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INTRODUCTION

Previous chapters have described drugs in the context of
their molecular targets and their metabolism. Although mod-
ern pharmacologic agents can be used successfully to treat
or control diseases that range from hypertension to infection
with human immunodeficiency virus (HIV), there are large
individual variations in response to drug therapy. These
variations can range from potentially life-threatening ad-
verse drug reactions to equally serious lack of therapeutic
efficacy. Many factors can influence the drug response phe-
notype, including age, gender, and underlying disease, but
genetic variation also plays an important role. Interindivid-
ual differences in the genes that encode drug targets, drug
transporters, or enzymes that catalyze drug metabolism can
affect profoundly the success or failure of pharmacotherapy.

Pharmacogenetics is the study of the role of inheritance
in variation in drug response. The convergence of recent
advances in genomic science and equally striking advances
in molecular pharmacology has resulted in the evolution of
pharmacogenetics into pharmacogenomics—terms that are
often used interchangeably. The promise of pharmacogenet-
ics-pharmacogenomics is the possibility that knowledge of
a patient’s DNA sequence could be used to enhance pharma-
cotherapy, maximizing drug efficacy by targeting drugs only
to those patients who are most likely to benefit while, at the
same time, reducing the incidence of adverse drug reactions.
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This chapter describes the principles of pharmacogenetics
and pharmacogenomics as well as recent developments in
this discipline. Examples are cited in which knowledge of
pharmacogenetics-pharmacogenomics can help individual-
ize drug therapy.

B Case

Robert H, a 66-year-old man, is shoveling snow one wintry
morning in Minnesota when he slips and falls on a patch
of ice. He immediately feels pain in his left hip and is unable
to stand. He is brought to the hospital, where x-rays reveal
that he has fractured his hip. He undergoes surgery the
next day and is discharged to a rehabilitation hospital 3
days later. After less than 24 hours at the rehabilitation
hospital, Mr. H develops the sudden onset of pleuritic chest
pain. He is brought to the Emergency Department, where
a CT scan with intravenous contrast reveals a pulmonary
embolus. He is treated with heparin and is anticoagulated
with warfarin at a starting dose of 5 mg each day, with a
target international normalized ratio (INR) of 2.0-3.0. Mr.
H is discharged back to his rehabilitation hospital and re-
ferred to his local physician. When the INR is subsequently
measured, it is 6.2, a value associated with an increased
risk of hemorrhage. He is taking no other medication that
might interfere with plasma levels of warfarin. The physician
advises Mr. H to stop taking warfarin for 2 days. After multi-
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ple atternpts at adjusting his dose of warfarin, Mr. H eventu-
ally reaches a stable INR of 2.5 when taking 1 mg of warfa-
nin each day.

QUESTIONS

B 1. What additional laboratory information could assist
in anticoagulating this patient?

B 2. Would that information have helped in the selection
of Mr. H's initial warfarin dose?

B 3. What molecular mechanisms could be responsible
for the apparent sensitivity of this patient to warfarin?
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PHYSIOLOGY

Three types of interindividual genetic variation can influence
pharmacotherapy: variation in proteins involved in drug me-
tabolism or transport (pharmacokinetic variation); variation
in drug targets or pathways associated with those targets
(pharmacodynamic varation); and genetic vanation associ-
ated with idiosyncratic drug effects.

GENOMIC VARIATION AND
PHARMACOGENOMICS

The human genome contains approximately three billion nu-
cleotides, Current estimates are that the genome contains
between 25,000 and 40,000 genes that, through aliernative
splicing and postranslational modification, may encode
1 0,000 or more proteins. Any two people differ on average
at about one nucleotide in every 10D in their genome, total-
ing an average intenndividual difference of 3 million base
pairs throughout the genome. The majority of these differ-
ences are so-called single nucleotide polymorphisms or
SMPs (pronounced “snips™"), in which one nuclestide is ex-
changed for another at a given position, SNPs and other
differences in DNA sequence can occur anywhere in the
genome, in both coding regions and noncoding regions, If
a SNP changes the encoded amino acid, it is called a nonsyn-
onymous coding SNP (cSNP). The remaining differences in
DMA sequence involve insertions, deletions, duplications,
and reshufflings, sometimes of just one or a few nuclestides
but occasionally of whole genes of larger DNA sepments
that include many genes, Functionally significant DNA se-
quence differences tend to fall within genes, either within
their coding sequences or in the promaoters, enhancers, splice
sites, or other sequences that control gene transcription or
mRNA stability. Taken together, these differences constitute
each person’s genetic individuality. Some of that individual-
ity affects the way in which each person will respond 1o
drug treatment.
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PHARMACOLOGY

The concept that inheritance might be an important determi-
fant of mdividual vanation in drue response emereed hall

o century ago. It onginally grew out of clinical observations
of striking differences among patients in their response to
““standard”” doses of a - Those observations, in addition
o twin and family studies that showed inherited varations
in plasma drug concentrations and other pharmacokinetic
parameters, led 1o the birth of pharmacogenetics. Many of
those original examples of pharmacogenetic variation, and
many of the most srking examples even oday, invalve
pharmacokinetics—factors that influence the concentration
of drug reaching i1s targetis). However, examples of pharma-
cogenetic variation in the drug target, so-called plhrarmracody-
menmiie ferctors, are also beng reported with increasing fre-
QUENTY.

VARIATION IN ENZYMES OF DRUG
METABOLISM: PHARMACOKINETICS

Inherited variation in eneymes that catalyvre drug metabolism
i% the most common factor responsible for pharmacogenetic
vananon in response (o medications. The encymes involved
in drug metabolism are discussed in Chapter 4, Drug Metab-
olism. There are two broad categories of drug-metabolizing
eneymes: those that catalyze phase | reactions (functionaliza-
tion reactions that typically involve oxidation or reduction)
and those that catalyze phase I reactions (typically, conjuga-
tion reactions that add groups, such as glucuronic acid, that
enhance drug solubility and thus drug excretion), Phase |
and phaze I reactions do not necessarily occur in that order,
and metabolic intermediates resulting from both tvpes of
reactions may be pharmacologically active. In fact, some
medications are sdministered as inactive prodrugs that must
undergo phase | anddor phase 11 metabolism before they can
exert their pharmacologic effect,

Genene polymorphisms ire common in enzymes that cat-
alyze drug metabolism, and climically significant polvimor-
phisms have been found in neary all of the major enzymes
involved in both phase I and phase 11 reactions (Table 52-
15, Tweo “classic™ examples are provided by the inherited
vanations in the enzymatic hydrolysis of the shon-acting
muscle relaxant succinylcholine by the enzyme butyrylchol-
ingsterase (BChE) and the enzymatic acetvlaton of drugs
such as the antituberculosis drug isoniazid (see Chapter 33,
Pharmacology of Bacterial Infections: Cell Wall Synthesis).
Patients with variations in BChE have a decreased rate of
metabolism of acetylcholine and its analogues, resulting in
prolonged paralysis after drug exposure. A genetically poly-
morphic phase Il eneyme, N-acetylrunsferase 2 (NAT2),
citalyses the acetylation of isoniazid. Patients treated with
isoniazid can be classified as either *“slow acetylators™ who
metabolize isoniazid slowly and have high blood drug levels,
or ""fast acetvlators"" who metabolize soniaad rapidly and
have low blood drug levels, Family studies have shown tha
the rate of isoniadd biotransformation 15 inhented. The
slow-acetylator phenotype is associated with drug oxicines
that result from excessive drug sccumulation; examples in-
clude hydralazine- and procainamide-induced lupus and iso-
niazid-induced nevrotoxicity. Although the antihypertensive
agent hvdralazine is rarely used today in the treatment of
hyperiension, this drug has recemtly re-emerged as one of
the Wi aetirve componenis in Bilsl s combidains  oleie
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1A IERCpRA e Examples of Genetic Polymorphisms and Drug Metabolism

ENZYME AFFECTED DRUG, CLASS, OR COMPOUND

Phase I (Oxidation/Reduction) Enzyme
CYP1A2
CYPI1B1
CYP2A6
CYP2B6
CYP2C8
CYP2C9
CYP2C19
CYP2D6
CYP2E1
CYP3A5

Acetaminophen, caffeine, propranolol

Estrogens

Halothane, nicotine

Cyclophosphamide

Paclitaxel, retinoic acid

Nonsteroidal anti-inflammatory drugs, phenytoin, warfarin

Omeprazole, phenytoin, propranolol

Antidepressants, 3-adrenergic antagonists, codeine, debrisoquine, dextromethorphan

Acetaminophen, ethanol

Calcium channel blockers, cyclosporine, dapsone, etoposide, lidocaine, lovastatin,
macrolides, midazolam, quinidine, steroids, tacrolimus, tamoxifen

Phase II (Conjugation) Enzyme
N-Acetyltransferase 1
N-Acetyltransferase 2
Sulfotransferases (SULTS)
Catechol-O-methyltransferase
Histamine N-methyltransferase
Thiopurine S-methyltransferase
UDP-glucuronosyltransferases

Sulfamethoxazole

Histamine

approved for the treatment of patients with symptomatic
heart failure. It is of interest that the U. S. Food and Drug
Administration (FDA) has approved BiDil for use only in
patients of African ancestry, presumably because of an ethni-
cally dependent genetic difference in response to this drug.

Early examples of pharmacogenetics, such as those repre-
sented by BChE and NAT?2, served as a stimulus to search
for additional examples. Most of the second-generation ex-
amples continue to be associated with pharmacokinetics and
continue to be recognized from clinical observations—often
from adverse drug responses. They have been studied most
often either by administering a ‘‘probe drug’’ to a group
of subjects and measuring plasma or urinary drug and/or
metabolite concentrations, or by directly assaying a drug-
metabolizing enzyme in an easily accessible tissue such as
the red blood cell (e.g., a series of methyltransferase en-
zymes). Two prototypic examples that have become pharma-
cogenetic ‘‘icons’” are the cytochrome P450 2D6
(CYP2D6) and thiopurine S-methyltransferase (TPMT)
genetic polymorphisms. Because of the clinical implications
of these polymorphisms, the FDA in its 2003 ‘‘Guidance
on Pharmacogenomic Data’’ cited CYP2D6 and TPMT as
examples of valid pharmacogenomic biomarkers.

CYP2D6 is a member of the cytochrome P450 (CYP)
family of microsomal, phase I drug-metabolizing enzymes.
CYP2D6 contributes to the metabolism of a large number
of medications, including antidepressants, antiarrhythmics,
and analgesics. The CYP2D6 polymorphism was originally
described by two different laboratories studying two differ-
ent probe drugs, the antihypertensive debrisoquine and the
oxytotic agent sparteine. The frequency distribution of the
debrisoquine urinary metabolic ratio, the ratio of the parent

Dapsone, hydralazine, isoniazid, procainamide, sulfonamides
Acetaminophen, dopamine, epinephrine, estrogens
Catecholamines, levodopa, methyldopa

Azathioprine, mercaptopurine, thioguanine
Androgens, ibuprofen, irinotecan, morphine, naproxen

drug to its oxidized metabolite, is shown in Figure 52-1A
for a Northern European population. Shown at the far right
of the figure is a group of ‘‘poor metabolizers’’ of debriso-
quine, subjects homozygous for recessive alleles (genes)
coding for enzymes with decreased activity; shown in the
middle is the large group of ‘‘extensive metabolizers,”” sub-
jects heterozygous or homozygous for the ‘‘wild type’’ al-
lele; and shown at the far left is a small subset of ‘‘ultrarapid
metabolizers,”” some of whom have multiple copies of the
CYP2D6 gene.

