this region, consisting of a 44-bp insertion or deletion and referred to as short
(deletion) and long linked polymorphic region (LPR) variants. Luciferase reporter
gene experiments using human cell lines expressing the SHTT gene revealed a lower
expression of the LPR short variant in comparison with the long variant [150].

A second functional polymorphic repeat with a core sequence of 16/17 bp has
been described in intron 2 of the gene, with two common variants of 10 and 12
repeats, and a rarer 9-repeat allele. Transgenic mice including this polymorphism and
an associated reporter gene showed higher expression of the 12-repeat variant in
comparison to the 10-repeat variant during embryonic development, suggesting a
role in brain development and synaptic plasticity [40,41].

Several additional polymorphic single-nucleotide changes and microrepeats have
been described [151]. Of particular importance is an A/G single-nucleotide change
(rs25331) within the LPR region that alters the functionality of the LPR polymor-
phism, with the G allele converting the LPR long variant to a low-expression allele
(Lg), showing similar levels to those of the LPR short variant, whereas the long
variant with the A nucleotide (L) retains higher levels of expression [152]. Allele
and genotype frequencies of all these polymorphisms show significant geographic
variation.

Several studies and meta-analyses have confirmed the association between the
SHTT LPR repeat polymorphism and response to SSRI drugs. The LPR long variant
is associated with greater response to antidepressant medications [153,154] although
this association is not universally replicated, and geographic differences can be
observed. The L variant tends to be more frequent among responders in Caucasian
populations, whereas the short variant is the one associated with good response in
some Japanese and Korean populations [155]. The association of the L variant with
response may reflect the greater availability of the transporter targeted by the drugs.
The biological plausibility of the association with the low-expression allele is more
complicated to interpret, and require confirmation in further studies, including the
function altering rs23551 polymorphism. Surprisingly, a large study conducted in
citalopram patients (STAR™D) did not observe any association with response [68],
but did find an association with treatment associated side effects [156]. Differences in
patient subgroups, population stratification, and heterogeneity may explain this
discrepancy. Additional associations have been reported between SHTT polymorph-
isms and bipolar disorder [157,158] which may reflect the importance of the
transporter in modulating serotonin transmission.

5.4.3 Dopamine Transporter (DAT)

The dopamine transporter (DAT) is a membrane protein that mediates the reuptake of
dopamine from the synaptic cleft. The dopamine transporter is the main regulator of
dopamine transmission and has been implicated in the aetiology of Parkinson’s
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disease, Tourette’s syndrome, bipolar disorder, and substance abuse [159-161].
Disruption of the DAT gene in mouse leads to hyperlocomotion [162], and increased
levels of DAT have been observed in brain striatal areas of ADHD patients [31].

The gene encoding the DAT transporters, SLC6A3, is highly polymorphic [163]
and contains several common single-nucleotide polymorphisms in the promoter
region (—67A/T, —839C/T) as well as two common polymorphic repeats (VNTRs) in
the 5’- and 3’-untranslated regions. The polymorphic repeat in the 3’-untranslated
region has been widely investigated and exists in two forms, a 9-repeat allele and a
10-repeat allele or a core 40-bp sequence, although rarer alleles occur in different
population groups [164]. Messenger RNA levels were higher in the cerebellum,
temporal lobe, and lymphocytes of carriers of the 10-repeat allele [165]. Luciferase
expression studies using COS7 recombinant cell lines containing this polymorphism
agreed with this observation, with vectors containing the 10-repeat showing signif-
icantly higher expression levels [166]. However, a study using similar luciferase
expression techniques but different cell lines revealed opposite results, with signif-
icantly higher expression levels in the vectors containing the 9-repeat allele in
comparison with those containing the 10-repeat allele [167]. More recent neuroim-
aging SPECT studies have revealed higher brain striatal DAT expression in carriers of
the 9-repeat allele than in those with the 10-repeat allele [168], thus confirming the
latter finding.

The majority of pharmacogenetic investigations report associations of the 3'-
polymorphism with response to methylphenidate, a drug used for the treatment of
ADHD. This drug blocks the DAT protein, leading to an increased level of synaptic
catecholamines and regulating dopamine transmission. The 10 allele repeat of the
3’-VNTR, associated with lower DAT expression, is generally found in higher
frequencies in individuals with poorer response to methylphenidate [31,169-172],
reflecting the lower availability of the drug target. This polymorphism has also been
reported in association with response to antidepressant drugs, but the underlying
mechanisms are unclear [173]. These studies confirmed the validity of the DAT
transporter as a therapeutic target for the treatment of ADHD, but further investi-
gation on its suitability for the treatment of motor disorders is required.

5.5 CONCLUDING REMARKS

Our knowledge and understanding of the relevance of a variety of polymorphisms in
drug targets has increased greatly since 2000 but is still quite limited. It is clear that
polymorphisms in VKORCI affect coumarin anticoagulant response, and there is
also increasing evidence that polymorphisms in genes encoding other drug targets
such as HMGCoA reductase and ADRBI1 affect drug response. However, despite a
large number of published studies, our understanding of the relevance of polymorph-
isms in receptor genes such as those encoding the dopaminergic and serotonergic
receptors to drug response is still poor. In addition, there is a need to investigate
pharmacogenetic factors affecting response to newly developed drugs. For example,
the glutamatergic receptors are targeted by new-generation drugs specific for
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mGluR2/3 receptors that have shown promising results during clinical trials [174],
raising the expectations for improved antipsychotic treatments. Other contemporary
examples include drugs such as the newly developed antiplatelet drugs clopidogrel
and plasugrel. Though we now understand that not all patients benefit from
clopidogrel, due to failure to activate it in CYP2C19 poor metabolizers [175], the
possibility that the ability to inhibit platelet activity may be a further source of
variability with potentially not all patients showing clear benefit also need to be
considered. In general, studies on genetic factors affecting drug response are now
beginning to form part of the drug development process, although they still lag behind
genetic studies related to drug disposition. Even if studies are not performed during
clinical trials, DNA samples from trial participants are increasingly being archived
and may provide information on drug response in the future, subject to both ethical
and commercial considerations.
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6.1 INTRODUCTION

Cardiovascular disease (CVD) covers a wide range of conditions and diseases,
including hypertension, hypercholesterolemia, congestive heart failure, cerebrovas-
cular disease, and coronary heart disease (CHD). Especially in developed countries,
CVD is one of the leading causes of death because of its high prevalence and high
impact on morbidity and mortality [1].

To reduce the risk of CVD, lifestyle adjustments are generally recommended
and have been shown to be very effective in reducing CVD risk. These recom-
mendations include physical activity, smoking cessation, low sodium intake, and
low-fat diet. However, lifestyle interventions do not always provide satisfactory
CVD risk reductions. Moreover, for a variety of reasons, adherence to a healthy
lifestyle is a difficult task for many people. Therefore, cardiovascular drugs are
abundantly prescribed globally for the treatment of conditions such as hyper-
tension and hyperlipidemia. Although a huge variety of drugs are available for the
treatment of CVD, major essential pharmacological groups are considered
platelet aggregation inhibitors (PAls), statins, antihypertensive drugs, and
anticoagulants.

There is notable interindividual variation in response to these drugs, which is
partially explained by factors such as gender, age, diet, concomitant drug use, and
environmental factors. Nevertheless, a large part of this variability remains unknown.
Genetic variability may contribute to the explanation of variability in response to
these cardiovascular drugs [2].

Sincethe 1990s, the pharmacogenetics field has enjoyed atremendous surgein activity
due to advances in technology, and many association studies have been published.
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This chapter gives an overview of the state of affairs of the pharmacogenetics of the most
commonly prescribed drugs in the management of cardiovascular disease.

6.2 CARDIOVASCULAR DISEASE

The World Health Organization (WHO) estimated that cardiovascular disease
accounted for 17.5million global deaths in 2005. Deaths due to myocardial
infarction (MI) and cerebrovascular accident (CVA) represented the majority of
these deaths [3,4]. Estimates demonstrate that in 2005, over 80 million people
(about 1 in 3 adults) in the United States were suffering from at least one
cardiovascular condition or form of CVD [5]. In more detail, these patients
accounted for approximately 73.6 million hypertension, 16.8 million CHD (angina
pectoris and myocardial infarction), 6.5 million stroke, and 5.7 million heart failure
diagnoses [5]. Future prospects are that CVD will continue to cause a great medical
and economic burden [3,4].

6.2.1 Pathophysiology

The majority of deaths due to cardiovascular disease are caused by cardiovascular
conditions such as hypertension and hypercholesterolemia. The etiology of most
cases of hypertension and hypercholesterolemia is poorly understood and are
therefore classified as primary hypertension and primary hypercholesterolemia.
Both conditions contribute significantly to the development of atherosclerosis,
which is characterized by hardening of the arteries, itself enhancing hypertension
severity. Atherosclerotic plaques are the result of accumulation of cholesterol-
mediated by low-densitylipoproteins (LDL) in the arterial walls, which, in turn,
leads to a macrophage-induced inflammatory process. Rupture of an atherosclerotic
plaque exposes the lipid core, smooth-muscle cells, macrophages, and collagen to the
bloodstream, resulting in adhesion of blood platelets and the activation of the
coagulation cascade. Ultimately, a thrombus is formed that can either completely
or incompletely occlude an artery, resulting in clinical events such as MI and
CVA [6]. Myocardial necrosis may be a consequence of cardiac ischemia. Loss
of cardiac function may initiate other CVD such as congestive heart failure,
characterized by a poor prognosis.

6.2.2 Clinical Manifestation

Symptoms of a patient suffering from CVD can vary from none to sudden (cardiac)
death. Conditions such as hypercholesterolemia, hypertension, and atherosclerosis
may elapse unnoticed, because high cholesterol levels, high blood pressure, and
atherosclerosis are ravely symptomatic. A MI or CVA generally does not elapse
unnoticed. Preceding a MI, some patients experience chest pains known as angina
pectoris. Specific symptoms of a patient suffering a MI are pain in the chest, arms, left
shoulder, jaw, and/or back. A CVA is often characterized by confusion; impaired
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understanding of speech, impaired speech and/or sight, unilateral weakness; or
numbness of the face, arm, and/or leg.

6.3 CARDIOVASCULAR THERAPY

Cardiovascular conditions such as hypertension and hypercholesterolemia do not
necessarily require acute medical treatment. Essential lifestyle changes to reduce the
risk of CVD include nonpharmacological cornerstone interventions such as smoking
cessation, healthy diet, low sodium intake, weight loss, and physical activity [7]. If
these interventions do not achieve the desired level of risk reduction, many
pharmacological interventions are available.

Besides smoking, the most prevalent CVD risk factors are hypertension and
hypercholesterolemia. Heavily depending on the total cardiovascular risk (including
factors such as diabetes status, age, gender, smoking status, BMI, cholesterol level),
treatment with an antihypertensive drug may be indicated when the blood pressure
(BP) is within the high—normal range (130-139/85-89 mmHg) or higher. All subjects
with a total plasma cholesterol of >5 mmol/L (190 mg/dL) and LDL cholesterol of
>3 mmol/L. (115 mg/dL) should be considered for pharmacological intervention
with HMG CoA reductase inhibitors (statins), also depending on the total cardio-
vascular risk. Similar to the treatment of hypertension, lower total cholesterol and
LDL cholesterol target levels reduces the risk of CVD even more in patients with
other risk factors such as diabetes [8].

Platelet aggregation inhibitors are another class of drugs that reduce the risk of
cardiovascular events. By inhibiting platelet aggregation, drugs such as clopidogrel
and aspirin prevent formation of a thrombus that could lead to a MI or CVA. CVDs
such as atrial fibrillation give rise to high risk of a thromboembolisms and require
anticoagulation with warfarin, phenprocoumon, or acenocoumarol.

6.4 GENETIC DETERMINANTS OF RESPONSE
TO CARDIOVASCULAR DRUGS

6.4.1 Platelet Aggregation Inhibitors

Pharmacotherapy with PAI such as aspirin and clopidogrel is an important inter-
vention measure in cardiovascular risk management. In high-risk patients, the
efficacy in the primary and particularly secondary prevention of cardiovascular
death, myocardial infarction, and stroke, is well established [9]. However, some
patients suffer a (recurrent) thromboembolic vascular event despite PAI therapy [10].
Results from meta-analyses have shown that patients resistant for aspirin experience
a 4-flod greater risk for cardiovascular events [11] whereas patients resistant for
clopidogrel have an 8 times greater risk [12]. A variety of tests and clinical outcomes
can be used to measure sensitivity to PAL. However, there is little consistency
regarding which measure to use to define nonresponse to PAI. Tests to measure
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platelet function include thromboxane A2 (TXA?2) production (measured as urinary
or serum 1 1-dehydro-thromboxane B2 (dTxB2)), optical aggregometry using agonist
such as arachidonic acid (AA), adenosine diphosphate (ADP) and collagen, the
platelet function analyzer 100, and others [13]. Numerous studies have been
conducted to investigate possible underlying genetic mechanisms leading to treat-
ment failure. Most of these studies used one of the platelet function tests as
the outcome measure, and fewer studies included clinically relevant outcomes
such as MI.

Aspirin irreversibly inhibits the cycloxygenase 1 (COX1) enzyme, ultimately
resulting in a decreased amount of TXA2. TXA2 is responsible for activation of
platelet aggregation. Therefore, polymorphisms in the COXI gene may affect
response to aspirin therapy. In 2005, Maree et al. reported an association between
a polymorphism in the COX1 gene and platelet function in response to aspirin [14].
Five common SNPs were genotyped in 144 patients with cardiovascular disease who
were treated with aspirin for at least 2 weeks. Aspirin response, determined by serum
dTxB2 levels and AA-induced platelet aggregation, was associated with the A842G
polymorphism. Patients carrying the —842G polymorphism were less sensitive to
aspirin treatment [14]. Lepantalo et al. included 101 patients undergoing elective
percutaneous coronary intervention and reported similar results: 60% of the non-
responders carried the —842G allele compared to 17% of the responders [15].
Gonzalez-Conejero et al. investigated the C507T polymorphism, which was in
complete linkage disequilibrium with the A842G polymorphism. Only the results
of the TXB2 assay were similar to those reported in literature, whereas no drug—gene
interaction was shown using the AA-induced platelet aggregation [16]. Other studies
report contradictory results, suggesting —842G allele carriers to be more sensitive to
aspirin [17,18]. The exact mechanism of the possible interaction between aspirin and
the A842G and C50T polymorphisms has not yet been elucidated.

