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Genetic polymorphisms in drug-metabolizing enzymes, transporters, re- 
ceptors, and other drug targets have been linked to interindividual differ- 
ences in the efficacy and toxicity of many medications. Pharmacogenomic 
studies are rapidly elucidating the inherited nature of these differences in 
drug disposition and effects, thereby enhancing drug discovery and pro- 
viding a stronger scientific basis for optimizing drug therapy on the basis 
of each patient's genetic constitution. 

There is great heterogeneity in the way indi- 
viduals respond to medications, in terms of 
both host toxicity and treatment efficacy. Po- 
tential causes for such variability in drug 
effects include the pathogenesis and severity 
of the disease being treated; drug interac- 
tions; and the individual's age, nutritional 
status, renal and liver function, and concom- 
itant illnesses. Despite the potential impor- 
tance of these clinical variables in determin- 
ing drug effects, it is now recognized that 
inherited differences in the metabolism and 
disposition of drugs, and genetic polymor- 
phism~ in the targets of drug therapy (such as 
receptors), can have an even greater influence 
on the efficacy and toxicity of medications. 
Clinical observations of such inherited differ- 
ences in drug effects were first documented 
in the 1950s, exemplified by the relation be- 
tween prolonged muscle relaxation after 
suxamethonium and an inherited deficiency 
of plasma cholinesterase ( I ) ,  hemolysis after 
antimalarial therapy and the inherited level of 
erythrocyte glucose 6-phosphate dehydroge- 
nase activity (2), and peripheral neuropathy 
of isoniazid and inherited differences in acet- 
ylation of this medication (3). Such observa- 
tions gave rise to the field of "pharmacoge- 
netics," which focuses largely on genetic 
polymorphisms in drug-metabolizing en- 
zymes and how this translates into inherited 
differences in drug effects [reviewed in (4 ) ] .  

The molecular genetic basis for these in- 
herited traits began to be elucidated in the late 
1980s;with the initial cloning and character- 
ization of a polymorphic human gene encod- 
ing the drug-metabolizing enzyme debriso- 
quin hydroxylase (CYP2D6) (5). Genes are 
considered functionally "polymorphic" when 
allelic variants exist stably in the population, 
one or more of which alters the activity of the 
encoded protein in relation to the wild-type 

Department of Pharmaceutical Sciences, St. Jude Chil- 
dren's Research Hospital, Memphis, TN 38105, USA. 
and Colleges of Pharmacy and Medicine, University of 
Tennessee. Memphis, TN 38105, USA. 

*To whom correspondence should be addressed. E- 
mail: william.evans@stjude.org 

sequence. In many cases, the genetic poly- 
morphism is associated with reduced activity 
of the encoded protein, but there are also 
examples where the allelic variant encodes 
proteins with enhanced activity. Since the 
cloning and characterization of CYP2D6, hu- 
man genes involved in many such pharmaco- 
genetic traits have been isolated, their molec- 
ular mechanisms have been elucidated, and 
their clinical importance has been more clear- 
ly defined. Inherited differences in drug-me- 
tabolizing capacity are generally monogenic 
traits, and their influence on the pharmacoki- 

netics and pharmacologic effects of medica- 
tions is determined by their importance for 
the activation or inactivation of drug sub- 
strates. The effects can be profound toxicity 
for medications that have a narrow therapeu- 
tic index and are inactivated by a polymor- 
phic enzyme (for example, mercaptopurine, 
azathioprine, thioguanine, and fluorouracil) 
(6 )  or reduced efficacy of medications that 
require activation by an enzyme exhibiting 
genetic polymorphism (such as codeine) (7). 