Several molecular genetic mechanisms are responsible
for variation in CYP2D6 enzyme activity, including nonsyn-
onymous cSNPs, gene deletion, and gene duplication; some
ultrarapid metabolizers can have up to 13 copies of the gene.
It has been estimated that 5% to 10% of Caucasians are
CYP2D6 poor metabolizers. Among East Asians, in con-
trast, the poor-metabolizer phenotype is present at a fre-
quency of just 1% to 2%. The ultrarapid metabolizer pheno-
type, rare in most Caucasian populations, has a frequency
of 3% in Spaniards and up to 13% in Ethiopians. These
ethnic differences have potentially important medical impli-
cations, because CYP2D6 metabolizes many commonly pre-
scribed medications, including the B-adrenergic blocker
metoprolol, the neuroleptic haloperidol, the opioids co-
deine and dextromethorphan, and the antidepressants flu-
oxetine, imipramine, and desipramine, among many others
(Table 52-1). Therefore, poor metabolizers for CYP2D6 can
potentially experience an adverse drug effect when treated
with standard doses of agents such as metoprolol that are
inactivated by CYP2D6, whereas codeine is relatively inef-
fective in poor metabolizers because it requires CYP2D6-
catalyzed metabolism to form the more potent opioid mor-
phine. Conversely, ultrarapid metabolizers may require unu-
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Q CYP2D6 pharmacogenetics

Poor
metabolizers

Extensive
metabolizers

Ultrarapid :
metabolizers |
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Debrisoquine: 4-Hydroxydebrisoquine metabolic ratio
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@ AmpliChip CYP450 array

Figure 52-1. CYP2D6 pharmacogenetics. A. Frequency distribu-
tion of the metabolic ratio for the cytochrome P450 2D6 (CYP2D6)-
catalyzed metabolism of debrisoquine to form its 4-hydroxy meta-
bolite. Data for 1,011 Swedish subjects are plotted as the ratio of
metabolites in the urine. Most subjects metabolize debrisoquine ex-
tensively, while some subjects metabolize the compound ultrarapidly
and others metabolize the compound poorly. B. The AmpliChip
CYP450 array can be used to determine variant genotypes for cyto-
chrome P450 genes that influence drug metabolism.

sually high doses of drugs that are inactivated by CYP2D6,
but those same subjects can be ‘“‘overdosed’” with codeine,
suffering respiratory depression or even respiratory arrest in
response to ‘‘standard’’ doses. In the past, an individual’s
genotype for CYP2D6 and many other genes encoding drug-
metabolizing enzymes was inferred from phenotype, e.g.,
the urinary metabolic ratio that can be measured by assaying
the urinary excretion of a specific metabolite after the admin-
istration of a probe drug (Fig. 52-1A). As discussed below,
genotype assignment is now increasingly dependent on
DNA-based tests performed with devices such as the “‘chip”’

Thiopurine S-methyltransferase (TPMT) represents an-
other example of an important and clinically relevant genetic
polymorphism for drug metabolism. This example has also
served as an important pharmacogenetic model system.
TPMT catalyzes the S-methylation of thiopurine drugs such
as 6-mercaptopurine and azathioprine (Chapter 37, Phar-
macology of Cancer: Genome Synthesis, Stability, and
Maintenance). Among other indications, these cytotoxic and
immunosuppressive agents are used to treat acute lympho-
blastic leukemia of childhood and inflammatory bowel dis-
ease. Although thiopurines are useful drugs, they have a
narrow therapeutic index, i.e., the difference between the
toxic and therapeutic dose is small, with occasional patients
suffering from life-threatening thiopurine-induced myelo-
suppression.

In Caucasians, the most common variant allele for TPMT
is TPMT*3A; the gene frequency is approximately 5%, so
1 in 300 subjects carries two copies of the TPMT*3A allele.
TPMT*3A is predominantly responsible for the trimodal fre-
quency distribution of the level of red blood cell TPMT
activity shown in Figure 52-2. TPMT*3A has two nonsyn-
onymous cSNPs, one in exon 7 and another in exon 10 (Fig.
52-2). The presence of TPMT#*3A results in a striking de-
crease in tissue levels of TPMT protein. Mechanisms respon-
sible for the observed decrease in TPMT*3A protein level

298 unrelated adults
TPMTH/TPMT

TPMTL/TPMTH

TPMTL/TPMT

% Subjects per 0.5 units of activity

0 B 10 15 20
TPMT activity (units/ml RBC)

1 2 3 4 5 6 7 8 9 10
TPMT*1 N i
(wild type) mT IGIGH & G GG G G e
VNTR

s oo AT

il G460A A719G

Ala154Thr Tyr240Cys
Figure 52-2. TPMT pharmacogenetics. Frequency distribution of
red blood cell (RBC) thiopurine S-methyltransferase (TPMT) activity
for 298 unrelated Caucasian subjects. TPMT* indicates an allele or
alleles for the trait of low activity, while TPMT" refers to the “wild
type” (TMPT*1) allele for high activity. The observed trimodal fre-
quency distribution for RBC TPMT activity is due mainly to the effect
of TPMT*3A, the most common variant allele for low activity in a
Caucasian population. TMPT*] and TPMT*3A differ by two nonsyn-
onymous single nucleotide polymorphisms (SNPs), one in exon 7

shown in Figure 52-1B. and one in exon 10.
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include both accelerated TPMT*3A degradation and intra-
cellular TPMT*3A aggregation, probably as a result of pro-
tein misfolding. As a result, drugs such as 6-MP are poorly
metabolized and may reach toxic levels. Subjects homozy-
gous for TPMT*3A are at greatly increased risk for life-
threatening myelosuppression when treated with standard
doses of thiopurine drugs. These patients have to be treated
with approximately one-tenth to one-fifteenth the standard
dose. There are striking ethnic differences in the frequency
of variant alleles for TPMT. For example, TPMT*3A is
rarely observed in East Asian populations, while TPMT*3C,
which has only the exon 10 SNP, is the most common variant
allele in those populations.

Because of its clinical significance, TPMT was the first
example selected by the FDA for public hearings on the
inclusion of pharmacogenetic information in drug labeling.
For the same reason, clinical testing for TPMT genetic poly-
morphisms is widely available. The phenomenon of marked
changes in the level of a protein as a result of the alteration of
only one or two amino acids in the protein has been observed
repeatedly for many other genes of pharmacogenetic signifi-
cance and is a common explanation for the functional effects
of nonsynonymous cSNPs.

The BChE, NAT2, CYP2D6, and TPMT genetic polymor-
phisms all behave as monogenic (single-gene) Mendelian
traits, as do many other early examples from pharmacogenet-
ics. However, pharmacogenetics-pharmacogenomics has
now moved beyond monogenic pharmacokinetic traits, and
the focus increasingly involves functionally and clinically
significant variation in drug targets as well as drug-metaboliz-
ing enzymes. Variation can also involve multiple genes that
influence both pharmacokinetics and pharmacodynamics.

VARIATION IN DRUG TARGETS:
PHARMACODYNAMICS

Drugs generally exert their effects by interacting with spe-
cific target proteins. Therefore, genetic variations in these
target proteins, or in signaling pathways downstream from
the target proteins, can influence the outcome of pharmaco-
therapy (Table 52-2). Furthermore, variation in drug targets
can occur either as a result of variation in germ-line DNA
or, in the case of cancer, through variation in somatic DNA
present in the tumor. One example of genetic variation for
adrug target in germ-line DNA involves a class of drugs that
is used to treat asthma. As noted in Chapter 46, Integrative
Inflammation Pharmacology: Asthma, the antiasthma medi-

cation zileuton decreases airway inflammation by inhibiting
the enzyme S-lipoxygenase, an enzyme encoded by the gene
ALOXS. Variations in 5-lipoxygenase illustrate the point
that variation in many areas of a gene can affect protein
function. The functional significance of nonsynonymous
cSNPs—and their ability to alter the amount of protein ex-
pressed—was highlighted in the previous section on TPMT
pharmacogenetics. In addition, however, polymorphisms in
regulatory regions, such as the gene promoter, can influence
transcription and thereby alter protein expression. The pro-
moter of the ALOXS5 gene displays variation in the number
of tandem repeats of the sequence GGGCGG. These repeat
sequences bind the transcription factor complex Sp1, which
up-regulates ALOXS transcription.

The most common ALOXS5 allele contains five repeats
and is present in about 77% of ALOX5 genes. As a result,
approximately 94% of the population has at least one copy
of the five-repeat allele. The most common variant alleles
contain four and three repeats and are present at frequencies
of about 17% and 4%, respectively. Because of increased
Spl binding, people who carry the five-repeat allele are
thought to express more 5-lipoxygenase than those who lack
it. Interestingly, there seems to be no relationship between
the presence or absence of the five-repeat allele and the se-
verity of asthma in the population; i.e., this ALOXS promoter
polymorphism does not seem to affect the disease process
itself. However, in trials of a 5-lipoxygenase inhibitor related
to zileuton, only subjects who had at least one copy of the
five-repeat allele responded to the drug. This result suggests
that zileuton-like compounds are unlikely to help the 6%
of the population who lack the five-repeat allele, and that
identifying this subgroup would allow the use of alternative,
more effective, medications. This example also illustrates
an important principle, that a polymorphism need not cause
a disease to influence the treatment of that disease.

An example of genetic variation in a drug target in so-
matic (tumor) DNA involves gain-of-function mutations in
the gene encoding the epidermal growth factor receptor
(EGFR) (also known as HERI or ErbB1) in patients with
nonsmall cell lung cancer (NSCLC). Two groups reported
in 2004 that, in patients with NSCLC, response to the EGFR
inhibitor gefitinib was influenced strongly by these somatic
DNA mutations, i.e., subjects with sequence variation in the
portion of the gene encoding the ATP binding site of this
receptor tyrosine kinase responded more favorably to gefi-
tinib therapy than did patients without such mutations.