Another gene that has been investigated many times with regard to the pharma-
cogenetics of both aspirin and clopidogrel is the gene coding for the platelet
glycoprotein Illa subunit, ITGB3. It is part of the glycoprotein IIb/Illa receptor
that is present on the activated platelet surface and responsible for platelet aggre-
gation by binding of fibrinogen. Most research focused on the ITGB3 PIA1/A2
polymorphism, in which the P/AI is the wild-type variant [19]. Undas et al. were
first to report on the effect of this polymorphism on platelet functioning after patients
were exposed to aspirin, showing that subjects carrying the PIA I/PIA2 genotype were
less sensitive to aspirin than homozygous PIAI carriers [20]. These findings have
been replicated in small studies [21,22], whereas other, larger studies could not find
such an association [23-26] or even showed opposite findings [27] corroborating
results from earlier in vitro studies [28,29]. Similar to findings for clopidogrel
response, some articles report (contradicting) associations [30,31] whereas others
report no difference between different genotype groups [24,32,33]. The PIA1/PIA2
polymorphism does not seem to explain a large part of the interindividual variability
in response to PAI when considering current evidence.

In addition to the COXI and ITGB3 gene, genetic variabilities in ITGA2, COX2,
P2YI1, P2Y12, and several other genes have been investigated with respect to modified
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response to aspirin, but were studied in a very small number of patients, and larger
studies did not replicate these results [34,35].

Goodman et al. conducted a meta-analysis on the pharmacogenetics of aspirin to
increase statistical power and to take in account the different biochemical and
functional methodologies [34]. Combination of studies could not show a pharma-
cogenetic interaction between aspirin and the polymorphisms that were included
(ITGA2 C807T, COX1 A842G/C50T, P2YI2 HI/H2, P2Y1 A1622G, and ITGB3 PIA1/
PIA2). However, after stratification by study population or measurement technique,
the P1A2 allele of the ITGB3 gene was associated with aspirin resistance; small but
significant effects were found in the healthy population (four studies) and in the
studies using bleeding time as the outcome measure (only two studies).

Clopidogrel is a prodrug and has to be activated by hepatic cytochrome P450
(CYP) isoenzymes in order to inhibit platelet aggregation. After activation, clopido-
grel irreversibly blocks the ADP receptor on platelet cell membranes and thereby
activation of the glycoprotein IIb/Illa pathway. CYP2CI9*2 is a common genetic
variant of the CYP2C19 gene that encodes a deficient version of the enzyme. Hulot
et al. showed in 28 healthy subjects that heterozygous carriers of the CYP2C19*2
allele had decreased platelet responsiveness to clopidogrel [36]. This finding was
confirmed in other studies both pharmacokinetically [37,38] and pharmacodynami-
cally [37-40]. In addition, studies on clinical outcomes showed that carriers of loss-
of-function alleles of the CYP2CI9 gene have a higher risk of major adverse
cardiovascular events when treated with clopidogrel after suffering acute coronary
syndromes [38,41,42]. In conclusion, the CYP2C19*2 polymorphism explains part of
the interindividual response to clopidogrel. It is not yet clear what this compelling
evidence means for daily practice: (1) should CYP2C19*2 carriers receive higher
dosages that may overcome the loss of effect, or (2) should those patients be treated
with an alternative PAI that does not require metabolism by the CYP2C19 enzyme?
In case 1, research should provide the evidence that a higher dose for patients carrying
the CYP2C19*2 allele are as effective as the normal dose in wild-type carriers. If so,
patients have to be genotyped before starting clopidogrel. However, genotype
information is unlikely to be available when starting clopidogrel treatment in the
early high-risk phase of a MI. A P2Y12-mediated platelet function test could be a
more rapid approach [43]. Moreover, treating patients with the CYP2C19*2 genotype
with an alternative PAI that does not require activation by the CYP2C19 enzyme may
be an appropriate solution. Currently, there is no data available that can shed light on
these important questions. A prospective study should demonstrate how patients
carrying the CYP2C19*2 allele should be treated.

Other cytochrome P450 system enzymes have also been investigated with regard
to the pharmacogenetics of clopidogrel. However, the current status of evidence
shows no convincing or conclusive evidence for interactions between clopidogrel and
genetic variance in CYP3A4, CYP3A5, CYP2C9, CYP2B6, or CYPIA?2 [44].

The active thiol metabolite of clopidgrel binds irreversibly to the P2Y 12 receptor.
Genetic variability within the genes coding for the P2Y 12 receptor and another ADP-
dependent P2Y1 receptor present on the platelet surface have been investigated.
Unfortunately, research on polymorphisms within the P2Y12 [24,45-49] and P2Y1
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gene [24,50] have not been able to explain any of the variability in clopidogrel
response.

More comprehensive reviews that cover the pharmacogenetics of aspi-
rin [34,35,44,51] and clopidogrel [44,51] can be found elsewhere.

6.4.2 Anticoagulants

Oral anticoagulants of the coumarin type are highly efficacious for the treatment and
prevention of thromboembolic diseases [52]. Warfarin is the most common couma-
rin, but acenocoumarol and phenprocoumon are frequently being used in several
European countries [53,54]. Dosing of coumarins is difficult as a consequence of a
narrow therapeutic range and large interindividual and intraindividual differences in
dose response [55]. Consequently, an overdose will increase the risk of hemorrhage,
and an insufficient dose may lead to failure of thromboembolisms prevention. Large
intraindividual variability in response to coumarins [56] and strong overanticoagula-
tion [57] are important risk factors for hemorrhages. Patients’ characteristics such as
weight, diet, disease state, and concomitant use of other medications have been
shown to affect the response to coumarins [58]. In addition, genetic variation
contributes to the interindividual variation. To date, studies on the pharmacogenetics
of coumarins have focused mainly on polymorphisms within the CYP2C9 and
VKORCI gene and their modifying effect on mean daily dosage, overanticoagulation,
time to stable anticoagulation, and the risk of bleeding.

The CYP2C9 gene encodes the CYP2C9 enzyme, which is principally responsible
for the metabolism of the pharmacologically more effective S-enantiomer of coumar-
ins. The most extensively investigated genetic variants are CYP2C9*2 (C4307) and
CYP2C9*3 (A1075C), which both encode enzymes with a decreased activity com-
pared to the wild type, CYP2C9* . Sanderson et al. reported in a systematic review and
meta-analysis that lower maintenance doses of warfarin are required in subjects
carrying either variant allele. They showed that *2 and *3 carriers have an increased
risk of bleeding as a result of higher plasma levels of warfarin due to slow metabolism
of warfarin by the CYP2C9 enzyme [55,59]. In another meta-analysis of 39 studies
with a total of 7907 warfarin users, Lindh et al. found that being carrier of more than
one polymorphism resulted in a progressive reduction in warfarin dose requirements,
with warfarin dose in patients with the CYP2C9*3/*3 genotype as 78% less than in
patients with the CYP2C9* 1/* I genotype [60]. For acenocoumarol, the CYP2C9*2 and
CYP2(C9*3 variants have also been associated with low-dose requirements [61-64].
Moreover, the CYP2C9*3 genotype has been associated with a decreased chance to
achieve stable anticoagulation within 6 months, an increased risk for overanticoagula-
tion [65], and an increased risk for major bleeding events [66]. Although research on
phenprocoumon is sparse, and although the contribution of CYP2C9 to the metab-
olism of phenprocoumon is smaller than for warfarin and acenocoumarol [67], the
CYP2C9*2 and CYP2(C9*3 alleles have also been associated with lower dosage
requirements, a decreased chance to achieve stability, and an increased risk for
overanticoagulation [68] and bleeding [69]. These results could not be replicated in the
Rotterdam study [64,66], possibly because of power problems.
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Coumarins exert their anticoagulant effects by inhibiting the vitamin K epoxide
reductase complex (VKOR), preventing VKOR from converting vitamin K epoxide
to reduced vitamin K [70], which is essential for functioning of several clotting
factors such as factors II, VII, IX, and X. The target of coumarins is VKORCI,
encoded by the homonymous gene VKORCI. Being a carrier of the noncoding SNP
1173C >T has been associated with reduced dose needs of warfarin [55], aceno-
coumarol [71-73], and phenprocoumon [71,72] compared with noncarriers of this
SNP. The single 1173C>T SNP proved to be as informative as five haplotype
constructs of 10 SNPs in the VKORC1 gene that have been allocated to low- and high-
dose warfarin haplotype groups and that account for almost all the total haplotypes in
Caucasian and Asian American populations. [74]. Furthermore, it has been reported
that the VKORCI and CYP2C9 genotypes modify each others’ effects on over-
anticoagulation in users of acenocoumarol [75], with risk highest in patients with
both CYP2C9 and VKORC1 polymorphisms. However, a more recent study dem-
onstrated that the bleeding risk in users of warfarin was associated with the CYP2C9,
but not with the VKORC1 genotype [76].

Inconclusive results for polymorphisms in the F2 [77-79], F7 [77,79], and
F10 [77,79] genes—encoding the vitamin K-—dependent clotting factors II, VII,
and X—suggest a minor influence of these coagulation genes on warfarin dosing.
Genetic variability in other downstream genes of coumarin action such as GGCX,
EPHXI, PROC, and APOE have shown limited effects, if any, on coumarin
dosing [80]. The GGCX gene encodes y-glutamylcarboxylase, the enzyme catalyzing
the carboxylation of vitamin K—dependent clotting factors, the PROC gene encodes
the clotting factors Va and VIlla inactivating protein C; and the EPHX gene encodes
microsomal epoxide hydrolase, a subunit of the VKOR complex harboring a vitamin
K epoxide binding site. The APOE gene has been considered a candidate gene
because it encodes the vitamin K liver uptake facilitating ligand apolipoprotein E.

Moreover, a large study that included 183 polymorphisms in 29 candidate genes
could not reveal major importance for genes other than CYP2C19 and VKORCI1 [80].
Similar conclusions were drawn from the results from the only genomewide
association study to date, suggesting that it is unlikely that common SNPs with
significant effects on warfarin dose are to be discovered outside of the CYP2C9 and
VKORCI gene [81].

The abovementioned polymorphisms of CYP2C9 and VKORCI1 are common in
Caucasian populations, with allele frequencies ranging from 8% to 19% for
CYP2C9*2, from 4% to 16% for CYP2C9*3 [82,83] and from 37% to 41% for
the VKORC1 1173C > T allele [80,84].

Large studies have been able to explain around 50% of the variability in warfarin
dosing with CYP2C9 and VKORCI genotype [84,85], although estimates vary [58].
The next step would be to use this pharmacogenetic knowledge to develop coumarin
dosing algorithms that include CYP2C9 and VKORC1 genotype information. How-
ever, research should first demonstrate that genotype-guided dosing improves safety
and efficacy of coumarin therapy in daily practice. Several small randomized studies
assessing genotype-guided warfarin have already been conducted. The one study that
included both the CYP2C9 as well as the VKORCI genotype in a randomized
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controlled trial showed genotype-guided warfarin dosing to be moderately favor-
able [86]. Generally, other studies of genetic testing for warfarin therapy initiation
have not been able to demonstrate improvement of safety or efficacy of warfarin
therapy [87]. Large randomized clinical trials to evaluate genotype-guided dosing of
coumarins are underway and will guide decisions regarding future implications for
treatment with coumarins.

More comprehensive overviews of the pharmacogenetics of coumarins can be
found elsewhere [55,58].

6.4.3 Antihypertensive Drugs

The most prevalent indication in cardiovascular drug therapy is hypertension. Its high
prevalence and the strong association with cardiovascular morbidity have given rise
to the question of whom to treat with which drug. In previous decades, the search for
markers that can predict response to therapy has experienced a tremendous surge.
The major drug classes available for the treatment of hypertension are diuretics,
p-blockers, ACE inhibitors, angiotensin 2 type 1 receptor antagonists, and calcium
channel blockers (CCBs). In this chapter, the most important genetic variants within
the pharmacogenetics of hypertension are highlighted.

6.4.3.1 Diuretics

Diuretics are considered the first-line pharmacological intervention for most patients
with hypertension [88]. The long-term beneficial effects of thiazides are thought to
result mainly from a reduction of the peripheral vascular resistance.

To date, many pharmacogenetic studies have been published on the pharmaco-
genetics of diuretics. The best-studied polymorphism is the Gly460Trp variant of the
a-adducin (ADDI) gene. In addition, multiple studies have been conducted on the
angiotensin-converting enzyme (ACE) I/D, angiotensin (AGT) —6A, angiotensin
receptor (AGTR1) A1166C and G-protein f3-3 subunit (GNB3) C825T polymorphism,
and the response to diuretics.

The ADD1 gene encodes the o subunit of the adducin protein, which is involved in
the activation of the renal Na " /K © ATPase. Carriers of the ADDI 460Trp allele have
a higher activity of the Na™/K™* pump in the nephron. The ADDI1 Gly460Trp
polymorphism has been shown to affect renal proximal tubule sodium reabsorption in
hypertension with increased reabsorption in patients carrying the 460Trp allele [89].
Hypothetically, 460Trp allele carriers could benefit more from therapy as diuretics
could trigger less counterregulatory mechanisms. Cusi et al. were first to report on the
ADDI Gly460Trp polymorphism and the association with altered response to
hydrochlorothiazide in hypertensive patients [90]. They found that heterozygous
hypertensive patients experienced a greater fall in mean arterial pressure in response
to 2 months’ treatment with hydrochlorothiazide than did wild-type homozygous
hypertensive patients [90]. Following this study, these results were replicated in two
other studies also showing that carriers of the ADD1 460Trp allele respond better to
hydrochlorothiazide [91,92]. Retrospective large scale studies with up to 36,000
patients [93] could not replicate these findings [93-96] and thereby suggest a minor
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role for the ADD1 Gly460Trp polymorphism in predicting blood pressure response to
diuretics.