However, the overall pharmacologic ef- 
fects of medications are typically not mono- 
genic traits; rather, they are determined by the 
interplay of several genes encoding proteins 
involved in multiple pathways of drug metab- 
olism, disposition, and effects. The potential 
polygenic nature of drug response is illustrat- 
ed in Fig. 1, which depicts the hypothetical 
effects of two polymorphic genes: one that 
determines the extent of drug inactivation and 

Fig. 1. Polygenic deter- 
minants of drug effects. 
The potential conse- 
quences of administer- 
ing the same dose of a 
medication to  individu- 
als with different drug- 
metabolism genotypes 
and different drug-re- 
ceptor genotypes is iC 
lustrated. Active drug 
concentrations in sys- Lid",. ;'% 
temic circulation are 
determined by the indi- 
vidual's drug-metabo- 
lism genotype (green 
lettering), with (A) ho- 
mozygous wild type 
(wt/wt) patients con- 
verting 70% of a dose 
to the inactive metab- 
olite, leaving 30% to  
exert an effect on the 
target receptor. (B) For 
the patient with het- 
emzygous (wtlm) drug- 
metabolism eenotvDe. 
35% is inictivged; 
whereas (C) the patient with homozygous mutant (rnlm) drug metabolism inactivates only 1% of 
the dose by the polymorphic pathway, yielding the three drug concentration-time curves. Phar- 
macological effects are further influenced by different genotypes of the drug receptor (blue 
lettering), which have different sensitivity t o  the medication, as depicted by the curves of drug 
concentration versus effects (middle). Patients with a wt/wt receptor genotype exhibit a greater 
effect at any given drug concentration in comparison t o  those with a wt lm receptor genotype, 
whereas those with rnlm receptor genotypes are relatively refractory to  drug effects at any plasma 
drug concentration. These two genetic polymorphisms (in drug metabolism and drug receptors) 
yield nine different theoretical patterns of drug effects (right). The therapeutic ratio (efficacy: 
toxicity) ranges from a favorable 75 in the patient with wt/wt genotypes for drug metabolism and 
drug receptors t o  <0.13 in the patient with m lm genotypes for drug metabolism and drug 
receptors. 
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another that determines the sensitivity of the 
drug receptor. The polymorphic drug-metab- 
olizing enzyme, which exhibits codominant 
inheritance (that is, three phenotypes), deter- 
mines the plasma concentrations to which 
each individual is exposed, whereas the poly- 
morphic receptor determines the nature of 
response at any given drug concentration. 
This example assumes that drug toxicity (Fig. 
1, red lines) is determined by nonspecific 
effects or through receptors that do not ex- 
hibit functionally important genetic polymor- 
phism~, although clearly toxicity can also be 
determined by genetic polymorphisms in 
drug receptors. Thus, the individual with ho- 
mozygous wild-type drug-metabolizing en- 
zymes and drug receptors (Fig. 1A) would 
have a high probability of therapeutic effica- 
cy and a low probability of toxicity, in con- 
trast to an individual with homozygous mu- 
tant genotypes for the drug-metabolizing en- 
zyme and the drug receptor, in which the 
likelihood of efficacy is low and that of tox- 
icity is high (Fig. 1C). 

Such polygenic traits are more difficult to 
elucidate in clinical studies, especially when 
a medication's metabolic fate and mecha- 
nisms of action are poorly defined. However, 
biomedical research is rapidly defining the 
molecular mechanisms of pharmacologic ef- 
fects, genetic determinants of disease patho- 
genesis, and functionally important polymor- 
phism~ in genes that govern drug metabolism 
and disposition. Moreover, the Human Ge- 
nome Project, coupled with functional genom- 

epoxide 
hydmlase 

DPD 1 otpem 

ics and high-throughput screening methods, is 
providing powerhl new tools for elucidating 
polygenic components of human health and 
disease. This has spawned the field of "phw 
macogenomics", which aims to capitalize on 
these insights to discover new .therapeutic tar- 
gets and interventions and to elucidate the con- 
stellation of genes that determine the efficacy 
and toxicity of specific medications. In this 
context, pharmacogenomics refers to the entire 
spectrum of genes that determine drug behavior 
and sensitivity, whereas pharmacogenetics is 
often used to define the more narrow spectrum 
of inherited differences in drug metabolism and 
disposition, although this distinction is arbitrary 
and the two terms are now commonly used 
interchangeably. Ultimately, knowledge of the 
genetic-basis for drug disposition and response 
should make it possible to select many medica- 
tions and their dosages on the basis of each 
patient's inherited ability to metabolize, elirni- 
nate, and respond to specific drugs. Herein, we 
provide examples that illustrate the current sta- 
tus of such pharmacogenomic research and dis- 
cuss the prospects for near-term advances in 
this field. 