LIRSy Ey A  Examples of Genetic Polymorphisms and Drug Targets

PROTEIN

AFFECTED DRUG CLASS (EXAMPLE)

5-Lipoxygenase

Angiotensin-converting enzyme (ACE)
Apolipoprotein E

[,-Adrenergic receptor

Epidermal growth factor receptor
Sulfonylurea receptor

Vitamin K epoxide reductase complex 1

Zileuton

ACE inhibitors (lisinopril)
Statins (pravastatin)
3-Adrenergic agonists (albuterol)
Gefitinib

Tolbutamide

Warfarin
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EGFR is often overexpressed in these tumors, and several
drugs targeting this receptor have been tested clinically. It
was already known that NSCLC patients of East Asian origin
responded more favorably to gefitinib therapy than Cauca-
sian patients did, and one of the two original studies reported
that somatic mutations in EGFR occurred in 15 of 58 ran-
domly selected tumors obtained from patients in Japan but
in only 1 of 61 from the United States—illustrating, once
again, striking ethnic differences in pharmacogenetic effects.
The example provided by gefitinib may represent the future
of oncology, where both somatic and germ-line mutations/
polymorphisms may be considered prior to initiating a thera-
peutic program. This example and the ALOXS5 example also
demonstrate that pharmacodynamic-pharmacogenetic varia-
tion (i.e., variation in genes encoding drug targets) can be
just as important, if not more important, than the pharmaco-
kinetic-pharmacogenetic variation represented by CYP2D6
and TPMT. Table 52-2 lists several polymorphisms in genes
encoding drug target proteins that have been associated with
variation in drug response.

PATHWAY-BASED PHARMACOGENETICS-
PHARMACOGENOMICS

The preceding examples, CYP2D6, TPMT, ALOXS, and
EGFR, all involve clinically significant pharmacogenetic
variation as a result of sequence variation in a single gene,
i.e., monogenic inheritance. Figure 52-3 illustrates this phar-
macokinetic-pharmacodynamic pharmacogenomic dichot-
omy, using the four major examples cited in this chapter.
However, it is also possible for multiple genes encoding
proteins that influence both pharmacokinetics and pharma-
codynamics to alter the drug response phenotype.

One good example is provided by the anticoagulant war-
farin. Warfarin (see Chapter 22, Pharmacology of Hemosta-

Pharmacogenomics

Pharmacokinetic | Pharmacodynamic
examples examples
Drug metabolism Drug targets

R R S

P450 2D6 TPMT ALOX5 EGFR
(Germline DNA) | (Germline DNA) (Germline DNA) (Tumor DNA)

. Lo

Lack of Myelo- Lack of Tumor
codeine suppression 5-lipoxygenase regression
response in response to inhibitor response
6-MP response

Figure 52-3. Pharmacokinetic and pharmacodynamic phar-
macogenomics. The figure depicts the major pharmacokinetic (drug
metabolism) and pharmacodynamic (drug target) examples de-
scribed in this chapter. Shown are the affected gene (in italics),
whether germ-line or somatic (e.g., tumor) DNA is involved, and the
clinical response observed in the presence of the variant allele(s).
P450 2D6, cytochrome P450 2D6 gene; TPMT, thiopurine S-methyl-
transferase gene; ALOX5, 5-lipoxygenase gene; EGFR, epidermal

sis and Thrombosis) is one of the most widely prescribed
oral anticoagulants in both North America and Europe. How-
ever, in spite of the existence of a laboratory test that is used
universally to follow warfarin’s effect on coagulation (INR),
serious adverse reactions—involving both hemorrhage and
undesired thrombosis—continue to complicate warfarin
therapy. These complications are illustrated by the case of
Mr. H at the beginning of this chapter: after a ‘‘standard”’
dose of warfarin, his INR was elevated to 6.2, a level associ-
ated with increased risk for hemorrhage.

Why might that have occurred? First, we need to remem-
ber that warfarin is a racemic mixture. S-warfarin is three
to five times more potent than R-warfarin, and S-warfarin is
metabolized predominantly by the cytochrome P450 isoform
CYP2C9. CYP2C9 is a highly polymorphic gene, and the
variant alleles CYP2C9*2 (Argl44Cys) and CYP2C9*3
(Ile358Leu) are associated with only 12% and 5%, respec-
tively, of the level of enzyme activity observed with the
wild-type allele (CYP2C9*1). Patients who carry these var-
iant alleles require decreased doses of warfarin to achieve
an anticoagulant effect, and these same subjects have in-
creased risk for hemorrhage during warfarin therapy. How-
ever, this pharmacokinetic-pharmacogenetic variation fails
to explain most of the variance in the therapeutic warfarin
dose in patients who are anticoagulated with this powerful,
but potentially dangerous, drug.

The molecular target for warfarin was not identified until
2004. The gene encoding that target, vitamin K epoxide
reductase complex 1, VKORC1, was also cloned that year.
When the VKORCI gene was sequenced in a number of
patients, although no nonsynonymous cSNPs were found,
a series of haplotypes (combinations of SNPs on a single
chromosome) was observed that were associated with warfa-
rin dose requirement. In one study, patients with VKOCRI
haplotypes that were associated with a low dose requirement
had an average warfarin maintenance dose approximately
half of that required by subjects with haplotypes associated
with a high dose requirement. Several subsequent studies
have confirmed that VKORCI haplotype is associated with
approximately 25% to 30% of the variance in warfarin main-
tenance dose, while 5% to 15% can be explained by CYP2C9
genotype. The roles of CYP2C9 and VKORCI in warfarin
pharmacokinetics and pharmacodynamics are shown sche-
matically in Figure 52-4. Because the genes encoding both
of these proteins contribute to variation in drug response,
genotyping for CYP2C9 as well as haplotyping for VKORC1
could represent a useful strategy for the determination of an
initial warfarin dose for Mr. H.

Warfarin provides a striking example of a situation in
which pharmacokinetic-pharmacogenetic data proved inade-
quate for clinical translation because those data explained
too little of the variation in therapeutic drug dose. However,
when CYP2C9 polymorphisms and VKORCI haplotypes
were both determined, it became possible to assess genetic
variation both in drug metabolism and in the drug target,
and to move beyond the monogenic pharmacogenetics repre-
sented by NAT2, CYP2D6, and TPMT. Therefore, warfarin
represents, probably in a simplified form, the type of poly-
genic, pathway-based pharmacogenetic-pharmacogenomic

ﬁrowth factor receptor gene; 6-MP, 6-mercaptopurine. model that may become increasingly common in the future.
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Figure 52-4. Warfarin pharmacokinetics and pharmacody-
namics. Vitamin K is a required cofactor for the posttranslational
y-carboxylation of glutamate residues in certain clotting factor pre-
cursors (see Chapter 22). Vitamin K is oxidized to the inactive epoxide
as a consequence of the carboxylation reaction. The enzyme vitamin
K epoxide reductase (VKORC1) converts the inactive epoxide into the
active, reduced form of vitamin K. Warfarin acts as an anticoagulant
by inhibiting VKORC1 and thereby preventing the regeneration of
reduced vitamin K. S-warfarin is metabolized to 6-hydroxywarfarin
and 7-hydroxywarfarin by cytochrome P450 2C9.

IDIOSYNCRATIC DRUG REACTIONS

An additional way in which genetic variation might influ-
ence pharmacotherapy involves idiosyncratic drug reactions.
These effects differ from the other examples described in
this chapter in that they are not known to be caused by
differences in either drug metabolism or drug targets. In-
stead, idiosyncratic effects seem to result from interactions
between the medication and a unique aspect of the physiol-
ogy of the individual patient. A “‘classic’” example illustrat-
ing this least predictable effect of interindividual genetic
variation is represented by idiosyncratic drug reactions asso-
ciated with functional deficiency of the enzyme glucose
6-phosphate dehydrogenase (G6PD; see Chapter 35, Phar-
macology of Parasitic Infections). This enzyme is involved
in protecting red blood cells from oxidative injury. A number
of polymorphisms result in this condition. The most common
involves a cSNP that causes an amino acid substitution, re-
sulting in a 90% to 95% reduction of G6PD enzyme function.
That allele, A, is present in 10% to 20% of Africans and
is thought to provide protection against malaria. A different
G6PD-inactivating polymorphism is found at lower fre-
quency among subjects of Mediterranean, Middle Eastern,
Indian, and Southeast Asian descent, and a third polymor-
phism is also present in Southeast Asia. A number of medica-
tions cause oxidative stress on red blood cells as an effect
unrelated to their intended targets or their metabolic clear-
ance. These drugs include sulfonamides, antimalarials, and
the analgesic agents acetaminophen and ibuprofen, among
others. Individuals with G6PD deficiency who are exposed
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to these medications may develop acute and, at times, severe
hemolytic anemia.

By definition, idiosyncratic effects are difficult or impos-
sible to predict. However, information emerging from geno-
mic, proteomic, and metabolomic research may prove useful
in the future in the development of pharmacogenomic
screens for unanticipated drug interactions. At present, un-
fortunately, idiosyncratic effects cannot be predicted.

MODERN PHARMACOGENETICS-
PHARMACOGENOMICS

Completion of the Human Genome Project and the ongoing
refinement of the HapMap project point the way to future
developments in pharmacogenetics and pharmacogenomics
in this ‘‘post-genomic’’ era. Application of modern genomic
assay techniques, when combined with an increasing focus
on pharmacokinetic pathways—pathways that encompass
genes encoding all of the drug-metabolizing enzymes and
transporters that could influence the final concentration of
drug reaching the target—together with pharmacodynamic
pathways that include the drug target and signaling pathways
downstream from that target, may represent the future for
this aspect of ‘‘individualized medicine.”” To attain the goal
of truly personalized drug therapy, and to translate genomic
knowledge fully into clinical practice, will require the clini-
cal application of high-throughput genotyping technologies.
Numerous platforms for genotyping have been developed
and refined, and new ones are being developed. As an exam-
ple, the CYP450 gene chip shown in Figure 52-1B has al-
ready been introduced into clinical practice. To apply geno-
type information to select responsive patients, and then to
treat these patients pharmacologically on the basis of geno-
type, will require a comprehensive knowledge of genotype-
phenotype correlations.

However, to achieve truly individualized drug therapy,
we need not only to understand the science underlying phar-
macogenetics and pharmacogenomics and to develop state-
of-the-art technologies to detect and assay DNA sequence
data, but also to translate that knowledge into the clinic. That
translation process will require active involvement of the
FDA and the pharmaceutical industry, which develops vir-
tually all new drugs. In 2003 the FDA issued a Draft Guid-
ance with regard to pharmacogenomic data, and this draft
was approved in 2005. The FDA also initiated a series of
public hearings with regard to the incorporation of pharma-
cogenomic data into drug labeling. These hearings began
with thiopurine drugs and TPMT, and were followed by
hearings on a genetic polymorphism in UGTIAI, a gene
encoding a phase II enzyme involved in the biotransforma-
tion of the antineoplastic agent irinotecan. Public hearings
have recently been held on CYP2C9, VKORCI, and war-
farin.