Furthermore, the ADD1 460Trp allele has been associated with a better response
to diuretics with regard to clinical outcomes such as stroke or MI [97], a result that
was not found in other studies on clinical outcomes [93,98-100]. It would be a
myopic judgment to say the ADDI Gly460Trp does not affect the response to
diuretics, for several reasons:

1. There is a good rationale for the pharmacogenetic interaction between ADD]
and use of diuretics.

2. The positive studies all point in the same direction.

3. A closer look at the study designs that were used shows that the three positive
studies on blood pressure conducted excellent studies including patients with a
newly discovered diagnosis of hypertension and who were never treated before.
On the other hand, large observational studies consistently fail to show such
association. The association of the ADDI Gly460Trp polymorphism with
altered response to diuretics seems genuine, but so far of no clinical
importance.

Besides the ADD] gene, researchers have taken interest in polymorphisms in genes
involved in the rennin—angiotensin system (RAS), namely, the ACE gene encoding
the ACE, AGT encoding angiotensinogen, and AGTRI encoding the angiotensin II
receptor, type 1. The rationale for the selection of these candidate genes for the
pharmacogenetics of diuretics as well as other antihypertensive drugs is obvious as
the RAS system is activated by diuretics and regulates water—electrolyte balance and
thereby blood volume and blood pressure.

The D allele of the ACE I/D polymorphism is associated with increased plasma
and tissue levels of ACE [101]. Because low plasma renin activity is a predictor of
greater BP response to thiazide diuretics [102], it can be hypothesized that I allele
carriers would respond better to thiazides. Sciarrone et al. indeed reported 7 allele
carriers to respond better to hydrochlorothiazide [92]. Schwartz et al. showed similar
results for women and opposite results in men [103]. Although the excellent study of
Sciarrone et al. confirms the initial hypothesis, the myriad of studies that could not
confirm such association [95,104—106] suggest a minor role for the ACE I/D
polymorphism. Other than the ACE I/D polymorphism, Frazier et al. included
polymorphisms within the other RAS genes AGT and AGTRI and showed an
association with both genes in African-American women only [105]. These results
were not corroborated by the Doetinchem cohort study [95] and were contradicted by
Jiang et al. [107]. More studies are needed to elucidate the possible role of these
polymorphisms in the response to diuretics.

Furthermore, an association withthe GNB3 C825T polymorphismhasbeen reported
and replicated, both studies showing that subjects carrying the 77 genotype would
benefit more from diuretics in lowering blood pressure [95,108]. The mechanistic
pathway of this possible gene—treatment interaction is that the T allele of the GNB3
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C825T polymorphism has been associated with low plasma renin and an elevated
aldosterone renin ratio [109] that could influence the response to diuretics. A study by
Schelleman et al. could not corroborate previous findings concerning the association
between the GNB3 C825T polymorphism and clinical events [98].

6.4.3.2 B-Blockers
The main target of f-blockers is the f1-adrenoreceptor encoded by the ADRBI gene,
in which the Arg389Gly and the Ser49Gly polymorphisms are most extensively
investigated. The Arg389 and Ser49 alleles may enhance response to ff-blockers as
receptors containing Arg389 possess a 3—4-fold higher adenylylcyclase activity [110]
and 49Gly polymorphic receptors are more prone to agonist-promoted receptor
downregulation [111]. Initially, O’Shaughnessy did not report an association of the
ADRBI1 polymorphism and altered response to atenolol or bisoprolol [112]. In the
years after, four articles were published reporting an association of the Arg389 allele
(in combination with Ser49 allele [113,114]) with better response to f3-blockers,
either SBP [114-116], DBP [113,114], or resting MBP [114,115]. This observation
could not be confirmed by other studies [117-121]. Nonetheless, the hypothesis
should not be rejected as there is a consistency in findings for studies with the
f-blocker metoprolol. Moreover, given the similarities in the pharmacology of
p-blockers, differences in study design may well explain the inconsistency of results.
The positive associations point in the same direction, as expected with regard to the
initial hypothesis, and suggest a true pharmacogenetic interaction. Major clinical
importance of the ADRBI Arg389Gly and Ser49Gly polymorphisms for the phar-
macogenetics of f-blockers seems unlikely.

p-Adrenergic receptors are G-protein coupled-receptors. Therefore the GNB3
C825T polymorphism possibly modifies the blood pressure response to f# blockade.
In females only, the carriers of the CC genotype has been associated with better blood
pressure response to f-blockers [118], a finding that was not confirmed in the
Doetinchem study [95].

Finally, the RAS gene AGT [A(-6)G polymorphism] has been associated with the
pharmacogenetics of f-blockers, but the association has been reported only
once [122], whereas other studies failed to confirm this association [123,124].

6.4.3.3 ACE Inhibitors

The aforementioned (See Section 6.4.3.1) ACE gene—coding for the drug target of
ACE inhibitors—has been studied over 20 times. Studies that evaluated blood
pressure response to ACE inhibitors according to ACE I/D genotype include
treatment duration ranging from single doses to several years, small-scale studies
as well as larger studies, and studies in both healthy subjects and patients. Carriers of
the D allele—accompanied by higher ACE levels [101]—could benefit less from
ACE inhibitors because of underdosing or could benefit more as a result of a poorer
baseline condition. Initially smaller studies reported a more beneficial effect of ACE
inhibitors on blood pressure in subjects carrying II. Large studies that have been
published more recently [104,125] could not confirm these results. Uncertainty about
the expected biological mechanism-based direction of the association together with
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many studies showing opposite or no association directions of the association suggest
that the ACE I/D polymorphism is not likely to be a strong modifier of blood pressure
response to treatment with ACE inhibitors. Also, stratification of results by study
design, study population, or type of ACE inhibitor cannot explain the inconsistency.
Another gene involved in the RAS that has been associated with modified response
to ACE inhibitors is the AGT gene. Initially, a prospective study in 125 subjects
showed that the Tallele of the M235T polymorphism was associated with better blood
pressure lowering response to ACE inhibitors compared to homozygous M allele
carriers [126]. Bis et al. showed similar results for the outcome stroke [127]. Several
other studies, both retrospective and prospective, found no such associa-
tion [95,96,128-131], concluding that there is very little evidence for an interaction
between the AGT M235T polymorphism and the response to ACE inhibitors.

6.4.3.4 Other Antihypertensive Drugs
Another category of antihypertensives that act on the RAS is the angiotensin I type 1
receptor antagonists. Studies in the SILVHIA trial, which included almost 50 subjects
taking irbesartan, reported that the ACE I/D [123] and CYP11B2 C-344T polymor-
phism were associated with modified blood pressure response [123,132]. Both genes
acting on the RAS, CYPI1B2—encoding aldosterone synthase—is required for the
final steps of aldosterone biosynthesis. Subjects carrying the ACE II polymor-
phism [123] and subjects carrying the CYPIIB2 TT variant [132] had a more
pronounced blood pressure response to irbesartan. The finding of the CYPI1B2
C-344T polymorphism association could not be replicated (results point in opposite
directions) [133]; nor could a prospective study including 206 subjects treated with
telmisartan find an association with any of the RAS genes (AGT, ACE, and AGTRI)
polymorphisms [134]. Currently, the role of polymorphisms in genes of the RAS
system and the response to angiotensin II antagonists is unknown.

Calcium channel blockers and central o-adrenergic agonists have been insuffi-
ciently investigated, and future research should provide more information about the
genetic contribution to variability in response.

6.4.3.5 Antihypertensive Drugs and Side Effects

In addition to the impact of genetic variability on the effectiveness of antihyper-
tensive drugs, several studies have investigated the genetic influence on the incidence
of certain side effects. A frequent reason for discontinuation of ACE inhibitor therapy
is a persistent, dry cough [135]. As a result of ACE inhibition, metabolism of
bradykinin by ACE is impaired. Local accumulation of bradykinin in the airways is
thought to cause a persistent, dry cough. Variability in RAS genes as well as the gene
coding for the bradykinin B2 receptor (BDKRB2) has been proposed to influence the
susceptibility to developing a cough due to ACE inhibition. The T allele of the 7-58C
promoter polymorphism in the bradykinin B2 receptor gene (BDKRB2) results in a
higher transcription rate [136] and has been associated with elicitation of the adverse
effect coughing [136,137]. All but except one study [138], have been unable to find a
relation between the ACE I/D polymorphism and cough [136,137,139]. In addition,
beneficial effects of ACE inhibition regarding occurrence of diabetes was seen only
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in hypertensive subjects homozygous for AGTRI 1166A and/or carriers of the ACE [
allele [140].

A complete review of the large amount of literature of the pharmacogenetics of
antihypertensives can be found elsewhere [141-144].

6.4.4 Cholesterol Lowering Drugs (Statins)

Statins primarily reduce the risk for coronary artery disease (CAD) by lowering blood
cholesterol through inhibition of the HMG-CoA reductase enzyme. Although large
clinical trials found a 27% average relative risk reduction of major coronary
events [145], there is wide variability in benefits from statin therapy. Many genes
involved in the pharmacodynamic pathway of statins have been part of pharmaco-
genetic research in patients with hypercholesterolemia, with an emphasis on genes
involved in the cholesterol pathway, although genes involved with possible pleio-
tropic effects of statins have been attracting increasing interest. The enormous
amount of candidate genes that have been studied in research on the pharmacoge-
netics of statins proves the potentially significant impact of future findings on
treatment with statins. Moreover, it highlights the complexity of the mechanism
by which statins exert their beneficial effect.

The HMG-CoA reductase enzyme, which is encoded by the HMGCR gene, is
responsible for the conversion of HMG-CoA to mevalonic acid, an intermediate in the
cholesterol synthesis. The minor alleles of two SNPs, SNP12 and SNP29 (1s17238540),
jointly uniquely define haplotype 7 of the HMGCR gene [146]. The minor alleles for
both these SNPs were associated with less pronounced total cholesterol (TC) and low-
density lipoprotein (LDL) cholesterol reduction in response to pravastatin treatment
(PRINCE study) [146]. A pharmacogenetic study in the ACCESS trial could not
replicate these findings [147]. This may be due to a statistical power problem as both a
large observational study in diabetics [148] and a prospective study in hypercholes-
terolemic patients (treatment with simvastatin) [149] reported comparable results for
these SNPs. In addition, no association with lipid response was found in the elderly
population of the PROSPER trial [150], and no association was found considering
clinical outcomes such as MI and CVA [150,151]. Both SNP12 and SNP29 are located
in a noncoding region, and further research should determine whether there is a
molecular explanation for the results that were found in several studies. Possibly
SNP12 and SNP29 explain a small part of the variability in response to statins due to
genetics. More recently, Medina et al. discovered a HMGCR isoform, encoded by an
alternatively spliced transcript whose expression is influenced by SNP rs3846662.
The isoform was shown to affect reponse to statins [152].

Cholesterol is transported throughout the body by apolipoproteins. Apolipopro-
tein E is a major component of very low-density lipoproteins (VLDLs) and ligand for
the LDL receptor. Moreover, apolipoprotein E is involved in intestinal cholesterol
absorption and reverse cholesterol transport (RCT). Apolipoprotein E is a genetically
polymorphic protein defined by three alleles, ApoE2, E3 and E4, encoding proteins
with increasing affinity for the LDL receptor. Consequently, lipoproteins carrying
the E4 isoform are cleared most efficiently from the circulation and cholesterol
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synthesis, and thus HMG-CoA reductase levels are lower. As a result, E4 carriers
could benefit less from statin therapy. Ordovas et al. reported that carriers of the E2
genotype experience greatest LDL reduction in response to statin therapy in
comparison to E3 and E4 carriers [153]. Many similar studies were conducted in
attempts to clarify the role of the ApoE polymorphism in the pharmacogenetics of
statins. There is a reasonable body of evidence supporting the findings from Ordovas
et al [147,154-160], which include some large-scale studies [147,155,156,160].
Nonetheless, studies that could not show similar results have also been reported
frequently [146,161-166]. ApoE2 carriers seem to benefit most from statin therapy
regarding lipid profile improvement; however, a sub study of the Scandinavian
simvastatin survival study (S4) and the GISSI prevenzione study (both multicenter,
double-blind, randomized trials) reported subjects carrying the ApoE4 genotype to
have the largest risk reduction of mortality [167,168]. These results were not
replicated in an observational study [169].

Besides ApoE, genetic variations in the genes coding for other apolipoproteins
have been included in pharmacogenetic research with inconclusive results [170,171].

Lowering the hepatic cholesterol biosynthesis increases the amount of LDL
receptors. Some functional mutations in the LDLR gene, encoding the low-density
lipoprotein receptor, cause familial hypercholesterolemia (FH). Generally small
studies have associated these mutations with variable response to statins [172].
More common genetic variations in the LDLR have been suggested to modify the
cholesterol lowering response to statins. However, inconsistent results of LDLR
polymorphisms in the 3' UTR region (LDLR C44857T, and A44964G) [146,150,151]
and other intronic SNPs (Avall, Pvull, and HinclII) [147,173,174] have been reported.
The genetic contribution of genetic variability of the LDLR gene should be inves-
tigated in detail for the important reason that the LDL receptor plays a pivotal role in
the cholesterol housekeeping—working mechanism of statins. In addition, genetic
variation within the LDLR expression/degradation regulating SREBFI, SCAP, and
PCSK9 genes have been subject of research without conclusive or consistent
results [170,171].

The cholesteryl ester transfer protein (CETP) enzyme plays a central role in
transport of cholesterol from peripheral tissues back to the liver, RCT. TagIB is a
common polymorphism in the CETP gene and is associated with variations in lipid
transfer activity and high-density lipoprotein (HDL) levels [175] and may therefore
alter response to statins. CETP concentrations are believed to be highest in homo-
zygous B1 carriers and lowest in CETP homozygous B2 carriers. The effect of Tag1B
on statin therapy was first investigated by Kuivenhoven et al., showing that
pravastatin therapy slowed the progression of coronary atherosclerosis in BIBI
carriers, whereas B2B2 carriers did not benefit from pravastatin therapy, although
higher HDL levels were observed [176]. Very recently, the same research group
performed a 10-year follow-up analysis in the same REGRESS cohort, showing
similar results; more benefit from statin therapy for B/BI carriers on cardiovascular
clinical outcomes and all cause mortality despite higher HDL levels observed in B2
carriers [177]. Several other studies investigated the CETP polymorphism as well but
could not find an association of the TaglB polymorphism with altered efficacy of
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statins in preventing cardiovascular diseases [178—181] or found the opposite
trend [182]. A large meta-analysis including over 13,000 patients found no gene
treatment interaction between statins and the TaglB polymorphism of the CETP
gene [183]. A common pattern of contradictory results is seen for genes encoding
lipoprotein lipase (LPL) and hepatic lipase (LIPC), enzymes that transfer lipids
between lipoproteins and mediate lipolysis [147,184,185].

