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Abstract
A brief history of human genetics and genomics is provided, comparing recent progress in those
fields with that in pharmacogenetics and pharmacogenomics, which are subsets of genetics and
genomics, respectively. Sequencing of the entire human genome, the mapping of common haplotypes
of single-nucleotide polymorphisms (SNPs), and cost-effective genotyping technologies leading to
genome-wide association (GWA) studies—have combined convincingly in the past several years to
demonstrate the requirements needed to separate true associations from the plethora of false positives.
While research in human genetics has moved from monogenic to oligogenic to complex diseases, its
pharmacogenetics branch has followed, usually a few years behind. The continuous discoveries, even
today, of new surprises about our genome cause us to question reviews declaring that “personalized
medicine is almost here” or that “individualized drug therapy will soon be a reality.” As summarized
herein, numerous reasons exist to show that an “unequivocal genotype” or even an “unequivocal
phenotype” is virtually impossible to achieve in current limited-size studies of human populations.
This problem (of insufficiently stringent criteria) leads to a decrease in statistical power and,
consequently, equivocal interpretation of most genotype-phenotype association studies. It remains
unclear whether personalized medicine or individualized drug therapy will ever be achievable by
means of DNA testing alone.
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Introduction
As a subset of genetics, pharmacogenetic studies have generally followed a few years behind
the more fundamental studies of human genetics. Perhaps one exception to this is what some
claim to be the “first pharmacogenetic observation.” In the village of Croton (southern Italy)
about 510 B.C., Pythagoras was credited as the first to point out “dangers in eating the fava
bean.” Favism is now known to be caused by glucose-6-phosphate dehydrogenase (G6PD)
deficiency, an X-linked trait as prevalent as one in three males in southern Italy and Sardinia
(Nebert et al., 1999). Whereas the complete absence of G6PD is incompatible with life, a
deficiency of 80–95% of the G6PD enzyme activity can lead to fava bean-induced hemolytic
anemia. The hemolytic crisis usually presents as severe abdominal pain and cramping, dangers
against which Pythagoras had warned.

As we proceed through the history of genetics and genomics (especially the past decade), it
will become obvious that the genome is exceedingly complex—far more so than had previously
been appreciated. It therefore comes as no surprise that our final section concludes that
“individualized drug therapy” is impossible now, or in the foreseeable future. Many claim that
it is, and that simply identifying a single nucleotide change and modifying therapy accordingly,
represents “individualized drug therapy.” Unfortunately, the genome is much more complex
than this.

From Beginning of Human Genetics to Start of Molecular Genetics
Resurrecting the concepts of Gregory Mendel who had used garden peas in the 1860s, Sir
Archibald Garrod in the early 1900s described several clinical “inborn errors of metabolism.”
Albinism, alkaptonuria, cystinuria and pentosuria were explained as four diseases—inherited
as autosomal recessive traits—a pattern of inheritance similar to that of the white color in
Mendel's garden pea flower. Garrod is credited with pioneering the field of inborn errors of
metabolism and, subsequently, ushered in the era of human genetics. The underlying tenet,
from the 1900s into the 1980s, was “one gene, one disease,” which then evolved into “one
wild-type healthy allele, and one disease allele.” Two parents who are heterozygous for the
disease allele have a one-in-four chance of producing a child having both disease alleles and,
hence, inheriting the unwanted disorder.

During the next several decades, many additional examples of traits inherited in an autosomal
recessive manner were described (e.g., maple syrup urine disease, phenylketonuria, cystic
fibrosis, Gaucher disease, congenital adrenal hyperplasia) in which the disorder requires two
mutant alleles for expression and, hence, typically skips a generation. Autosomal dominant
traits were also detailed (e.g., Huntington disease, achondroplastic dwarfism, Marfan
syndrome, neurofibromatosis, hereditary spherocytosis) in which the disorder typically appears
in each generation. Traits transmitted as X-linked recessives were reported (e.g., red-green
colorblindness, hemophilia) in which the female carrier has a one-in-two chance of passing the
defective allele to her male offspring. X-linked dominant traits were described (e.g.,
incontinentia pigmenti, Coffin-Lowry syndrome) in which the affected female carrier has a
50% chance of passing the defective allele to her offspring or the affected male has a 100%
chance of passing the defective allele to his daughters.

In the Red × White cross of snapdragons, Lorenz in the 1880s noted that the F1 progeny
produced flower petals that were pink, and the F2 generation displayed a 1 red:2 pink:1 white
distribution (i.e. contrary to the recessive or dominant inheritance above, the phenotype directly
reflects the genotype); Lorenz described this trait as a form of additive (codominant; gene-
dose) inheritance of these two colors. Indeed, human enzyme subunits (e.g., lactate
dehydrogenase) could be separated on starch electrophoresis gels in the 1960s (Vesell, 1965),
showing this 1:2:1 ratio of subunits; this was a demonstration of additive inheritance. Human
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genetic examples of codominant inheritance have been described from the 1940s to 1980s (e.g.,
ABO blood groups, breast cancer, familial hypercholesterolemia, psoriasis); however, later it
became clear that many of these disorders actually reflect complex diseases, i.e., dozens or
hundreds of genes (polygenic) combined with additional modifying effects such as penetrance,
incidence of the disease allele in a population, and the contribution of environmental factors.

Pharmacogenetics During this Same Period
Larry Snyder (1932) is often recognized as ushering in the era of pharmacogenetics (Table 1).
He showed that a difference in response to a chemical (inability to taste phenylthiourea) was
inherited as an autosomal recessive trait—similar to what Garrod had reported with albinism
and the other monogenic disorders three decades earlier. In 1957, Arno Motulsky proposed
that “inheritance might explain why many individuals differ in drug efficacy and in
experiencing adverse drug reactions” (Motulsky, 1957). Shortly thereafter, Friedrich Vogel
first coined the term “pharmacogenetics” and defined it as the “study of the role of genetics in
drug response” (Vogel, 1959). Table 1 lists some notable advances in the field of
pharmacogenetics; in general, these watershed studies focused on a “simple” gene-drug
interaction, inherited as a high-penetrance predominantly monogenic (hPpM) trait; this
terminology is discussed next. Studies in the 1960s compared plasma drug half-lives in
monozygotic and dizygotic twin pairs (Vesell and Page, 1968); these findings also
demonstrated the importance of heritability in plasma drug half-lives, but rather than revealing
the effects of a single gene, this trait of plasma half-life probably represents a larger, unknown
number of genes.

Just as human genetics had been promoting the idea of “one healthy allele, one disease allele,”
the field of pharmacogenetics endorsed the concept of “one normal (metabolism or receptor)
allele, one abnormal allele.” This notion was finally dispelled, once and for all, during the mid
to late 1980s.

Effect of Molecular Biology on Human Genetics
In the 1970s, Victor McKusick stored all of his human genetics data on 3″ × 5″ index cards in
one small file box. Because advances in molecular biology caused an explosion of knowledge
during the 1970s and early 1980s, combined with the beginning of the internet, McKusick
decided that the amount of expanding human genetics data required an online web site; thus
began the Online Mendelian Inheritance in Man (OMIM)—summarizing all recent
information, plus making it readily available to the clinical geneticist (McKusick, 2005).

Then came the realization that “monogenic” diseases do not reflect only one “disease allele.”
Phenylketonuria (PKU) was known to be an autosomal recessive disorder caused by
phenylalanine hydroxylase deficiency. The PAH gene was first cloned (Woo et al., 1983), and
then a GT > AT transition defect at the 5′ splice donor site of intron 12 was demonstrated in a
PKU carrier individual (Marvit et al., 1987). At first, this discovery was declared widely to be
the disease allele for PKU. Within a few months, however, a second mutation (this one
changing an amino acid) was reported, and by the time of a 1990 review (Cotton, 1990), this
unexpected allelic heterogeneity (at that time, a total of 18 mutations) in the PAH gene was
addressed.

Today, on the PKU database web site (PAHdb Knowledgebase), there are worldwide reports
of more than 500 mutations in and near the PAH gene responsible for the disease; degrees of
severity and time-of-onset are controlled by mutations in an unknown number of modifier
genes, and by genes encoding other enzymes in the phenylalanine pathway that influence the
severity of the disease (Scriver, 2007). Additional genes are responsible for affecting the age-
at-onset for Huntington disease (HD) (Metzger et al., 2006). Hence, PKU and HD are not
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strictly monogenic diseases, but are affected to some degree by other genes, as discussed further
below.