Genetic Polymorphisms in Drug 
Metabolism and Disposition 
Until recently, clinically important genetic 
polymorphisms in drug metabolism and dis- 
position were typically discovered on the ba- 
sis of phenotypic differences among individ- 
uals in the population (8), but the framework 
for discovery of pharmacogenetic traits is 

k GST-P 
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CYP2E1 '\. 20MT 

TPMT 

Fig. 2. Most drug-metabolizing enzymes exhibit clinically relevant genetic polymorphisms. Essen- 
. tially all of the major human enzymes responsible for modification of functional groups [classified 

as phase I reactions (Left)] or conjugation with endogenous substituents [classified as phase II 
reactions (right)] exhibit common polymorphisms at the genomic level; those enzyme polymor- 
phisms that have already been associated with changes in drug effects are separated from the 
corresponding pie charts. The percentage of phase I and phase II metabolism of drugs that each 
enzyme contributes is estimated by the relative size of each section of the corresponding chart. 
ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; CYP, cytochrome P450; DPD, 
dihydropyrimidine-dehidrogenase; NQOI, N A D P H : ~ U ~ ~ & ~  oxidoreductase or DT diaphorase; 
COMT. catechol O-methvltransferase; CST. elutathione S-transferase; HMT. histamine methvl- 
transferase; NAT, N-acet);transferase;.STs, iurfotransferases; TPMT, thibpurine methyltransfer&e; 
UCTs, uridine 5'-triphosphate glucuronosyltransferases. 

rapidly changing. With recent advances in 
molecular sequencing technology, gene poly- 
morphism~ [such as single-nucleotide poly- 
morphism~ (SNPs), and especially SNPs that 
occur in gene regulatory or coding regions 
(cSNPs)] may be the initiating discoveries, 
followed by biochemical and, ultimately, 
clinical studies to assess whether these 
genomic polymorphisms have phenotypic 
consequences in patients. This latter frame- 
work may permit the elucidation of polymor- 
phism~ in drug-metabolizing enzymes that 
have more subtle, yet clinically important 
consequences for interindividual variability 
in drug response. Such polymorphisms may 
or may not have clear clinical importance for 
affected medications, depending on the mo- 
lecular basis of the polymorphism, the ex- 
pression of other drug-metabolizing enzymes 
in the patient, the presence of concurrent 
medications or illnesses, and other polygenic 
clinical features that impact upon drug re- 
sponse. In Fig. 2, we have highlighted those 
drug-metabolizing enzymes known to exhibit 
genetic polymorphisms with incontrovertible 
clinical consequences; however, almost every 
gene involved in drug metabolism is subject 
to common genetic polymorphisms that may 
contribute to interindividual variability in 
drug response. Table 1 provides examples of 

- - 

how these genetic polymorphisms can trans- 
late into clinically relevant inherited differ- 
ences in drug disposition and effects, a com- 
prehensive s m a r y  of which is available at 
www.sciencemag.org/feature/data/l044449. 
shl. 

All pharrnacogenetic polymorphisms stud- 
ied to date differ in frequency among ethnic and 
racial groups. In fact, the slow acetylator phe- 
notype was originally suspected to be geneti- 
cally determined because of the difference in 
frequency of isoniazid-induced newpathies 
observed in Japan versus those observed in the 
United States (9). The marked racial and ethnic 
diversity in the frequency of functional poly- 
morphism~ in drug- and xenobiotic-metaboliz- 
ing enzymes dictates that race be considered in 
studies aimed at discovering whether specific 
genotypes or phenotypes are associated with 
disease risk or drug toxicity. 