The foremost cause of CAD is atherosclerosis, which is characterized by
inflammation [186]. In addition to lowering cholesterol, statins have been shown
to exert lipid-independent pleiotropic effects, including beneficial effects on the
process of inflammation [187]. Therefore not only candidate genes in the lipid
lowering pathway, but also genes involved in the atherosclerosis inflammatory
pathway, have been designated as candidate genes.

The kinesin-like protein 6 is encoded by KIF6 and is expressed in many tissues and
cell types, including vascular cells. The Trp719Arg polymorphism in the KIF6 gene
was associated with CVD [188-191] and altered response to statins in three
studies [188,192]. These three pharmacogenetic studies included more than 6200
patients exposed to pravastatin 40 mg daily (vs. placebo) [188] or 80 mg atorvastatin
(vs. 40mg pravastatin) daily [192]. The results from the PROVE IT-TIMI 22
trial [192] are consistent with those observed in two other clinical trial populations
(CARE and WOSCOPS [188]). Carriers of the KIF6 719Arg allele receive signif-
icantly greater benefit from (intensive) statin therapy than do noncarriers. Proteins of
the kinesin family are involved in intracellular transport, but the exact role of KIF6,
the Trp719Arg polymorphism, and response to statins are not understood. The
differential benefit from statins has been suggested to be distinct from lipid or
CRP lowering [192].

The toll-like receptor mediates innate and adaptive immunity. The Asp299Gly
polymorphism in the TLR4 gene has been studied in REGRESS and SAS, both
including approximately 650 patients. Both studies showed that Gly allele carriers
treated with statins had a lower risk for cardiovascular events than did noncarriers
treated with statins [193,194], suggesting that statins interact with inflammatory
factors such as the toll-like receptor through an unknown biological mechanism.
Pharmacogenetic research furthermore focused on polymorphisms in other examples
of genes that are putatively involved in pleiotropic statin response: eNOS, IL6,
ITGB3, and PAI-1 [170,171].

Statins undergo different metabolizing pathways. Lovastatin, atorvastatin, sim-
vastatin are metabolized mainly by CYP3A4; fluvastatin, by CYP2C9; and prava-
statin, pitavastatin, and rosuvastatin are practically not metabolized by CYP
enzymes [195]. There is little evidence for polymorphism within genes encoding
CYP enzymes to be of much importance to the pharmacogenetics of
statins [170,171].

Genes coding for transporters involved in the hepatic uptake and hepatic elim-
ination of statins may also be of great importance for variability in response.
Polymorphisms in pharmacokinetic genes encoding the solute carrier organic
transporter (SCLO1B1) involved in the hepatic uptake of statins and the adenosine
triphosphate (ATB)-binding cassette (ABC) Bl transporter involved in the
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hepatobiliary excretion of statins may influence the pharmacokinetics of statins and
thereby its lipid lowering response. The variant allele of the SCLOIBI T521C
polymorphism—a functional SNP causing a Val > Ala aminoacid change—results in
impaired hepatic statin uptake and thereby an attenuated pharmacodynamic effect.
This has been shown for both the pharmacokinetics and pharmacodynamics of
‘statins [196]. The TT genotype of the SCLOIBI T521C polymorphism has been
associated with greater response to statins in lowering total cholesterol [197,198],
although controversy exists [147,199,200]. Variance in the SCLO1B1 gene is likely to
affect the response to statins to some extent.

Many genes encoding members of the ABC transporter family are involved in the
pharmacodynamics (ABCAI, ABCGS5, and ABCGS) or pharmacokinetics (ABCBI,
ABCC2, ABCG2, and ABCBI1) of statins [171]. Most of these genes have been
subject of pharmacogenetic research related to statins, but the most extensively
investigated ABC transporter is the ABCB1 transporter. Research has not been able
to produce definitive results to show the role—if any—of the contribution of this gene
to statin response [171,201,202].

6.4.4.1 Statins and Side Effects
Adverse effects to statin treatment, in particular statin-induced myopathy, have been
associated with genetic variability in certain candidate genes [203]. There is
convincing evidence regarding the association between the SLCO1B1 T521C poly-
morphism and statin-induced myopathy. The C allele is known to cause high plasma
levels of statins [196,204,205], and a genomewide scan by the SEARCH collabo-
ration indeed demonstrated a strong association with statin-induced myopathy.
In fact, they reported an increased risk for myopathy by 4.5 times for each copy
of a C allele and an increased risk of 16.9 times for CC versus 77T [206], supporting
the hypothesis that statin-induced myopathy is related to plasma levels of statin.
An excellent review published by Mangravite et al. provides a comprehensive
overview of most studies conducted on the pharmacogenetics of statins [170,171,207].

6.5 CLINICAL IMPLICATIONS

By addressing the most extensively investigated pharmacogenetic associated genes
in cardiovascular drug therapy, it is clear that there is little clinical implication.
Although many initial associations of a polymorphism with modified drug response
seemed very promising, the reality is that most associations cannot be replicated.
Furthermore, most effects that were found are very small. Therefore, implementation
of these interactions in clinical practice is still far away. Only for coumarins is there a
real opportunity for pharmacogenetics by genotyping the VKORCI and CYP2C9
gene to optimize anticoagulant therapy. Even though the effect of the existing
variations in these genes is quite clear, clinical trials should provide evidence for
the effectiveness of genotyping regarding prevention of adverse drug events and cost-
effectiveness, before genotype guided dosing can become a part of everyday
anticoagulant therapy. These studies are currently underway and will possibly
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advocate for a global implementation of VKORCI and CYP2C9 genotyping into the
anticoagulant therapy guidelines. Nevertheless, in August 2007 the FDA updated the
warfarin prescribing information and highlighted the opportunity to use genetic tests
to improve their initial estimate of warfarin dose.

For the other cardiovascular drugs discussed in this chapter, future research may
well elucidate the exact role of genetics in the response to these drugs, but current
knowledge is somewhat disappointing after high expectations of personalized
medicine in the late 1990s. Nevertheless, for cardiovascular drugs as well, other
than coumarins, some real progress has been made. There is a reasonable body of
evidence that clopidogrel response partly depends on CYP2C19 genotype, response
to f-blockers is affected by ADRBI genotype status, and statin efficacy is highly
likely to depend on variation in the HMGCR gene, whereas myopathy is related to a
polymorphism in the SLCOIBI.

6.6 FUTURE DIRECTIONS

Current approaches in pharmacogenetic research do not seem to lead to results that meet
our expectations of individualized medicine. Therefore, new approaches are needed to
address issues and challenges such as the number of SNPs studied, study power, study
design, and application of new statistical methods in (pharmaco)genetic analysis.

Most studies have examined only one polymorphism in a candidate gene associated
with modified response to a certain drug. However, drug response is likely to result from
complex interactions among various biologic pathways. Hence, future studies should
consider a set of candidate genes and/or a genomewide scan (GWS) rather than
addressing a single or small number of SNPs. In more recent years, the costs for a
GWS have considerably decreased and will be come increasingly available.

Examining multiple SNPs will require sufficient sample size, which many studies
to date lack. Moreover, analysis of large numbers of SNPs to identify a combination
of SNPs that influence drug efficacy will pose a huge challenge due to statistical
problems. Not only should the issue of multiple testing of many SNP be addressed
with new tools in statistical analysis; the possible important effects of gene—gene
interactions should be considered as will [208]. Although a definitive statistical
method for characterising statistical patterns of epistasis in not known yet, conven-
tional statistical methods alone will not provide the appropriate tool for deciphering
the complexity of pharmacogenetics.

Finally, to elucidate mechanisms that lie behind the genetic associations, other
fields of research, including proteomics and transcriptomics, should be integrated in
the field of pharmacogenomics [209].

6.7 CONCLUSION

In conclusion, although pharmacogenetic testing is already part of everyday clinical
practice in some areas (chemotherapy, psychiatry), for cardiovascular drugs currently
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only oral anticoagulant therapy seems to have a real opportunity to benefit from
pharmacogenetic testing. Despite the tremendous amount of publications in this field,
there is no reason to advocate for genetic testing for any other cardiovascular drugs as
yet. Although future research will certainly benefit from emerging genetic technol-
ogy as high-throughput genomewide scans will be readily available, finding the
genetic profile that will predict response to cardiovascular drugs will be a major
challenge.
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7.1 INTRODUCTION

Interindividual variation in response to medication and in adverse drug reactions
(ADRs) is well known in psychiatry [1]. At present, most prescribing relies on the
clinician’s best judgment but for the most commonly prescribed medications (anti-
psychotics, antidepressants, and mood stabilizers), in 40-60% of cases, the first
medication prescribed at a given dose either does not work or cannot be tolerated [2].
Aswith any pharmacologically active agent, the overall clinical effect is determined by
a complex interplay of many factors, including age, gender, ethnicity, body mass and
composition, liver function, other medications, dietary and other substances, and
psychological and social factors in addition to pharmacogenetic factors.

Pharmacogenetic studies in psychiatry have to date identified polymorphisms in
metabolic enzymes and drug targets, including receptors that have been associated
with clinical outcome and ADRs [3-6] (see Chapters 2 and 5 for detailed descrip-
tion). Some centers are now beginning to used the identification of such polymorph-
isms as a clinical tool for individualized prescribing.

This chapter considers pharmacogenetic aspects of both drug response and
susceptibility to ADRs in treatment with antipsychotic drugs, antidepressants, and
mood stabilizers.
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7.2 PHARMACOGENETICS OF ANTIPSYCHOTIC TREATMENT

7.2.1 Response

Polymorphisms in genes encoding drug metabolizing enzymes (DMEs), receptors,
and transporters may all affect response to antipsychotics (APs) (i.e., antipsychotic
medications). CYP2D6 plays a significant role in the metabolism of several APs,
including perphenazine, thioridazine, zuclopenthixol, haloperidol, risperidone, and
aripiprazole [7]. However, although numerous studies show significant relationships
between CYP2D6 genotype and drug levels (see Chapter 2), definitive information in
relation to the effect of genotype on drug response is only just emerging [8].

Other commonly used APs included olanzapine and clozapine, for which CYP1A2
plays a significant metabolic role [9]. In the case of the latter, although it exhibits large
interindividual variations in bioavailability, steady-state plasma concentrations, and
clearance, there is a narrow therapeutic index [10]. A preliminary study suggested that
CYPIA2 polymorphisms may be associated with response to clozapine [11].

Since almost all APs are dopamine receptor antagonists, many drug response
studies have focused on genes that code for dopaminergic receptors, such as the
dopaminergic D,, D3, and D, receptors (DRD2, DRD3, and DRD4, respectively). In
addition, other relevant targets have been studied, such as the serotonergic SHT,5
(HTR2A), 5SHT,c (HTR2C), and SHT (HTRO6) receptors, the histaminergic H; and H,
receptors (HRHI and HRH?2), the muscarinic cholinergic receptors, neurotransmitter
transporters, and other intracellular signalling molecules.

Several studies have found associations between variants in DRD2 and response or
ADREs to typical APs [12-16]. Associations have also been found with response to
clozapine, olanzapine, and risperidone [17-22]. In particular, the deletion (Del) allele
of the —141-Clns/Del polymorphism, which has been associated with reduced DRD?2
expression in vitro [23], has been associated with reduced response to AP treat-
ment [15,16]. This polymorphism has, however, been associated with increased
D, receptor density in the striatum in vivo [24], which may possibly represent a
compensatory mechanism in the striatolimbic pathway.

An association between a DRD3 Ser9Gly polymorphism and improvement in
positive symptomatology after AP treatment has been reported, especially in the case
of typical APs [25-29]. In vitro studies indicate that the Gly variant is associated with
higher dopamine binding affinity [30]. The Gly variant has in general been associated
with good response in Caucasians but poor response in Chinese, which may relate to
the different genetic backgrounds in the different ethnic groups.

An elevation of D4 receptors in the brain of patients with schizophrenia, combined
with the observation that D, receptors were more strongly targeted by clozapine than
D, receptors, led to the hypothesis that D, receptors mediate the AP efficacy of
clozapine [31,32]. Several studies on the association of a 16-amino acid repeat
polymorphism in exon 3 of DRD4 have been conducted, with conflicting findings.
Three studies have suggested that this polymorphism is associated with response to
clozapine and risperidone [33-35], while others have been negative in regard to such
associations [36-39].
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A number of reports have found associations between a silent HTR2A
polymorphism, the 102-T/C substitution and response to clozapine and risperi-
done [40-45]. This polymorphism is in high linkage disequilibrium (LD) with
the —1438G > A promoter polymorphism in Caucasians, and its G allele may be
associated with reduced promoter activity [45]. The —1438G allele tends to be
associated with poorer response, suggesting that a lower expression of the SHT,5
protein may reduce the serotonin—dopamine regulation exerted by SHT,, antago-
nists. Another functional variant in HTR2A resulting in a His452Tyr change has
been associated with response to clozapine response [46,47], and although not
replicated [48-52], a meta-analysis seemed to indicate an association of the Tyr
variant with worse response [42].

Genetic variants in the promoter (—759T > C and —995G > A) and coding region
(Cys23Ser) of the HTR2C have also been associated with response to clozapine, with
specifically improvement in negative symptoms [28,53,54].

Studies of the 5HTs [55] and 5HT¢ receptor genes has indicated a minor
contribution to response to clozapine [56] or risperidone [22], but replication is
required [57].

The SHT; receptor is hypothetically involved in negative, cognitive, and
depressive symptomatology. The presynaptic autoreceptor function leads to its
ability to influence efficacy by regulating other serotonin and dopamine receptors.
A 2006 study provides support for this theory by reporting an association between the
5HT;, —1019C > G polymorphism and improvement in negative symptoms [58].

In addition to receptor variants, polymorphisms in the serotonin transporter gene
(5HTT) may also influence AP response. The VNTR in the promoter of the SHTT,
which is usually denoted as the SHTTLPR promoter polymorphism, seems to
contribute to clozapine response [54,59], although this was not replicated in all
studies [60,61].