The same story can be told for cystic fibrosis and the CFTR (transmembrane conductance
regulator) gene, which now has more than 1,000 variant alleles (almost all are point mutations
or deletions of anywhere from one to 84 bp). The pattern is also true for Gaucher disease and
the GBA (glucosylceramide β-glucosidase gene) gene, which now has more than 200 mutations
in and near the gene; even subsets (with distinct phenotypes) of the syndrome exist (Grace et
al., 2007). The same applies for many other monogenic human disorders: all monogenic
disorders appear to have innumerable variant alleles (allelic heterogeneity). These disorders
are also influenced, at least to some small degree, by additional genes.

Contributions of Molecular Biology to Pharmacogenetics
Several early clinical pharmacology studies had demonstrated bimodal distributions of
subjects' plasma drug levels, following administration of a standard drug dosage (Fig. 1A); this
distribution, combined with the fact that two “poor-metabolizer” (PM) parents produced only
PM children, led to the conclusion that the PM trait is autosomal recessively inherited. Bimodal
distributions in patterns of urinary drug metabolite elimination (Fig. 1B) were reported; in this
case the “extensive-metabolizer” (EM) phenotype can be said to be inherited as an autosomal
dominant trait. In other clinical pharmacology studies, unimodal polymorphisms were
described (Fig. 1C) —indicating either additive inheritance but much more likely polygenic
inheritance, also termed multiplex phenotype (i.e., contribution of numerous genes plus
environmental factors).

Molecular cloning and identification of defective alleles were then reported for the CYP2D6,
NAT2, CYP2C19 and TPMT genes between 1988 and 1995 (Table 1). Dozens of other
purportedly “monogenic” pharmacogenetic disorders followed in the scientific literature.

From previous reviews (Nebert et al., 2003; Nebert and Vesell, 2004; Nebert, 2005), it seems
that those few hPpM genes that do make a substantial difference in metabolism of various drug
substrates (e.g., CYP2D6, NAT2, TPMT, CYP2C19) might contribute perhaps 15% to 20% to
the (EM or PM) phenotype (Fig. 2B), compared with a contribution of 90% or more to the
single gene responsible for a monogenic disease (Fig. 2A). For example, one large retrospective
study that correlated thiopurine-related adverse drug reactions with the TPMT genotype by
DNA-testing (van Aken et al., 2003) noted that 78% of adverse drug reactions were not
associated with the TPMT gene polymorphism, but rather attributable to factors other than
mutations in this gene.

One might conclude that perhaps the TPMT polymorphism itself contributes about 22% to
adverse drug reactions. It should be noted that TPMT and paraoxonase-1 are two enzymes that
can be phenotyped by red-blood-cell assays, both of which have been demonstrated to be orders
of magnitude more predictive than their respective DNA (genotype) assays (Nebert et al.,
2003). The major gene's percent contribution to a “monogenic” pharmacogenetic trait (such
as the CYP2D6, TPMT, NAT2 or CYP2C19 polymorphisms) is therefore considerably less (Fig.
2B) than that for a monogenic human genetic trait (Fig. 2A).

When as shown in Figs. 1A and 1B, the plasma drug concentration (or urinary metabolite level)
is predominantly determined by a genetic variant, the “genetic contribution” of that gene is
15–20% to the overall variance of the quantitative trait (i.e., level of drug or metabolite). If the
total population is divided into “PM” and “EM” phenotypes by using specific threshold criteria,
however, the “contribution” of that gene to the binary trait is 80% or even higher. Since the
biology of drug or metabolite levels seems to be the same as a human monogenic trait, a
geneticist might call this phenomenon “artificial”: in other words, perhaps the disparity is
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generated by using a different measure of “genetic contribution,” especially if the measure
based on dichotomous “PM” versus “EM” traits is relevant to where the threshold lies.

What is the fundamental difference between a monogenic human disease (Fig. 2A) and an
hPpM pharmacogenetic disorder (Fig. 2B)? Most likely, the difference lies primarily in the
redundancy function of the gene products: drugs are notoriously metabolized by a myriad of
different enzymes, each enzyme encoded by a different gene. Thus, if PKU were equally caused
by defects in any of six enzymes and transporters, instead of just phenylalanine hydroxylase
encoded by the one PAH gene, then mutations in only the PAH gene might contribute 15–20%
(rather than >90%) to the overall trait of phenylalanine hydroxylase deficiency. We may still
treat this hypothetical PKU as “monogenic,” but with “locus heterogeneity”; because we could
divide this hypothetical PKU into six subtypes, each of them is caused by a distinct genetic
defect.

A disease is therefore classified as monogenic if the cause of the disorder is necessarily and
sufficiently determined by mutation(s) in a single gene (allelic heterogeneity) —regardless of
whether age-at-onset or severity is influenced by multiple genetic or environmental factors. In
pharmacogenetic studies, drug dosage and overlapping substrate specificity are two of many
factors (Nebert et al., 2003; Nebert and Vesell, 2004; Nebert, 2005) contributing to a drug
response measured by quantitative (continuous) variables. Hence, it is preferable to call
pharmacogenetic traits “hPpM”, even in instances (Figs. 1A and 1B) where a bimodal
distribution suggests that the trait is controlled predominantly by a single gene.

Alternatively, the difference between a single gene's contribution to a monogenic human
disease (>90% in Fig. 2A) and a pharmacogenetic trait (15–20% in Fig. 2B) may simply be
due to different choices in how “contribution to the trait” is measured (Risch, 2000). The
difference is at least partially due to the definition of a dichotomous disease versus a
quantitative pharmacogenetic trait. The physician is more interested in differentiating between
“affected” and “unaffected” individuals—this is called diagnosis (recognition of a disease or
condition by its outward signs and symptoms). However, a pharmacologist needs to evaluate
the drug response or the reverse effect on a quantitative scale—which is, by its very nature,
influenced by multiple genetic and environmental factors.

Effects of the Human Genome Project
Starting in October 1990 and continuing to advance even today, the Human Genome Project
(HGP) has provided huge amounts of new (and often totally unexpected) knowledge, which
has been highly beneficial to human genetics and genomics—as well as to pharmacogenetics
and pharmacogenomics. The Environmental Genome Project (EGP), initiated in October 1997,
was a natural spin-off; clearly, information from the EGP overlaps and complements that in
the HGP.

In the late 1990s, what had been termed “nucleotide substitutions” by (yeast, worm and fly)
geneticists for several decades became known as single-nucleotide polymorphisms (SNPs).
“SNP fever” then began. Hundreds of publications sought a statistically significant (P <0.05)
association between one or a few SNPs and a multiplex phenotype—complex diseases such as
hypertension, Alzheimer disease, asthma or schizophrenia. Not far behind, clinical
pharmacologists also sought statistically significant (P <0.05) associations between one or a
few SNPs and a multiplex phenotype—response of schizophrenia to clozapine; and effects of
a new drug on asthma, a new drug on diabetes or heart disease, or a new drug on treating a
type of cancer. Such publications were often followed by several reports refuting the original
conclusion. This dilemma has been discussed in detail (Nebert and Vesell, 2004).
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Various investigators suggested reasons for discrepancies between genotype-phenotype
association studies; these included: (a) publication bias (small studies are prone to large
variation in risk estimates, and only selected strong positive results are reported); (b) weak
genetic effects and lack of power, i.e., small sample size is a frequent problem and can result
in insufficient power to detect minor effect genetic variants; (c) population stratification; (d)
heterogeneity in classification of phenotypes across studies (i.e., lack of an unequivocal
phenotype); (e) different linkage disequilibrium (LD) patterns between populations or different
SNP markers between studies; (f) gene-gene or gene-environment interactions, modifier genes,
or other major genes epistatic to the allele under study that differ between populations; (g)
regional population ethnic differences; and (h) another functional variant chromosomally
linked to the allele under study (Ioannidis et al., 2001; Hirschhorn et al., 2002; Ioannidis,
2003; Ioannidis et al., 2003). In fact, in 2002, it was noted that, out of 166 putative genotype-
phenotype association studies that had been visited three or more times, only six have been
consistently replicated (Hirschhorn et al., 2002). Further requirements were suggested to make
such studies more reproducible; these included: need for more accurate diagnoses of disease
and reproducibility in other ethnic populations (i.e., unequivocal phenotype), need for
haplotype information or a much greater SNP density per DNA segment under study, and larger
numbers of subjects. Very recently, standards for genetic association studies were proposed—
including the initial study, replicability, and publication (Chanock et al., 2007).