It is now well recognized that adverse drug 
reactions may be caused by specific drug-me- 
tabolizer phenotypes. This is illustrated by the 
severe and potentially fatal hematopoietic tox- 
icity that occurs when thiopurine methyltrans- 
ferase-deficient patients are treated with stan- 
dard does of azathioprine or mercaptopurine 
(6). Another example is the slow acetylator 
phenotype that has been associated with hydral- 
azine-induced lupus, isoniazid-induced neurop- 
athies, dye-associated bladder cancer, and sul- 
fonamide-induced hypersensitivity reactions (9, 
10); in all cases, acetylation of a parent drug or 
an active metabolite is an inactivating pathway. 
N-Acetyltransferase is an enzyme that conju- 
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gates substrates with a more water-soluble 
small molecular moiety. Such conjugation re- 
actioils are frequently, but not always, detoxi- 
fying, in that they often "mask" a more reactive 

As depicted in Fig. 2, CYP3A4 is the 
huinan enzyme known to be involved in the 
metabolism of the largest number of medica- 
tions. Thus far, no completely inactivating 
mutations have been discovered in the human 
CYP3A4 gene, although a common polymor; 
phism in the CYP3A4 promoter has been 
recently described (14). For enzymes that 
apparently do not have critical endogenous 
substrates (for example, CYP2C19, CYP2D6, 
and TPMT): the molecular mechanisms of 
inactivation include splice site mutations re- 
sulting in exon skipping (for example, 
CYP2C19), microsatellite nucleotide repeats 
(for example, CYP2D6), gene duplication 
(for example, CYP2D6), point mutations re- 
sulting in early stop codons (for example, 
CYP2D6), amino acid substitutions that alter 
protein stability or catalytic activity (for ex- 
ample; TPMT, M T 2 ,  CYP2D6, CYP2C19, 
and CYP2C9), or complete gene deletions 
(for example, GSTMl and CYP2D6). It is 
remarkable that even for rare phenotypes 
such as thiopurine methyltransferase defi- 
ciency (which occurs in only 1 in 300 indi- 
viduals), a small number of recurring muta- 
tions have been shown to account for most of 

the mutant alleles in humans (6). For this and 
other drug-metabolizing genes, the frequency 
of SNPs and other genetic defects appears to 
be more comn~on than the frequency of "1 
per 1000 base pairs" that is cited for the 
huinan genome. Perhaps it is because some 
"dmgn-metabolizing enzymes are dispens- 

functional group and usually enhance urinaq7 or 
biliaiy excretion of substrates. There are many 
examples in which the combination of a genetic 
defect in a conjugation pathway (Fig. 2, right), 
coupled with a wild-type phenotype for an ox- 
idation pathway (Fig. 2: left), many of which 
can make substrates more reactive through the 
insertion of oxygen or other chemical modifi- 
cations, results in a phenotype particularly pre- 
disposed to adverse effects from a medication 

able or redundant with other enzymes (such 
as CYP2D6 and CYP2C19) that genetic poly- 
morphism~ of drug-metabolizing enzymes 
are so common. 

Genetic Polymorphisms in Drug 
Transporters 

or environmental substance. Xltematively. 
increased CYPlA activity (an enzyme cata- 

