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Abstract

Pharmacogenetics represents “the study of variability in drug response due to heredity”. Of the more than six dozen pharmacogenetic
differences described in the medical literature, the majority of these variations occurs in drug-metabolizing enzyme genes and others in
drug receptor and drug transporter genes, whereas many others have not yet been explained on a molecular basis. It is clear that “drug
efficacy” or “drug toxicity” represents a multiplex phenotype, i.e. interaction between the drug (or its metabolites) and the gene products
(enzymes, receptors, other targets) of two, and usually many more than two, genes. Because there is a gradient in these phenotypes
(efficacy or toxicity), it is extremely important to select patients having the most unequivocal phenotype possible—if one wishes to find
the gene(s) responsible for the trait. The method of “extreme discordant phenotype” (EDP) is therefore highly recommended. Using EDP
methodology, DNA sequence variants (genotype) can be unconditionally correlated with drug efficacy or toxicity (phenotype). EDP
methodology is mathematically intuitive and, in essence, has been used in a number of previous clinical pharmacogenetic studies. This
EDP approach should be applicable to virtually any pharmaceutical agent in patient populations. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

It is well known that when severa patients receive the
same “recommended” prescribed dose of a particular drug,
often the effect is efficacious in most, of little or no effect
in others, and seriously toxic to a third subset. The reason
for these clinical differences in drug response reflects each
individual’s underlying genetic predisposition to the way
each drug is handled. This research field of studying
gene—drug interactions was first named ‘“‘pharmacogenet-
ics” by Vogel (1959). In the past severa years, the term
“pharmacogenomics” has been introduced, in which there
is an increased emphasis on the development of novel
drugs based on new knowledge derived from the Human
Genome Project. The broader field of studying al gene—
environment interactions was first described as ecogenetics
in the 1970s by Brewer.
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In this mini-review, there is first a definition of terms.
Next, | discuss several of the most prominent factors that
one needs to consider in pharmacogenetics,/ pharmacoge-
nomics research. The importance in identifying a quantita-
tive phenotype (trait) is then emphasized, and the statistical
power of using extreme disordant phenotype (EDP)
methodology is examined in detail. Finally, how to iden-
tify a DNA seguence variant presumably associated with
the defined trait (drug efficacy or toxicity), and then how
to prove a functional correlation between the genotype and
phenotype, are described.

2. Definition of terms

Healthy humans have 23 pairs of chromosomes. 22
autosomal pairs plus the sex chromosomal pair (XX or
XY). A gene denotes the location (stretch of DNA) on
each of a chromosome pair that encodes a gene product
(enzyme, or the protein); the “gene” also includes any
regulatory regions upstream or downstream of the coding
sequence (Nebert, 2000). A locus indicates the location of
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a segment of DNA on each of a pair of chromosomes that
need not necessarily code for a gene product. Diploid
refers to having paired chromosomes; haploid refers to one
active chromosome of each pair (e.g. as found in the sperm
and egg). In diploid organisms, each gene (or locus) is
made up of two alleles, one from the father and one from
the mother; the combination of these two alleles is called
the genotype. An alele can transmit a dominantly inherited
trait (e.g. pigmented skin) or a recessive trait (e.g. blue
eyes). Another term for “trait” is phenotype. Homozygous
means having two identical alleles at the locus under
study; heterozygous means having two different aleles.
Proband refers to the first patient in a family tree to have
been studied, or identified.

As discussed later in this article, it is not clear whether
there is redly ever a “simple Mendelian” (single-gene)
trait—such as the alleles colored (C) and noncolored (c)
described in Mendel’ s original studies of the garden peain
the 1860s. Allele C (red phenotype) is dominant to allele ¢
(white phenotype). The Hardy—Weinberg distribution [( p
+ q)?=p? + 2pq + 2] states that if the allelic frequen-
cies of C(=p) and c(= q) in the population are, say, 0.7
and 0.3, respectively, this would mean that (0.3)? = 9% of
the population would have the recessive white trait, i.e.
homozygous for the cc genotype. Crossing two Cc het-
erozygous garden peas (which have the red phenotype)
would give a 1:2:1 ratio of the CC:Cc:cc genotypes, but a
3:1 ratio of the red to white phenotypes. In the snapdragon,
inheritance of these two colors is additive (codominant,
gene—dose); crossing two Cc heterozygous snapdragons
would give a 1:2:1 ratio of the CC:Cc:cc genotypes, and a
1:2:1 ratio of the red to pink to white phenotypes.

A phenotype that is dependent on two or more genesis
called polygenic, multifactorial, or a multiplex phenotype.
Examples of a polygenic trait would include blood pres-
sure, height, weight, or formation of the face during
embryonic development, but might also include “efficacy
of adrug” or “toxicity of adrug” (at a given dose and /or
time). The “1:2:1” ratio for two alleles at one locus
becomes “1:4:6:4:1” for two aleles at two loci, and
“1:6:15:20:15:6:1” for two aleles at three loci. If one
realizes that usually for any given gene, there are many
more than two aleles in a human population, and that all
human diseases (as well as drug efficacy or toxicity) are
traits that are influenced by dozens if not hundreds of
genes, one can readily appreciate how quickly and compli-
cated the genotypes and corresponding phenotypes can be.
As will be detailed later, the outliers, or individuals at the
extreme ends of the spectrum of any phenotype, are the
most informative patients to those who wish to dissect the
genes responsible for any phenotype.

A polymorphism denotes two or more phenotypes in a
population (e.g. poor, extensive, and intermediate metabo-
lizers). Often, the molecular epidemiologist or pharmaco-
geneticist considers 1% as the “cut-off” in describing a
polymorphism. However, this is a completely arbitrary

choice, and “a polymorphism” exists ipso facto—even if
only one case is seen in an entire population. Thus, the
most common variant (called “consensus” or “wild-type”)
occurs with < 99% frequency, meaning that if the locus is
bialelic, the rarer allele must occur with a frequency of
> 1% in the population. This would mean (by the Hardy—
Weinberg distribution) the alelic frequency g for an auto-
somal recessive trait would be > 0.1.

Polymorphisms arise from DNA sequence variation, of
which there are severa types. single-nucleotide polymor-
phisms (SNPs); insertions or deletions of sometimes a
single DNA base, but other times insertions/deletions of
stretches of hundreds, or thousands, of bases (arising from
unequal crossing-over and problems during DNA recom-
bination); and insertions or deletions of repetitive DNA
[‘variable number of tandem repeats (VNTRS), mi-
crosatellites or ‘ simple tandem repeats’ (STRs), and Alu |
segments.