Many shortcomings of such studies were described earlier (Nebert et al., 2003; Nebert and
Vesell, 2004). The term unequivocal phenotype was introduced, defined as “the assignment of
a trait by scientific investigators without any room for error.” Factors such as overlapping drug-
substrate specificity, renal clearance, error in clinical diagnosis of a disease, phenocopy, age
and gender, diet, cigarette smoking, disease state, and noncompliance of patients taking a drug
—all contribute to the lack of an unequivocal phenotype. More than 18 factors that can cause
an equivocal phenotype have previously been listed (Nebert and Vesell, 2004).

The term unequivocal genotype was also introduced, defined as “the assignment of a genotype
by scientific investigators without any room for error.” Factors such as allelic heterogeneity,
locus (non-allelic) heterogeneity, large number of genes contributing to a trait, genocopy,
synonymous mutations that unpredictably alter the trait, and ethnic differences in allelic
frequencies of any gene—all contribute to the lack of an unequivocal genotype. More than
three dozen factors that can cause an equivocal genotype have previously been listed (Nebert
and Vesell, 2004; Nebert, 2005). Clearly, if one compared 200 cases with 200 controls in a
genotype-phenotype association study that included five or ten cases and five or ten controls
having equivocal phenotypes and/or equivocal genotypes, the amount of “noise” would easily
conceal any real risk factors with moderate effect, and the statistical power would be seriously
limited. If the genetic risk factor has a sufficiently “large-effect” impact, one would still be
fortunate to detect it; however, this is not always the case.

New discoveries about our amazing human genome—since the previous reviews (Nebert et
al., 2003; Nebert and Vesell, 2004; Nebert, 2005) —are listed in Table 2; these phenomena
further contribute to the problem of our being unable to assign unequivocal genotypes. Copy-
number variations (CNVs) encompassing neighboring genes (Table 2) came as a surprise.
“Systems biology” i.e., gene-gene interactions (Gandhi et al., 2006) can easily complicate
interpretation of a SNP in one of the genes within a complex pathway.

Short transcripts of unknown function, often located in gene-desert regions (Galindo et al.,
2007; Gingeras, 2007), are among the latest unexpected findings. Of 300 women from high-
risk families for breast cancer who had received negative BRCA1 and BRCA2 test results from
Myriad Genetics (Salt Lake City, Utah), 12% of these patients were discovered to carry gene
rearrangements not included in Myriad's vast array of DNA tests and therefore should have
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been designated to have positive test results (Walsh et al., 2006). From very recent sequencing
of the diploid genome from a single individual (Levy et al., 2007), the 22 pairs of autosomes
differed by 0.5% (!!)—suggesting far more genetic heterogeneity than previously expected.
Problems with ever attaining, with near certainty, an unequivocal genotype (Table 2, plus
[Nebert et al., 2003; Nebert and Vesell, 2004; Nebert, 2005]) have therefore led to major
changes in our thinking (Sebat, 2007).

Oligogenic Diseases
The first oligogenic disorder to be described was one form of retinitis pigmentosa, shown to
be due to strict digenic inheritance, requiring the presence of heterozygous mutations in the
RDS and ROMI genes (Kajiwara et al., 1994). Katsanis and coworkers (2001) first coined the
term “tri-allelic inheritance.” This concept of oligogenic traits led to the elegant phrase “The
land between Mendelian and multifactorial inheritance” (Burghes et al., 2001). It was
suggested that, if complex diseases include too many genes to examine effectively in genotype-
phenotype association studies and “monogenic” diseases are too simple, then perhaps
oligogenic diseases should be considered. Oligogenics studies might provide some
understanding of the interactions among just a few genes and how these contribute to a
particular trait.

Table 3 lists nine so-called oligogenic diseases, plus one review (Ming and Muenke, 2002)
that enumerates eleven additional, and another review (Badano and Katsanis, 2002) that
specifies 30 additional, oligogenic traits, totaling approximately 50 oligogenic disorders. Some
diseases listed as “oligogenic”, however, are questionable, notably: BRCA1 and APC mutations
causing breast cancer, SOD1 and CNTF mutations causing familial amyotrophic lateral
sclerosis, CDKN2A and MC1R mutations causing melanoma, MYOC and CYP1B1 mutations
responsible for autosomal dominant congenital glaucoma (buphthalmos), and APP and
TGFB1 mutations causing Alzheimer disease. Many geneticists would agree that each of these
disorders is more likely a complex disease (involving dozens, if not hundreds, of contributing
genes, combined with an unknown number of environmental factors). Are these disorders
complex diseases or oligogenic diseases? It is presently unclear, since the dividing line between
these two is blurred and, hence, difficult to define.

To summarize, Fig. 2 shows the possible number of genes, and to what percent of the phenotype
they might contribute, for human monogenic diseases (Fig. 2A), compared with oligogenic
disorders (Fig. 2C). For PKU or cystic fibrosis, respectively, for example, mutations in the
PAH and CFTR genes probably contribute 90% or more to the disease; the remaining 5–10%
would be contributed by modifier genes (Fig. 2A). For what appears to be bona fide oligogenic
disorders, such as Bardet-Biedl syndrome or Hirschsprung disease, we suggest that mutations
in two or three genes might each contribute 3% to 6%; we propose that the remaining 94% to
97% would be contributed by modifier genes (Fig. 2C).

Do some pharmacogenetic disorders fall under the oligogenic classification? None has been
specifically defined to date, but some may be identified and characterized. On the other hand,
since oligogenic disorders and complex diseases represent a continuum, perhaps oligogenics
is no longer a useful term or concept.

Polygenic Diseases
From many studies of numerous generations and large families, the contribution of a single
variant to a complex disease trait is now believed to be usually between 1% and 5% (in terms
of the heritability of liability). There have been many claims of an optimistic identification of
a major gene contributing significantly (15% to 35%) to a complex disease, followed by the
inability to replicate or corroborate the initial study; examples include: (a) DYX1C1 gene
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associated with dyslexia (Taipale et al., 2003), but these initial findings have not been replicated
by six other association analyses (Scerri et al., 2004; Marino et al., 2005; Meng et al., 2005;
Bellini et al., 2005; Schumacher et al., 2007; Anthoni et al., 2007) using independent samples
of predominantly European origin; (b) PDE4D gene and vascular stroke (Gretarsdottir et al.,
2003), but several follow-up studies (Reneland et al., 2005; Rosand et al., 2006) have not yet
resolved the validity of the original association; (c) BMP2 gene and osteoporosis (Styrkarsdottir
et al., 2003), yet current evidence (Medici et al., 2006) remains inconclusive about the precise
association of BMP2 gene variants with osteoporosis; and (d) ITPR3 gene and type-1 diabetes
(Roach et al., 2006), but whereas the P value is highly significant (10−6) this study has not
been replicated, and the observed signal near the ITPR3 gene is probably generated from an
adjacent MHC region (moreover, this association was not corroborated by a recent GWA study
(The Wellcome Trust Case Control Consortium, 2007)).

Additional convincing proof for the moderate contribution (1% to 5%) of any single gene to a
complex trait comes from the analysis of a large population of heterogeneous-stock mice,
descended from eight inbred progenitor strains; 101 complex traits in 1,904 progeny derived
from 50 generations of interbreeding were analyzed (Valdar et al., 2006). These data indicated
that most quantitative trait loci (QTL) are able to explain only 1% to 5% of phenotypic variation.
In addition, genotype-environment interactions are important, and experimental covariates
show substantial interaction with genetic variation. These complexities, familiar to quantitative
geneticists for years, pose substantial challenges into the analysis of complex traits, to the
determination of how much each individual major gene might contribute to that trait, and at
what level the contribution to a trait can be detected.

Epigenetics and Epigenomics
Epigenetics and epigenomics are among the many reasons for our lack of achieving an
unequivocal genotype (Nebert and Vesell, 2004). DNA methylation patterns, covalent
modifications of histones and chromatin, and RNA interference represent examples of
epigenetics—so-called non-Mendelian inheritance of a trait located somewhere between
“genotype” and “phenotype.” There has been a recent explosion in this field (Eckhardt et al.,
2006; Brena et al., 2006; Martin and Zhang, 2007). Some epigenetic variants can be inherited
by the offspring (or the offspring's offspring), indicating the existence of a mechanism for
biological heredity not based on DNA sequence. For example, cigarette smoking by a
grandmother increases the risk of asthma in the granddaughter (Li et al., 2005).