There are many lines of evidence implicating a role for the glutamatergic system
in psychosis, and response to antipsychotics in relation to genotype for these
receptors has also been considered. Metabotropic glutamate receptor type 3
(GRM3) genotypes were associated with negative symptom improvement after
treatment in a small sample of Caucasian patients [62], and Chiu et al. [63]
found an association between NMDARI receptor subunit 2b variants and the effect
of clozapine during treatment of Chinese patients with schizophrenia, replicating the
earlier report by Hong et al. [64]. In a Brazilian study, T/T homozygosity of the
functional 825C > T polymorphism of GNB3 (ff subunit of a G protein involved in
signal transduction of G-protein-coupled receptors) has been reported to be asso-
ciated with nonresponse to clozapine [65].

7.2.2 Adverse Drug Reactions

A number of different ADRs are associated with AP use, including tardive dyski-
nesia, weight gain, agranulocytosis, hyperprolactinemia, and neuroleptic malignant
syndrome (NMS). As discussed below, there is pharmacogenetic data available on
each of these reactions. It is important to stress that NMS and agranulocytosis are rare
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events during AP treatment; therefore, it is difficult to gather sufficiently large
samples for detection of moderate genetic effects.

7.2.2.1 Tardive Dyskinesia

Tardive dyskinesia (TD), an ADR more commonly associated with typical AP
medication, is an involuntary movement disorder manifesting typically in the
orofacial area, but frequently extending to the limbs and the trunk. Vulnerability
to involuntary movements, including TD over a lifetime trajectory of schizophrenia,
approaches 100%, with the annual incidence of TD estimated at approximately 5% in
patients treated with typical APs [66,67].

Both genetic and nongenetic factors are currently thought to play a role in the
etiopathogenesis of TD. Genetic variability in DMEs, neurotransmitters, and oxi-
dative stress pathway genes have all been associated with the development of TD,
although mostly with inconsistent results [68]. Impaired activity of the CYP2D6
enzyme was associated with TD as early as 1995 [69]. A meta-analysis of 12 studies
on the impact of CYP2D6 variants on TD risk in various ethnicities concluded that
CYP2D6 PM status might predispose to TD in patients with schizophrenia treated
with antipsychotics drugs [70], and a case of a CYP2D6 PM who exhibited tardive
dyskinesia on risperidone, accompanied by unexpectedly high risperidone levels,
was reported by Bork et al. [71], with a study in Chinese patients with schizophrenia,
concluding that the CYP2D6*10 reduced-activity allele might be associated with
TD [72]. Interestingly, there is also evidence of increasing risk of TD with increased
CYP2DG6 activity. In a study of German patients, CYP2D6 genotype was as good a
predictor of adverse events as plasma haloperidol concentrations [73]. CYPIA2
variants also appear to constitute genetic risk factors for the development of drug-
induced TD, as suggested by positive association findings [74,75]. The evidence
overall appears to support the involvement of CYPIA2 and CYP2D6 variants in
AP-induced movement ADRs, including TD despite several negative reports, such as
one from Plesnicar et al. [76].

Polymorphisms in DRD3 receptor genes were first reported to contribute to drug-
induced TD by Steen and colleagues [77] and by Segman et al. [78]. In both studies,
individuals with one or two copies of the Gly allele of the DRD3 Ser9Gly
polymorphism were more likely to develop TD with AP treatment. Several subse-
quent studies failed to replicate this finding [79,80], but a meta-analysis in a large
sample of 780 patients of different ethnic backgrounds treated with typical APs [81]
and further reports of association [82—-84] have confirmed the DRD3 Ser9Gly
association with TD. The Gly variant is reportedly associated with significantly
higher dopamine activity, which, in turn, could explain the association with move-
ment disorders [85]. However, the modest odds ratios seen also suggest further
contribution of other genes in the development of this severe side effect.

An association between DRD2 polymorphisms and TD has been reported by two
studies [86], but no evidence was found by others [§7-94]. Interestingly, two meta-
analyses also confirmed the association [95,96].

There is also a reported association between DRD4 polymorphisms and drug-
induced TD [92], increasing the evidence supporting the involvement of dopamine
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receptors in susceptibility to TD. The contribution of 10 polymorphic sites in six
candidate dopaminergic and serotonergic genes to the development of TD was
examined in a small Jewish sample, with only the dopamine transporter gene
3’VNTR polymorphism, the serotonin transporter-linked polymorphic region
(BHTTLPR), and the tryptophan hydroxylase intron 7 polymorphism yielding trends
toward a positive association [97].

Serotonin inhibition of dopamine function may also contribute to the patho-
logical events related to movement disorders. Initial reports of association between
5HT,, polymorphisms and TD [91,98,99] were not replicated in independent
studies [100-102]. The association was later confirmed in a combined analysis
controlling for patient age [103], an important factor in the development of TD.
Serotonin SHT,¢ promoter polymorphisms were also reportedly associated with
TD [104].

Oxidative stress caused by the increased formation of reactive-oxygen species
induced by AP treatment may result in neuronal degeneration and TD. A possible
synergistic effect of DRD3 Ser9Gly and manganese superoxide dismutase genes
(SOD2) influencing mitochondrial free-radical scavenging on susceptibility to TD
has been reported [105], but a study investigating increased activity of plasma
MnSOD in TD failed to link this to the SOD2 Ala9Val polymorphism [104]. Further
evidence supporting the oxidative stress hypothesis was provided by studies inves-
tigating NAD(P)H quinone oxidoreductase (NQOI1) and nitric oxide synthases
(NOSI1 and NOS3). NQOI polymorphisms were found to be associated with TD
in Korean patients [106], but not in Taiwanese patients [107]. Although no evidence
could be found of a relationship between NOSI genetic variants and TD [108,109],
positive associations with NOS3 polymorphisms [110] support a possible role of
oxidative stress and neuronal damage in the development of TD.

More recently, a genomewide association study from Japan identified eight
GABAergic pathway genes involved in TD [111], but this finding needs additional
confirmation.

7.2.2.2 Weight Gain

Side effects such as weight gain can be a serious impediment to successful phar-
macotherapy, and a genetic component has been suggested to contribute to this side
effect [112,113]. Serotonin and histamine receptors have important roles in control-
ling eating behavior and are hence obvious candidate genes for study in this area. The
adrenergic system is thought to play an important role in regulating energy balance via
stimulation of thermogenesis and lipid mobilization in adipose tissue. Genetic
variation in these receptors could alter lipolytic activity and contribute to weight
alterations during AP treatment. Among APs, clozapine appears to have the greatest
weight gain liability, with some patients gaining as much as 50kg over a 1-year
treatment period [114]. Ten genetic polymorphisms across nine candidate genes,
namely, the HTR2C, HTR2A, the H; and H,, the CYP1A2, the f3-and o/1-adrenergic
receptor genes (ADRB3 and ADRAIA respectively), and the tumor necrosis factor
o gene (TNFw), involved in both central hypothalamic weight regulation and
peripheral thermogenic pathways, were investigated in one study [115]; only four
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of these genes (ADRB3, ADRAIA, TNFao, and HTR2C) demonstrated a modest,
nonsignificant trend toward a positive association with clozapine-induced weight
gain. More recent work has demonstrated a significant association between the
—1291C>G polymorphism of the adrenergic «2A-receptor gene and antipsy-
chotic-antipsychotic medication-induced weight gain (clozapine and olanzapine)
in Caucasians, and pending further studies, also in African-Americans [116].

Among the genes and their variants known to be associated with AP-induced
weight gain is the promoter polymorphism —759C >T, which is thought to alter
HTR2C gene expression [28,117]. This polymorphism has been shown to be
associated with weight gain due to typical antipsychotics, clozapine, and risperidone,
with several studies showing a protective effect against weight gain of the —759T
variant [117-120], although not all studies agree with this [121-124].

Furthermore, a —2548A > G variant of the leptin gene, a hormone that also plays a
role in the regulation of food intake, was found to be associated with weight gain after
9 months of weight gain, but not in the short term in first episode English
patients [120]. This finding was replicated in Korean patients with schizophrenia
receiving olanzapine treatment [125]. Another study found that changes in body mass
index (BMI) from baseline increased significantly in persons with olanzapine plasma
levels >20.6 ng/mL for subjects carrying at least one G allele at the —1548G > A
polymorphism of the leptin gene and the GIn223Arg polymorphism of the leptin
receptor, and concluded that genetic variability in the leptin gene and leptin receptor
may predispose some individuals to excessive weight gain from increased exposure
to olanzapine [126]. Mueller and Kennedy [127] also found an association between
the leptin gene, leptin receptor genes, and GNB3 and antipsychotic-medication-
induced (AMI) weight gain. More recently, another leptin gene variant, rs4731426,
was found to be moderately associated with median weight gain and significantly
associated with extreme weight gain in an Indian population of patients taking
olanzapine [128]. Musil et al. [129] reported three polymorphisms in the synapto-
somal-associated protein of 25 kDa (SNAP25 gene) that were positively associated
with either AP-induced weight gain or elevated baseline triglyceride levels.

The G variant of a —1291C>G promoter polymorphism in ADRA2A was
significantly associated with weight gain on clozapine and olanzapine in two separate
studies in Chinese and Korean patients, respectively [130,131], and more recently in
a study on Europeans [116]. Variants of the f{3-adrenergic receptor do not appear to
contribute to clozapine-induced weight gain [132].

A study of 11 olanzapine-treated Caucasian patients found an association between
CYP2D6 PM alleles (*3 and *4) and increased BMI [133], although the mechanism
for this is unclear. A more recent study found no significant correlation between
olanzapine concentration and weight gain [134], although dose response and weight
change (as well as prolactin) were significantly correlated.

A genomewide linkage study of obesity in patients undergoing treatment with
typical APs identified suggestive linkage at 12q24 [135]. The gene coding for pro-
melanin-concentrating hormone (PMCH), involved in the control of food intake and
energy regulation, is located near this region and is a potential candidate gene for
drug-induced weight gain. This hypothesis was later tested in patients with
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schizophrenia receiving APs and in controls by the same researchers, who suggested
that the common allele of PMCH may be associated with a greater BMI in
olanzapine-treated patients with schizophrenia [136].

A physiogenomic study of the genes associated with olanzapine- and risperidone-
induced weight gain showed some between drug variations, indicating that the
mechanisms of weight gain for these drugs are different—specifically, that risper-
idone-induced weight gain appears to be associated with SNPs in the leptin receptor,
neuropeptide Y, and paroxonase 1, all of which play significant roles in appetite
regulation [137]. Another candidate gene that has been suggested as implicated in
risperidone-induced weight gain is brain-derived neurotrophic factor (BDNF), which
is involved in the regulation of body weight fluctuation and metabolism in both
animals and humans. Variants in the BDNF gene, specifically the BDNF Val66Met
polymorphism [138], appear to be associated with risperidone-induced weight gain.
Further associations between BDNF and risperidone include a positive correlation
between clinical response to risperidone and increased levels of serum BDNF [139].

7.2.2.3 Agranulocytosis

Although infrequent (0.7-3% of treated patients [140-142]), clozapine-induced
agranulocytosis is a potentially lethal side effect, due to its clinical implications.
Immune-mediated toxicity, is one of the likely causes of neutropenia. It has been
shown to be associated with a dominant gene within the major histocompatibility
complex region marked by heatshock protein 70-1 and 70-2 variants, and several
reports of associations with the major histocompatibility complex (MHC) seem to
confirm this hypothesis [143—145]. Thus, HLA loci may serve as clinically
relevant genetic markers to identify patients prone to this severe idiosyncratic
drug reaction.

Alternatively, it has been suggested that defective oxidative mechanisms may be
the cause of agranulocytosis, and that oxidative mitochondrial stress in neutrophils
of clozapine-treated patients probably contributes to it [146]. Myeloperoxidases
(MPOs) and NADPH oxidases participate in the oxidative mechanism of neutro-
phils, and polymorphisms in the genes coding for MPO and for a subunit of NADPH
oxidase (NOX1) were found to be related to clozapine-induced agranulocyto-
sis [142]. However, a preliminary study failed to replicate the MPO associa-
tion [147]. Furthermore, variants of the oxidative gene NQO1, which is involved in
the detoxification of drugs, were associated with clozapine-induced agranulocy-
tosis [141]. Another more recent candidate for exploration is the gene encoding the
cytokine TNFa, whose release is stimulated by AP treatment. Polymorphisms in
this gene are found at higher frequencies in patients presenting with
agranulocytosis [148].

7.2.2.4 Hyperprolactinaemia

Earlier, AP-induced hyperprolactinaemia was shown to be associated with the DRD?2
TaqlA polymorphism [149], and more recently, a significant association between
DRD?2 —141C and hyperprolactinaemia was shown, consistent with in vitro work;
this association was strengthened by controlling for CYP2D6 genotypic category, and
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by haplotype analysis [150]. Moreover, CYP2D6 seems to be an independent
contributor to the pituitary pharmacodynamic tissue sensitivity to perphenazine
after accounting for the A1l allele of the Tag1A polymorphism 3’ of DRD2. At a given
AP dose, individuals with the A1 allele were shown to achieve a higher occupancy of
D, receptors by APs, consistent with increased prolactin elevation in the A1/A1
genotype group [151]. These findings provide a basis for further studies of the
endogenous substrates and interactions of CYP2D6 and the rational selection of
candidate genes for the investigation of AP-induced hyperprolactinaemia.

7.2.2.5 Neuroleptic Malignant Syndrome

Severe dysfunction of the dopaminergic system is thought to be the main patho-
physiological mechanism for neuroleptic malignant syndrome (NMS). Its incidence
ranges between 0.3% and 2% [152]. Two reports by the same investigators have
suggested association between a DRD2 TaqlA polymorphism and NMS [153,154],
but this association was not confirmed independently [155]. This polymorphism is
now known to lie inside a novel kinase gene, ANKKI [156], and further research in
this area is warranted. Additional support for the involvement of the D, receptor was
provided by the finding of association between the functional —141-C Ins/Del with
NMS, with patients possessing the Del allele showing higher incidence of
NMS [157]. The —141-DelC allele was initially reported to be associated with a
lower expression of the D, receptor protein in vitro [23] and higher D, density in the
striatum in vivo [24], whereas the Tagl Al allele has been related to lower D,
densities [157]. A single-photon emission-computed tomography study by Jauss
et al. [158] has shown that D, receptors were completely occupied in patients with
acute NMS. This could result either from lower D, density or from increased
occupancy of D, receptors by dopamine in a state of acute psychosis. The in vivo
observation of higher D, density in patients with the —141-DelC allele [24] could
support the latter hypothesis.