Although passive diffilsion accounts for cel- 
lular uptake of some drugs and metabolites, 
increased emphasis (1.5) is being placed on 
the role of ineinbrane transporters in absorp- 
tion of oral medications across the gastroin- 

lyzing a phase I oxidation reaction), coupled 
with slow acetylation (a phase I1 conjugation 
reaction); resulted in less n~yelosuppression 
from the active metabolites of the anticancer 
agent amonafide (11). Because every individ- 

testinal tract; excretion into the bile and 
urine; distribution into "therapeutic sanctuar- 

ual represents a combination of drug-metabo- 
lizer phenotypes, given the large number of 
enzymes iilvolved in drug n~etabolisn~, it is 

ies:" such as the brain and testes; and trans? 
port into sites of action, such as cardiovascu- 
lar tissue, tumor cells, and infectious micro- 

apparent that some individuals are destined to 
have unusual reactions to drugs or to con~bi- 

organisms. It has been proposed that some of 
these transporters. such as P-glycoprotein. 
may not be essential for viability. because nations of drugs due to the coincident occur- 

rence of multiple genetic defects in drug- 
metabolizing enzymes. Such an alignment of Table 1. Examples o f  clinically relevant genetic polymorphisms influencing drug metabolism and effects. 

A comprehensive listing is available a t  w w w  sciencemag.orglfeatureidatai1044449.shl. genotypes; particularly when coupled with 
polymorphisms in drug receptors, is likely to 

Medications 
Drug effect linked References 
t o  polymorphism 

constitute part of the mechanism for so-called 
"idiosyncratic" dnlg reactions. 

In addition to detoxifying and eliminating 
drugs and metabolites, drug-metabolizing en- 
zymes are often required for activation of 

Drug-metabolizing enzj 
Tolbutamide, warfarin, phenytoin, 

nonsteroidal 
anti-inflammatories 

Beta blockers, antidepressants, 
antipsychotics, codeine, 
debrisoquin, 
dextromethorphan, encainide, 
fleca~nide, guanoxan, 
methoxyamphetamine, 
N-propylajmaline, perhexiline, 
phenacetin, phenformin, 
propafenone, sparteine 

~ m e s  
Anticoagulant effect 

o f  warfarin 
prodmgs. Many opioid analgesics are activat- 
ed by CYP2D6 ( 7 ) ,  rendering the 2 to 10% of Tardive dyskinesia 

f rom 
antipsychotics; 
narcotic side 
effects, efficacy, 
and dependence; 
imipramine dose 
requirement; 
beta-blocker 
effect 

Fluorouracil 
neurotoxicity 

Thiopurine toxici ty 
and efficacy: risk 
o f  second cancers 

the population who are homozygous for non- 
fi~ilctional CYP2D6 mutant alleles relatively 
resistant to opioid analgesic effects. It is thus 
not surprising that there is remarkable inter- 
individual variability in the adequacy of pain 
relief when uniform doses of codeine are 
widely prescribed. 

For many genetic polymorphisms of drug- 
metabolizing enzymes, there is no evident 
phenotype in the absence of a d n ~ g  challenge. 
perhaps because these enzymes are not criti- 
cal for metabolism of endogenous com- 

Dihydropyrimidine 
dehydrogenase 

Thiopurine 
methyltransferase 

Fluorouracil 

Mercaptopurine, thioguanine, 
azathioprine 

Drug targets 
Enalapril, lisinopril, captopril 

pounds in physiologically essential pathways. 
However, some dmg-metabolism genotypes 

ACE Renoprotective 
effects, cardiac 
indices, blood 
pressure, 
immunoglobulin 
A nephropathy 

may result in a phenotype in the absence of 
drug; for example. it has been postulated that 
CYP2D6-poor metabolizers are less pain tol- 
erant than extensive metabolizers because of 
a defect in synthesizing endogenous mor- Potassium channels 

HERC Quinidine Drug-induced long 
QT syndrome 

Drug-induced 
torsade de 
pointes 

Drug-induced long 
QT syndrome 

Drug-induced 
arrhythmia 

phine (12) and that certain forms of dihydro- 
pyrimidine dehydrogenase deficiency are as- 
sociated with mental retardation (13). More- 
over, the risk of some cancers has been linked 
to polyinorphisms in drug-metabolizing en- 

Cisapride 

Terfenadine, disopyramide, 
meflaquine 

Clarithromycin 

KvLQTl 

hKCNE2 
zymes, which may be due to an impaired 
ability to inactivate exogenous or endogenous 
mutagenic molecules. 
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knockout mice appear normal until chal- 
lenged with xenobiotics. However, other 
transporters are likely to play critical roles in 
transport of endogenous substances. Al- 
though polymorphisms in P-glycoprotein 
have been reported (16), and such variation 
may have functional importance for drug ab- 
sorption and elimination, the clinical rele- 
vance of polymorphisms in drug transporters 
has not yet been fully elucidated. 