Famine at the time a male is entering puberty sends an unknown transgenerational message to
his grandson, resulting in a 4-fold less risk of diabetes type-2; famine in the same population,
at the time a female's oocytes are forming in utero, increases the risk of obesity and diabetes
4-fold in that baby's granddaughter (Pembrey, 2002). In utero exposure of the mother to an
environment rich in microbial compounds (farm and barn stables) protects against the
development of atopic sensitization and enhances the innate immune system in school-age
children (Ege et al., 2006).

A brief exposure of endocrine disruptors, vinclozolin (anti-androgenic compound) or
methoxychlor (estrogenic compound), to a pregnant rat during the period of gonadal sex
development in utero produces an adult phenotype in the F1 to F4 generations of decreased
spermatogenesis and greater risk male infertility (Anway et al., 2005). Recent work from mouse
models, human monozygotic twin studies, and large-scale epigenetic profiling suggests that
epigenetically determined phenotypes and epigenetic inheritance are far more common than
previously appreciated (Rakyan and Beck, 2006).

It is now well known that epigenetic changes are involved in various human diseases including
cancer and asthma, as well as during normal development (Feinberg, 2007). There are currently
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no known human examples of pharmacogenetic disorders that are caused by, or affected by,
epigenetic events. Drug tolerance (to the anesthetic, benzyl alcohol) in the fly has very recently
been shown to be caused by epigenetic histone modification and transcriptional induction of
slo, an ion-channel gene (Wang et al., 2007). Epigenetic effects increase with each passing
decade of life, however, due to constant bombardment of environmental stimuli (which would
include drugs, as well as chemical or metal toxicants). Within the next several years, we expect
to see examples of epigenetic-mediated effects on gene-drug and (perhaps especially) on gene-
environment interactions.

Common SNPs in Candidate Genes
There are many clinicians, clinical pharmacologists, wet-bench pharmacologists and
toxicologists, biochemists, epidemiologists—and even molecular biologists and scientists who
sequence DNA or generate transgenic and other knockout mouse lines—who have not had
formal training in human genetics. Yet, there exist many publications written by such
investigators—in which genotype-phenotype association studies are considered “statistically
significant” (P <0.05) and, by implication, biologically meaningful. Table 4 lists only 20 such
examples. If an “association” exists between a SNP in some gene and a multiplex phenotype
(such as risk of: lung cancer, myocardial infarction, asthma, schizophrenia, bipolar disorder,
atherosclerosis, renal stones, gallstones, multiple sclerosis) or efficacy in response to one or
another drug, and the P value is <0.05 but far from <10−6, of what clinical or therapeutic value
is this to the patient, physician, or basic scientist?

For example, several reports showed a statistically significant (P <0.05) association between
CYP1A2 metabolic activity (Nakajima et al., 1999), rate of caffeine metabolism (Chen et al.,
2005), or risk of myocardial infarction from drinking coffee (Cornelis et al., 2006) with a
particular SNP in or near the CYP1A2 gene. It is well known (Eaton et al., 1995; Nebert et al.,
1999) that hepatic CYP1A2 activity differs among individuals by more than 60-fold, for
reasons not yet established. A recent study examining 16 tagSNPs across a 39.6-kb region of
the entire CYP1A1_1A2 locus in 280 individuals (from very-high, to very-low, CYP1A2
activity) concluded that it is impossible at the present time to devise a DNA test to detect high-
CYP1A2 versus low-CYP1A2 individuals (Jiang et al., 2006). These three examples listed
above (and in Table 4) therefore should be regarded as “inconclusive,” “under-powered,” and
in need of further replication before they can be regarded as informative studies.

Fig. 2 reveals small contributions to the phenotype under study from an unknown, but
considerable, number n (dozens or hundreds), of genes—especially through the middle and to
the right side of all four panels. Hence, a study or two in Table 4 might have identified a gene
in the middle or to the right side of all four panels in Fig. 2. Such “P-values of <0.05 but not
<10−4 studies” (e.g., Table 4), however, most likely represent a false positive. Occasionally
but rarely likely, such studies might have identified a modifier gene with an extremely low
contribution (<1%) to the trait under study; one can never be certain which explanation of such
studies is correct.

Candidate Gene SNPs and LD Studies Helped by the HapMap
The goal of the International HapMap Project (Gibbs and [The International HapMap
Consortium], 2003), completed between 2003 and 2006, has been to determine common
patterns of DNA sequence variation in the human genome and to make this information freely
available to all scientists. DNA samples studied in this first phase included: Yoruba in Ibadan,
Nigeria (YRI), Japanese in Tokyo, Japan (JPT), Han Chinese in Beijing, China (CHB), and
Centre d'Etude du Polymorphisme Humain (CEPH) samples from Utah, having Caucasian
ancestry from northern and western Europe (CEU). The final data set of phase I of the HapMap
project was released in mid-2005 (Release #16c.1), which contains genotype data for more
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than 1 million SNPs from the 269 subjects (The International HapMap Consortium, 2005).
Phase II of the project increased the density of genotyped SNPs to one SNP per kilobase; the
most recent full data set of combined phase I and phase II HapMap project was released in
January 2007 (Release #21a), which contains genotype data of almost 4 million non-redundant
SNPs and a total number of 7 million genotyped SNPs (http://www.hapmap.org).

It has been estimated (Kruglyak and Nickerson, 2001;McVean et al., 2005) that there are 10
million to 11 million such variants in the human genome having a minor allele frequency
(MAF) of >1% in the human population, and about 7 million SNPs with MAF >5%. Recent
estimates based on the HapMap phase II data (unpublished data) indicate that the number of
common SNPs (MAF >5%) is around 10 million in the YRI population, i.e., the oldest
population being examined.

There also have been discussions about extending HapMap studies to include the other two
major geographically isolated human subgroups, Oceanian and Amerindian. One study reports
the haplotype structure across 12 Mb of DNA sequence in 927 individuals representing 52
populations (Conrad et al., 2006). Another study examines dense SNP data uniformly across
samples of the four HapMap populations and eleven other populations (de Bakker et al.,
2006). These two studies provide convincing reassurance that detailed SNP discovery in these
two additional human subgroups might be unnecessary.

One major insight from the HapMap data is that the most important determinant of tagSNP
“portability” (i.e., how a tagSNP in one population efficiently captures the LD in other
populations) is the level of genetic linkage disequilibrium (LD) in the population to be
“tagged”: those with high LD (e.g. Oceanian, Amerindian) tend to be tagged well, whereas
those with low LD (e.g., Africa) tend to be difficult to tag—regardless of their proximity to
the tag-source population (Need and Goldstein, 2006). This is because Africans have been on
the planet longer than Oceanians or Amerindians, and thus the LD blocks in Africans are much
smaller in length. Because it is not that expensive to include a small number of extra tagSNPs,
it now seems preferable to use a universal set of SNPs, perhaps including a specific supplement
for tagging in populations having substantial African ancestry. From HapMap data, the current
general rule for GWA studies, discussed below, is to screen the genome at a density of one
tagSNP per 5 kb, except for Africans where the density should be one tagSNP per 2.5 kb.

Using LD blocks and common SNPs from candidate genes, or later HapMap data and its
haplotype information, a number of statistically very solid genotype-phenotype association
studies have been carried out during the past several years. Table 5 lists several of the truly
replicable studies. All these examples have been confirmed by extensive replication in other
labs and in other ethnic populations. Although smaller P-values usually provide greater support
for a true association, there is no universal threshold that can be applied under all circumstances.
Generally, P-values are not comparable between different studies. Therefore, instead of setting
a stringent significant level (i.e., P-value <10−6), replication studies in different populations
are the most important requirement for establishing a positive association.