7.3 PHARMACOGENETICS OF ANTIDEPRESSANT TREATMENT

Pharmacotherapy in depression results in effective treatment for the majority of
patients, but over 50% do not respond sufficiently to the initial treatment, and it can
take up to 6 weeks before the results of such treatment can be evaluated. It would,
therefore, be highly desirable to identify nonresponders prior to initiating therapy
such that exposure to long periods of trial and error is avoided. The impact of a test
identifying these patients on healthcare costs would, undoubtedly, be enormous.
There is a considerable literature on genes affecting the outcome of antidepressant
treatment [159]. These include those relevant to drug metabolism, those encoding
neurotransmitter transporters, metabolic enzymes, and receptors; and those
belonging to a number of miscellaneous categories. This section considers all
classes of antidepressants, including selective serotonin reuptake inhibitors
(SSRIs), tricyclic antidepressants (TCAs), and monoamine oxidase inhibitors
(MAOIs).
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7.3.1 Genes Relevant to Drug Metabolism

Most interest has focused on CYP2D6 (see Chapter 2 for more details on this gene).
CYP2D6 poor metabolizers may show increased concentrations of metabolized
drugs at conventional doses [160]. At the other extreme, ultrarapid metabolizers may
not reach therapeutic concentrations at customary doses, and it has been hypothesised
that they would therefore require an increased dose to achieve therapeutic
response [161]. For example, with nortriptyline, CYP2D6 PMs require only 50%
of the average effective antidepressant dose, but UMs may require up to 230% of this
dose for an effective response [161].

Genetic polymorphism of CYP2D6 has been a major focus for pharmacogenetic
studies in depression, and dosage recommendations in relationship to CYP2D6
genotypes have been suggested [162]. CYP2D6 plays a significant role in the
metabolism of many antidepressants, thus making CYP2D6 polymorphisms poten-
tially important in determining drug concentrations and clinical outcome.

The CYP2C19 gene is also involved in the metabolism of several antidepressants.
The magnitude of the influence of CYP2C19 activity on the pharmacokinetics and
clinical effects of such antidepressants is, as with any other drug metabolising
enzyme, dependent on the relative contribution of this CYP and the metabolic
steps involved, compared with other CYPs (particularly CYP2D6) and other relevant
drug metabolizing enzymes (DMEs). Following a single oral dose of moclobemide, a
monoamine oxidase inhibitor (MAOI), a 3-fold higher area under the curve (AUC),
has been observed in CYP2C19 PM compared with EM subjects [163], and CYP2C19
is extensively inhibited by omeprazole in CYP2C19 EMs but not in PMs [163,164].
The plasma concentration of moclobemide has not been associated with therapeutic
efficacy. Instead, there appears to be an association between plasma concentration
and side effects such as dizziness, nausea, and insomnia [165], whereby an increased
risk of side effects might be expected in CYP2C19 PMs. Amitriptyline, a TCA, is
demethylated to nortriptyline by CYP2C19. CYP2CI9 genotype affects the meta-
bolic ratio (MR) of amitriptyline to nortriptyline, as well as the AUC of both [166—
168]. However, although a preliminary report found a relationship between CYP2C19
genotype and response to a variety of TCAs [169], the effect on response was not
replicated in a study on amitriptyline alone [170]. CYP2C19 can also affect the risk of
ADRs; one study found that a combination of high CYP2C19 activity and low
CYP2D6 activity conferred the highest risk of ADRs, since CYP2C19 produces the
active metabolite nortriptyline, whereas CYP2D6 metabolizes nortriptyline into
the inactive metabolite 4-hydroxynortriptyline [170]. Furthermore, the steady-
state plasma concentration of clomipramine has been shown to be affected by the
CYP2C19 genotype [171]. Although it is considered pharmacologically active, the
plasma concentration of the metabolite desmethylclomipramine has been reported to
be inversely correlated to the clinical effect [172], thus suggesting that CYP2C19
status might influence therapeutic outcome.

The SSRI sertraline is demethylated by CYP2C19 to an almost inactive metab-
olite, and the areas under the curve (AUCs) of sertraline and desmethylsertraline have
been shown to be 41% higher and 35% lower, respectively, in PMs compared with
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EMs when sertraline is given as a single oral dose [173]. Although it appears that
several P450s are involved in the demethylation of sertraline in vitro, CYP2C19
represents the most important enzyme [174—176]. In addition, the dose — response
relationship in sertraline treatment may not be straightforward, as evidenced from a
lack of improved therapeutic effect when increasing the dose in nonresponders [177].
The SSRI citalopram is metabolized by CYP2C19 into a demethylated metabolite
with lower plasma concentration and potency in terms of efficacy than citalo-
pram [178]. CYP2C19 preferentially metabolises the S-enantiomer of citalopram
(escitalopram), which is considered to mediate the antidepressant effect, and the
AUC:s of citalopram and S-citalopram have been shown to be significantly higher in
PMs as compared with EMs [179,180]. Rudberg et al. [181] analyzed therapeutic
drug monitoring data and found a lower geometric mean escitalopram serum
concentration in patients homozygous for the CYP2C19* 17 ultrarapid allele com-
pared to wild-type (CYP2C19*1/° 1) patients [181]. A similar analysis was conducted
in the prospective study GENDEP, finding an association between CYP2CI9
genotype, including the CYP2C19*17 allele, and steady-state escitalopram concen-
tration-to-dose ratio and an effect of CYP2D6 genotype [6]. An increased dose from
10 to 20 mg appears to increase the response rates in severely depressed compared
with moderately depressed patients [182], and a relationship between CYPs and
ADRs to escitalopram is emerging [8].

There are many different explanations for the lack of correlation between
antidepressant dose and/or plasma concentration, which can be well predicted by
cytochrome P450 genotype, and clinical response. This includes the complexity of
the depression phenotype, which may include various subtypes, as exemplified by the
phenomenon that moclobemide (MAOI) non-responders may be treated with ser-
traline (SSRI) [183]. P450 genotype-adjusted drug dosage may, of course, be only
one route for improvement of drug treatment in depression [184], with other means of
improving therapeutic outcome also important.

7.3.2 The 5HT Transporter Gene

There is evidence that the influence of life stress in the etiology of depression is
moderated by polymorphism in the SHTT gene [185]. Moreover, since the SHT
transporter (SHTT) is a primary target for many antidepressants, especially the
SSRIs, the effect of SHTT variants, particularly the SHTTLPR (see Chapter 5 for more
information on SHTT variants) on clinical response to these drugs has been studied,
commencing with the Italian studies on clinical response to fluvoxamine and
paroxetine [186,187], which showed that the presence of at least one long (1) allele
was significantly associated with greater improvement in Hamilton depression rating
scale (HDRS) scores. An association between the SHTTLPR and response to SSRIs
was replicated in Spanish Caucasians, elderly Americans, and Taiwanese [3]. Rausch
et al. [188] also reported an association between the SHTTLPR 1/1 genotype and
improved response to fluoxetine and a placebo-controlled study confirmed a signif-
icant increase in response to sertraline in elderly depressed patients homozygous for
the 1 allele compared with patients carrying one or two copies of the s variant.
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No significant difference was observed in the placebo group [189]. A positive trend
toward an association between the SHTTLPR 1/1 genotype and response to treatment
with TCAs in a group of Caucasian mainly unipolar depressed patients has also been
reported [190]. On the other hand, several studies have suggested an association in the
opposite direction, not only in East Asian but also in American patients treated with
SSRIs [191]. In the East Asian studies, the different results may be due to differential
frequency of the 1 and s alleles (and other length variants) compared to Caucasians as
well as different sequence variation in this region. Ito et al. [192] found no association
between SHTTLPR genotype and response to fluvoxamine after 6 weeks of treatment
in 66 patients with major depressive disorder, and these negative findings were later
replicated [193]. However, on meta-analysis, there was overall a positive association
between 1/1 or 1/s genotypes and better response to SSRIs [3]. Kim et al. [194] have
also found a significant association between specific SSRI response and the intron
2VNTR 12/12 genotype in the SHTT, and in a later study an interaction between the
SHTTLPR and the intron 2 VNTR in antidepressant response [195]. Moreover,
significant associations between the SHTTLPR and SLC6A4 intron 2 genotypes with
both remission and response following initial and second switch therapy were found
in a 2009 study from Scotland [196]. In the GENDEDP study, an association between
the SHTTLPR and response to escitalopram in men, and also between the functional
intron 1 SNP (rs2020933) and response to both escitalopram and nortriptyline has
been found [197]. Moreover, in the same study, baseline stressful life events were
shown to predict a significantly better response to escitalopram [5], but had no effect
on response to nortriptyline, with variation in the SHTTLPR and STin4 (an intron 4
short tandem repeat polymorphism in SLC6A4 not previously studied) significantly
modifying these effects [5]. Stressful life events were a specific predictor of reduction
in the cognitive symptom dimension on escitalopram but not nortriptyline [198,199].
More complex analytical approaches, including gene—environment interactions, may
therefore be required to tease out pharmacogenetic associations.

7.3.3 Genes Relevant to Neurotransmitter Metabolism Pathways

As tryptophan hydroxylase, encoded by the TPH1 gene, is the rate limiting enzyme in
serotonin biosynthesis, a role for TPH in the pathophysiology of mental disorders has
long been suspected. In a Finnish sample, the intron 7 A779C polymorphism was
associated with suicidality and alcoholism [200]. This polymorphism is in strong
linkage disequilibrium with another in intron 7 (A218C), located in a potential
transcription factor binding site, which may hence influence gene expression. Associa-
tions between the A218C TPHI variant and response to both fluvoxamine and
paroxetine have been reported in Italians, but not replicated in Asian samples [159].

Although TPH1 may be associated with the regulation of peripheral tryptophan
levels and therefore availability of tryptophan to the brain [201], the more recently
studied candidate is the centrally expressed TPH2 locus [202]. In a Germany study,
the polymorphisms rs10897346 and Pro312Pro in the TPH2 gene were suggested to
play an important role in TPH2 expression and antidepressant drug response [203].
Peters et al. [204] and Uher et al. [205] included TPH2 in their studies of
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antidepressant response, and the latter were negative for both SNPs in both TPHI and
TPH?2. SNPs in TPHI and TPH?2 were also negative for association with increasing
suicidal ideation in GENDEP [206].

Monoamine oxidase A (MAOA) is also a good candidate for an effect on antide-
pressant response, as it is involved in degradation of monoamines, and it may also
influence the mechanism of action of SSRIs through interaction with the SHT trans-
porter. Mueller et al. [207] investigated the possible correlation between a MAOAVNTR
(see Chapter 5 for more details on this polymorphism) and the antidepressant response to
moclobemide, with negative results. On studying the MAOA VNTR polymorphism
together with the TPHI A218C in Japanese patients with depression, Yoshidaetal. [208]
did not find any association with fluvoxamine treatment. This negative finding was
replicated in a sample of inpatients with major depression and bipolar disorder treated
with fluvoxamine or paroxetine [209] and also by Peters et al. [204] in the study
described above. The VNTR is, however, to be studied in GENDEP.

For the catechol-O-methyltransferase gene (COMT), two pharmacogenetic stud-
ies revealed similar effects of the Val158Met variant, which is associated with altered
COMT enzyme activity on antidepressant treatment, indicating that the Val (high
activity) allele was associated with better response to mirtazapine [210], citalo-
pram [211], and milnacipram [212]. This finding was not replicated for response to
paroxetine [210,211].

7.3.4 Neurotransmitter Receptor Genes

Other possible candidate genes for pharmacogenetic studies are those coding for
receptors, especially those in the serotonin and noradrenaline systems. The postsyn-
aptic SHT, 4 receptor is thought to influence the efficacy of serotonergic antidepres-
sants. The C-containing variants of the T102C HTR2A polymorphism have been
associated with response to treatment with SSRIs, TCAs, and electroconvulsive
therapy (ECT) [213]. One previous study found suggestive evidence that HTR2A
was associated with adelayed and sustained pattern of treatment outcome on fluoxetine
in a small sample [209], and an earlier study of 443 depressed inpatients detected a
marginally significant association between HTR2A variants and outcome [208].
Furthermore, a Korean study investigating the relationship between the —1438A/G
polymorphism in HTR2A and response to citalopram in major depressive disorder
(MDD) showed that the G allele of the —1438A/G polymorphism in HTR2A was
associated with MDD, and that patients homozygous for the —1438G allele had a better
response to treatment with citalopram than did patients with the other —1438A/G
genotypes [214]. A more recent Japanese study found that the —1438G/G genotype of
HTR2A was significantly associated with a good response to fluvoxamine, and
significantly so with severe nausea in paroxetine-treated MDD patients [215]. In
total, 68 candidate genes were genotyped, with 768 single-nucleotide polymorphism
markers chosen to detect common genetic variation in 1953 prospectively assessed
patients with MDD who were treated with citalopram in the sequenced treatment
alternatives for depression (STAR*D) study, and a significant association between
treatment outcome and a SNP in HTR2A was detected [216]. Participants who were
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homozygous for the A allele in rs7997012 had an 18% reduction in absolute risk of
having no response to treatment, compared with those homozygous for the other allele,
while the A allele was over 6 times more frequent in white than in black participants, and
treatment was less effective among black participants. The authors, therefore, sug-
gested that the A allele may contribute to racial differences in outcomes of antide-
pressant treatment [216]. In the GENDEP study, another SNP (rs9316233) in the same
intron in HTR2A was associated with response to escitalopram, and a haplotypic
association comprising four markers was also found [205]. A second study utilizing a
second wave of genotype results from STAR*D tested the association between
treatment response and 768 markers genotyped in the full set of 1816 eligible patients
from this cohort [217]. In addition to the previously identified marker in the HTR2A
gene, a new marker (rs1954787) in the GRIK4 gene, which codes for the kainic
acid-type glutamate receptor KA 1, was observed, suggesting thatthe glutamate system
may play an important role in modulating response to SSRIs [217]. Furthermore, in a
2009 study from Scotland, the HTR2A 1354T/C polymorphism was shown to be
associated with remission and response following paroxetine therapy [196].