The attention given to pharmacogenetics-pharmacogeno-
mics by the FDA is having an impact on the pharmaceutical
industry, especially within the context of the unfortunate
series of events that resulted in the withdrawal of the COX-
2 inhibitor rofecoxib (Vioxx) from the market for reasons
of safety. It is unclear whether pharmacogenetics played a
role in the Vioxx-induced cardiovascular disease that led
to the withdrawal of that drug. However, pharmacogenetics
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almost certainly could contribute to postmarketing surveil-
lance, not only to help avoid adverse reactions, but also to
help “‘rescue’” drugs that might be of benefit to groups of
patients selected on the basis of genetic variation in drug
response. The latter situation was recently highlighted when
a polymorphism in the 3; adrenoceptor was shown to influ-
ence response to the [3;-adrenergic antagonist bucindo-
lol—both in vitro and in patients with heart failure. This
B-antagonist had initially failed in a clinical trial that did
not include genotyping, probably because only patients with
the wild type 3;-adrenoceptor genotype had the desired clin-
ical response.

_ B Conclusion and Future Directions

Pharmacogenetics and pharmacogenomics involve the study
of ways in which gene sequence variation affects the re-
sponse of individual patients to medications. The goal of
pharmacogenetics and pharmacogenomics is to maximize
efficacy and minimize toxicity, based on knowledge of an
individual’s genetic composition. Although many factors
other than inheritance influence differences among patients
in their response to drugs, the past half-century has demon-
strated that genetics is an important factor responsible for
variation in the occurrence of adverse drug reactions or the
failure of individual patients to achieve the desired therapeu-
tic response. Pharmacogenetics has evolved during that half-
century from classical examples, such as CYP2D6 and
TPMT, to include more complex situations such as that rep-
resented by warfarin pharmacogenetics, involving both phar-
macokinetic and pharmacodynamic pharmacogenetic varia-
tion. This area of genomic medical science also presents
unique challenges in its translation into the clinic. However,

there can no longer be any doubt that pharmacogenetics will
be applied to clinical medicine with increasing breadth and
depth, and that, ultimately, it will enhance our ability to
individualize drug therapy.
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Spotting the target: microarrays for disease gene discovery
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Microarray technologies enable genome-scale expression
measurements. Already proved to be of value for the functional
analysis of individual genes and biological processes, the
application of expression profiling to disease gene discovery is
now growing in importance and practicality.
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Abbreviations

CGH comparative genomic hybridization
NF2 neurofibromatosis type 2

PARP  poly(ADP-ribose) polymerase

TD Tangier disease

Introduction

Positional cloning projects have been greatly facilitated by
the availability of increasingly precise maps and sequence
databases for diverse species. This same avalanche of
genomic data has inspired an intense effort to study
aspects of genome function in a high-throughput fashion.
The parallel analysis of gene expression has emerged as
one of the most productive embodiments of this approach.

Practical technologies for large-scale gene-expression
analysis are now being widely implemented. Microarrays
comprising either oligonucleotides or ¢cDNA fragments
representing thousands of genes are well suited to the
analysis of multiple samples [1,2]. To obtain genome-scale
expression data, mRNA from the source of interest is con-
verted to an appropriately labeled form and hybridized to
the microarray. Both radioactive and fluorescence-detec-
tion strategies are in use to measure the resulting
hybridization signal. The resulting raw data — an image
obtained from a fluorescence scanner or phorphorim-
ager — is processed with computer software to generate a
spreadsheet of gene-expression values. The application of
statistical techniques to microarray data allows classifica-
tion and class discovery within a group of samples, and
clustering of genes according to their pattern of expression.

Microarrays have been successfully applied to characterize
biological processes and to dissect pathways downstream of
a particular gene of interest. Studies in the vyeast
Saccharomyces cerevesiae, with its relatively small genome and
highly tractable genetics, have led the way and continue
with recent reports on signal transduction [3], meiosis [4]
and transcript localization [5]. Despite the challenges posed
by their genome sizes, large-scale expression analysis in
mammals is also becoming increasingly productive.

As the technology for microarray analysis has matured and
disseminated, new applications continue to be developed.
One frequently discussed area is the potential use of
microarray expression analysis in projects to positionally
clone and discover disease genes. Although reviews of this
topic outnumber reports of concrete achievement, it is
appropriate to examine the state of the art and to consider
how microarray analysis might accelerate these types of
research. I discuss these points, together with recent
developments in microarray research, in this review.

How might microarrays help find hereditary
disease genes?

Several major approaches to locating hereditary disease
genes might be imagined. In the simplest case, the target
gene of interest might be identified directly by characteristic
changes in expression level across a series of samples.
Alternatively, statistical analysis of microarray data might
aid gene discovery by revealing pathways related to the target
gene and facilitating identification of candidate genes.

Microarrays can also be used to analyze genomic DNA
rather than mRNA. This is illustrated by the special case of
copy-number change in cancer, where it is possible to use
array-format comparative genomic hybridization (CGH) to
define genes associated with cancer progression [6°,7,8°].
In CGH, gene copy number is measured in a DNA sample
labeled with one fluorochrome by comparison to the signal
obtained by simultaneous hybridization of normal DNA
labeled with a second fluorochrome. In principle, copy-
number data can be linked to expression data to define a
list of candidate target genes associated with gain of chro-
mosomal regions [9°,10]. Although there is no example to
date, tumor suppressors might be mapped by linking loss of
gene expression to regions of deletion in tumors.

Of course, microarrays can be used as sophisticated dot
blots to screen arrays of clones isolated with techniques
such as RDA [11]. (RDA [representational difference
analysis] is a PCR-based subtraction technique that can be
used to isolate DNA fragments that vary in abundance
between two sources.) Stephan ez a/. [12] have identified
exons of the Niemann-Pick Type C disease isolated from
arrayed genomic sequences using mRNA from cells differ-
entially expressing NPCI. Finally, genes might be linked
to specific phenotypes, particularly in yeast, through
methods that allow genome-wide mutational screens using
microarrays as a readout [13].

Finding the best candidate

It is enticing to hope that analysis of microarray data might
lead to the direct identification of disease genes. Ideally, one
would compare a group of samples of varying genotype and
identify good candidate genes by their pattern of gene
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expression. The expected signature of a mutant gene is
reduced expression level in samples with the abnormal
allele. For this strategy to work, the mutant allele would have
to be either deleted or result in a poorly expressed transcript.

Fortunately, the phenomenon of nonsense-mediated
decay of mRNA gives some reason to hope that this result
might actually be achieved. Nonsense-mediated decay
(reviewed in [14]) results in the degradation of certain
mRNAs containing premature termination codons. This
phenomenon has been observed in a number of disease
genes [15,16].

In addition, abnormalities in 3'-untranslated region struc-
ture that interfere with normal polyadenylation may also
lead to reduced survival of transcripts [17]. A reduction in
steady-state mRNA levels of disease genes cannot be
assumed, however, because the competence of a transcript
to undergo nonsense-mediated decay is variable and some
mutations may result in exon skipping [18,19], as has been
shown by Liu ez a/. [20] for the BRCAI gene. This strategy
also requires a sufficient number of samples from cells or
tissues affected by the disease to help optimize the down-
stream data analysis.

Although obvious, an additional requirement of expres-
sion-based strategies is that the target gene is actually
represented on the microarrays used. Although arrays of
more than 10,000 genes are commonplace and complete
genome microarrays can be anticipated, they are not yet
routinely available. It is also probably unrealistic to assume
that only a single gene or a few genes will stand out from
the crowd with sufficient clarity to allow easy candidate
selection. More likely, a strategy combining positional
information with expression information will be necessary.

This combination of approaches has been used by Lawn
etal. [21°°] in the discovery of the Tangier disease (TD)
gene ABCI. Microarray analysis led to the generation of a list
of 175 cDNAs underexpressed by 2.5-fold or more in the
fibroblasts of an affected individual. By combining this data
with linkage information that localized the disease gene to
chromosome 9q between the markers WI-14706 and
WI-4062, the candidate list was narrowed sufficiently to
identify the gene ABCI, which did indeed carry mutations.

Notably, Lawn ez a/. [21°*] used commercial cDNA arrays
containing 58,800 cDNAs, which presumably provided a
reasonably thorough genome scan. One might imagine that
regional searches could be made by constructing targeted
microarrays covering a particular candidate region. This
has been done for the X chromosome and for chromosome
17q [9°,22°°].

It is important to bear in mind that almost all research
employing microarray expression analysis depends heavily
on statistical analysis to extract the most useful information
from the huge number of data points generated. This means

that any investigator attempting to use microarrays for
disease gene discovery will also seek to go beyond this direct
type of search and also examine the broader effects of muta-
tion on gene expression in samples from affected individuals.

If one were not able to identify easily a candidate gene by
virtue of its underexpression, perhaps the recognition of
pathways altered consistently across a set of specimens might
lead to the identification of good candidate genes or, at the
very least, might illuminate some aspects of pathogenesis.

Finding the disease pathway affected by
known genes

The complexity of microarray data is illustrated by anoth-
er interesting feature of the T'D data — the overexpression
of 375 cDNAs by 2.5-fold or more. This result, revealing a
total of 550 cDNAs with altered expression, is probably
typical of what might be expected in most projects. In
addition to innumerable technical factors, variations in
gene expression across samples might be due to random
fluctuations or confuting variables such as age, sex, site of
sample and irrelevant genetic variations. Still, it would
seem reasonable to suppose that the presence of a muta-
tion in a pathway might frequently lead to secondary
events affecting the level of expression of many other
genes functionally connected to the disease gene.

Most published examples attempting to place genes from
microarray data on samples carrying mutations into coherent
pathways are in the setting of model systems for which the
mutation is already known. McNeish ¢z @/. [23°] have exam-
ined a mouse model of TD with microarrays containing
11,000 genes and have identified 131 genes with greater
than 1.8-fold differential regulation, many of which can be
grouped into a few function-related categories. Their study
demonstrates how studies of a relatively tractable experi-
mental model can enhance the value of data obtained from
human samples.

Likewise, Soukas ¢ a/. [24°] examined gene expression in
white adipose tissue from mice expressing varying levels of
the leptin gene. Seventy-seven genes were dysregulated by
threefold or more in these 04/0b mice, including a number of
key genes in fat metabolism. One cluster of genes was coor-
dinately regulated by SREBP-1/ADDI, but the regulating
mechanisms linking genes in several other clusters remain
unknown. Although the complete pattern of changes
observed cannot be explained as yet, the relevance of the
leptin gene to fat metabolism is amply demonstrated.

Simbulan-Rosenthal e7 @/. [25°] examined fibroblasts from
mice deficient in poly(ADP-ribose) polymerase (PARP)
with microarrays covering 11,000 genes and identified 91
genes differentially regulated by at least twofold relative to
wild-type fibroblasts. About 40% of these could be related
to either the cell cycle or remodeling of the cytoskeleton or
extracellular matrix — processes known to be associated
with PARP function.
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Callow ez al. [26] examined livers from apolipoprotein Al
knockout mice, scavenger receptor B1 transgenic mice and
wild-type mice on microarrays containing 5600 cDNAs.
They used r-test statistics to identify a small number of
genes that differed significantly across these conditions.

For disease gene discovery, the interpretation of expres-
sion data in terms of pathways is more difficult because
there is no @ priori knowledge of the disease gene function.
"This leads to a consideration of the process of grouping dif-
ferentially expressed genes into pathways.