Again, whereas human genetic disorders have used these data to their advantage,
pharmacogenetic studies have lagged behind. Perhaps the closest gene-drug example (using
haplotype information, LD blocks, and common SNPs from a candidate gene) would be
identification of a particular UGT1A1 haplotype associated with a greater risk of toxic response
to irinotecan in Japanese cancer patients (Sai et al., 2004); although a significant advance,
however, this study fails to attain the criteria for “individualized drug therapy.” In other words,
some patients with that haplotype do not show the toxic response, while other patients not
having that haplotype do show the toxic response.
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Encode
Another ambitious undertaking has been the Encyclopedia of DNA Elements (ENCODE) Pilot
Project (2004–2007), which comprises several hundred investigators located in at least 80
institutes worldwide (The ENCODE Project Consortium, 2004). The plan was to select about
1% of the human genome, to study this in great detail, and to map a large variety of sequences:
genes (protein-coding and noncoding exons), promoters, enhancers, repressor/silencer
sequences, origin-of-replication and termination sites, conserved sequences, RNA transcripts,
transcription-factor binding sites, methylation sites, DNase I hypersensitivity sites, and
chromatin modifications. The consortium produced more than 200 data sets, representing >400
million data points, 200 Mb of comparative sequences (e.g., human genome versus that of
chimpanzee, mouse or pufferfish), and guidelines for rapid release of all data
(http://genome.ucsc.edu/ENCODE).

Some breakthroughs from ENCODE include discoveries (or a more complete understanding)
of: extensive overlap of gene transcripts and many non-protein coding regions; complex
networks of transcripts, which challenge the concept of “lone transcription units”; many new
transcription start-sites, with an arrangement of far more complex regulatory sequences and
binding of transcription factors than heretofore imagined; regulation of genes in cis that can
be governed by motifs millions of bases away; regulation of genes in trans that can be controlled
by factors on other chromosomes; interactions between chromatin structure, regulation of
transcription and replication; and finally, an unbelievable 60% of all DNA to be under
evolutionary constraint (The ENCODE Project Consortium, 2007). Some of these ENCODE
breakthroughs, concerning identification of new genomic complexities, are listed in Table 2
among the additional problems in ever being able to achieve an unequivocal genotype.

These amazingly complex findings by the ENCODE Project have thrown into disarray previous
concepts of “what constitutes a gene” (Gerstein et al., 2007). Seven years ago, it was clear that
“the gene unit” should include everything upstream including the 5′-most regulatory element
and everything downstream including the 3′-most regulatory element. Accordingly, some
genes will overlap other genes, some genes will be located on the other DNA strand of an
existing gene, and some genes will be completely inside another gene (Nebert, 2000a).

Therefore, the definition of “a gene” has been: “A segment of DNA, including all regulatory
sequences for that DNA, which encodes a functional product—whether it is a protein, small
peptide, or one of the many classes of regulatory RNA.” The proposed definition this year is:
“A union of genomic sequences encoding a coherent set of potentially overlapping functional
products”. This definition sidesteps complexities of regulation and transcription (Gerstein et
al., 2007). Such discussions of “what is a gene” should also remind pharmacologists of the
complexities facing us in ever achieving “individualized drug therapy” concerning one or more
of these “genes.”

The next goal of ENCODE is, eventually, to perform all these analyses on the other 99% of
the human genome. Has the ENCODE Pilot Project, however, shown that it is possible to build
an encyclopedia of sequence elements correlated with biochemical functions? Will there be
predictive value in knowing, for each region of the genome, all entries into the encyclopedia
and the state of the chromatin? How can these data be applied to human disease? Given that
60% of the DNA is evolutionarily constrained, do more elements need to be mapped
experimentally, to account for the remaining 40%? Future plans of the scale-up of the ENCODE
Project are indeed staggering (Weinstock, 2007).
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Genome-Wide Association (GWA) Studies
With the development and availability of ultra-high-volume genotyping platforms—on the
order of 100,000 to 1 million genotypes per sample—at a manageable cost, a GWA workshop
convened in April 2005 to compare notes on planned as well as ongoing studies, to discuss
statistical methods and study design, and to debate alternative technologies (Thomas et al.,
2005). Using the millions of SNPs catalogued by the HapMap Project, and having determined
haplotypes across diverse populations so that subsets of highly informative tagSNPs could be
identified, GWA scans (involving hundreds of thousands of markers and thousands of subjects)
have now become financially feasible and a real possibility, just as Risch and Merikangas
(1996) had prophesied a decade earlier.

In this highly cited 2-page paper, the authors question whether genetic studies of complex
diseases (because of the persistent lack of replicability) had reached their limits (Risch and
Merikangas, 1996). Methods such as linkage studies that had been successful in finding major
genes (far left bars of panels in Fig. 2) have limited power to detect genes of modest effect
(all bars to the right of the far left bars of each panel in Fig. 2) or lower penetrance; thus, a
different method of association study—that tested all candidate genes—would have greater
power, even if this meant testing every gene in the genome.

Using a disease susceptibility locus with two alleles, A and a, with population frequencies of
p and q = 1–p, there are three possible genotypes: A/A, A/a and a/a. The authors defined
genotypic relative risk (GRR) as “the increased chance that an individual with a particular
genotype has the disease”. Starting with a number of assumptions [including probability of the
A allele transmission from a heterozygous parent to child, number of human genes in the
genome, number of diallelic polymorphisms per gene, a LOD score (logarithm of the odds
ratio for linkage) of 3.0 for a linkage test with pairs of affected siblings, type I error probability
a of ∼10−4, and a linkage study of 500 genomic markers], Risch and Merikangas (1996)
estimated that this significance level would provide a probability of >95% for no false
positives. For 1 million alleles to be tested, the equivalent false positive rate in 1 million
independent association tests was then extrapolated to a significance level a = 5 × 10−8.

Much discussion, (Clark et al., 2005; Eberle et al., 2006; Gibbs and Singleton, 2006; Eberle et
al., 2007; Chanock et al., 2007), has ensued since this publication. For example, the original
estimate (Risch and Merikangas, 1996) of number of genes in the genome was 100,000; several
other assumptions could be off by a factor of 10, but the bottom line is that P-values in GWA
studies should preferably reach at least 10−6, if not 10−7, in order to establish true statistical,
as well as biological, significance.

The first ever GWA study was probably published in 2002, in which an association between
the LTA gene and myocardial infarction was developed by typing 92,788 gene-based SNP
markers (Ozaki et al., 2002). Another pioneering GWA study (Klein et al., 2005) reported an
association between the CFH gene and age-related macular degeneration by typing 116,204
SNPs. These early reports and subsequent GWA studies have recently been reviewed
(Kingsmore et al., 2007). Table 6 lists two dozen representative GWA studies published
between the end of 2006 and October 2007, with P-values ranging from 6.7 × 10−6 to 2 ×
10−76. These robust GWA studies appear to call into question and further undermine the true
informative value of many of the presumed “P <0.05” false-positive studies such as those listed
in Table 4.

It should be recognized that multiple parameters will affect the power, the reported P-values
of putative findings, and the confidence interval (CI) of effect-size estimators for any genotype-
phenotype association study—whether a human disease or a pharmacogenetic disorder.
Statistical power improves, of course, with larger numbers of cases and controls. If the MAF
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increases, usually fewer subjects are needed in the study group and the level of detectable
contribution by a gene to a phenotype will be smaller. If the MAF is low, greater numbers per
group will be required and the level of detectable contribution by a gene to a phenotype will
be higher.

The above statements may not, however, necessarily hold. For example, when the
“contribution” (in genetic terms, the “effect size”) of the risk variant is measured by heritability,
the influence of MAF on the statistical power of an association study is not significant. If the
effect size is measured by odds ratio (OR) or genotypic relative risk (GRR), however, the
influence of MAF will be tremendous, especially for MAF <0.05. In addition to the MAF and
prevalence of the disorder, the inheritance model of the risk allele (“multiplicative,”
“dominant,” or “recessive”) can also influence the power of an association study.

It must be emphasized that GWA studies are not always error-free. For example, a GWA study
of risk of Parkinson disease identified a number of SNPs having a high association with the
phenotype (Maraganore et al., 2005); subsequently, four independent investigative teams
(Myers, 2006) could not corroborate any of these data, concluding that even the LRRK2 gene
that had been identified by Maraganore and coworkers (Maraganore et al., 2005) is likely to
be a false positive. Some of the same reasons for these discrepancies were discussed above in
the early SNP-fever publications: population stratification differences between cases and
controls are a primary source of false positive associations; there is substantial evidence in
Parkinson disease for low-penetrance genes; the original study (Maraganore et al., 2005) would
have benefited greatly by replicability in a second ethnic group; finally, the etiology of
Parkinson disease is likely to be a complex interaction between multiple genes and numerous
environmental factors (Tanner et al., 1999; Myers, 2006).