Genetic Polymorphisms in Drug 
Targets 
Most drugs interact with specific target proteins 
to exert their pharmacological effects, such as 
receptors, enzymes, or proteins involved in sig- 
nal transduction, cell cycle control, or many 
other cellular events. Molecular studies have 
revealed that many of the genes encoding these 
drug targets exhibit genetic polymorphism, 
which in many cases alters their sensitivity to 
specific medications. Such examples include 
polymorphisms in P-adrenergic receptors and 
their sensitivity to P-agonists in asthmatics 
(1 7), angiotensin converting enzyme (ACE) 
and its sensitivity to ACE inhibitors (18), an- 
giotensin I1 T1 receptor and vascular reactivity 
to phenylephrine (19) or response to ACE in- 
hibitors (20), sulfonylurea receptor and respon- 
siveness to sulfonylurea hypoglycemic agents 
(21), and 5-hydroxtryptamine receptor and re- 
sponse to neuroleptics such as clozapine (22). 
In addition, genetic polymorphisms that under- 
lie disease pathogenesis can also be major de- 
terminants of drug efficacy, such as mutations 
in the apolipoprotein E gene and responsive- 
ness of with ~lzheimer's disease to 
tacrine therapy (23) or cholesteryl ester transfer 
protein polymorphisms and efficacy of prava- 
statin therapy in patients with coronary athero- 
sclerosis (24). Finally, the risk of adverse drug 
effects has been linked to genetic polymor- 
phisms that predispose to toxicity, such as do- 
pamine D3 receptor polymorphism and the risk 
of drug-induced tardive dyskinesia (25), potas- 
sium channel mutations and drug-induced dys- 
rhythmias (26), and polymorphism in the Iyan- 
odine receptor and anesthesia-induced malig- 
nant hyperthermia (27). Polymorphisms in 
genes of pathogenic agents (human immunode- 
ficiency virus, bacteria, tuberculosis, and oth- 
ers) are' another important source of genetic 
variation in drug sensitivity, but this review 
focuses only on polymorphisms in human 
genes that determine an individual's response to 
specific medications. 

Table 1 provides examples of genetic 
polymorphisms in drug targets that have been 
linked to altered drug sensitivity. It is antic- 
ipated that ongoing studies -will rapidly ex- 
pand the number of such phwacogenomic 
relations. Furthermore, these examples repre- 
sent monogenic determinants of drug effects, 
which are the easiest to recognize in popula- 
tion studies. It is likely, however, that drug 

response is often a polygenic trait, in which 
case more comprehensive studies will be re- 
quired to define pharmacogenomic traits that 
are determined by multiple polymorphic 
genes. It should also be recognized that not 
d l  studies have reached the same conclusions 
about the effects of genetic polymorphisms 
on drug response [for example, not all studies 
of ACE polymorphisms have found a relation 
with response to ACE inhibitors (18)l. Such ,, 
discordant results may be due to a number of 
factors, including the use of different end 
points in assessing response, the heteroge- 
neous nature of diseases studied, and the 
polygenic nature of many drug effects. The 
rapidly expanding knowledge of the human 
genome, coupled with automated methods for 
detecting gene polymorphisms, provides the 
tools needed to elucidate these polygenic de- 
terminants of drug effects, thus fueling the 
burgeoning field of pharmacogenomics. 