3. Factors to consider in a multiplex phenotype

Correlation of a pharmacogenetic trait (phenotype) with
a particular DNA sequence variation (genotype) is ex-
tremely important, because (a) adverse drug reactions (in
the genetically “sensitive” patient) might be predicted and
therefore avoided and (b) new drugs might be designed
from such new knowledge. Not only are there multiple
alleles at each locus among individuals in any population,
and sometimes striking ethnic differences (Kalow and
Bertilsson, 1994; Nebert, 1999) in allelic frequencies, but
it must be appreciated that drug toxicity is probably always
a multiplex phenotype, i.e. a multifactorial trait (factors
include dose, length of dosage time, therapeutic window of
the drug, competing metabolic pathways, drug—drug inter-
actions, ethnic differences, age, gender, hormonal balance,
nutrition, etc.) that involves two, and often many more
than two, genes. Several decades ago, the physician was
taught that the “recommended prescribed dose” of a drug
meant that all patients responded similarly (Fig. 1, top).
However, we now redlize that the efficacy might be 0.5
mg/kg in one patient and 50 mg,/kg in another patient
(Fig. 1, bottom)—due to the multiple factors listed above.
It is proposed in this mini-review first to tease apart this
complexity by identifying groups with extreme responses
to a drug (sensitivity versus resistance to drug efficacy or
toxicity); this method is called “extreme discordant pheno-
type” (EDP). Second, once a DNA sequence variant is
discovered between patients having the two extreme phe-
notypes and proof of function is established, it is then
important to study the impact of these alelic differencesin
larger populations and in different ethnic groups.

3.1. Fate of a drug

There are four pharmacokinetic actions subsequent to
administration of a drug to a patient: absorption, binding
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NUMBER OF INDIVIDUALS

0.5 5 50
mg per kg

Fig. 1. Hypothetical number of patients achieving “efficacy” at doses of
drug between 0.5 and 5.0 mg per kg. This diagram is used simply to
illustrate that most drugs do not have nearly the same therapeutic dosage
in al patients (top), but rather a 40-fold or larger difference might exist
between the “most sensitive” and “most resistant” individuals in any
population (bottom).

and distribution, biotransformation, and excretion. At the
level of the whole animal (physiology), transporter genes,
ion channel genes and receptor genes would be expected to
affect absorption, binding and distribution, and /or excre-
tion, whereas metabolism genes would principally affect
biotransformation, but aso binding and distribution,
and/or excretion. For example, a defective ion-channel
gene product (membrane protein) might be manifested as
delayed excretion, while an amino-acid change in a
metabolism-gene product (enzyme) might lead to greatly
diminished metabolism in the liver, and so on. At the level
of the cell and subcellular organelles (cell biology), almost
any category of genes might be considered as candidates to
explain a drug's therapeutic or toxic response (Nebert,
1999). Virtually, all pharmaceutical agents are metabolized
by the “phase I (functionalization), followed by the “phase
I1” (conjugation) drug-metabolizing enzymes—encoded by
metabolism genes (Fig. 2). Incoming drugs can be re-
garded as exogenous signals that are “detected” by the cell
—either by means of well characterized endogenous recep-
tors, or by “reception mechanisms” not yet understood;
these drugs/signals can displace the naturally occurring
endogenous ligands and act either as agonists to up- or
down-regulate phase | and phase Il drug-metabolizing
enzyme genes (Nebert, 1991, 1997a). For example, pheno-
barbital induces subsets of numerous drug-metabolizing
enzyme superfamilies (Nebert and Gonzales, 1987); pheny-
toin up-regulates its own metabolism (Talas et al., 1999).

The movement of drugs and metabolites in and out of the
cell by transporters is also dynamic.

The oxygenated reactive intermediates following phase
| metabolism, as well as many incoming nonmetabolized
drugs (and even conjugated products whose conjugation
group has been cleaved), are capable of causing toxicity.
In the broadest of terms, toxicity occurs via two mecha
nisms. (&) perturbation of signa transduction pathways,
including oxidative stress that has striking effects on the
cell cycle; and (b) covalent binding of reactive endogenous
or foreign compound intermediates to cellular proteins and
nucleic acids (Nebert, 1999). What might be included as a
candidate “environmental susceptibility gene”? A gene in
any category (e.g. metabolism, receptor, transporter, ion
channel, cell cycle, nucleic acid and protein repair, histo-
compatibility locus antigen (HLA) protein, other signa
transduction pathway genes, etc.) might directly, or indi-
rectly, be involved in drug toxicity (phenotype). In other
words, practically any gene in the human genome might be
the major gene responsible for, or a modifier gene that
contributes to, the multiplex phenotype of clinical drug
toxicity.

3.2. Therapeutic window

Drugs that cause adverse reactions usualy have a rela-
tively narrow therapeutic window, i.e. the dose causing
toxicity is not much greater than the dose needed for
efficacy (Leeder, 1998). Most pharmacogenetic studies are
successful because they focus on drugs with narrow thera-
peutic windows. If a drug has a wide therapeutic window,
it is unlikely to cause toxicity in a significant portion of

PHASE I PHASE II

/-\/\

DRUGS, OXYGENATED CONJUGATED
FOODS INTERMEDIATES INNOCUOUS
I PRODUCTS
I 1
|
OXIDATIVE STRESS, 1
|_ - { TOXICITY,
MUTATION,
CANCER

Fig. 2. Diagram of the relationship between the phase | and phase Il
drug-metabolizing enzymes (DMEs) and cancer, mutation, toxicity and
oxidative stress caused by reactive intermediates. Drugs enter the cell by
passive diffusion or active transporters. Either the parent drug (without
requiring metabolism) or metabolite might reach its clinica target (ef-
ficacy), or might cause toxicity via perturbation of the cell cycle (or
disturbance of other signal transduction pathways) or covalent binding.
Reception mechanisms appear to “detect” the incoming drug, often
leading to the up- or down-regulation of certain phase | and phase Il
drug-metabolizing enzymes. Transporters also assist in moving the parent
drug and metabolites in and out of the cell (reproduced with permission
from Nebert et a., 1996).
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any human population and therefore would be of little
concern to public health and the desire to prevent adverse
drug reactions. For example, if the dose causing toxicity is
100 times greater than the dose needed to be efficacious,
and genetic differences in handling this drug are no greater
than 30-fold across the entire human population, this drug
would be of little concern to the pharmacogeneticist.

3.3. Drug—drug interactions

Interactions between drugs are another important con-
sideration, because the nonhospitalized adult takes on aver-
age about five drugs each day and the average hospitalized
patient about 14 drugs each day (Nebert, 1999). Drug—drug
interactions are likely to be greatly magnified by alelic
differences not only in metabolism genes, but aso in other
types of genes. If a patient is taking drug X and drug Y
and these two drugs compete for the same site of action
(Fig. 3), and if the patient is, for example, a poor metabo-
lizer for drug Y, then the “recommended” prescribed dose
of drug Y will result in abnormally elevated levels of drug
Y —thereby leading to an exaggerated drug—drug interac-
tion, i.e. greater inhibition of the efficacy (or toxicity) of
drug X. The same might also apply to the interactions of
drugs with receptors, drug transporter proteins, and ion-
channel membrane proteins. In pharmacogenetic studies,
one must be constantly on guard against any possibility of
drug—drug interactions.