Future Directions: Personalized Medicine and Individualized Drug Therapy?
Perhaps the method by which most investigators evaluate the outcomes of a complex disease
is too simplistic: non-afflicted versus afflicted, or zero versus one. Such binary traits fail to
reflect the QTL nature of most attributes which could be immediately related to disease
causation. Dividing a large population into more valuable subsets can enhance the statistical
power of a study, while reducing the number of individuals studied. Dividing a large population
into subsets such as “highly sensitive” versus “highly resistant,” has been described as the
extreme discordant phenotype (EDP) method of design and analysis (Nebert, 2000b). The
statistical power of the EDP approach has been demonstrated; the EDP approach is best applied
to traits that are relatively common, and quantitation of a phenotype (e.g., number of cigarette-
pack years, dosage of a drug for how long) clearly improves the statistical power (Zhang et al.,
2006). We predict that, in the near future, a similar (EDP, or gradient) approach to GWA
studies, instead of the “binary state” assignment, will improve GWA studies—in both human
genomics and pharmacogenomics.

Improved statistical analyses will also help future GWA studies. For example, principal
components analysis, using hundreds of thousands of markers, can help correct for population
stratification (Price et al., 2007). Bayesian inference in case-control epistasis-mapping studies
is significantly more powerful than existing approaches and is feasible with many thousands
of markers (Zhang and Liu, 2007). The importance of collaboration, by way of (for example)
the Genetic Association Information Network (The GAIN Collaborative Research Group,
2007) and the NIH Database of Genome-Wide Association Studies dbGAP (Mailman et al.,
2007), will be necessary for the integration of all genotyping and phenotyping data in the near
future (West et al., 2006).

One ultimate goal of human genetics and genomics, and now GWA studies, is to provide to
the patient of the internist, surgeon or pediatrician personalized medicine in preventing or
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treating complex diseases. One ultimate goal of pharmacogenetics is to provide the patient of
clinical pharmacologists or other physicians with individualized drug therapy. As can be seen
from this review—especially the unanticipated, surprising, multiple findings about our genome
uncovered during the past several years—it continues to be virtually impossible to assign a
patient to an unequivocal phenotype and especially to an unequivocal genotype. This can be
firmly stated, although many optimistic reviews to the contrary continue to appear (West et
al., 2006; Eichelbaum et al., 2006; Roden et al., 2006; Lesko, 2007; Roses, 2007; Hunter,
2007; Swen et al., 2007). Moreover, most of the March 2007 issue of Clinical Pharmacology
and Therapeutics and several articles in the September 2007 issue of the Journal of Clinical
Pharmacology are optimistic about “prospects in the near future for individualized therapy
based mainly on DNA testing.”

What is the current assessment of gene-drug interactions? How close are we to achieving
individualized drug therapy? From all that has been discussed above, it should be clear by now
that drawing a conclusion from a study of 200 or 1,000 patients is one thing; drawing a
conclusion from a DNA test on an individual patient walking into your office is quite another.

Where are we, today, in our understanding of the role of human genetics and genomics in drug
toxicity, efficacy and therapeutic failure? From previous reviews (Nebert et al., 2003; Nebert
and Vesell, 2004; Nebert, 2005), and from what has been discussed above (Fig. 2), it is clear
that those few hPpM genes that do make a difference in metabolism of various drug substrates
(e.g., CYP2D6, NAT2, TPMT, CYP2C19) might contribute perhaps 15% to 20% to the (EM or
PM) phenotype (Fig. 2B), whereas a contribution of 90% or more is expected for the gene
responsible for a monogenic human disease (Fig. 2A). If we know that dozens or hundreds of
additional downstream genes might affect the ultimate outcome of a particular drug, how can
we integrate and assemble this knowledge into a diagram or equation?

In discussing possible confounding factors, it is useful to distinguish genetic factors—specific
to the drug used—from those influencing the nature of the condition itself. Drug-specific effects
include both pharmacokinetics [e.g., drug- or xenobiotic-metabolizing enzymes (XMEs) and
XME-related transporters (XRTs)] and pharmacodynamics (e.g., drug targets and target-
related proteins, often not involved in disease etiology) of the particular drug (Tate and
Goldstein, 2004; Nebert and Dalton, 2006).

As illustrated in Fig. 3, we propose a 2-tier system of: [a] front-end differences in hPpM gene
polymorphisms associated with pharmacokinetics, and [b] downstream genes that will
contribute to the phenotype (toxicity, efficacy, or therapeutic failure of a particular drug)
associated with pharmacodynamics. Because of hPpM inheritance, the up-front genes can
provide a substantial impact on the pharmacokinetics of any incoming drug or combination of
drugs. Because the downstream targets are not generally encoded by hPpM genes, the ultimate
outcome (toxicity, efficacy, or therapeutic failure) is considerably more complicated, i.e.,
reflects more closely genes that contribute to a polygenic disease trait (Fig. 2D).

In clinical pharmacology, most of the up-front gene products are encoded by XME or XRT
genes (Nebert and Dalton, 2006); in any given population, when these genes initially respond
to a drug, one can expect a gradient—from slow-to-rapid drug metabolism (Fig. 3). The few
early-response genes that are truly hPpM (Table 1) might predict, in part, those individuals at
the extreme low and extreme high ends of the spectrum (Fig. 3).

Downstream targets include genes encoding receptors, transporters, ion channels, cell-
adhesion molecules, signal transduction pathway moieties, chaperones, nucleic acid or protein
repair systems, posttranslational-processing, cell cycle and growth factors, and transcription
factors. SNPs in any one, or in any combination, of the genes encoding these downstream
targets might render an individual “more sensitive” or “more resistant” to a given level of the
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potentially toxic drug. Again, one would expect to find a gradient of resistance or sensitivity
to all the downstream targets combined (Fig. 3). In the case illustrated, we have assumed that
the parent drug is the active form and causes the adverse reaction(s). Patients having the genetic
predisposition for slowest drug metabolism, due to the up-front early-response network,
combined with having downstream targets most sensitive to the parent drug, would be at highest
risk for accumulation of that drug leading to toxicity. Subjects having the genetic predisposition
for rapid metabolism, due to the up-front early-response network, combined with having
downstream targets most resistant to damage by the specific drug, would clear the drug most
rapidly and be at greatest risk for therapeutic failure. Those with intermediate metabolism (not
too slow, not too fast) in the up-front genes—would provide the optimum amount of drug to
the downstream targets, resulting in efficacy. In addition, the dose, accumulation of drug, and
length of treatment time might all affect this balance (as well as age, gender, renal clearance,
disease, etc.) and, hence, could ultimately lead to drug toxicity or therapeutic failure, after the
drug had demonstrated efficacy for some months or years of time (Fig. 3). Fig. 3 shows the
effect of a drug in a large population. Only a few DNA tests provide 100% accuracy in
monogenic human diseases. To date, no DNA tests provide 100% accuracy in predicting a
pharmacogenetic disorder—in any given patient.

In conclusion, we have compared the research advances and development of human genetics
and genomics with those of pharmacogenetics and pharmacogenomics, and we can appreciate
how many “new surprising findings” continue to appear almost monthly. Hence, it should be
readily appreciated as to why personalized medicine, as well as individualized drug therapy,
will be most challenging to achieve in the near future.
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CEPH  

Centre d'Etude du Polymorphisme Humain

CEU  
Individuals from Utah, having Caucasian ancestry from northern and western
Europe

CHB  
Han Chinese in Beijing, China

CI  
Confidence interval

CNVs  
Copy-number variations

DNaseI  
Endonuclease that digests double- or single-stranded DNA into oligonucleotides
or mononucleotides

EDP  
Extreme discordant phenotype

EGP  
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Environmental Genome Project

EM  
Extensive-metabolizer

ENCODE  
Encyclopedia of DNA Elements

G6PD  
Glucose-6-phosphate dehydrogenase

GRR  
Genotypic relative risk

GWA  
Genome-wide association

HGP  
Human Genome Project

hPpM  
High-penetrance predominantly monogenic

HD  
Huntington disease

JPT  
Japanese in Tokyo, Japan

LD  
Linkage disequilibrium

LOD  
Logarithm of the odds ratio for linkage

MAF  
Minor allele frequency

OR  
Odds ratio

PKU  
Phenylketonuria

PM  
Poor-metabolizer

QTLs  
Quantitative trait loci

SNPs  
Single-nucleotide polymorphisms

UM  
Ultrarapid metabolizer

XMEs  
Xenobiotic-metabolizing enzymes
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XRTs  
XME-related transporters

