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Abstract
Genotype-phenotype studies in pharmacogenomics promise to identify the genetic factors that
contribute substantially to variation in individual drug response. While most genetic association
studies have failed to deliver the promise, several recent examples serve as a reminder that these
associations do exist and can be identified when investigated using well-designed studies. Here,
we describe the path taken to identify the association between common VKORC1 genetic variation
and warfarin dosing in patients. We also describe the key elements that led the way, such as
definition of the phenotype, confirmation of a genetic component, determination of biological
plausibility, and selection of genetic polymorphisms. We also describe several avenues yet-to-be
explored for the specific VKORC1 warfarin example that can also be generalized as the future
directions for many genetic association studies in pharmacogenomics. These future avenues will
best be explored using diverse approaches encompassing clinical, statistical, and genomic methods
currently being developed for genotype-phenotype studies in human populations.
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Introduction
Since DNA's first molecular description by Watson and Crick [1] followed by the first draft
of the human genome nearly fifty years later [2, 3], there has been an explosion in the
knowledge of genetic variation contained within human populations. One field of scientific
inquiry that has capitalized on the recent deluge of genetic variation information is
pharmacogenomics, a field of study where genetics explains individual differences in drug
responses [4]. Despite the present-day technologies available to study pharmacogenomics,
such as the development of whole-genome genotyping methods [5] and the promise of low-
cost whole genome re-sequencing [6–8], many challenges still remain that impede the ability
to identify specific genetic variations associated with variable drug response in human
populations. In this report, we briefly summarize a few of the challenges faced in
performing genetic association studies that, in general, are also applicable to studies in the
field of pharmacogenomics. We then outline several key elements contained within a well-
designed association study using the well-established and recent example of the association
between the candidate gene vitamin K epoxide reductase complex subunit 1 (VKORC1) and
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warfarin dose. The functional role of VKORC1 as one of the rate controlling enzymes in the
vitamin K cycle, leads to the production of vitamin K dependent, gamma carboxylated
proteins, which are composed primarily of clotting factors II, VII, IX, X, protein C, S, and Z
and have broad effects on the coagulation cascade. Finally, we outline several burgeoning
areas of research in pharmacogenomics requiring the exploration of different methodologies
and techniques to fully mine the datasets of interest. As more data are produced, it is hoped
that diverse approaches encompassing elegant clinical, statistical, and genomic methods will
expand and lead to additional high-impact discoveries in the field of pharmacogenomics.

Challenges in genetic association studies
The Achilles heel of genetic association studies has been the issue of replication. It is well-
known that most initial, published genetic associations do not replicate in subsequent studies
[9–11]. The causes of non-replication in genetic association studies are many and complex.
Some of these initial association findings may be due to improper matching of cases and
controls [12, 13] or cryptic population subdivision [14–16], spurious false-positives from
studies with small sample sizes [17], and over-interpretation of the results and/or biological
implausibility of the candidate gene [13, 18]. Also, technical issues related to genotype
accuracy and efficiency as well as SNP selection using linkage disequilibrium can play a
role in the failure to replicate the initial association [13, 19]. Even in well-designed
association studies, failure to replicate in subsequent studies is expected due to genetic and
allelic heterogeneity (encouraged by poor phenotype definitions), differences in prevalence
and effect size across populations [14], and differences in environmental exposures across
study populations [20].

Given these numerous factors, it seems almost all genetic association studies are doomed to
non-replication. Despite the dismal outlook, there are a few examples in the field of
pharmacogenomics where the initial genetic association finding was and continues to be
replicated in subsequent studies. These examples include the association between genetic
variants of VKORC1 and CYP2C9 and the anticoagulant warfarin, ADRB1 and β-blockers,
and UGT1A1 and irinotecan, to name a few [21–23]. The last example, the association
between UGT1A1 variants and the development of neutropenia in individuals that take
irinotecan, is an example where the Federal Drug Administration (FDA) in the United States
has approved re-labeling of this medication to mention that the gene and its variants are
associated with adverse event in individuals prescribed the mediation [24]. More recently,
the FDA's Clinical Pharmacology Subcommittee has suggested re-labeling warfarin to
incorporate information about VKORC1 and CYP2C9 variants and their ability to predict
dosing. Thus, despite the negative findings so well documented in the literature, it is certain
that true and strong genetic associations exist and, when detected, can be extremely useful in
the prevention or treatment of disease.