3.4. Multiple enzymes means involvement of multiple genes

It should also be appreciated that just as a metabolic
pathway goes from compound “A” to “B”, there usualy
are enzymes that will take the compound “B” back to “A”
(Fig. 4). Therefore, if a patient is genetically “high” for
methyltraferase activity and a “poor metabolizer” for N-
demethylase activity (Fig. 4, bottom), his methyltrans-
ferase activity would appear to be even greater. Multiple
genes, of course, can participate together in the activation
or degradation of a drug. For example (Fig. 5), caffeine is
detoxified by the combined action of at least five enzymes:

DRUG X

SAME
SITE OF
ACTION

DRUG Y

Fig. 3. Diagram of possible genetic effects on drug—drug interactions.
EM, extensive-metabolizer phenotype. PM, poor-metabolizer phenotype
(modified from Nebert, 2000).
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Fig. 4. Three examples of metabolic pathways catalyzed by drug-metabo-
lizing enzymes, illustrating that different drug-metabolizing enzymes can
work in one or the other direction in the same pathway (modified from
Nebert, 2000).

cytochrome P450 1A2 (CYP1A2), CYP2EL, CYP2AG,
N-acetyltransferase-2 (NAT2), and xanthine oxidase. Given
the fact that each enzyme is encoded by a gene, and there
are multiple alleles of each gene in any human population,
it becomes easy to understand that most phenotypes of
drug efficacy or toxicity will probably be very compli-
cated, i.e. a multiplex phenotype representing the contribu-
tion of two, and probably many more than two, genes.

137X

1A2/2E1 1A2 (82%)
1A2/2E1

17X

/ 1A2/2V
NAT2
AFMU 1X —>1U

Fig. 5. Maor metabolic pathways of caffeine in humans (reviewed in
Kalow and Bertilsson, 1994). 137X, 13X, 37X, 17X, 3X, 7X, 1X =1,3,7-
trimethyl, 1,3-dimethyl, 3,7-dimethyl, 1,7-dimethyl, 3-methyl, 7-methyl,
and 1-methylxanthine, respectively. 13U, 17U, 1U = 1,3-dimethyl, 1,7-di-
methyl, and 1-methyluric acid, respectively. AFMU = 5-acetylamino-6-
formylamino-3-methyluracil. Cytochromes P450 1A2, 2E1, 2A6=
CYP1A2, CYP2E1l, CYP2A6. NAT2= N-acetyltransferase-2. XO =
xanthine oxidase.
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3.5. Ethnic differences in drug response

It has also become increasingly apparent that ethnic
differences in metabolism genes are of great importance in
the therapeutic efficacy, as well as toxicity, of drugs
(Kalow and Bertilsson, 1994; Ingelman-Sundberg et al.,
1999). For example, approximately 92% of Egyptians, but
less than 10% of Asians, are “isoniazid-slow-acetylators”
(Weber, 1997). Although not nearly so well studied, it is
anticipated that similar striking ethnic differencesin alelic
frequencies will be found in receptor genes, transporter
genes, ion channel genes, and probably any other category
of genes in the human genome. By knowing the aldlic
frequencies for DNA sequence variants associated with a
particular trait (drug efficacy, toxicity) in distinct ethnic
populations, therefore, the physician would be able to
increase (or avoid) usage of a particular drug, thereby
improving the rate of efficacy, or diminishing the risk or
adverse drug reactions in one or another ethnic group.

4. Need for a quantitative phenotype

In a human population receiving a particular drug, the
critical issue is to identify and classify the phenotypic
variation (therapeutic or toxic response) into quantitative,
unequivocal groups. If an entire population is examined
for, say, toxicity as afunction of drug dosage, there will be
a general increase—with means, and standard-deviations-
of-theemeans, at each level of drug dose (Fig. 6). If

"Sensitive" X
A phenotype x X

Toxicity / Drug Efficacy / Cancer

"Resistant"

A -
>

Dose of drug; environmental exposure

Fig. 6. Generic “dose—response” relationship in which the dosage of any
drug, or exposure to any environmental agent, is plotted on the abscissa.
Toxicity, drug efficacy, or cancer, as examples, can be plotted on the
ordinate. Whereas one might see a gradual increase in toxicity/
efficacy /cancer as a function of increasing drug or environmental dose,
“resistant” or “sensitive” outliers—significantly different from the gen-
eral population—can be particularly valuable to the pharmacogeneticist
(reproduced with permission from Nebert, 1999).

| Do not
study
initially

N individuals

\\Lowll

“”

Plasma or urine concentration of drug X,
or metabolite Y, at time Z

Fig. 7. Hypothetical distribution of numbers of patients (N) in a study
population in which their plasma or urine concentration of “drug X” or
“metabolite Y has been determined at “time Z”, after a particular dose
of drug had been given. Because the majority of the population is neither
at the extreme high end nor low end of the curve, to study al these
patients invites problems in complexity, due to the polygenic nature of
the defined phenotype. Although this hypothetical curve is Gaussian, it is
realized that curves in a clinical population need not be Gaussian
(reproduced with permission from Nebert, 1999).

statistically significant outliers can be found, these extreme
genetic variants are far more useful—to the investigator
who seeks to identify a mechanism for the trait—than
minor inter-individual differences in the general popula
tion. The “resistant outlier” represents a patient with little
therapeutic (or toxic) response to a large dose of drug,
whereas the “sensitive outlier” exhibits an exaggerated
response to a low dose of drug.

Experiments like those depicted in Fig. 6 are commonly
carried out in laboratory animals, however, and prospec-
tive studies involving a large dose range are usualy not
ethically possible in human trials. Because drug efficacy or
toxicity always represents a gradient, one approach to
guantitate the clinical phenotype would be to examine the
extreme ends of a distribution, in much the same way as
genetic studies have been done in the dissection and
identification of genes responsible for blood pressure
homeostasis (Jacob et a., 1991; Brown et al., 1996;
Halushkaet al., 1999). Fig. 7 shows the number of individ-
uals as a function of the “concentration of drug X, or
metabolite Y, at time Z”. Patients who are arguably “inter-
mediate” should not (at least, initially) be included, for the
sake of reducing the complexity of the two subsets being
studied. Hence, it is possible to examine relatively small
numbers of highly informative patients having an unequiv-
ocal quantitative trait—following which one can attempt
to correlate the phenotype with a genotype. For example,
selecting only patients from the top and bottom 2.5th
percentile of a normalized blood-pressure distribution,
Halushka et al. (1999) examined 75 candidate genes in 74
patients (148 alleles); the remaining 95% in the middle
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were not included in this study. The same approach can be
highly successful in pharmacogenetic studies.