Relevance to Drug Discovery and 
Clinical Therapeutics 
Substantial investments are being made with- 
in the pharmaceutical and biotechnology in- 
dustries to use genomic strategies for the 
discovery of novel therapeutic targets (28). It 
is anticipated that, over the next decade, the 
Human Genome Project, coupled with DNA 
array technology, high-throughput screening 
systems, and advanced bioinformatics, will 
permit rapid elucidation of complex genetic 
components of human health and disease. 

Common polymorphisms in drug targets dic- 
tate that DNA sequence variations be taken 
into account in the genomic screening pro- 
cesses aimed at new drug development. This 
will provide new insights for the develop- 
ment of medications that target critical path- 
ways in disease pathogenesis and medica- 
tions that can be used to prevent diseases in 
individuals who are genetically predisposed 
to them. 

Such pharmacogenomic studies should 
also permit the development of therapeutic 
agents targeted for specific, but genetically 
identifiable, subgroups of the population. 
This represents a migration from the tradi- 
tional strategy of trying to develop medica- 
tions that are safe and effective for every 
member of the population, a strategy that 
aims to provide a marketing bonanza but one 
that is a pharmacological long shot because 
of highly potent medications, genetically di- 
verse patients, and diseases that have hetero- 
geneous subtypes. Although debate about the 
wisdom of developing medications for only a 
subset of the population remains within the 
pharmaceutical industry (28), it is clear that 
science and technology will soon make it 
feasible to use molecular diagnostics to more 
precisely select medications and dosages that 
are optimal for individual patients (29). In 
this regard, automated systems are being de- 
veloped to determine an individual's geno- 
type for polymorphic genes that are known to 
be involved in the pathogenesis of their dis- 
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Fig. 3. Molecular diagnostics of pharmacogenomic traits. DNA arrays are being made for auto- 
mated, high-throughput detection of functionally important mutations in genes that are important 
determinants of drug effects, such as drug-metabolizing enzymes, drug targets (receptors), disease 
pathogenesis, and other polymorphic genes that influence an individual's susceptibility to  drug 
toxicities or environmental exposures (such as pathogens, carcinogens, and others). This figure 
exemplifies components of a potential diagnostic DNA array for genes that could influence a 
patient's response t o  chemotherapy for acute lymphoblastic leukemia, including genes that 
determine drug metabolism, disease sensitivity, and the risk of adverse effects of treatment 
(cardiovascular or endocrine toxicities, infections, and so forth). 
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ease, in the metabolism and disposition of med- 
ications, and in the targets of drug therapy. 
Such diagnostics, which need be perfo~lned 
only once for each battery of genes tested, can 
then become the blueprint for individ~~alizing 
drug therapy. This is illust~ated in Fig. 3. which 
depicts vaiious genes that could be genotyped 
to guide the selection and dosing of chemother- 
apy for a patient with acute lymphoblastic leu- 
kemia (ALL). It is alseady knona that genetic 
poly~norphisms in dnlg-n~etabolizing enzymes 
can have a profound effect on toxicity and 
efficacy of medicatioils used to treat ALL (6) 
and that indix-idualizing d n ~ g  dosages can im- 
prove clinical outcome (30). It has also been 
established that the genotype of leukemic lym- 
phoblasts is an important prognostic x-ariable 
that can be used to guide the intensity of treat- 
ment (31). Furthermore, genetic polymor- 
phism~ are also known to exist for cyfokines 
and other deterlninailts of host susceptibility to 
pathogens. and polymo~yhisms in cardiovascu- 
lar. endocrine. and other receptors may be im- 
portant deteinlinants of an individ~~al's suscep- 
tibility to dnlg toxicity. Putting all of these 
molecular diagnostics on an "ALL chip" mould 
provide the basis for rapidly and objectively 
selectiilg therapy for each patient. These exam- 
ples represent our cuirent. relatively poor. un- 
derstanding of genetic determinants of leuke- 
mia therapy and host sensitivity to treatment; 
ongoing studies will provide inlp~rtant insights 
that should substantially enhance the utility of 
such pha~macogenomic strategies for ALL and 
many other human illnesses. 
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