Placing genes in pathways to gain clues about
unknown genes

Can pathways actually be discerned from microarray data?
It is worthwhile considering some of the individual steps in
the process of deducing pathway information from these
data. Clustering of genes into co-regulated groups is com-
putationally straightforward and readily generates this type
of information [27]. Similarly, there has been great success
in classifying biological samples from microarray data,
particularly for cancer specimens [28°,29*°-31°*,32]. These
studies are promising in identifying critical genes for can-
cer progression at the expression level, although these are
not necessarily ‘disease genes’ in the genetic sense [33°°].

Nonetheless, Hedenfalk ¢z 4/. [34°°] have even shown that it
is possible to sort breast cancer specimens according to the
presence of hereditary mutations in BRCAZ or BRCAZ. One
of the most striking results in their study was the demon-
stration that a sample that clustered with those from patients
carrying mutations in BRCA lacked a BRCAI mutation but
was highly methylated at the BRCAI promoter.

It might be hoped that this approach could aid complex
disease gene discovery by sorting samples into groups that
share a common genetic defect. When combined with
positional data from linkage analysis, such an approach
might be expected to take on a significant role in the study
of complex disease.

In contrast to clustering samples and genes, the interpreta-
tion of expression data to infer the pathway affected by a
disease gene mutation is much more problematic. The ini-
tial problem one faces in this type of analysis is the limited
annotation of the genome. When examining an expression
database, one immediately encounters difficulty in placing
genes into functional categories. This is beset with a num-
ber of obstacles, the first of which are the numerous aliases
that confuse gene nomenclature.

The introduction of two on-line resources, LocusLink and
Refseq, have gone a long way towards overcoming this prob-
lem by providing a unique identifier and curated sequence
for each gene [35]. This is absolutely critical to the next
phase of analysis, which is the cross-reference to other data-
bases of gene function including, most importantly, literature
databases. Frequently, different functions or interpretations

of gene function are linked to distinct aliases for a given
gene. Only by thoroughly combing the literature, can the
most comprehensive picture of gene function be obtained.
Substantial efforts are being made to organize the genes of
known function into meaningful categories.

Although a detailed discussion of the problem of gene anno-
tation is beyond the scope of this review, the public
availability of certain resources should be noted. In particu-
lar, the Gene Ontology consortium uses a common language
to organize functional information in all species [36].
Currently, the Gene Ontology database contains database
links for Drosophila, S. cerevesiae, mouse and Caenorhabditis
elegans. Genes are categorized in three hierarchical schemes
according to molecular function, biological process and
cellular component.

Methods to process groups of genes with respect to
literature databases are also under development [37-39].
One system, High-density Array Pattern Interpreter
(HAPI; http://array.ucsd.edu/hapi/), is publicly available.
It is anticipated that search engines that can carry out
these computations with the output of expression data-
bases will significantly accelerate the process of organizing
data from microarrays.

Although it is relatively straightforward to identify lists of
genes that are co-regulated across a set of samples, this
may not be a sufficiently sensitive method to extract func-
tionally related genes. Intensive efforts to establish
alternate computational methods are continuing,.

Seungchan ez a/. [40] have described a multivariate tech-
nique that has the potential to identify relationships
among genes that are refractory to methods based on linear
correlation. Akutsu ez @/. [41] have proposed a method for
modeling gene expression in terms of Boolean networks,
whereas Friedman ez /. [42] have proposed a Bayesian
method. Hastie ¢z a/. [43] have described a method termed
‘gene shaving’, which differs from hierarchical clustering in
that genes may belong to more than one cluster. Brown
et al. [44] have advocated the use of method based on the
theory of ‘support vector machines’, a computer learning
method that they have adapted to the functional catego-
rization of expression data.

Finding regulatory motifs

One great challenge remaining in the analysis of mam-
malian expression data will be to link this information to
regulatory elements in the genome sequence. Promising
results in yeast continue to appear. lyer ez a/. [45°°] have
taken advantage of the small size of the yeast genome to
array non-coding DNA and identify the genes regulated
by the cell-cycle transcription factors SBF and MBE Ren
et al. [46°°] have achieved similar results for Gal4 and
Stel2, and Livesey ez al. [47] have identified the response
element configuration and genes responsive to the mouse
homeobox gene Crx.
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The development of progressively more sophisticated
computational methods increases optimism that genes
related to a phenotype can be accurately extracted and
placed in functionally related groups to help generate
new hypotheses. Even with this goal accomplished, one
would expect that the effects of mutation on one bio-
chemical pathway will radiate to affect numerous other
pathways. Identifying the pathway primarily affected will
be a significant challenge.

Using microarrays to map genomic DNA
Although using microarrays to identify regions of copy-
number change in cancers has received the most
attention, array format CGH might also be useful for
mapping hereditary disease genes. Bruder ez a/. [48°°]
have used microarrays tiled across a 7-Mb region includ-
ing the neurofibromatosis type 2 gene (NF2) to analyze
DNA from 116 NF2 patients. Using this exquisitely accu-
rate system, they were able to identify 24 patients with
gene deletions and show that there was no correlation
with disease severity.

In principle, this type of approach could be applied to a
region containing an unknown disease gene. Because posi-
tional cloners frequently assemble contigs covering regions
of linkage, the availability of genomic clones may not be
problematic. However, the technology for arraying and
accurately determining copy number in this setting is still
confined to a few laboratories.

Conclusions

Unquestionably, large-scale expression analysis is now
established in the study of genome function. The power of
this approach continues to be enhanced by technical
advances and, importantly, by the development of very
large coherent expression databases from samples collect-
ed across a broad range of conditions [49°°]. The recent
report from Shoemaker ¢z @/. [50] points to the future with
microarrays composed of over one million oligonucleotides
representing 442,785 exons predicted from the draft
human genome sequence. These developments suggest
that microarray analysis will increasingly merit considera-
tion as an ancillary technique to facilitate hereditary
disease gene discovery.

Update

Loftus and Pavan have recently used melanocyte-specific
microarrays to identify a mouse coat color gene (S Loftus,
W Pavan, personal communication).
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TIMELINE

Pharmacogenetics — five decades
of therapeutic lessons from
genetic diversity

Urs A. Meyer

Abstract | Physicians have long been
aware of the subtle differences in the
responses of patients to medication, The
recognition that a part of this variation is

in

herited, and therefore predictable,

created the field of pharmacogenetics fifty
years ago. Knowing the gene variants that
cause differences among patients has the
potential to allow 'personalized’ drug
therapy and to avoid therapeutic failure
and serious side effects,

Pharmacogenetics (PGx) deals with geneti-
cally determined variation in how individuals
respond to drugs . Observations implying that
genetic variation was responsible for the diver-
sity in some drug responses were already being
made five decades ago. We now know that the
therapeutic failure of drugs as well as serious
adverse side effects of drugs on individuals or
subpopulations of patients can both have a
genetic component. The toll that such varia-
tion takes in terms of individual suffering,
high healthcare costs, and even lives, is increas-
ingly being recognized. Recent developments
in genomics, and associated technological
innovations, have invigorated the study of
such variation. Pharmacogenetic research has
seen an explosion of interest by physicians,
geneticists and the pharmaceutical industry
— as reflected in the rapid increase in the
number of publications that contain this term

(F1G.1). PGx has the potential to identify the
particular drug and the dose of drug that is
most likely to be effective and safe for each
patient. This has become one of the main
goals of modern drug therapy, and is fre-
quently described as ‘personalized medicine’
But in spite of its importance in explaining
the diversity of responses to drugs, the inte-
gration of PGx into clinical practice has met
considerable challenges.

The history of PGx reflects the evolution
of human genetics and genomics, of molecu-
lar pharmacolegy and modern drug therapy.
The field has had its visionaries and god-
fathers, who realized its importance early in
its history. These eatly pioneers laid the foun-
dations for the landmark discoveries that
form the basis of present concepts and
approaches (TIMELINE).

The gestation of a discipline

Sir Archibald Garrod, the perceptive physi-
cian-scientist. Around the year 1898 the
British physician Archibald Garrod was inter-
ested in urinary pigments and studied
patients at St. Bartholomew’s Hospital in
London that had arcartoruria (see Glossary)
and patients that had rorpuvria that was
caused by sulphonal (a hypnotic) 2. Garrod
was probably the first to realize the inherited
predispesition of certain individuals to alcap-
tonuria! and other conditions. In particular,
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Figured | Appearance of the terms
pharmacogenetics and pharmacogenomics
in publications in PUBMED (National Library
of Medicine). VYogel first used the tem
pharmacogenstics (PG in 1959 (REE 13).
Publications on PG have increased sharply in the
last & years with the emergence of molecular
genstics and genotyping technologies in clinical
investigations. The term "pharmacogenomics’ first
appearsd in 1998,

Garrod observed that parental consanguinity
was mote comiron than usual among parents
of childrenwith alcaptonuria. Lore has it that
Garrod recognized the Mendelian inheritance
of alcaptonuria as a monogenic trait, This is
unlikely, however, because Garrod was appar-
entlyunaware of the relationship between his
observations and Mendel’s work. It was proba-
bly William Bateson®, another biologist who
was ahead of his time, who interpreted
Garrod’s reports as recessive inheritance when
he popularized Mendelian genetics in Britain,
Bateson discovered genetic linkage and, in fact,
introduced the term ‘genetics’ between 1902
and 1913,

With particular foresight Garrod went
on to develop the concept of cHEmMICAL
WNDVIDUALITY in man, which was first pre-
sented in the Croonian Lectures around
1908 and then in The Inborn Errors of Meta-
bolism®and in The nborn Factors of Disease
% (p15.2). His am azingly prescient vision of
the basic tenets of PGx is surnmarized in the
following passage: ““Fven against chemical
poisons taken by mouth, or by other chan-
nels, there are some means of defence. Every
active drug is a poison, when taken in large
eniongh doses; and insome subjects a dose
which is innocuous to the majority of peo-
ple has toxic effects, whereas others show
exceptional tolerance of the same drug.
Some chemical poisons are destroyed in
the tissnes, provided that the dose given be
not too large, and others are combined up
with substances to hand, and so rendered
innocuous and got rid of. ™,

Taste blindness: the firstexample of a phar-
macogenetic study. Despite Garrod’s insight-
ful observation, the first experimental study
that was of relevance to PGxwas not of indi-
vidual responses to a therapeutic drg:
rather, it was of variation in the ability to
taste a foreign chemical; specifically the
inability to taste (‘taste blindness for)
phenylthiocarbamide (PTC). While synthe-
sizing chemicals in search for a sugar substi-
tute, A. L. Fox® observed that some people
detected the bitter taste of PTC when the
crystals were placed on the tongue, whereas
other people conld detect only a very slight
taste, or said it had the ‘taste of sand’ L. H.