Lemonde et al. [218] found an association between the G allele of the functional
—1019G/C variant in the SHT1A receptor gene (HTRIA) and response to various
antidepressants in 118 unipolar subjects. These results were replicated by Serretti
etal. [219] when investigating fluvoxamine response in a sample of 262 mood disorder
patients; the HTRIA —1019G allele appeared to be associated with the antidepressant
response in bipolar subjects only. Similar findings were reported later, in a naturalistic
design study [220]. Nevertheless, studies by Arias et al. [221] and Baune et al. [222]
revealed findings in the opposite direction, but the significance of these findings could
be seen only after considering HTRIA genetic variation together with SHTTLPR
genetic variants. In the Asian population, three studies reported significant results with
better response for G/G compared to C allele carriers [223-225]. A different
Gly272Asp polymorphism was explored in Japanese depressive outpatients treated
with fluvoxamine [226]. Asp-allele carriers showed a more marked reduction in
depressive symptomatology compared to Gly/Gly homozygotes. This finding was
not confirmed by subsequent studies [224-227], although this polymorphism was
found to be in strong LD with —1019C/G [224]. A significant association of treatment
response with two other SNPs, rs10042486 in the promoter region and rs 1364043 in the
downstream region, has also been reported [225], with the minor allele homozygous
combination —1019G-rs10042486C-rs1364043T (all in strong LD) robustly associ-
ated with a better response and fast remission. In GENDEP, the corrected p value for
SNPs in HTRIA in the escitalopram-treated subjects was 0.05, with a higher p value
for the combined value or the nortriptyline-treated subjects [205].

A significant association between HTR3A 178C/T T homozygotes and better
response to SSRIs has been reported, although no association of this SNP with side
effects including nausea could be observed in the same study [215]. Two other studies
also found no association between the HTR3A 195C/T or 178C/T SNPs with
gastrointestinal symptoms induced by SSRIs [228,229], but the former found a
significant association of the HTR3B 129Tyr/Ser (rs1176744) polymorphism with
nausea induced by paroxetine.



228 PHARMACOGENETICS IN PSYCHIATRY

The serotonergic and dopaminergic systems are interconnected in the brain, with
serotonergic projections believed to inhibit dopamine function in the midbrain [230].
SSRIs were shown to enhance dopamine function in the nucleus accumbens through
increased expression of postsynaptic D, receptors, and Klimke et al. [231] suggested
an association between changes in the dopaminergic system and treatment response
in major depression. However, a study testing two functional polymorphisms, the
DRD2 311C/S and the exon three VNTR polymorphism of DRD4 failed to find any
evidence of association with efficacy of SSRIs [232].

7.3.5 Miscellaneous Candidate Genes Affecting
Antidepressant Response

Abnormal signal transduction pathways are possibly involved in the response to
treatment with antidepressants. A functional polymorphism in GNB3, the gene
encoding the 3 G protein subunit, 825C/T (rs5443) in exon 10, is associated
with alternative splicing to a protein truncated by 41 amino acids (GNB-s), which is
associated with enhanced signal transduction [233] and an increased risk of major
depression. A number of studies have also reported an association between the TT
genotype at this SNP and good response to a variety of antidepressants [234-238].
Contradictory findings have, however, been reported [239], and a more recent meta-
analysis was negative [240]. Interestingly, more recent analysis of the GENDEP data
aiming to elucidate the reason underlying these apparent discrepancies found that the
TT genotype was significantly associated with better response to nortriptyline, and
these effects were specific to improvements in somatic symptoms. In addition, the
same genotype predicted fewer incidents of treatment-emergent insomnia and greater
weight gain on the same drug [241].

More recent data suggest that antidepressants increase the synthesis and signaling
of brain-derived neurotrophic factor (BDNF), and BDNF signaling appears to be
involved in behavioral effects induced by antidepressants [242]. BDNF secretion
and intercellular trafficking are regulated by a functional polymorphism in the
BDNF gene, resulting in a Val — Met substitution at codon 66 [243]. Several
studies have investigated the effect of this polymorphism or other BDNF
SNPs [244-246] on antidepressant response with discrepant findings possibly
contributing to differentail allelic frequencies in different ethnic groups. In
GENDEP, associations between haplotypes of markers in BDNF and its receptor
(NTRK?2) and treatment-emergent suicidal ideation were found, with an interactive
effect between these two genes [4]. The association with NTRK2 has been replicated
by GWAS analysis [247].

Other candidate genes potentially playing a role in the antidepressant response
include an intronic Ins/Del polymorphism in the angiotensin-converting enzyme
gene (ACE). This polymorphism has a dramatic impact on substance P levels and may
affect activity of antidepressants. Indeed, the D allele, which determines higher ACE
plasma levels [248] (see also Chapter 5), was associated with higher substance P
levels [249] and a faster response to treatment with antidepressants [250], especially
among women [251], although negative results were also reported [252].
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Some genes coding for components of the hypothalamic—pituitary—adrenal axis
have been explored as modulators of antidepressant response. The corticotrophin-
releasing hormone receptor 1 gene (CRHRI) is a promising candidate as CRHR1
antagonists have consistently demonstrated antidepressant properties in experimen-
tal animals and humans [253,254]. Research on CRHRI pharmacogenetics is at a
very early stage; however, two studies identified associations with three SNP
haplotypes to antidepressant response [255,256]. The influence of SNPs within
the gene encoding the hsp90 cochaperone FKBP5 [a part of the mature glucocorticoid
receptor (GR) heterocomplex] was also investigated by four studies with inconsistent
results [257-260].

7.4 PHARMACOGENETICS OF LITHIUM TREATMENT

Lithium response has long been thought to have a genetic component, and disturbances
of the serotonergic system have been repeatedly implicated in the mechanism of action
of lithium. No association between response to lithium prophylaxis and the 102T/C or
the 1421C/T HTR2A polymorphisms was found in an Italian sample, but the same group
reported a positive association between presence of the 1 allele of the SHTTLPR
polymorphism and good response to lithium [261,262], in contrast with an earlier
Sardinian study reporting the 1/1 genotype to be associated with the nonresponder
phenotype [263]. In a study from Poland, the 102T/C HTR2A and the 68G/C HTR2C
polymorphisms were not associated with degree of prophylactic lithium
response [264], and the same group replicated the positive association between
presence of the 1 allele of the SHTTLPR polymorphism and good response to lithium
treatment [265]. Furthermore, a significant association between TPH and prophylactic
efficacy of lithium has also been reported [266].

Lithium, at therapeutic doses, inhibits inositol polyphosphate 1-phosphatase, which
isinvolved in recycling inositol phosphatases to inositol [267], and a higher frequency
of a phospholipase C y1 gene (PLCGI) repeat was shown to be positively associated
with lithium response in the treatment of bipolar disorder [268]. In addition, Lovlie
etal. [269] reported a PLCG1 8 repeat to be more frequent among lithium responders
than normal controls, and Steenetal. [270] suggested that the 973A/C polymorphismin
the inositol polyphosphate 1-phosphatase gene was an indication of positive lithium
response. Other genes involved in the intracellular transduction system or hormonal
control have been investigated, including corticotrophin releasing hormone (CRH) or
proenkephalin (PENK) [271]; some polyglutamine coding loci [272], with negative
results; three polymorphic sites localized in exons 9, 26, and 31 of the PLCGI
gene [273]; and six markers on chromosome 18 [274,275].

Washizuka et al. [276] reported an association between the mitochondrial DNA
(mtDNA) 10398 polymorphism and response to maintenance lithium treatment in a
small Japanese sample of patients with bipolar disorder [275]. Another study from
Japan has more recently investigated the association of a breakpoint cluster region
(BCR) gene polymorphism and response to lithium [276]. BCR is one of the two
genes in the ber-abl complex, which is associated with the Philadelphia chromosome.
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The allele frequency of Ser796 of the Asn796Ser was significantly higher in
nonresponders than in responders [276].

Glycogen synthase kinase 3 (GSK3[}) gene codes for an enzyme that is a target
for the action of lithium [277]. The —50T/C SNP, within the effective promoter
region of GSK3p, was shown to be possibly involved in the response to lithium [278].
More recently, several polymorphisms in the genes encoding the transcription
factors,—cAMP response element binding 1 (CREBI), CREB2, and CREB3,—
have been investigated in relation to lithium response in bipolar patients. The
CREBI 1H and 7H polymorphisms were shown to be positively associated with
bipolar disorder and/or lithium response [279].

7.5 CONCLUSIONS

In summary, there has been considerable recent progress in the field of pharmaco-
genetics in psychiatry. Valuable samples have been collected through collaborative
effort, and positive findings are emerging. This review has focused on antipsychotics
and antidepressants; however, in other areas, such as ADHD and addictions [280],
significant progress is also being made. Atomoxetine is metabolised by CYP2D6 and
used in the treatment of ADHD. Trzepacz et al. [281] reported that CYP2D6-poor
metabolisers had a lower mean dose and a greater increase in heart rate, with a trend
for increased discontinuation rate; further work in this area is warranted.

Indeed, we suggest that further resources should be directed to achieving the
maximum potential in this field, including utilization of existing collections that have
not yet been fully explored, in order to enhance the clinical care and quality of life of
those with mental illnesses. Given that the World Health Organisation has predicted
that by 2030, depression will be the most significant health condition in terms of
global burden of disease, the known association between depression and other
conditions including addictions and physical health disorders [282], and the contri-
bution that pharmacogenetics/genomics may make not only to more cost-effective
healthcare but also to elucidating molecular mechanisms of disease, it is in the best
interests of society to support such work.
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I CHAPTER 8

Pharmacogenetics in Cancer
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8.1 INTRODUCTION

For many cancer types there are multiple possible treatment options. Selection of the
most appropriate therapy would benefit from guidelines to allow for successful
therapy to be initiated at the earliest possible stage. Failed treatment or unacceptable
toxicity leading to a change of medication or dose can significantly reduce the
optimal therapeutic window. Pharmacogenomics can be a useful tool in the selection
of appropriate therapy based on individual variability in chemotherapy pathway
genes [1].

Many technologies are now marketed for pharmacogenomics in either the
research or clinical setting [2—4], and more recently the US FDA has approved
genetic tests and altered package label inserts for chemotherapy medications on the
basis of pharmacogenomics studies (Table 8.1). Although still in its infancy, the
translation of pharmacogenomics into oncology clinical practice is now underway.

Oncology offersits ownset of challenges for pharmacogenomics research. In addition
to the typical genetic variability seen in the germline genome (single—nucleotide
polymorphisms (SNPs), tandem repeats (VNTRs), insertions/deletions (INDELS),
etc), the tumor genome can often be quite distinct [5]. Studies have shown a good
concordance between the presence of polymorphisms in paired tumor and germline
samples [6-8]; however, this does not take into account other sources of variability
affecting the tumor genome, including somatic mutations, microsatellite instability, loss
of heterozygosity, gross chromosomal rearrangements (e.g., translocations), amplifica-
tion or deletion, and epigenetic factors such as methylation. Markers for toxicity
(in particular markers in pharmacokinetic genes) are more likely to be linked to germline
DNA variation. However, tumor markers in pharmacodynamic genes may be more
relevant for outcome prediction [9].
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TABLE 8.1 Approved FDA Tests for Personalised Cancer Treatment

Test Status

Drug Biomarker (US FDA) Test Type

Cetuximab EGFR expression Required Immunohistochemistry

Trastuzumab  ERBB2 over- Required Immunohistochemistry or fluorescence
expression in situ hybridization (FISH)

Azathioprine ~ TPMT variants Recommended Genotype

Irinotecan UGTI1ALI variants Recommended Genotype

Tamoxifen CYP2D6 variants Pending Genotype

“Approved at time of publication of this volume.

8.2 PERSONALIZED THERAPY

The use of monocolonal antibodies for targeted therapy in oncology is gaining
momentum. In these situations the target would typically be screened for in advance
of therapy selection, as the therapies will work only if the target is present. In some
cases, for example, trastuzumab, the target needs to be over expressed for the therapy
to have a significant effect on outcome.

8.2.1 Cetuximab

Cetuximab is a monoclonal antibody that specifically targets the epidermal growth
factor receptor (EGFR) [10]. It is approved for therapy in EGFR-expressing
metastatic colorectal cancer that has failed to respond to previous irinotecan-
based therapy [11]. EGFR expression is typically determined using immunohis-
tochemistry (Table 8.1).

8.2.2 Trastuzumab

Overexpression of ERBB2 (Her 2/neu) occurs in approximately 30% of breast cancer
cases and is consistently associated with reduced survival [12—14]. Trastuzumab
(Herceptin) is a monoclonal antibody, which was developed as a targeted therapy for
breast cancer patients overexpressing the gene product Her2/neu through amplifi-
cation or overexpression of the gene ERBB2 [15,16]. Trastuzumab was approved for
use in 1998 [12-14] and represents one of the earliest FDA approved treatments
involving screening markers for personalized therapy selection (Table 8.1).

8.2.2.1 ERBB2

Amplification of ERBB2 can be identified clinically using fluorescence in situ
hybridization (FISH), and overexpression is assessed by immunohistochemis-
try [13,17]. Further assessment of serum Her2/neu levels may improve patient
selection [18]. Early-stage or metastatic breast cancer patients with ERBB2 ampli-
fication/overexpression are selected for trastuzumab therapy and also receive
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standard chemotherapy. In addition, trastuzumab monotherapy is used in patients
with ERBB2 overexpressing metastatic breast cancer who have previously
received chemotherapy. There is overwhelming evidence to support the use of
trastuzumab in ERBB2 amplified/overexpressed breast cancer [13]. In a large
study of early-stage breast cancer patients with amplified/overexpressed ERBB2
(combined trial data consisting of 3351 patients), patients had significantly
improved overall survival and disease-free survival after 4 years of treatment
(paclitaxel with trastuzumab) compared to paclitaxel alone [19]. This and other
studies have demonstrated the effectiveness of trastuzumab therapy [13].

Despite the success of trastuzumab, overall or progression-free survival is still not
100% in patients overexpressing ERBB2, according to immunohistochemistry or
FISH data [20]. An analysis of four trastuzumab trials in metastatic breast cancer
suggests that measuring serum levels of the extracellular domain of the Her2 protein
using enzyme-linked immunoadsorbent (ELISA) may also be an important diag-
nostic tool [21]. In addition, there are factors beyond ERBB2 overexpression that can
also influence response to trastuzumab. For example, germline ERBB2 polymorph-
isms and acquired mutations in tumor ERBB2 could impact gene expression or
activity [22]. Additional therapeutic strategies may also help to overcome trastuzu-
mab resistance in some patients [20].