VKORC1 and warfarin: dissection of a successful genetic association study
The phenotype

In retrospect, there are several key characteristics of the VKORC1/warfarin association study
that enhanced its ability to be detected using present-day technologies and methodologies.
The first and arguably most important characteristic of this successful association is the
phenotype of interest: warfarin dosing. While warfarin dosing can vary widely from
individual to individual, it is tailored to each individual and strictly monitored by physicians
using the international normalized ratio (INR). INR is a standardized ratio of the patient's
prothrombin time (the time it takes for the plasma to clot) to the control individual's
prothrombin time. For patients taking anticoagulants (warfarin), the therapeutic INR
generally ranges from 2.0 to 3.0. INR levels falling above or below this therapeutic window
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leads to increased risk of adverse bleeding events or subtherapeutic anticoagulation levels
that put a patient at risk for another clotting event. The narrow therapeutic range and the
standardization of prothrombin time make INR a homogenous phenotype, which presumably
decreases the amount of trait heterogeneity in the study and subsequently decreases the
amount of locus heterogeneity. INR can be used directly as a phenotype measure to
determine time within or outside the therapeutic range and the risk for adverse events.
Furthermore, stabilized warfarin dose is determined as a function of the time spent
consistently within the INR therapeutic range, and therefore serves a proxy for a patient's
anticoagulation state. Although it is these clean, accurate phenotype definitions that give
hope for success to other association studies, a caveat to this hope is the fact that many
complex diseases do not have such an easily defined phenotype for study.

Evidence for a Genetic Component and Biological Plausibility
The second and third characteristics of this successful candidate gene association study are
evidence that the phenotype has a tangible genetic component and there is biological
plausibility of the candidate gene chosen for the study. Heritability estimates from twin and
family studies can give clues to whether or not there is a measurable genetic component to a
phenotype [25]. In the case of warfarin sensitivity, there are no heritability estimates per se
for this specific phenotype; however, several decades before present, it was noted that
warfarin resistance was heritable in rats [26]. In humans, the more extreme and rare
phenotype of familial multiple coagulation factor deficiency was observed in two families
with autosomal recessive deficiency of all vitamin K dependent coagulation factors [27].
These two families, along with linkage studies in rats and mice for warfarin resistance [28],
provided the opportunity to localize the VKORC1 locus to chromosome 16 using traditional
linkage analysis [29].

In 2004, simultaneous reports were published describing different strategies and methods
that lead to the identification of VKORC1. In one report, Li and colleagues used short
interfering RNA (siRNA) pools against candidate genes in the region localized by previous
mapping efforts to identify the gene that was responsible for VKOR activity in human cells
[30]. In the other report, Rost and colleagues identified VKORC1 by sequencing the exons
contained within the 4.0 Mb region of chromosome 16 linked to warfarin resistance in a
small sample of patients with either warfarin resistance or with combined deficiency of
vitamin-K-dependent clotting factors type 2 from the original linkage studies [31]. In this
mutational screen, VKORC1 missense mutations were identified in all warfarin resistant
patients screened, and, in the case of the patients from the linkage analysis, the patients and
their affected siblings were homozygous for the mutations while their unaffected parents
were heterozygous for the mutations [31]. While these studies were designed to elucidate the
function of VKORC1, further examination of the coding region in ‘control’ individuals did
not reveal any commonly occurring protein altering polymorphisms which would be
hypothesized to affect VKOR activity in a broader spectrum of individuals [30, 31].
Subsequent reports have described additional VKORC1 mutations which alter protein
structure and cause warfarin resistance [32–35], establishing that this candidate gene is at
least important in the rare, extreme phenotype of resistance, and invoking the idea that it
may be important in warfarin dose variability commonly observed in patient populations on
normal dosing regimens.