Timeline | A history of pharmacogenetics

Figure 2 | Sir Archibald E. Garrod (1958-1936).
Photograph taken by Simon Garrod in 1924,
Modified from the cover of the monograph by
Charles R. Soriver and Barton Childs on Garrod's
book The Inbarn Factors Of Dissass®, Garrod
coined the temm 'chemical individuality'. Image
reproduced with permission from RER 63 © (1989)
Creford University Press,

Snyder®, in an incredibly large study of 800
families, noted that this taste blindness was
inherited in an antosomal-recessive fashion
and that the frequency of non-tasters varied
in populations of different ethnic origin or
race. The molecular mechanism of ‘taste
blindness” for PTC and related substances —
for example, propyl thiouracil — is
unknown. Nonetheless, the study of “taste
blindness’ was the prototype for future studies
of pharmacogenetic variation. It was the first
study of a common genetic polymorphism
and it documented the association of race or
ethnicity to a human response to chemicals,
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Landmark discoveries in the 1950s. The
1950s was the decade in which PGx emerged
as a distinct discipline. New techniques
allowed the more accurate measurement of
enzyme activities, drug metabolites and drug
responses. Although their significance was not
recognised until late in the decade (see
below), there were three clear examples of
genetically determined variations in enzyme
activity being shown to underlie adverse drug
reactions, as Garrod predicted.

Alf Alving and co-workers observed that, in
World War I1, approximately 10% of African-
American soldiers, but only a very small mum-
ber of Caucasian soldiers, developed acute
haemolytic crises when given an average dose
of primaquine or other chemically related
antimalarial drugs’. It was later shown that
this sensitivity was caused by a deficiency of
glucose 6-phosphate dehydrogenase (GoPD),
which altered erythrocyte metabolism?® The
same genetic defect was suspected to account
for Favismm — haemolysis after ingestion of
Fava beans — which occurred in some indi-
viduals of Mediterranean descent. We now
kmowthat the G6PDlocus en chromosome X
is one of the most polymorphic genetic sites in
humans. More than 400 million people carry
one of 135 definitive G6PD variants and are at
risk of haemolysis when exposed to drugs.
The frequency of low-activity alleles of GePD
is highly correlated with the prevalence of
malaria®.

The drug succinylcholine (also known as
suxamethonium ), which is administered as
an adjunct to anaesthesia, provided the second
example of a genetic variant that causes an

© FOCUS ON PHARMACOGENETICS

Box 1| Acetylation polymorphism: prototype of variability in drug metabolism

Isoniazid, which was introduced in 1952, was the first drug that was effective in the treatment of
tuberculosis, Banike and Reif * in Germany, and Hughes in the United States™ observed that,
for any individual, urinary excretion of unchanged isoniazid was constant on repeated
administration, but that there were marked differences in excretion among individuals. In later
studies, Hughes determined that the differences were due to differences in the individual’s
ability to convert isoniazid to acetylisoniazid. “Slow acetylators’ were more prone to suffer from
isoniazid toxicity, that is, periPHERAL NEUROPATHY™ . Family studies showed this was an autosomal
recessive trait. Subsequently, measurement of the plasma concentration of isoniazid 6 hours
after an isoniazid dose allowed Evans™ to identify two groups, rapid and slow acetylators.

These initial studies triggered many epidemiological, pharmacological and clinical studies in
numerous countries, and provided a model of how pharmacogenetic traits could be analyzed.
The acetylation polymorphism that was identified also affects the disposition of a variety of
other drugs, including sulphonamides, dapsone {Avlosulfon; Wyeth Averst), phenelzine (Nardil;
Pfizer Inc.), hydralazine, procainamide and numerous other foreign chemicals including
chemical carcinogens. However it was not until 40 vears later that the molecular causes of this
polymorphism were elucidated”’~%, Cloning of the cDNA that encodes the cytosolic enzyme N-
acetyltransferase-2 in 1991 allowed identification of 2 common alleles®”. These two alleles, were
identified as restriction-fragment length polymorphisms and correspond to alleles now called
NAT2%5and NAT2%6. These variants account for over 90% of slow-acetylator alleles®. As of June
2003, 14 mutations in the coding region of NAT2 were described, which—alone or in various
combinations — produce 36 different alleles (see Arylamine N-Acetyltransferase (NAT)
Nomenclature in the online links box). Epidemiological studies have shown marked variability
in the frequency of occurence of these alleles. The incidence of NAT2 slow acetylators might vary
from 5 to 95%, depending on the population that is being studied®

abnormal drug response — in this case pro-
longed aeves'®, Succinylcholine canses muscu-
lar paralysis, usually for a few minutes, but in
exceptional cases for up to one hour. The pro-
longed effect is due to altered kinetics of a
pseudocholinesterase (butyrylcholinesterase).
Family studies showed that rseuncroLNESTERASE
pEriciENCY was inherited as an autosomal-
recessive trait*,

Perhaps the most well-known example
of a genetic defect in drug biotransforma-

(1988-1990) Gonzakz ard Weyer
collaborate to clone CYEE0E and
characterize the genetic defect of

Blum, Grant and Meyer purify A-acetytransferase-
1/2 (NAT1/2) and clone the respective genes as
wel as the mutations of MAT2 that cause the

kneowledge base, the 'PhamGHEB' web

FCR allows genetic
sequencesto be
amplified exponertially;

The first issue of the
Joumal Pharmacogenetics
is published.

CYP2C18, which causesthe
mephenytcin polmohism,
by Goldetein of ai %,

the debriscquine/zpantaing acehyation polmanohiam®, site, iz constructed on the basisofthe
i 3125 ;
pokrmorphism!#8, National Instibutes of Health
Ciloning and characterization of FPhamacogenetics Fesearch MNefwork,

The first comprehensive pharmacogeretic

tion is the acetylation polymorphism. It
was first observed with the advent of
somiazio therapy in tuberculosis in the 19508
and was shown 40 vears later to be due to
mutations in N-acetyltransferase-2 (NAT2)
on chromosome 8 (BOX 1).

Drug reactions, enzymes and genetics

In 1957 Arno Motulsky was the first to recog-
nize the sigmificance of the key discoveries of
the 1950s. His seminal paper — Drug recac-

The Federal Dug Administration issues draft
guidelines for aubmission of pharmacogenstic
data with neww dnug applications.

I
Start of the 'Haphdap' project for building a map
of haplatype biccks,

The term pharmacogenomics
first appears inthe literature,

1985 1987 1988

1993

1994 1995 1997 1999

2000

T
The human genome sequence
l2 {almost) completed,

First nomenclature o the Heim and Meyer Johansson, Ingelman-Sundberg Acommittes (Matsis A nomenclature websits for the Admaft of the Characterization
Paan-supegens family. publish the first ard Bertleson discoverthat stable stal) offersa human cvtochrome PASO (CYvP) human gencme of =1.8 millicn
allele-specific gene ampliications of CYFE06 nomenclature for allek iz egtablished byan sacjuence s ShPs bythe
pharmacogenetic caussthe Ultrarapid-metabalizer MNAT allelest?, irtematicnal committee. published. SMP Coneortiurm,
gere tost for phenchype?®-4, T I
CYP208 (REF 38). Kryretzki et al publish | | A publiz/privats colaboration,

the first mutaticns of
the TPMT gene, from
whicha DMAtestis
derved®,

the "SNP Consartium',
provicdes public infemation an
genomic diversity .
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Figure 3 | Genotype-phenotype relationships of the CYP2D6-polymorphism. MNull alleles of the
CYPZ2DE gene on chromosome 22 are indicated by vellow boxes, fully functional alleles by red boxes,
decreased function alleles by orange boxes, and deletion of the CYP2D6 gene by a dashed line. The
associated phenotypes and their approximate freguencies in Gaucasian populations are assigned 1o the
subpopulations that have been determined by the urinary metabalic ratio (MR) of debrisoguine to 4-
hydrary-debrisoquine, MR = 12.6 s the cutaff point betwesn individuals with 'poor metabolism', as a
resuUlt of decreased or absent CYP2D6 activity, and subjects with intermediate or extensive metabolism.
To achieve the same plasma concentration of the antideprassant drug nortriptyling, poor metabolizers
require only a fraction of the dose of exdensive metabolizers, and ultrarapid metabolizers need a higher

dosge (modified from REFS 59,60].

tions, enzymes and biochemical genetics— was
written on the invitation of a committee of
the American Medical Association'. Motulsky
highlighted the genetic basis of adverse reac-
tions to both primaquine and succinylcholine
(see above), but he also mentioned barbitu-
rate-precipitated attacks of acute intermittent
porphyria and hereditary HypERBILIRUBINEMIA.
He made the point that these reactions showed
“how hereditary gene-controlled enzymatic
factors determine why, with identical exposure,
certain individuals become ‘sick’, whereas oth-
ers are not affected.” This paper marked the
true beginnings of PGx as a distinct discipline.
Recognition of the field spread rapidly.
Friedrich Vogel in Heidelberg, Germany,
coined the term ‘pharmacogenetics’ in 1959
(REE 13).In 1962, Kalow published the first
monograph on PGx!, reviewing all the pub-
lished examples of genetic factors that influ-
ence the response to drugs and chemicals. By
1956 a book with the title ‘Biochemical
Individuality” already had a chapter on vari-
ability in the responses to drugs'®.

These publications triggered numerous
observations over the following vears on how
genes affect drug responses, and a community
of researchers that were interested in this topic
started to develop. The first international con-
ference on PGx; held at the New York Academy
of Sciences, came in 1967. It brought together
workers in many of the newly developing
areas of pharmacogenetic research. In addi-
tionto G6PD deficiency these areas included
MALIGNANT HYPERTHERMIA, FAMILIAL DYSAUTONOMIA,
porphyria and red-blood-cell enzymatic
defects that are associated with drug-
induced haemolysis. Hereditary resistance
to coumarin anticoagulants, reduced activ-
ity of alcohol dehydrogenase in the liver,
adverse drug responses to acetophenetidin
{meTHEMOGLoEmNEMIA and haemolysis) and
genetic aspects of allergic reactions to drugs
were other topics presented at that conference.
They exemplify the wide spectrum and rising
awareness of gene—drug interactions.

Regular symposia had a significant role in
making PGx known to other disciplines, and

many mote pharmacogenetic conditions were
observed in the following years. For example,
starting in 1968, Vessell and co-workers used a
series of identical and fraternal twins to assess
the genetic contribution to the rate of disap-
pearance of numerous drugs from plasma'®,
Alexanderson ef al.'” also used this approach
to show the genetic control of steady-state
plasma levels of wortripTrLINE. These twin
studies provided the most convincing
evidence that, for many drugs, genetic factors
underlie most of the variability in the rates of
metabolism among different individuals. The
modern statistical and genetic technologies to
analyse such polygenic traits were not avail-
able at that time,

In parallel with the realization of the scope
of pharmacological variation, motre than 100
further examples of exaggerated responses to
drugs, novel drug effects, orlack of effective-
ness of drugs as a manifestation of inherited
individual traits were documented in the 1980s
{for reviews, see REFS 18-21). These examples
also included a number of genetic disorders or
enzymatic defects that predispose their other-
wise healthy carriers to an abnormal, absent or
adverse drug reaction, for example, warrarny
resistance. Classic ‘pharmacogenetic diseases’
include inducible hepatic porphyrias and
malignant hyperthermia. These disorders are
uncovered or dramatically precipitated by the
administration of drugs. Most of these inborn
errors are rare, with the exception of GePD
deficiency.