4.1. Method of extreme discordant phenotype (EDP)

Fig. 8 illustrates the concept of EDP methodology. As
the dose of any drug under study is increased, we would
expect more patients to exhibit toxicity. Hence, as the dose
of the drug is increased and the incidence of toxicity rises,
there would be fewer (still taking this drug) in the popula-
tion who have no toxicity. Those patients receiving the
lowest doses who then exhibit an exaggerated toxic re-
sponse (i.e. a dose-independent response) are classified as
the “most sensitive” trait, and those patients receiving the
highest doses who exhibit no toxicity are classified as the
“most resistant” trait. In order to identify the gene(s)
responsible for this difference, it is therefore very impor-
tant to focus on these most-sensitive and most-resistant
phenotype groups, and initialy, one should disregard the
vast mgjority of patients who are being given intermediate
doses (of the drug under study) or who exhibit intermedi-
ate responses (showing no toxicity at low doses, or small
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Fig. 8. Generic dose—response relationship from an idealized clinical
population. The bars depict theoretical numbers of patients (exhibiting
toxicity or no toxicity). The percent cumulative frequency is also plotted,
as a function of drug dosage, in patients exhibiting a particular type of
toxicity (increasing from left or right) versus patients showing no toxicity
(increasing from right to left). The curves shown here are symmetrical
but, of course, would not necessarily be expected to be symmetrical in the
typical clinica population. Also, the dose (10 to >50 mg/kg) is
completely arbitrary, simply to make the point; this fivefold dose range
might easily be only twofold for certain drugs. As discussed in the text,
rigorous parameters for unequivocal “toxicity” versus “no toxicity” must
be set ahead of time. The same approach could also be used for drug
efficacy—if rigorous quantitative endpoints were defined and established
ahead of time.

degrees of toxicity at high doses). When selecting for, say,
the “top 5%” and “bottom 5%” extremes, a possible
caveat includes the possibility that we would be selecting
for an “extreme phenotype gene” responsible for the
most-sensitive or the most-resistant trait; this unlikely pos-
sibility can be ruled in or out later, however, when the
pharmacogeneticist can assess the impact of any estab-
lished DNA sequence variant(s) on “intermediary” patients
(i.e. those in the gradient between the bottom 5% most-
sensitive and the top 5% most-resistant groups as illus-
trated in Fig. 8).

Fig. 8 shows data in which the dose is increasing,
whereas the time of administered drug (months, years) is
constant. Conceivably, a similar estimation could be illus-
trated in which the time of drug being administered is
increasing and the dose of drug is constant. Obviously,
however, dose and time are not dependent on one another;
in other words, due to the pharmacokinetics of virtualy all
drugs, 10 mg/kg/day for 100 days is almost never equiv-
alent to 100 mg /kg/day for 10 days. Also, 10 mg/kg/day
might be ineffective as far as efficacy (as well as toxicity),
whereas the “threshold” of this hypothetical drug might
be, say, 60 mg/kg,/day—where one might see both effi-
cacy in some and toxicity in other patients. It is aso
possible that one might see toxicity in some individuals at,
say, 40 mg,/kg,/day, while the drug is not efficacious in
most individuals below 60 mg,/kg,/day.

This EDP approach has previously been carried out, in
principle, in numerous pharmacogenetic studies—but not
in any rigorous mathematically systematic way that has
been recognized and described in detail in this mini-re-
view. For an example of previous studies, isoniazid-poor-
acetylator patients during the late 1940s and 1950s were
found to exhibit isoniazid-induced peripheral neuropathy
(reviewed in Weber, 1997), and this trait was shown to be
inherited as autosomal recessive (Evans et al., 1960),
which subsequently was demonstrated to reflect DNA
sequence variants in the N-acetyltransferase-2 (NAT2)
gene and amino-acid alterations in the NAT2 enzyme
protein (Blum et al., 1990). DNA seguence variants were
thus correlated with the extreme phenotypes of slow versus
rapid acetylation. As another example, “poor metaboliz-
ers’ of the antihypertensive agent debrisoquine were found
to become hypotensive when given the recommended pre-
scribed dose (Idle and Smith, 1979). This &ffliction is now
known to reflect various aberrations in the cytochrome
P450 2D6 (CYP2D6) gene, which result in alterations in
the CYP2D6 enzyme protein (Gonzalez et al., 1988).
Again, the genotypes were ultimately correlated with the
extreme clinical phenotypes of poor versus extensive
metabolism. These two above-mentioned examples repre-
sent metabolism differences. Multi-drug resistance P-
glycoproteins (MRPs) are part of a large and ancient
ATP-binding cassette (ABC) superfamily of drug trans-
porter genes; mutations in one of these genes are known to
be responsible for Dubin—Johnson syndrome (Tsujii et al.,
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1999), an inherited form of hyperbilirubinemia and an
example of a pharmacogenetic defect in a transporter gene.
Normal patients—the other extreme phenotype, opposite
of Dubin—Johnson syndrome—do not show these muta-
tions.

If one goes back to the original studies that describe
each of these polymorphisms, one can appreciate that none
of these phenotypes represents a “clear-cut” example of a
single-gene trait. In these and all other examples of phar-
macogenetic differences, there is aways a gradient—sug-
gesting the involvement of two or more genes responsible
for the phenotype.

Dozens of other pharmacogenetic differences have been
described clinically (summarized in Nebert, 1999), but the
physician’s ability to predict which patient might be af-
fected, in advance of receiving the drug, remains almost
impossible. For example, halothane maintenance anesthe-
Sia causes a dose-dependent depression of white-cell pre-
cursors as a function of time the anesthetic was used, but a
dose-independent toxicity of the bone marrow (aplastic
anemia) in the rare patient; this latter trait is known to run
in families (and hence, most likely reflects a genetic
predisposition). Likewise, the antibiotic chloramphenicol
causes a dose-dependent depression of the bone marrow as
a function of the length of time of treatment, but a
dose-independent aplastic anemia in the occasional indi-
vidual. Of patients in the US who receive glucocorticoid-
based eye drops, about one in 20 developed glaucoma, this
is an autosomal recessive trait. More than six dozen exam-
ples of pharmacogenetic differences have been described
(Vesell, 1969; Kalow and Bertilsson, 1994; Weber, 1997;
Nebert, 1997b, 1999; Caraco, 1998), many with the molec-
ular mechanisms still unexplained. This proposed approach
of EDP methodology is a realistic means for dissecting
mogt, if not al, of these complex gene—drug interactions.