Common genetic variation and linkage disequilibrium
Given the plausibility that the candidate gene VKORC1 could be important in warfarin
dosing among patients responding to warfarin, interest grew in examining the possible
association between common genetic variation and the dosing phenotype. Public resources
such as the International HapMap Project [36] and the SeattleSNPs Program for Genomic

Crawford et al. Page 3

Pharmacogenomics. Author manuscript; available in PMC 2011 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Applications [37] provide information on the genetic variations known within VKORC1, and
they also provide information about linkage disequilibrium (LD) for this candidate gene in
several human populations. Knowledge of LD provides the investigator with an opportunity
to rationally select a small set of common genetic variations to genotype in their study so
that each SNP would represent or "tag" the other SNPs not genotyped in the study. This
"tagSNP" approach to a genetic association study is often referred to as an "indirect"
association study design because a significant association between the tagSNP and the
phenotype implies that either the tagSNP confers risk or, more likely, a SNP in LD with the
tagSNP confers risk [19].

Knowledge of LD in the candidate gene and surrounding genomic regions can also help the
investigator interpret the result suggesting that several SNPs are associated with the
phenotype of interest. As an example, the Figure (a) displays ten common VKORC1 SNPs
(minor allele frequency >5%) recently described in a European-descent patient population
[38]. From these ten SNPs, seven were significantly associated with warfarin dose after
adjustment for covariates at p<0.001, yet five of these seven significant SNPs (rs7196161,
rs9923231, rs9934438, rs8050894, and rs2359612) were in LD with one another [Figure (a);
38]. Had tagSNPs been chosen prior to genotyping, only five of the ten SNPs would have
been genotyped (Figure a), and, of those, only three tagSNPs would have been significantly
associated with warfarin dosing, representing the seven common SNPs originally described
as significant in the association study.

Finding the "functional" SNP
Given that there are several SNPs associated with warfarin dosing, the next step in possibly
understanding the underlying biology or functional mechanism behind the phenotype is to
identify the risk conferring SNP from among the SNPs represented by the tagSNPs. In one
report [38], a stepwise regression was performed to determine which of the seven originally
associated SNPs were most predictive of warfarin dosing. Of the original seven, the five
SNPs in LD (rs7196161, rs9923231, rs9934438, rs8050894, and rs2359612) were most
predictive of warfarin dosing (i.e., explained the largest portion of the dose variability),
suggesting that one of the five SNPs is the putative "functional" SNP. None of the five SNPs
were located in any of the exons of VKORC1: two were located 5' upstream of VKORC1
(rs7196161 and rs9923231), and three were located in introns (rs9934438, rs8050894, and
rs2359612). To help narrow the list of functional or risk conferring SNPs even further, the
human SNPs were mapped to other species (mouse, rat, and dog) in hopes of identifying
conserved non-coding regions that contained the SNPs associated with warfarin dosing. The
sequences containing two of the five SNPs (rs9934438 and rs8050894) were conserved
across species, strongly implicating that these SNPs are the putative functional SNPs
responsible for the association observed between VKORC1 and warfarin dosing [38].
However, other SNPs in the upstream promoter region (such as −1639 G>A; rs9923231)
clearly would be functional candidates simply by virtue of their location independent of
sequence conservation.

Replication and other supportive data
Despite the strength of the initial descriptions of the association between VKORC1 common
SNPs and warfarin dosing [38, 39], the association is considered tenuous without replication
in an independent population sample In the report described above [38], replication was
achieved in a second, larger study of European-descent patients using a subset of the original
10 SNPs described in VKORC1, and subsequent studies performed by other investigators
have reported similar findings for these SNPs in their patient populations [40]. Supportive
data came from experimental data generated to define a molecular mechanism for the
observed genotype-dose association. For example, VKORC1 SNPs associated with warfarin
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dosing are also associated with VKORC1 mRNA levels in human liver tissue [38]. Further
supportive data have shown that significant alterations in promoter expression, due to a
promoter SNP (−1639 G>A; rs9923231) among the five putative functional SNPs in LD,
gives further evidence for transcriptional regulation of VKORC1 and may provide a more
mechanistic explanation for the phenotypic effects observed in patients [41].