8.3 PHARMACOGENOMIC MARKERS

There is a growing list of examples of genetic tests approved by the US FDA that
could impact response to cancer therapy (Table 8.1). Currently (as of 2011) these tests
are not required prior to therapy, but recommendations for screening can be found in
the package inserts for the relevant medications.

8.3.1 6-Mercaptopurine

6-Mercaptopurine is a commonly used oral medication for childhood acute lym-
phocytic leukemia (ALL). Typically patients receive the therapy daily for 2-3 years.
6-Mercaptopurine exerts its activity by incorporating thioguanine nucleotides into
DNA. 6-Mercaptopurine is also methylated to form methylmercaptopurine via
thiopurine methyltransferase (TPMT) and oxidized to thioruic acid by xanthine
oxidase (XDH). Underexpression of TPMT leads to increased accumulation of
thioguanine nucleotides. This can cause intolerance to mercaptopurine and lead
to severe, life-threatening hematopoietic toxicities [23,24]. In addition to variation in
the TPMT gene, polymorphisms in other members of the 6-mercaptopurine pathway
can also play a role. The gene encoding inosine triphosphate pyrophospatase (ITPA)
has been associated with toxicity [25]. ITPA deficiency leads to a lack of inosine
monophosphate (IMP) [26]. The lack of IMP leads to an accumulation of the
metabolite 6-thio-ITP following 6-mercaptopurine therapy, potentially leading to
toxicity [27].



254 PHARMACOGENETICS IN CANCER

8.3.1.1 Thiopurine Methyltransferase (TPMT)

Activity of TPMT is reduced in patients carrying single nucleotide polymorphisms
(SNPs) in the coding region of the gene. Approximately 10% of patients have an
intermediate enzyme activity, and 0.3% are deficient for TPMT activity [28]. Patients
with intermediate TPMT activity have a greater incidence of thiopurine toxicity,
whereas TPMT—deficient patients have severe or fatal toxicity from 6-mercaptopu-
rine therapy. Reduction of starting dose is essential in patients with reduced
6-mercaptopurine activity to avoid toxicity [29].

Several genetic variants in the TPMT gene have been associated with low
TPMT enzyme activity [24]. Three of these variants (TPMTx2, TPMT=%3A, and
TPMT=%3C) account for up to 95% of low TPMT activity phenotypes [24].
Patients heterozygous for these alleles have intermediate TPMT levels and
tolerate approximately 65% of the standard mercaptopurine dose [30]. Patients
homozygous for the variant TPMT alleles are at high risk for severe, potentially
life-threatening toxicity, requiring significant reductions in drug doses (1/10-
1/15th of the standard dose). Reducing dose in TPMT-deficient individuals does
not affect outcome. Patients receiving dose reduction because of the presence of
variant TPMT alleles have similar or superior survival compared to patients
homozygous for the wild-type TPMT allele [30].

The TPMT=2 variant leads to an amino acid substitution (A80P), causing a cleft in
the protein. TPMT*3A is a combination of two variants leading to amino acid
substitutions (A154T and Y240C). A154T is in the cosubstrate binding site, and the
Y240C allele causes the loss of protein side-chain contacts. The combination of
A154Tand Y240C in TPMT=x3A causes a distorted protein structure [31]. TPMT*3C
contains the Y240C substitution but not the A154T variant.

In Caucasian populations, TPMTx*3A is the most common allele, with a
frequency of 3.2-5.7%. TPMT=%2 and TPMT=3C alleles are present in 0.2-0.8%
of Caucasians. Significant variation in TPMT allele frequencies is seen among
different world populations. TPMT=%3A is the only variation found in Southwest
Asians (1%), whereas TPMTx3 is the predominant allele in African populations
(5.4-7.6%) [24]. Although the commonly studied variants TPMTx2, *3A, and
*3C are convincingly associated with azathioprine toxicity, other variants are
prevalent in non-Caucasian populations. For example, in sub-Saharan African
populations, TPMT=x*8 accounts for the majority of nonfunctional alleles [32],
but this would not be routinely screened for as it is uncommon in other
populations.

In 118 children with ALL, TPMT genotype correlated with TPMT activity only
before the initiation of 6-mercaptopurine treatment [33]. Consequently, prescreening
patients prior to therapy is the most appropriate way to determine the likelihood
of hematological toxicity. Although currently not a requirement for prescribing
6-mercaptopurine, pretreatment knowledge of a patient’s TPMT genotype status is
recommended by the US FDA (Table 8.1) and is often screened in major centers for
dose optimization in order to prospectively reduce the likelihood of toxicity in
children with ALL [34].
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8.3.1.2 TPMT Copy Number

Gain of chromosomes can occur in leukemia cells. Gain of chromosome 6 (containing
the TPMT gene) was shown in a study of 147 children with ALL. There was no bias for
the chromosome 6 (maternal or paternal chromosome) that was amplified. In patients
where a chromosome 6 containing a variant TPMT allele was amplified, leading to
multiple copies of the variant allele, a significant decrease in TPMT activity was
seen [35]. Currently, there are no tests for screening the tumor genome prior to 6-
mercaptopurine dosing. However, screening germline DNA alone will miss the
increase in variant allele copy number and lead to underestimation of TPMT activity,
meaning that the starting 6-mercaptopurine dose would not be appropriately reduced.

8.3.1.3 ITPA

The gene for inosine triphosphate pyrophospatase (ITPA) has been associated with
6-mercaptopurine toxicity. A coding variant, ITPA 94C> A, is predicted to cause
ITPA deficiency [26] and is present at a frequency of 1-19% in different populations.
In Caucasians the minor allele frequency is approximately 7%.

Studies revealed TPMT genotype to be more important than ITPA P32T in
childhood ALL patients for predicting toxicity only in patients not prestratified
for 6-mercaptopurine dosing on the basis of the TPMT genotype. However, in
childhood ALL patients whose 6-mercaptopurine dose was regulated on the basis of
the TPMT genotype, the ITPA P32T allele was significantly associated with the
incidence of febrile neutropenia [25]. In other words, the ITPA P32T polymorphism
identified patients still likely to suffer 6-mercaptopurine—induced toxicity even after
selection for the common toxicity-related TPMT polymorphisms.

If ITPA is validated as a marker for toxicity from mercaptopurine, variants will
need to be screened in conjunction with TPMT polymorphisms and TPMT gene
amplification to better determine the likelihood of toxicity prior to therapy selec-
tion [36]. This would be particularly relevant in populations where the frequency of
TPMT variants is low, as these populations tend to have a correspondingly high
frequency of ITPA P32T. For example, Asian patients, who have a low incidence of
the common TPMT variants, may be more susceptible to toxicity from mercapto-
purine on the basis of the ITPA P32T allele, whereas Hispanic patients have low ITPA
P32T frequency but have some of the highest common TPMT allele frequencies,
suggesting that TPMT is of greater importance for predicting 6-mercaptopurine
toxicity in these populations [36].

8.3.2 5-Fluorouracil (5FU)

5-Fluorouracil (5FU) was developed as a chemotherapy drug in the 1950s [37]
following the discovery that uracil is preferentially taken up by cancer cells. It is still
one of most commonly used treatments (in combination with irinotecan or oxali-
platin) for colorectal cancer. However, some patients experience potentially life-
threatening toxicities from SFU treatment, including severe gastrointestinal toxicities
and neutropenia [38]. S5FU is inactivated via metabolism by dihydropyrimidine
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dehydrogenase, and its main target of action is to block the conversion of dUMP to
dTMP by forming a stable ternary complex with the metabolite FAUMP, thymidylate
synthase, and a methyl cofactor.

8.3.2.1 Dihydropyrimidine Dehydrogenase (DPYD)

Dihydropyrimidine dehydrogenase (DPD) is encoded for by the gene DPYD [39] and
is responsible for the degradation of over 80% of all 5-fluorouracil. As the starting
dose typically accounts for this level of degradation, individuals with decreased
DPD activity have a greater than 4-fold risk of life-threatening toxicity from standard
doses of 5FU [40].

Over 30 polymorphisms in the gene encoding DPD (DPYD) have been described
to date [41-43]. The most frequently studied DPYD polymorphism, DPYDx2A, is a
G — A transition located in an intron/exon splice junction. This results in exon 14
being skipped and absent from the DPD protein [41]. Patients heterozygous for this
polymorphism have low DPD activity and typically experience severe, life-threat-
ening toxicity from 5FU therapy [40,41]. Although commonly screened for in
patients who have experienced SFU toxicity, the incidence of DPYDx%2A in the
general population is very low (< 1%) [44]. In addition, a prospective study of 683
cancer patients treated with SFU identified that the sensitivity of DPYD*2A
predicting SFU toxicity was low (5.5% for overall toxicity) [45]. Consequently, it
has become apparent DPYD=2A is not the sole cause of SFU toxicity, or the only
variant responsible for DPD deficiency.

Although it is a marker for toxicity, DPYDx*2A is too rare to justify screening for it
alone in every patient prior to the selection of SFU at this time. Other more frequently
occurring DPYD polymorphisms may also have an impact on SFU toxicity. For
example, there is an association between DPYDx*5 and moderate to severe SFU
toxicity in gastro intestinal (GI) and colon cancer patients [46].

Variability in the frequencies of DPYD polymorphisms is seen between dif-
ferent world populations [44,47], as well as differences in haplotype structure for
the commonly studied polymorphisms [44]. The relative contribution of the
multiple polymorphisms in DPYD remains to be assessed, and it is likely that a
combination of polymorphisms or a functional haplotype for DPYD would need to
be screened in patients to predict the incidence of 5FU toxicity. Finally, other
genes in the degradation pathway, specifically UPB1 and DPYS, could also play a
role in the predisposition of patients to toxicity from SFU therapy [48-50]. These
genes have, to date, not been comprehensively assessed in a pharmacogenomics
context.

8.3.2.2 DPYD Methylation

Epigenetic silencing of transcription via aberrant methylation in tumor cells can lead
to reduced or absent gene expression. The methylation status of pharmacogenomi-
cally relevant genes in tumors could influence drug response [51]. It has been shown
that various CpG loci (methylation sites) around the transcription start site of DPYD
are abnormally methylated in cells with low expression of the DPD enzyme. Reversal
of this methylation decreased sensitivity to SFU in cultured cells [52], suggesting
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methylation status as a possible pharmacogenomic marker. A positive association
between DPD deficiency and DPYD promoter hypermethylation was also seen,
suggesting the possibility of using methylation of the DPYD promoter as an
alternative mechanism for DPD deficiency in cancer patients [53]. As with many
potential markers, however, a contradictory study showed that DPD RNA expression
did not differ between DPYD methylated and unmethylated tumors [54,55]. It is
possible that the effect of DPYD promoter methylation on DPD activity can be tissue-
specific, and more work needs to be done to clarify the use of DPYD methylation as a
marker for DPD deficiency and SFU toxicity.

8.3.2.3 Thymidylate Synthase (TYMS)

Thymidylate synthase (TYMS), along with the cofactor 5,10-methylenetetrahydro-
folate, catalyzes the conversion of dUMP to dTMP. This is the sole de novo source of
thymidine in the cell. The SFU metabolite, FAUMP, inhibits this conversion, leading
to a depletion of thymidine in the cell and consequently inhibiting DNA synthesis.
Overexpression of TYMS, leading to an excess of TYMS protein, has been linked to
resistance to SFU [56,57]. To date, three common polymorphisms in the TYMS gene
have been identified [58].

The most commonly studied TYMS variant is a 28-bp polymorphic repeat in the
promoter enhancer region of the 5’ untranslated region (5'UTR). This polymor-
phism consists of varying numbers of repeats (2, 3, 4, 5 and 9 copies have been
identified so far) and is typically denoted TSER [59-61]. Studies have suggested
that an increased number of repeats increases TYMS RNA and protein expres-
sion [58,59,62,63]. The frequency of the TYMS TSER alleles among different
ethnic groups shows an interesting pattern. Caucasian and African populations
have similar frequencies of the TSER%3 (3 repeats) allele (49-54%) [60,64,65];
however, Asian populations have significantly higher frequency of TSER%3
(62-95%) [61,64,66]. TSER%2 (2 repeats) makes up the majority of the other
alleles. The TSER#4 (4 repeats) alleles are found mainly in African populations at
low frequency (1-7%) [60,65]; TSERxS5 (5 repeats) has been identified in Chinese
populations ( <4%) [61] and TSER*9 (9 repeats) alleles have been identified only in
a population from Ghana (1%), although many African populations remain unstud-
ied for this polymorphism [60]. The effect on expression of the 4, 5, and 9 repeats
remains unknown.

The clinical impact of the TYMS TSER polymorphism has been assessed in
multiple studies [58]. Associations with outcome to SFU therapy have been iden-
tified. In 117 patients receiving SFU adjuvant therapy compared to 104 patients
receiving surgery alone, no significant benefit of chemotherapy on survival was
observed for homozygous TSER«3 patients. Improved survival was seen in patients
receiving SFU compared with surgery alone for patients with at least one TSER*2
allele [67]. In a pivotal study the TYMS TSER was also linked to tumor downstaging
in 65 rectal cancer patients treated preoperatively with SFU and radiation [68].
Patients with at least one TSER=%2 allele had a significantly increased frequency of
tumor downstaging compared to patients homozygous for TSER*3 [68]. This and
similar studies led to the development of a genotype-guided clinical cancer trial [69].
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Rectal cancer patients with at least one TSER*2 allele were treated with standard
therapy (radiation and 5FU), and patients homozygous for TSER*3 received the
standard therapy in combination with irinotecan [68]. Preliminary data were prom-
ising for both treatment strategies based on genotype [69], suggesting that treating
rectal cancer patients with respect to genotype might improve response.

Not all studies show associations with TSER and 5FU outcome. For example, in a
study of 135 Japanese colorectal cancer patients there was no association between
TSER genotype and efficacy of oral SFU chemotherapy [70]. In addition, even in
studies with positive correlations, not all patients with the TSER %2 allele respond to
SFU, and not all patients with TSERx3 alleles fail SFU therapy. Some of these
discrepancies may be explained by the presence of a SNP