YRI  
Yoruba in Ibadan, Nigeria
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Figure 1.
General examples of phenotypes in pharmacogenetic studies. A, slow metabolism inherited as
a predominantly autosomal recessive trait (a allele). B, efficient metabolism inherited as a
predominantly autosomal dominant trait. C, gradient of slow-to-rapid metabolism involving
multiple genes and showing a unimodal distribution possibly inherited as a codominant, gene-
dose or additive trait; this could also reflect a complex disorder. The amount of “scatter”, typical
in studies such as those depicted in parts A, B and C, most likely represents contributions from
modifier genes, gene-gene interactions, and/or environmental factors. Another interesting
example (not shown) is the CYP2D6 polymorphism in which the poor-metabolizer (PM),
intermediate-metabolizer (IM), efficient-metabolizer (EM), and ultra-rapid-metabolizer (UM)
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phenotypes can sometimes be distinguished as four distinct peaks (Ingelman-Sundberg,
2005).
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Figure 2.
Theoretical scheme showing the number of genes and extent of their contribution to the trait.
A monogenic human disease (A) and an hPpM pharmacogenetic disorder (B) are compared
with an oligogenic (C) and a complex disease (D). The gene responsible for a monogenic human
disease contributes much more to expression of that disease (A) than does an hPpM gene
responsible for expression of a pharmacogenetic disorder (B). If we use the same measure for
genetic “contribution”, the allelic architecture (number of risk loci, inheritance mode, allele
frequency, etc.) of complex diseases should be determined by both evolution and selective
pressures. Thus, the dissimilar patterns in A versus B (and in fact in all four panels) represent
different roles during human evolution and environmental adaptations (see text). HuGEN,
human genetics; PhGEN, pharmacogenetics.
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Figure 3.
Scheme proposing an “up-front” (or “early-response”) network of hPpM genes involved in
pharmacokinetics, followed by downstream targets involving a network of innumerable low-
penetrance genes responsible for pharmacodynamics. This diagram assumes that the parent
drug possesses efficacy but that its accumulation can cause toxicity. Some examples of drugs
occur wherein the metabolite rather than the parent drug is the active agent.
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Table 1
Notable advances between 1932 and 1995 in shaping the field of pharmacogenetics.a

Observation Key Reference

Phenylthiourea (PTU) nontaster traitb (Snyder, 1932)

Glucose-6-phosphate dehydrogenase (G6PD) deficiency (Alving et al., 1956)

N-acetylation (NAT) polymorphism (Knight et al., 1959; Evans et al., 1960)

Federation Proceedings of the Am. Soc. Exp. Biologists (FASEB): two symposia
gave high visibility to the field.

(Kalow, 1965; O'Reilly and Aggeler, 1965; Armaly and
Becker, 1965; Wigle, 1965; La Du, 1965; Eichelbaum,
1984; Spielberg, 1984; Vesell, 1984; Weber, 1984; La Du
and Eckerson, 1984; Vesell and Penno, 1984;
Weinshilboum, 1984a; Kalow, 1984a; Weinshilboum,
1984b; Kalow, 1984b)

Genetic variation in ethanol metabolism; mutation in aldehyde dehydrogenase
(ALDH) gene

(Von Wartburg et al., 1964)

The aryl hydrocarbon receptor and [Ahr] gene battery (Nebert et al., 1975)

Debrisoquine/sparteine oxidation polymorphism (CYP2D6 gene) (Mahgoub et al., 1977; Eichelbaum et al., 1979)

Thiopurine methyltransferase (TPMT) gene polymorphism (Weinshilboum and Sladek, 1980)

Identification of the human GSTM1 null allele; GSTT1 null allele later (Seidegård et al., 1986)

Molecular cloning of the CYP2D6 gene and variant alleles (Gonzalez et al., 1988)

Molecular cloning of the NAT2 gene and variant alleles (Blum et al., 1990)

Molecular cloning of the CYP2C19 gene and variant alleles (Goldstein and de Morais, 1994)

Molecular cloning of the TPMT gene and variant alleles (Krynetski et al., 1995)

a
Detailed in (Nebert, 1997); please see this Opinion Article to find additional discussion and other relevant studies and references. Just as monogenic

disorders in human genetics are proposed to involve genes encoding “moonlighting” enzymes having more than one function (Sriram et al., 2005), so
have all xenobiotic-metabolizing enzymes (XMEs) been proposed to carry out endogenous functions—in addition to functions of metabolizing a drug or
environmental toxicant (Nebert, 1991;Nebert and Dalton, 2006).

b
The taste receptor gene TAS2R1 was identified 70 years later (Kim et al., 2003) as responsible for the PTU nontaster trait. Contrary to the XME and

XRT genes, such a receptor polymorphism more likely is inherited as a monogenic human disease than as an hPpM pharmacogenetic disorder.
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Table 2
Unexpected phenomena found in the human genome, contributing to additional reasons for the difficulty in not being
able to achieve an unequivocal genotype.a

Phenomenon Reference(s)

Synonymous SNPs inducing exon-skipping, changes in splicing (Chao et al., 2001; Cartegni et al., 2002)

Synonymous SNPs affecting tRNA pool size (Polesskaya and Sokolov, 2002)

Modulation of gene expression by loci located cis of that gene (Mekus et al., 2003)

Synonymous SNPs affecting membrane attachment and degradation pathway of
the protein

(Goldman et al., 2004)

Population stratification (Campbell et al., 2005)

Genotype of one gene affects basal and inducible expression of a second gene
(in trans)

(Lamba et al., 2006)

Copy-number variations (CNVs) (Freeman et al., 2006; Locke et al., 2006; McEwen et al.,
2006; Redon et al., 2006; Aitman et al., 2006; Long and Miano,
2007; Kikuta et al., 2007; Wong et al., 2007; Cooper et al.,
2007; Stranger et al., 2007a)

Mutation affects bidirectional long-range intergenic transcription in cis (Takeda et al., 2006; Khaitovich et al., 2006)

Enhancer on one chromosome controls gene on another chromosome (Lomvardas et al., 2006)

Locus control regions: long-range gene activation (Ho et al., 2006; Berrozpe et al., 2006)

MicroRNAs, small interfering RNAs, and repeat-associated small interfering
RNAs

(Vagin et al., 2006; Chen and Rajewsky, 2006; Levine et al.,
2007)

Crosstalk between RNA-editing and RNA-interference (Nishikura, 2006)

Genetic architecture is modular and multifunctional (Khaja et al., 2006; Kapranov et al., 2007)

Heritability of alternative splicing (Kwan et al., 2007)

Transcripts of unknown function that encode 11-amino-acid peptides (Galindo et al., 2007; Gingeras, 2007)

Splicing efficiency between individuals (Hull et al., 2007)

RNA regulons controlling posttranscriptional gene-expression networks (Keene, 2007)

Ancient population bottlenecks affect phenotypic, ethnic variation and genome
architecture

(Manica et al., 2007; Spielman et al., 2007; Nomura et al.,
2007; Gherman et al., 2007)

Proteins involved in mRNA translation (Scheper et al., 2007)

Transcriptional factories in nucleus (Akhtar and Gasser, 2007)

Ultraconserved elements of unknown function (Katzman et al., 2007)

First sequencing effort to compare all alleles on both chromosomes (Levy et al., 2007)

Interindividual regulatory variation (Stranger et al., 2007b)

a
These items are provided here, in addition to approximately three dozen others listed in previous reviews (Nebert and Vesell, 2004; Nebert, 2005).
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Table 3
Partial list of oligogenic diseases (in which two, or a small number of, genes contribute in a major way to the
phenotype).a

Phenotype Genes Reference(s)

Bardet-Biedl syndrome “tri-allelic inheritance” BBS2, BBS6 (Katsanis et al., 2001)

Digenic inheritance (a review of 11 syndromes) (2 genes each) (Ming and Muenke, 2002)

Oligogenic inheritance (a review of 30 syndromes) (2–4 genes each) (Badano and Katsanis, 2002)

Polycystic lipomembranous osteodysplasia with
sclerosing leukoencephalopathy

DAP12, TREM2 (Paloneva et al., 2002)

Hirschsprung disease (mutations in 8 genes) (Carrasquillo et al., 2002)

Refsum disease PHYH, PEX7 (van den Brink et al., 2003; Jansen et al.,
2004)