Ecogenetics and toxicogenetics
Genetic variation also influences responses to
any kind of envirenmental or xenobiotic
impact (ecogenetics). Probably the first to
point out the importance of ecogenetics was
Brewer®. Ecogenetics is concerned with the
dynamic interactions between an individual’s
genotype and environmental agents or toxi-
cants such as industrial chemicals, pollutants,
plant and food components, pesticides, and
other chemicals. Examples of ecogenetic
variation include differences between individu-
als in ethanol sensitivity, which is related
to acetaldehyde-dehydrogenase deficiency;
development of pulmonary emphysema in
individuals with ot -antitrypsin deficiency; and
differences in nicotine metabolism that are
associated with altered smoking behaviour®®.
The related field of toxicogenetics examines an
individual’s predisposition to carcinogenic, ter-
atogenic, and other texic effects of drugs and
chemicals. Obviously, the principal concepts
of PGx and ecogenetics are indistinguishable.
The same applies to human variation in
response to food compenents, for example,
milk intolerance because of lactase deficiency.
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Drug-metabolizing enzymes

Although the early landmarks of pharmacoge-
netic research concerned several relatively
common deficiencies of drug-metabolizing
enzymes such as N-acetvltransferase-2 (Box 1)
and pseudocholinesterase, the field was clearly
invigorated by the discovery of the debriso-
quine/sparteine polymerphism of drug oxida-
tioninthe 1970s. Two groups independently
observed unexpected adverse reactions to these
drugs in volunteers that were patticipating in
rHARMACOKINETIC Studies. Subsequent studies
showed that both drugs are metabolized by the
same enzyme, a cytochrome P450 mono-
oxygenase that was later designated as
CYP2De, This enzyme affects the metaboelism
of numerous other drugs, including antidepres-
sants, apri-areHvTHMICS aNd opioins (reviewed in
REF524,25). The sometimes clinically dramatic
manifestations and the unusual melecular
genetics have made the debrisoquine/sparteine
polymorphism one of the most well-studied
pharmacogenetic traits, as reflected in over
2,500 publications since its discovery.

The CYP2D6 paradigm, Tn 1975, at St. Mary’s
Hospital Medical School in London, Robert
L. Smith, thelaboratory director, ingested
32 mg of debrisoquine, a svmpaTHICOLYTIC
antihypertensive drug, as did some of his
co-workers. His later account of his adverse
response to the drug states: “Within two hours
severe orthostatic hypotension set in with
bleod pressure dropping to 70/50 mm Hg,
hypotensive symptoms persisted for up to two
days after the dose...”*¢. His colleagues who
had ingested a similar dose had no significant
cardiovascular effects. Analysis of 4-hydroxy-
debrisoquine in the urine of the volunteers
revealed that the extreme sensitivity was asso-
ciated with the inability to form this metabo-
lite. A later study of 94 medical students and 3
families who were given a dose of 10 mg of
debrisoquine led to the description of this
genetic polymorphism of drug oxidation
with two phenotypes, the ‘poor’ and the
‘extensive’ metabolizers®.

At the same time, in Benn, Michel Eichel-
baum and Hans Dengler were carrying out a
routine pharmacokinetic study to characterize
the kinetics of sparteine, an anti-arrhythmic
and oxyroxic drug. Two individuals in the
study had unpleasant side effects such as nau-
sea, DIpLopia, blurred vision and headaches —
symptoms that are typical of intoxication
with this alkaloid. These adverse effects were
associated with high plasma levels of spart-
eine. Subsequent population and family stud-
ies showed that sparteine metabolism was
subject to a genetic polymorphism that results
intwo different phenotypes®.

© FOCUS ON PHARMACOGENETICS

Both for debrisoquine and for sparteine,
the metabolic defect was inherited in a
Mendelian (monogenic) fashion as an aute-
somal-recessive trait. A few years later, the
two independent observations converged
when it became clear that they were the
consequence of the same genetic metabolic
deficiency.

The molecular mechanism of the debriso-
quine/sparteine polymorphism was discov-
ered a few years later. Biochemical studies in
human liver micresomes first indicated that
a deficiency of a specific cytochrome-P450
enzyme was responsible®?, This enzyme was
purified from human liver in thelaboratory of
E.P. Guengerich® and my own laboratory™.
Uli Zanger in my laboratory next showed the
absence of this protein in thelivers of poor
metabolizers of debrisoquine (or bufuralol)*.
In the same year, in a collaberation with the
laboratory of Frank Gonzalez at the National
Cancer Institute/National Institutes of Health,
the cDNA of this cytochrome-P450 enzyme,
which was now called CYP2De6, was cloned™.
This cDINA was used to show the inheritance
of several defective alleles of CYP2Dé¢ by
restriction-fragment length pelymorphism
(RFLP) analysis in several families of poor
debrisoquine metabolizers™. A detailed
sequence analysis of the two most frequent
alleles (CYP2Do6*4 and CYP2D6*3) and the
functional importance of each mutation was
analyzed in heterologous expression experi-
ments**”. The timely emergence of PCR tech-
nology also allowed us to develop the first
allele-specific PCR-test to identify the most
common genotypes of poor metabolizers of
debrisoquine™®,

Clinical observations and phenotyping of
patients with debrisoquine ‘urinary meta-
bolic ratios’ (FIG 3) in Sweden led to another
interesting observations in 1993. Previously,
Bertilsson ef al.* had described an extremely
high oxidation capacity for nortriptyline ina
worman who was resistant to the normal doses
of this antidepressant. Inger Johansson in
Magnus Ingelman-Sundberg’s laboratory
detected unusual RELP patterns in the DNA of
the ‘ultrarapid’ metabolizers and found up to
12 extra copies of the CYP2D6 gene fused ina
head-to-tail orientation on chromosome 22 in
these subjects®®, Retrospective analysis of the
DNA from the non-responder to antidepres-
sant therapy also revealed that this patient was
the carrier of three copies of CYP2Ds*, This
represents the first description of a stably
amplified, functionally active, human gene, in
which the amplification is inherited as domi-
nant trait. However, not all of the ultrarapid
metabolizers can be explained by gene dupli-
cation/amplification.

Since these discoveries, numerous addi-
tional CYP2D¢ alleles were discovered and
their frequencies and functional significance
were studied worldwide, The Home Page of
the CYP allele nomenclature committee (see
further information in the online links box)
currently lists 44 alleles, including gene dele-
tions and duplications, with a total number of
78 distinct variants. A number of these variants
can be associated with four metabolism phe-
notypes: poor, intermediate, extensive and
ultrarapid (FIG. 3).

The large number of important drug sub-
strates for CYP2D6 has stimulated numer-
ous studies of the genotype—phenotype rela-

Box 2 | Therapeutic lessons from pharmacogenetics

contribute to them).

of drugs at usual doses.

+ All drug effects vary from person to person and all drug effects are influenced by genes.
* Most drug responses are multifactorial (that is, many genes and many environmental factors

* Genetic polymorphisms of single genes, including mutations in coding sequences, gene
duplications, gene deletions and regulatory mutations affect numerous drug-metabolizing
enzymes. Several cytochrome-P450 enzymes (for example, CYP2D6 and CYP2C9),
N-acetyltransferases (NAT2), thiopurine methyltransferase (TPMT) and UDP-
glucuronosyltransferases (UDP-GT) are examples. Individuals that possess these
polymorphisms are at risk of experiencing documented adverse reactions or inefficacy

* Genetic polymorphisms of drug targets and drug transporters are increasingly recognized
(receptors,ion channels, growth factors) as causing variation in drug responses.

+ Several targets of cancer therapy, for example, the epidermal-growth-factor receptor, respond
to treatment only in subgroups of patients who carry sensitizing mutations of these targets*®4°,

* The frequency of variation of drug effects, whether multifactorial or genetic, varies considerably
in ethnically defined populations (for example, alleles of N-acetyltransferases

)24'

+ Application of response-predictive genetic profiles (for example, genotyping for polymorphisms
in antidepressant or cancer-drug therapy) on clinical outcomes has, so far, been done mostly in
academic centers and has not yet reached clinical practice.

NATURE REVIEWS | GENETICS

©2004 Nature Publishing Group

VOLUME 5 | SEPTEMBER 2004 [ 673



PERSPECTIVES

tionship of this polymorphism, as well as stud-
ies of disease associations and inter-ethnic vari-
ability. CYP2D6 seems to be the most variable
and most well-investigated member of the
cytochrome-P450 superfamily of genes.

Other drug-metabolizing enzymes. In the years
after the discovery of the CYP2Dé& polymor-
phism, other polymorphisms of cytochrome-
P450 genes were discovered, notably the
wepHenyTOIN polymorphism®, which is due toa
deficiency of CYP2C19 (REF.43) and leads to
an enhanced effect of the antiulcer drug
omeprazole. The phenytoin/warfarin pely-
morphism, which is caused by mutations of
CYP2CO9(REF 44), is another good example.
This polymorphism affects the metabelism
of the anticoagulant warfarin and the anti-
convulsant phenytoin (Dilantin; Pfizer Inc.),
as well as somme other drugs.

In the decade that followed the elucidation
of the mechanism of the CYP2Dé polymor-
phism, many other genes that were responsi-
ble for such genetic pelymorphisms were
identified, functionally characterized, and
linked to inherited differences in drug effects.
One important example is the polymorphism

of thiopurine S-methyltransferase (TPMT),
with its clinically dramatic influence on the
texicity of the anticancer and immunosup-
pressive agents mercaptopurine and azathio-
prine (Imuran; GlaxoSmithKline). Other
examples are the polymorphism of UDP-glu-
curonosyltransferase UGT1A1 and its effects
on metabolism and toxicity of the anticancer
drug irinotecan, and the deficiency of dihy-
dropyrimidine dehydrogenase, which causes
increased toxicity of the anticancer drug fluo-
rouracil for a review of these topics, see REF 45).
Genotyping tests for CYP2De, TPMT, CYP2C9
and UGT1A1havebeen recommended to help
make treatment decisions, but the routine use
of genotyping is still in its infancy.

Transporters and drug targets. During the last
10 years, a number of polymorphisms of genes
that encode drug transporters and drug targets
have also been discovered and shown to alter
drug responses (for review, see REFs 4647). Of
particular interest are the recent reports of the
effectiveness of a generally ineffective drug,
gefitinib (Tressa; AstraZeneca) in lung cancer
patents that carry a sensitizing mutation of the
epidermal growth factor receptor®®’. Such

observations highlight the many sources of
genetic variation that influence drug responses.