In the past 40 years, the usual clinical study generally
includes al patients on a given medication, and often
“control patients” are “matched for age, gender, socia
status, etc.,” by random telephone-dialing or some other
random statistical means. Often there is little regard for the
dosage or time the drug has been administered, the thresh-
old at which toxicity is observed in the most sensitive
patient group, varying degrees (i.e. gradient) of toxicity, or
the relative dose needed for efficacy versus dose that
causes toxicity in some patients. It should be obvious that,
in the field of pharmacogenetics, if a patient has never
been treated with the drug under study, there is no way of
knowing in advance that person’s phenotype with regard to
his degree of sensitivity or resistance. Although a patient
might have a particularly dramatic underlying genetic pre-
disposition to senditivity or resistance to any specific drug
or other environmental agent, unless the patient has been
sufficiently challenged with this chemical, one might never
know his covert genotype with regard to specific
metabolism (or receptor, transporter, ion channel, cell cy-
cle, nucleic acid and protein repair, HLA protein, other

signal transduction pathway) genes. The EDP approach is
very straightforward and much more likely to identify
guantitative phenotypes successfully, following which one
can correlate the extreme phenotype (drug efficacy, or
sensitivity or resistance to toxicity) with the genotype
(DNA sequence variant).

4.2. Satistical power of EDP methodology

In principle, the EDP approach has been described in
affected sib-pairs (Risch and Zhang, 1995, 1996; Mc-
Carthy et al., 1998; Epstein et al., 2000), and selection of
the most appropriate ethnic groups, and numbers of pa-
tients needed for an informative study, has also been
amply discussed (Kruglyak, 1999; Wright et al., 1999;
Pratt et al., 2000). For the EDP approach without using
sib-pairs, a random-mating diploid population is assumed,
with non-overlapping generations. Consider two sites, B
and Q in a gene underlying the pharmacogenetic trait of
interest. Let Y be a trait value with mean u and variance
o). Let y=(Y— p)/a,. The truncated phenotypic selec-
tion intensity, vy, is defined as the frequency of the pheno-
type value at the selection threshold, divided by the per-
centile representing the threshold (Falconer, 1989, p. 193).
The null hypothesis is that the mutation is neutral, i.e. does
not have an effect on the trait. This hypothesis can be
tested by the proposed statistics. The power to detect the
functional mutation depends mainly on the difference be-
tween the frequencies of the alleles at the two sites B and
Q (Ap=p, —p,), the genetic effect of the functional
mutation (d), and the selection intensity (y). Let us as-
sume the significance level of the test to be « = 0.05.
Tables 1 and 2 list the sample sizes required to reach the
power 0.8. Clearly, in general, the sample size decreases—
as the difference of the alelic frequencies at the two sites
increases. When the freguencies of the alele at the two
sites are the same, they are in fact in complete linkage
disequilibrium, and one would not be able to discriminate
whether the change of the frequencies is due to genetic
effects or linkage disequilibrium, because in that case,
d = p(1 — p). When either genetic effect or selection inten-
Sity increases, one can expect that the sample sizes re-
quired will decrease. Also, from Tables 1 and 2, it can be
seen that the sample sizes necessary for reaching a power
of 0.8 with a significance level of P =0.05 are in a very
reasonable range (Falconer, 1989).

Another way to define the two sites B and Q within or
near a gene is to make one site the trait locus (TL), which
has been functionally proven to be responsible for the
phenotype, and the other site the marker locus (ML),
which, as an interna control, is a site known to be
polymorphic but also known not to segregate with TL or
be variable as a function of the pharmacogenetic trait (drug
efficacy or toxicity); choice of the ML can be either an
established DNA sequence variant or insertion or deletion
of repetitive DNA, as described in Section 2. Thus, it is
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Table 1
Sample sizes required for achieving power of 0.8 with « = 0.05 for a
fixed genetic effect d = 0.2 and the selection intensity y =1.7

P2 Py
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

0.1 388 145 93 75 69 73 90 153
0.2 309 574 195 118 93 88 100 161
0.3 88 446 708 232 139 112 115 171
0.4 42 110 529 791 258 159 140 185
0.5 23 46 119 560 824 276 184 208
0.6 14 23 46 116 538 809 292 248
0.7 8 12 21 40 100 464 754 339
0.8 5 7 9 16 30 74 340 689

0.9 2 3 4 5 8 16 38 174

anticipated that, in the most-sensitive patients, one might
see aratio of a specific (unique) DNA sequence variant at
the trait locus (TL) to that at the marker locus (ML) to be,
say 0.90, as compared with a ratio of ~0.50 in the
most-resistant patients, and the number (N) of individuals
tested could be used to calculate statistical significance by
binomial analysis. By selecting the top and bottom 5.0th
percentile of our normalized dose—response EDP popula
tion (as illustrated in generic terms in Fig. 8), one can
calculate the number of patients needed—all of whom
have received the drug under study—to prove a statisti-
cally significant genotype—phenotype association.

One should then be able to state with confidence that “a
specific DNA sequence variant, which would need to
include x number of patients, would have a 0. xx power to
detect important differences in drug (efficacy or) toxicity
response at a P < 0.05 level of significance”. The EDP
patient-pair method would definitely help to increase the
statistical power to identify the alleles having relatively
small genetic contribution to the trait. The approach de-
scribed here is basically to associate a DNA sequence
variant (genotype) with a drug efficacy or toxicity trait
(phenotype), when the allelic frequencies of the two groups
of individuals with extreme phenotypes are contrasted to
one another.

In the usual power calculation analyses, it is assumed
implicitly that the allele under study is the alele that is
responsible for the variation in phenotype; this may at first
glance appear to be an oversimplification, since (as dis-
cussed below), the coauthors of many studies do not really
know whether a “significant association” is due to the true

Table 2
Sample sizes required for achieving power of 0.8 with « = 0.05 for a
fixed frequency p, = 0.5 and the selection intensity y =1.7

Py d
0.1 0.2 0.3 0.4 0.5 06 07 08 09

06 3296 824 366 206 132 92 67 52 41
0.7 1104 276 123 69 4 31 23 17 14
0.8 738 184 82 46 30 21 15 12 9
0.9 831 208 92 52 33 23 17 13 10

contribution of the allele or simply due to linkage disequi-
librium between their marker alele and the true mutation
responsible for the variation in phenotype (at the trait locus
TL). By performing experiments that prove function, how-
ever, this caveat can be ruled out with confidence. As
detailed above, EDP methodology can make the distinction
between these two cases. The numbers in the Tables 1 and
2 may look small, but they have been selected from a
much larger sample of unrelated individuals. Choosing the
bottom 5% most-sensitive and top 5% most-resistant groups
means that the 90% in the middle have been considered,
making the statistical power approximately nine times
greater. Choosing the bottom 1% most-sensitive and top
1% most-resistant groups means that the 98% in the
middle have been considered, making the statistical power
almost 50 times greater.