Bardet-Biedl syndrome BBS1, BBS2, BBS6 (Beales et al., 2003)

Cortisone reductase deficiency HSD11B1, H6PDH (Draper et al., 2003)

Holoprosencephaly SHH, ZIC2, SIX3, TGIF (Dubourg et al., 2004)

Polycystic ovary syndrome HSD11B1, H6PDH (San Millan et al., 2005)

Restless legs syndrome BTBD9, MEIS1, MAP2K5,
LBXCOR1

(Mignot, 2007; Winkelmann et al., 2007)

a
No new publications mentioning “tri-allelic digenic inheritance” have appeared since the 2005 paper. The term “oligogenic” has been used in several

hundred publications, but the term now seems to be utilized quite loosely.
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Table 4
Partial list of recent publications in which one or very few SNPs “are associated with” a complex disease, also termed
multiplex phenotype (P-values between <0.05 and 0.001).a

Phenotype Gene P value(s) Reference

Lung cancer and smoking NQO1 0.048 (Rosvold et al., 1995)

Induced CYP1A2 metabolic activity CYP1A2 <0.05 (Nakajima et al., 1999)

Risk of colorectal cancer SULT1A1 0.009 (Bamber et al., 2001)

Myocardial infarction GCLM <0.001 (Nakamura et al., 2002)

Ethnic differences in risk of heart failure ADRA2C, ADRB1 <0.001, 0.004 (Small et al., 2002)

Successful weight reduction by sibutramine GNB3 0.031, 0.004 (Hauner et al., 2003)

Vulnerability to illegal drug abuse HTR2B 0.0335 (Lin et al., 2004)

Caffeine metabolism CYP1A2 0.036, 0.038 (Chen et al., 2005)

Risk of young onset, late onset Parkinson
disease

NAT2 0.003 (Chaudhary et al., 2005)

Coffee intake and risk of myocardial infarction CYP1A2 0.04 (Cornelis et al., 2006)

Smoking and obesity in prostate, lung,
colorectal and ovarian cancer patients

DRD2 0.02, 0.007 (Morton et al., 2006)

Antidepressant efficacy in depression patients GNB3 0.02, 0.03 (Wilkie et al., 2007)

Risk of aspirin-intolerant asthma PTGER2, PTGER3,
PTGIR, TBXA2R

0.023, 0.038 (Kim et al., 2007)

Gefitinib responsiveness in non-small-cell
lung cancer

EGFR 0.014, 0.029 (Han et al., 2007)

Risk of atherosclerosis CYP2J2 0.036 (Lee et al., 2007)

Risk of toxic liver injury ABCC2 0.04 (Choi et al., 2007)

Risk of primary lung cancer ERCC1 0.034 (Ma et al., 2007)

Induction of extrapyramidal symptoms by
antipsychotics

RGS2 0.003, 0.009 (Greenbaum et al., 2007)

Fracture risk (bone mass) after estrogen
treatment

P2RX7 <0.01, 0.02 (Ohlendorff et al., 2007)

Glatiramer acetate therapy for multiple
sclerosis

TRB@ locus 0.049 (Grossman et al., 2007)

a
This list is limited to 20 examples; many hundreds of additional references could be cited. Presumably, most of these findings represent false positives

(see text).
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Table 5
Exemplary studies—involving LD and not a GWA study—wherein one or a few variants in a candidate gene is
associated with a complex disease.a

Phenotype Gene(s) P value Reference

Risk of Alzheimer disease APOE <0.00001 (Saunders et al., 1993)

Risk of deep vein thrombosis F5 <10−15 (Bertina et al., 1994)

Risk of type-2 diabetes PPARG 0.002 (Altshuler et al., 2000)

Risk of Crohn disease NOD2 2×10−5; 6×10−6 (Hugot et al., 2001)

Type-1 diabetes PTPN22 6.0×10−4 (Bottini et al., 2004)

Rheumatoid arthritis PTPN22 6.6×10−4; 5.6×10−8 (Begovich et al., 2004)

Type-2 diabetes TCF7L2 2. 1×10−9 (Grant et al., 2006)

a
These examples have all been confirmed by repeated replications in other labs and in other ethnic groups. Generally, P-values are not comparable between

different studies; hence, instead of setting a stringent level of significance (i.e. P-value <10−6), replication studies in different populations and ethnic
groups are preferred in establishing a true positive association.
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Table 6
Partial list (limited to two dozen examples) of recent GWA studies in which one or a few SNPs are associated with a
complex disease or multiplex phenotype (note highly significant P-values of <1 × 1(10−6).

Phenotype Gene(s) P-value Reference

Risk of inflammatory bowel disease IL23R 1.60 × 10−9 to 3.36 ×
10−13

(Duerr et al.,2006)

Risk of type-2 diabetes Four loci plus TCF7L2 3.2 × 10−17 (Sladek et al.,2007)

Risk of breast cancer Nine previous genes plus
CASP8

1.1 × 10−7 (Cox et al., 2007)

Susceptibility to Crohn disease IL23R, CARD15,
PTGER4 a

l0−7 to 10−9 (Libioulle et al.,2007)

Risk of prostate cancer Chr 8q24 (two
independent loci)

1.41 × 10−11; 6.62 ×
10−10

(Yeager et al.,2007)

Risk of prostate cancer Chr 8q24 (two
independent loci)

1.4 × 10−10; 1.6 ×10−14 (Gudmundsson et al., 2007a)

Association with body mass index
and predisposition to obesity

FTO 3 × 10−26 (Frayling et al., 2007)

Susceptibility to Crohn disease IL23R, CARD15,
ATG16L1, PHOX2B,
NCF4, FAM92B, and
intergenic region on
10q21.1b

< 10−10 (Rioux et al., 2007)

Bipolar disorder, coronary artery
disease, Crohn disease, hypertension,
rheumatoid arthritis, type-1 diabetes
and type-2 diabetes

24 independent
association signals

<5 × 10−7 (The Wellcome Trust Case
Control Consortium, 2007)

Association with coronary heart
disease

Region with no annotated
genes, near CDKN2A &
CDKN2B

6.7 × 10−6 (McPherson et al., 2007)

Risk of myocardial infarction Region with no annotated
geneb, near CDKN2A &
CDKN2B

1.4 × l0−7 to 1.2 ×
10−20

(Helgadottir et al.,2007)

Susceptibility of breast cancer FGFR2, LSP1 & 3 other
loci

3 × 10−9 to 2 × l0−76 (Easton et al., 2007)

Risk of childhood asthma Several sites in cis with
ORMDL3 expression

<10−12; <10−22 (Moffatt et al.,2007)

Risk of sporadic postmenopausal
breast cancer

FGFR2 1.1 × 10−10 (Hunter et al., 2007)

Risk of celiac disease KIAA1109-TENR-IL2-
IL21 linkage
disequilibrium block

2.0 × 10−7; 1.3 × 10−14 (van Heel et al., 2007)

Association with obesity-related
traits

FTO, PFKP l.l × 10−7 to 3.4 × 10−8 (Scuteri et al., 2007)

Major determinants for host control of
HIV-1

HCP5 9.36 × 10−12 (Fellay et al., 2007)

Risk of type-1 diabetes KIAA0350, INS, PTPN22,
COL1A2, LPHN2

7.53 × 10−8 to 1.11 ×
10−12

(Hakonarson et al., 2007)

Coronary artery disease Chr 9p21.3 1.80 × 10−14 (Samani et al., 2007)

Protection against type-2 diabetes TCF2 4.7 × 10−9 (Gudmundsson et al., 2007b)

Susceptibility to colorectal cancer Chr 8q24.21 1.27 × 10−14; 3.16 ×
10−11

(Tomlinson et al., 2007; Zanke et
al., 2007)

Risk of type-2 diabetes WFS1 1.4 & 3.4 × 10−7 (Sandhu et al.,2007)

Susceptibility to gallstone disease ABCG8 1.4 × 10−14 (Buch et al., 2007)

Association with type-1 diabetes IL2RA, RBM17 1.92 × 10−28 (Lowe et al., 2007)
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a
Interestingly, the segment of DNA that regulates the PTGER4 gene lies within a 1.25-Mb gene-desert region at 5p l3.1.

b
Another example of a SNP associated with a complex disease that lies within a large gene-desert region, perhaps explained by the short open-reading-

frame transcripts encoding 11-amino-acid peptides [see Table 2].
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