The challenge of multifactorial drug responises.
At this time, the well-established examples of
PGx with clinical relevance are pharmacoge-
netic diseases and genetic polymorphisms
that alter the metabolism of drugs (Box 2). All
these are monogenic traits with Mendelian
inheritance, However, most drug effects and
treatment outcomes, or the individual risk
for drug inefficacy or toxicity, are due to
complex interactions between genes and
the environment. Environmental variables
include nutritional factors, concomitantly
administered drugs, disease, and many other
factors including lifestyle influences such as
smoking and alcohol consumption. These
factors work together with several individual
genes that code for pharmacokinetic and
pHARMACODYNaMIC determinants of drug effects
stich as receptors, ion channels, drug-metab-
olizing enzymes and drug-transporters. The
challenge will be to define polygenic determi-
nants of drug effects and to use a combina-
tion of genotyping and phenotyping tests to
assess environmental influences™

Glossary

ALCAPTONURIA

A rare inherited disorder of metabolism that is
characterized by urine which turns black when exposed
to air.

ANTI-ARRHYTHMICS
Medicines that are used to treat patients who have
irregular heart rhythms.

APNEA
The absence of breathing (respirations).

CHEMICAL INDIVIDUALITY

Garrod’s influential idea that ‘factors which confer upon
us our predisposition and immunities from disease are
inherent in our very chemical structure, and even in the
molecular groupings which went to the making of the
chromosomes from which we sprang.

DIPLOPIA
Double vision. Usually due to misalignment of the eyes.

FAMILIAL DYSAUTONOMIA

A disorder of the autonomic nervous system that

is inherited as an autosomal recessive trait and is
characterized by several sensory deficits (as of taste

and pain), excessive sweating and salivation, lack of tears,
difticulty in swallowing and many other symptoms.

HYPERBILIRUBINEMIA
Abnormally high levels of bilirubin in the blood.

ISONIAZID
An anti-bacterial drug that has been used to prevent and
to treat tuberculosis since 1952.

MALIGNANT HYPERTHERMIA
A group of inherited musdle problems characterized by

musde breakdown following certain stimuli — such as
anesthesia, extremes of exerdise (particularly in hot
conditions), fever, or use of stimulant drugs. The problems
associated with this condition result from over-excitable
muscles that contract uncontrollably, severe fever, abnormal
heart rhythms, and kidney failure.

MEFHENYTOIN

An anticonvulsant that is indicated for the treatment of
tonic-donic and partial seizures in patients who are not
controlled with less-toxic medications.

WMETHEMOGLOBINEMIA

An inherited blood disorder that is characterized by
increasedlevels of an abnormal form of haemoglobin that
is unable to ddiver oxygen effectively.

NORTRIPTYLINE

An antidepressant medication of the tricyclic class.
Medications in this class are often referred to as tricydic
antidepressants, or TCAs.

OPIOIDS

Synthetic opium-like drugs that possess some affinity for
any, or all, of the opioid-receptor subtypes. Commeon
opioids are endorphin, fentanyl and methadone.

CEYTOXIC
A drug that is useful in starting or aiding in labour. Also
used to stimulate uterine contractions.

PERIPHERAL NEUJROPATHY

A problem in peripheral nerve function (any part of the
nervous system except the brain and spinal cord) that
causes pain, numbness, tingling, swelling, and muscle
weakness in various parts of the body. Neuropathies
might be caused by physical injury, infection, toxic
substances, disease (forexample, cancer, diabetes,
kidney failure, or malnutrition), or drugs such as
anticancer drugs.

FHARMACODYNAMICS

The process of interaction of pharmacologically active
substances with target sites, and the biochemical and
physiological consequences leading to therapeutic or
adverse effects.

PHARMACOKINETICS

The rocess of the uptake of drugs by the body, the
biotransformation they undergo, the distribution of
the drugs and their metabolites in the tissues, and the
elimination of the drugs and their metabolites from
the body.

PORPHYRIA

A group of disorders that are characterized by

the excessive production of porphyrins or their
precursors, and which arise from abnormalities in the
regulation of the porphyrin—heme pathway. Acquired
pophyrias, which are due to inhibition of enzymes in
the metabolic pathway by a drug, toxin or abnormal
metabolite, are more common than those that are
inherited.

PSEUDOCHOLINESTERASE DEFICIENCY

A rare genetic disorder that causes an absence

of the plasma enzyme pseudocholinesterase,
which can cause respiratory difficulty during
surgery if the muscle-relaxing drug succinylcholine
is used.

SYMPATHICOLYTIC
Interfering with, opposing, inhibiting, or destroving
impulses from the sympathetic nervous system.

WARFARIN

An oral anticoagulant that inhibits the synthesis
of dotting factors, thus preventing blood-clot
formation.
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Pharmacogenomics

The increasing use of the term pharmacoge-
nomics (FIG. 1) reflects the evolution of PGx
into the study of the entire spectrum of
genes that determine drug responses, includ-
ing the assessment of the diversity of the
human geneme sequence and its clinical
consequences. There are three aspects of
pharmacogenomics that make it different
frem classic PGx.

Genetic  drug-response profiles. Rapid
sequencing and genotyping of SNPs will have
a significant role in associating sequence varia-
tions with heritable clinical phenotypes of
drug or xenobiotic responses. SNPs occur
approximately once every 300-3,000 bp if the
genomes of 2 unrelated individuals are com-
pared, and these represent 90-95% of all vari-
ant DNA sites. Any two individuals therefore
differ at approximately 3—10 million bp, that
is, <1% of the 3.2 billion bp of the haploid
genorme.,

How can we use this information to predict
drug responses? Pharmacogenomics focuses
on SNPs for the simple and practical reason
that they are both the most common and the
most technically accessible class of genetic vari-
ations. For clinical-correlation studies in rela-
tively small popuilations SNPs that occur at fre-
quencies »>10% are most likely to be usefud, but
rare SNPs with a strong selection component
and a more marked effect on phenotype are
equally important. Once a large number of
these SNPs and their frequencies in different
populations are known, they can be used to
correlate an individual’s genetic “fingerprint’
with their probable drug response. It has been
proposed that high-density maps of SNPs or
so-called haplotype blocks (sets of SNPs that
are inherited together; see the International
HapMap Project in the online links box) in the
human genome might allowthe use of these
SNPs as markers of xenobiotic responses even
if the target remains unknown, providing a
‘drug-response profile’ that is associated with
contributions from many genes to a response
phenotype. However, SNPs are not evenly
distributed across the genome and differ
between populations of different ethnic origin.
In practice, therefore, and because of the com-
plexities of defining disease phenotypes and
clinical outcomes, the validity of this concept
remains to be shown. Obviously, phenotyping
methods will remain extremely important to
assess the clinical relevance of genetic varia-
tions, as discussed below.

The effect of drugs on gene expression,
Genemic technologies also include methods
to study the expression of large groups

© FOCUS ON PHARMACOGENETICS

of genes and indeed the entire complement of
products {mRNAs) of a genome, Most drug
actions produce changes in gene expression in
individual cells or organs. This provides a new
perspective for the way in which drugs inter-
act with the organism and provides a measure
of the biological effects of the drug. For
instance, numerous drugs induce their own
metabelism and the metabolism of other
drugs by interacting with nuclear receptors
such as AhR (arylhydrocarbon receptor),
PPAR (peroxisome proliferator activated
receptor), PXR (pregnane X receptor) and
CAR (constitutive androstane receptor).
These receptors function as “xenosensors’ and
transcription factors that activate a response
that includes increased biotransformation of
drugs (reviewed in ReE 51). The phenomenon
of induction has significant clinical conse-
quences such as altered kinetics, drug-drug
interactions or changes in hormone and car-
cinogen metabolism. Genomics is providing
the technology to better analyze these com-
plex multifactorial situations and to obtain
individual genotypic and gene-expression
information to assess the relative contribu-
tions of environmental and genetic factors to
variations in drug responses.

Pharmacogenomics in drug discovery and drug
development. The identification of all genes
and, ultimately, the study of all protein variants
that cause, contribute to, or modify a disease,
will lead to new‘drugable’ and ‘nondrugable’
targets, prognostic markers of disease states or
severity-of-disease information. The pharma-
ceutical industry has realized this potential. Tt is
obvious that the discovery of genes and pro-
teins that are involved in the pathogenesis of
disease allows the definition of new drug tar-
gets and promises to change profoundly the
field of medicine in the future.

The promise of personalized medicine. Is the
promise that pharmacogenomics will provide
more ‘personalized medicine a reasonable
expectation? And if so, why is PGx so rarely
applied in clinical practice, in spite of well-
established genetic polymorphisms and avail-
able genotyping methods? Numerous reasons
for the slow acceptance of pharmacogenetic
principles have been brought forward*®°. The
lack of large prospective studies to evaluate
the impact of genetic variation on drug ther-
apy is one reason for the slow acceptance of
these principles. On the other hand, pharma-
cogenetic information is increasingly
included in product information or drug data
sheets that alert the physician to dosing
problems. Recent retrospective analysis of
psychiatric patients that were treated with

drugs that are substrates of CYP2D6
strongly indicates that genotyping can
improve efficacy, prevent adverse drug reac-
tions, and lower the costs of therapy with
these agents®2, The future impact of PGx
and pharmacogenomics is likely to be con-
siderable both in the selection of the right
drug at the proper ‘individual’ dose and in
the prevention of adverse effects (FIG. 3). By
translating the increasing knowledge of
human genetic diversity into better drug
treatment, improved health through per-
sonalized therapy remains a realistic future
scenario in many fields of medicine.
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VIEWPOINT

Pharmacogenetics: ethical
problems and solutions

Alasdair Breckenridge, Klaus Lindpaintner, Peter Lipton, Howard McLeod,

Mark Rothstein and Helen Wallace

Abstract | Regulators, drug companies,
academic scientists, bioethicists,
clinicians and, increasingly, the general
public are starting to realize that
pharmacogenetics (PGx) will probably
have a huge impact on the way in which
we treat both common and rare diseases.
But how much thought has gone into the
ethical issues that the incorpartation of
phamacogenetic testing into drug
discovery, prescription and use will entail?
It seems that "guite a bit" is the answer,
as the diverse viewpoints of
representatives of all of these groups
presented here illustrate. However, these
views also highlight that now is the time to
start formulating and implementing
solutions to these potential problems.

What do you see as the most important future
benefits of PGx to society and, conversely,
what are the main problems that it poses?

+ Individuals differ in their response to medi-
cines for many reasons, one of the most impor-
tant being differences in their genetic make-up.
PGx is the study of genetic variations that affect
responses to medicines, both in terms of effi-
cacy and safety. For certain medicines, appro-
priate genetic testing could, in theory, select
those patients who are likely to derive more
benefit from a medicine or, conversely, those
who are more likely to suffer an adverse effect.
This has implications not only for individual
treatment, but also for the way in which medi-
cines are developed. Clinical trials of new med-
icines conducted in cohorts of patients selected
by PGx testing could be smaller and could be
carried out more quickly, which would result
inlower development costs, Evaluation of the
safety profile of medicines that are already on
the market is also an important area in which
PGx profiling can be used.

Much is made of how this approach raises
concerns about patient confidentiality and
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