The merit of EDP methodology is to screen for geno-
typic differences in unrelated patient-pair groups exhibit-
ing extreme phenotypes. This approach becomes particu-
larly useful and powerful when the knowledge of the
pathway (e.g. metabolism, transporters, etc.) is well under-
stood, from which one can easily identify the “correct”
enzymes/genes in which to discover allelic variants. This
would markedly increase the statistical power—if we know
with great certainty that the particular gene under study is
very likely to be involved in the phenotypic variation. In
essence, the association study is only used as an initia
confirmation, rather than the sole step for gene discovery.
As emphasized earlier, the EDP approach should be appli-
cable to virtually any complex disease or multiplex pheno-
type—including drug efficacy or toxicity.

Let us suppose that individuals with the DNA sequence
variant of interest above the 80th percentile and individu-
als below the 20th percentile are selected. Fig. 9 shows the

1.0
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0.6 |

Power

04}

0.2 F

01 015 02 025 03 035 04
Difference in Allelic Frequency

Fig. 9. Statistical power of detecting a DNA sequence variant (trait locus,
TL) as a function of the difference between the frequencies of the alleles
at the two sites B and Q, as detailed in the text. These data are calculated
for the fixed value of d=0.2.
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power of detecting a proven functiona mutation, as a
function of the difference between the frequencies of the
aleles at the two sites—assuming that the proposed sam-
pling scheme is used. As illustrated, the proposed pheno-
typic selection scheme provides considerable power for
detecting statistically significant functional variation influ-
encing the phenotype of interest, as long as the frequency
differences of the marker alleles in the case and control
groups are larger than 15%.

EDP methodology is a powerful and robust approach
for studying unrelated individuals (patient-pairs) in drug-
treated populations. The advantage of the EDP approach is
that it does not depend on the actual values of the quantita-
tive trait, but only on the fact that patient-pairs can exhibit
extreme vaues. In general, association studies with candi-
date loci can be far more powerful for detecting weak gene
effects than linkage studies (Risch, 1987; Greenberg, 1993;
Eaves and Meyer, 1994). The limitation of this approach,
however, is that it requires either prior identification of the
causative genetic variant itself (i.e. the TL) or another
variant in linkage disequilibrium with it, as well as a
neutral nonsegregating polymorphic site (i.e. the ML).
Linkage disequilibrium spans only short genomic regions
(5-10 Mb), thereby limiting its utility in a global genome
screen. For candidate loci, however, this approach can be
extremely powerful if variation at the locus contributes to
phenotypic variation.

5. Proof of a functional genotype

Many molecular epidemiology studies have attempted
to demonstrate associations between a phenotype and a
DNA sequence variant when the DNA change had not
been rigorously proven to reflect an alteration in function
of the gene product. For example, associations between the
Alu | insertion/deletion in intron 16 of the DCP1 gene
and phenotypes such as “risk of myocardia infarction”,
“risk of arterial hypertension”, “risk of left ventricular
hypertrophy”, “elite athletic performance”, and “response
to physical training” have been described. However, when
more than 24 kb across the entire DCP1 gene (5 flanking,
exons, introns, 3 nontrandated) was sequenced in 11
individuals, the conclusion was that the nucleotide change
responsible for these cardiovascular phenotypes might well
lie outside the sequenced region (Rieder et al., 1999)—al-
though some evidence now suggests severa DNA se-
quence variants within 1 kb of one another in the 3 region
might be associated with elevated angiotensen I-converting
enzyme levels (Zhu et al., 2000). Another example is the
reported association between a deletion in exon 18 of the
a-2 macroglobulin (A2M) gene and Alzheimer Disease
(Blacker et al., 1998); these results have been disputed
(Dow et al., 1999; Rudrasingham et al., 1999; Rogaeva et
al., 1999) as possibly due to regional population differ-
ences, another functional variant closely linked to the

A2M * 2 alele, or another gene in linkage disequilibrium
weakly associated with Alzheimer Disease. Another exam-
ple is the professed evidence of a role for the gene
poly(ADP-ribose) polymerase (PARP) in susceptibility to
systemic lupus erythematosus (Tsao et d., 1999). These
data have been refuted by Criswell et al. (2000) and by the
origina authors themselves (Tsao et al., 2000), illustrating
many of the difficulties faced by researchers who are
attempting to find associations between genotype and phe-
notype in a complex disease such as systemic lupus erythe-
matosus; this is elegantly discussed by Risch (2000). An-
other example involves the reported association of two
DNA sequence variants—an amino acid change (1462V)
and a nuclectide change 450 bp 3-ward of the human
CYP1Al gene—with lung cancer in Japanese but not
Caucasian or Black populations (Hayashi et al., 1992;
reviewed in Nebert, 1997b). No differences have been
found in catalytic activity, however, between the wild-type
and variant cDNA-expressed CYP1A1 enzyme (Zhang et
al., 1996; Persson et al., 1997)—suggesting that another
gene (perhaps CYP1A2?) in linkage disequilibrium might
be responsible for this association. As a final example,
there are reports of a purported association of a particular
alele of the vitamin D, receptor (VD3R) gene with low-
ered bone mineral density and prostate cancer (Morrison et
al., 1994; Cooper and Umbach, 1996). After the cDNA-ex-
pressed VD3R protein was demonstrated to have no alter-
ations in function (Gross et al., 1998), it was concluded
that another gene in linkage disequilibrium is most likely
responsible for the lowered bone mineral density, as well
as the increased risk in prostrate cancer. In conclusion, one
must recognize that a DNA sequence variant found be-
tween the most-sensitive and most-resistant patient groups
by EDP methodology might not necessarily be associated
with the gene in which the mutation exists. Proof of
function is absolutely required.

5.1. Does a single-gene Mendelian trait really ever exist?

It is becoming increasingly appreciated that even pheno-
types of patients believed to have “simple” Mendelian
disorders virtually always represent multiplex traits—af-
fected by thresholds, modifier genes, and environmental
factors (Dipple and McCabe, 2000). Clearly, virtualy all
pharmacogenetic differences, including drug-efficacy or
drug-toxicity phenotypes, depict multiplex phenotypes. One
therefore needs to identify patients with an unequivocal
phenotype, and then define the associated genotype (DNA
sequence variant) in one or more genes that contribute to
the drug-associated trait.

Many of the genes that cause so-caled “simple”
Mendelian disorders have been identified (Collins et al.,
1997), and athough these diseases can be extremely debili-
tating, most are rare and collectively affect only a few
percent of the population. In contrast, the lifetime risk of
having a genetically influenced multifactoral disorder in
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western populations has been estimated to be 60% (Baird
et al., 1988). If one includes adverse drug reactions in
patients who are taking a prescribed pharmaceutical agent,
this lifetime risk estimate would be even higher.

5.2. Two approaches in selecting pharmacogenetic loci of
interest

Common clinical disorders have significant genetic
components, as defined by attributable risk (Lander and
Schork, 1994), but environmental susceptibility genes that
contribute to drug efficacy or adverse drug reactions have,
for the most part, not yet been clearly delineated. There are
two fundamental approaches to identifying the loci respon-
sible for adverse drug reactions. One, linkage-disequi-
librium mapping in large population samples would have
increased power to detect such genes (Jorde, 1995; Risch
and Merikangas, 1996), but such a whole-genome-scan
approach is constrained by the degree of alelic hetero-
geneity (Kruglyak, 1997; Terwilliger and Weiss, 1998;
Wright et al., 1999). Two, the candidate-gene approach
seems more straightforward and promising—especialy if
“scientifically reasonable” candidate genes can be postu-
lated for the phenotype (drug toxicity) being studied.

Wright et al. (1999) have considered two contrasting
models of the alelic diversity that underlies complex
diseases: the “restricted polymorphism model” in which
there is a relatively small pool of common polymorphic
disease alleles (frequency > 0.01), which represent a highly
restricted allelic subgroup from a limited number of loci;
and the “multi-equivalent risk model” which assumes that
there is a large pool of risk aléles, at a large number of
loci, with varying effects on risk, but which includes many
aleles with equivalent effect. For example, at least 100
loci appear to affect coronary artery disease susceptibility
(Sing et al., 1996), and a substantial portion of pigmentary
retinopathy is caused by more than 600 mostly-rare-dis-
ease aleles at more than 55 loci (Daiger et a., 2000). In
the more common complex diseases—such as hyper-
tension, dementia and ischemic heart disease—the diver-
sity is likely to be even more extreme (Wright et al.,
1999). Whether the average drug efficacy or adverse drug
reaction trait represents a multiplex phenotype having this
degree of diversity, or a somewhat less degree of diversity,
remains to be determined; one would hope, however, that
the average drug efficacy or adverse drug reaction trait
might reflect the restricted polymorphism model, i.e. al-
lelic differences at probably a dozen or fewer loci. Such
diversity would then make a very strong case to study
pharmacogenetic disorders by the candidate-gene approach
and to look at subsets of clinical populations that represent
the extremely discordant phenotype rather than to perform
a total-genome scan, or attempt an analysis of an entire
population taking a particular drug. Virtually all drugs
cause a dose-dependent toxicity, but by comparing the
subsets of most-sensitive and most-resistant patients, oneis

selecting for further biochemical and genetic analyses indi-
viduals who display dose-independent toxicity.

Looking at alist of the more than six dozen pharmaco-
genetic differences (Nebert, 1999), one can conclude that
these are complex traits that are generally quantitative (i.e.
measurable on a continuous scale) rather than absolute
(measurable on a discrete scae). Each pharmacogenetic
disorder can be defined by a threshold applied to a contin-
uous variable (usually drug dosage, but it could also be
drug administered as a function of time). Population stud-
ies employed to map loci that underlie a quantitative trait
(quantitative trait loci, QTL mapping) have been carried
out using affected sib-pairs (Risch and Zhang, 1995; Mc-
Carthy et al., 1998) and in pedigrees (Pratt et al., 2000). In
conventional terms, the squared difference in trait values
for a sib pair is regressed on identity-by-descent (IBD) at
one or more marker loci. For sib pairs selected at random,
however, the power of such an approach is quite low
unless the proportion of variance (heritability) due to a
single contributing locus is large, e.g. 50% (Blackwelder
and Elston, 1982). When sib pairs are selected because of
their extremely discordant phenotype, and the unselected
sib’strait is regressed on IBD with the proband, the power
is increased but still remains low at small values of
heritability (Carey and Williamson, 1991). The power of
heritability can be more than made up for, however, by (a)
studying common rather than rare aleles in populations,
and (b) selecting patient pairs that exhibit unequivocal,
unique, and extremely discordant phenotypes.

5.3. Search for candidate gene polymorphisms

Because the majority of pharmacogenetic differences
described clinically to date represent alterations in
metabolism genes (reviewed in Nebert, 1999), the first
category of candidate gene polymorphisms one might
choose to rule in or out this possibility would involve
metabolism. Giving a “test dose” of the drug under study
to those most-sensitive and most-resistant patients who
have been selected for further study, one could
quantitate—at a specified time following this challenge
dose—the amount of nonmetabolized parent drug and spe-
cific metabolites in the urine and /or blood (and sdliva, if
appropriate). Obviously, extensive-metabolizer (EM) indi-
viduals will degrade the drug more rapidly leading to
lower concentrations, and poor-metabolizer (PM) individu-
als will degrade the drug more slowly leading to higher
concentrations, of the parent drug in the urine (or plasma
or saliva) at the same specified time. Urinary metabolite
formation would be higher in the EM than in the PM
patient. If metabolism differences are found between the
most-sensitive and most-resistant patient groups, appropri-
ate candidate metabolism genes could then be selected, on
the basis of previously published reports in the literature
about the established metabolism of the drug under study,
following which DNA sequence variants that differ in
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these metabolism gene(s) between most-sensitive and
most-resistant patients could be sought.

If urinary and plasma drug and metabolite data do not
differ between the most-sensitive and most-resistant pa-
tient groups, one must then focus on other categories of
candidate genes. Receptor gene, transporter gene, or ion
channel gene polymorphisms could be fairly easy to de-
tect—if these functions exist in blood cells, buccal mucosa,
or urinary epithelial cells (i.e. cells easily available by
non-invasive techniques). In other words, the rate of move-
ment of a drug into the cell, or affinity determinations by
Scatchard plots, might be measured as differences in these
gene products between most-sensitive and most-resistant
patients. Receptor, transporter or ion-channel function
might exist, however, only in speciaized cell types (e.g.
hepatic or gastrointestinal cells, or renal or central-
nervous-system cells). The same is likely to be true for
other classes of candidate genes (encoding cell cycle tran-
scription factors, nucleic acid and protein repair enzymes,
HLA proteins, factors participating in other signal trans-
duction pathways). If these functions do not exist in cells
that are easily available by noninvasive techniques, there
are two alternative approaches. One would be to attempt to
culture the appropriate cell types from most-sensitive and
most-resistant patients, but this would represent invasive
and possibly unethical techniques. The other would be to
select appropriate candidate genes—based on their likeli-
hood of success by studies published in the literature—and
proceed directly with attempts at detection of DNA se-
guence variants in these genes by looking at genomic
DNA. One might also argue, at this particular juncture, for
the possibility of success by a total-genome scan instead of
the candidate-gene approach.

5.4. Finding a DNA sequence variant between the most
sensitive and most resistant phenotypes

At the present time, high-throughput DNA variant de-
tection/confirmation is carried out primarily by DNA
resequencing. Differences in DNA sequence variants in
candidate genes should be searched for, between the
most-sensitive and most-resistant patient groups. If the
candidate genes are already well characterized for DNA
sequence variants [e.g. the numerous variant aleles of
several CYP genes (Oscarson et a., 2000) or the NAT2
and NAT1 genes (Hein et a., 2000)], one could set up
oligo-PCR primer reactions to screen for these common
polymorphisms. In addition to all exons, al introns and at
least ~5-10 kb of 5 upstream promoter of each candi-
date gene is recommended to be sequenced in severa
patients from these extreme-phenotype groups—for the po-
tential discovery of additional important polymorphic vari-
ation (Nebert, 2000). This is to ensure that the possible
contextual dependency to account for the extreme pheno-
type is not overlooked, i.e. the presence of two or more
intragenic non-synonymous mutations/variations may be

present and necessary for the expression of (or association
with) the phenotype.

Peripheral blood genomic DNA is the most widely used
accessible source to conduct DNA resequencing studies.
Reference sequences for the initial design of PCR primers
might originate from those published in the literature or
web sites, from GenBank, from the “working draft” of the
human genome, and/or by comparison with genomic se-
guences in the Celera single-nucleotide polymorphism
(SNP) database. Thus, by public and “private” databases,
all available genomic data can be searched for known
sequence variations, and compared with obtained se-
guences from the most-sensitive and most-resistant patient
groups.

In addition, the human gene-based single-nucleotide
polymorphism database, called HGBASE (human genic
bi-allelic sequences), is now freely available for academic
use and hosted at the Karolinska Institute, Stockholm,
Sweden (Brookes et al., 2000). HGBA SE provides a highly
curated and annotated non-redundant summary of all pub-
licly reported human gene/genome sequence variation,
which currently lists more than 6000 single-nucleotide
polymorphisms. This program is run by a European con-
sortium involving the Karolinska Institute (Sweden), the
European Bioinformatics I nstitute (UK), and the European
Molecular Biology Laboratory (Germany), with support
from Interactiva (Germany) and Pharmacia. Data entries
may be searched for by text or sequence queries, and full
database downloads are available.

One significant question is whether intronic sequence
variation can be ignored (i.e. other than splice acceptor and
donor sites, are intronic variations nonfunctional?). An-
other debate concerns DNA resequencing versus DNA-chip
high-throughput analysis for the discovey of DNA se-
guence variants. As of September 2000, several laborato-
ries besides those at this university have come to the same
conclusion and/or have shown that DNA resequencing
presently is still more reliable than DNA chips (Nickerson
et a., 1998; Clark et a., 1998; Wang et al., 1998; Rieder
et a., 1999; Cargill et a., 1999; Halushka et al., 1999;
Ohnishi et al., 2000; Yamada et al., 2000). There are aso
problems with the methods for determining homozygous
versus heterozygous DNA sequence variants in a chromo-
some pair from each patient. These are al difficult yet
important issues and have recently been discussed in detail
(Nebert, 2000).

5.5. Proof that a DNA sequence variant is responsible for
the phenotype

Finally, the evaluation of the functional consegquence of
a particular DNA sequence variant is essential. In particu-
lar, if one observes a strong association of a DNA se-
gquence variant with a trait, one must determine whether
that DNA sequence variant is responsible for altering any
possible transcriptional binding sites if it is in the pro-
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moter, whether there are differences in mRNA or protein
stability if the mutation is in an intron or the noncoding
region, or whether the DNA sequence variant would have
significant functional /structural consequences if it is an
amino-acid replacement mutation in the coding region. The
possibility of a change in transcription termination or
alteration of a splicing site is, of course, also important.
How might one obtain proof of function? This can be
carried out by measurements of the gene product (protein)
in terms of higher or lower metabolism, rate of trans-mem-
brane transport, receptor affinity, and so on. These proce-
dures would include, but not be limited to: (a) design,
construction, and expression of recombinant proteins in
bacterial, yeast, insect, and mammalian cell cultures or in
knockout or other transgenic mouse lines; (b) purification
and partia characterization of expressed enzymes and
proteins; (c) heterologous cDNA expression—by means of
developing retroviral vectors with and without conditional
activators/repressors; (d) transient and stable transforma
tions/transfections of selected cDNA constructs in bacte-
rial, yeast, insect and stable/transient mammalian cell
systems; (e) Epstein—Barr Virus (EBV) transformation of
lymphoblast cultures to ensure a continuous supply of
important DNA clinical samples; (f) the yeast two-hybrid
system for characterizing transcription factors; (g) partial
or full purification of recombinant enzymes/proteins by
Ni2*-resin chromatography, and affinity chromatography;
and (h) characterization of recombinant enzymes/ proteins
using kinetic analyses, high-pressure liquid chromatogra-
phy, intrinsic fluorescence spectrocopy, gas—liquid chro-
matography /mass spectrometry, and circular dichroism.

6. Conclusions

The field of pharmacogenetics represents studies of the
heritable basis of variability in response to drugs. The
majority of these pharmacogenetic differences reported to
date exist in metabolism genes. Traits such as “drug
efficacy” or “drug addiction” represent multiplex pheno-
types, i.e. interaction between the drug (or its metabolites)
and two, and usually many more than two, genes. Because
there is probably always a gradient in these phenotypes
(whether it be efficacy or toxicity), it is difficult yet
important to select patients that have a relatively unequi-
vocal phenotype. The method of “extreme discordant
phenotype” (EDP) is described in detail herein. EDP
methodology is a powerful and robust approach for study-
ing unrelated individuals (patient-pairs) in drug-treated
populations. With the use of EDP methodology, DNA
sequence variants (genotype) can then be unconditionally
correlated with drug efficacy or toxicity (phenotype). EDP
methodology is intuitive and has been used unknowingly
in a number of previous clinical studies. This EDP ap-
proach should be applicable to virtually any pharmaceuti-
cal agent in patient populations.

7. Note added in proof

As an example of applying EDP methodology to a
clinical population, Wanner et al. (1999) studied the possi-
ble association between allelic frequencies in the human
aromatic hydrocarbon receptor (AHR) gene (genotype)
and severity of dioxin-induced chloracne (phenotype) in
chemical workers. Seven “severe” and two “moderate”
chloracne patients were compared with five patients show-
ing no skin rash. The “severe” phenotype individuas
exhibited dioxin concentrations in an adipose biopsy be-
tween 717 and 12,200 parts per trillon (ppt), whereas the
patients showing no chloracne had dioxin concentrations
between 30 and 831 ppt. The “most-sensitive” patient
would therefore be the person with “severe” chloracne at
the lowest dose (717 ppt), and the “most-resistant” patient
would be the person with no skin rash and the highest
level of adipose dioxin levels (831 ppt). In this study, no
association between the genotype and phenotype was
found.
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