Effect size
The final characteristic of this association that led to its identification is the effect size of the
genetic component. Not accounting for complicating factors such as linkage disequilibrium
and allele frequency of the risk conferring SNP and the genotyped SNP [42], genetic
variants with larger effect sizes require smaller sample sizes to detect a statistical association
compared with smaller effect sizes. All studies except for one [39] estimate that ∼15–30%
of the variability in warfarin dosing in European-descent populations could be explained by
common VKORC1 genetic variants [38, 43–48]. In comparison to this relatively large effect
size, many studies suggest that two genetic variants within CYP2C9 (known as CYP2C9*2
and CYP2C9*3 or rs1799853 and rs1057910, respectively) each account for only
approximately 10% in the variability of warfarin dosing [38, 46, 47]. For the data available
in other populations (mostly of Asian-descent), it seems that VKORC1 genetic variants also
explain a large proportion of the variance observed in warfarin dosing in these populations
[49–54]. Thus, the effect size of these VKORC1 genetic variants is relatively large for all
populations studied to date. Unfortunately, it is difficult to predict a priori whether or not
the genetic variants being assayed in a study will have a large effect on the phenotype of
interest.

Outlook
The success of the replicable VKORC1 association with warfarin dosing has catapulted this
candidate gene into clinical trials to establish whether or not knowledge of the genotypes
associated with low dose or high dose is more effective in the determining the starting dose
of warfarin compared with standard care (www.clinicaltrials.gov). While much excitement
surrounds this prospect of clinical utility, many avenues of research have yet-to-be explored
that can further our understanding of the genetic factors that influence warfarin dosing.
These avenues include studying the VKORC1/warfarin association in populations of
African-descent, searching for other genes and genomic regions that are associated with
warfarin dosing, and exploring gene-gene and gene-environment interactions.

VKORC1/warfarin and African-descent populations
On average, African-American patients require a higher dose of warfarin compared with
European-descent patients [55]. Interestingly, SNPs associated with higher warfarin dosing
in other populations are also found at a much higher frequency in African-Americans [38]. It
is possible that either novel or established VKORC1 associations could be identified in this
population that would explain the difference across populations observed in the clinic. Most
previous studies have included small sample sizes of African-descent patients, and these
studies were inconclusive both because of the sample size and because of the study design
[44, 45, 54]. However a recent report testing for an association between VKORC1 SNP 1173
C>T (rs9934438) and warfarin dosing in a large African-American patient population
(n=162) suggests that while the minor allele of this SNP is associated with lower dosing in
the African-American patient population compared with the carriers of the CC genotype, the
SNP accounts for less of the variability in warfarin dosing compared with the European-
descent population [56]. Moreover, the T allele of SNP 1173 C>T (rs9934438) is associated
with lower odds of under- and over-anticoagulation (INRs <2 and >3, respectively) in the
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European-descent patient population, but this same allele is not associated with similar
lower odds in the African-American patient population [56].

Schellemen and colleagues [56] offer several explanations for the differences they observed
between the European- and African-descent patient populations. One explanation offered is
the observation that European- and African-descent populations have different VKORC1
polymorphisms and patterns of linkage disequilibrium [38, 57], and it is possible that other
VKORC1 SNPs confer stronger effects on warfarin dosing for the African-American patient
population compared with those described originally in European-descent patients. To
properly test for an association between VKORC1 and warfarin dosing in an African-descent
patient population, tagSNPs or SNPs in general should be chosen specifically for this
population rather than genotyping SNPs identified and characterized in a European-descent
population (Figure b). This strategy could be used to both identify novel associations as well
as further narrow the putative functional VKORC1 SNP (rs9934438 versus rs8050894) given
the reduced linkage disequilibrium characteristic of an African-descent population.

If a novel VKORC1 association were identified in African-descent patients, it would be
interesting to note if inclusion of these new data would alter the decision model for warfarin
use, which currently takes into account the patient's race/ethnicity [58]. Presumably,
knowledge of the patient's VKORC1 genotype prior to warfarin use will help guide clinicians
in selecting a specific warfarin dose at the beginning of treatment rather than the standard
dose that requires constant monitoring and adjustment. Clinical trials are now underway to
test whether the pharmacogenetic-guided dosing method is superior to the standard dosing
method (for example, PRospective Evaluation Comparing Initiation of Warfarin StrategiEs
(PRECISE): Pharmacogenetic-Guided Versus Usual Care described at
www.clinicaltrials.gov). Although using self-identified race in both research [59, 60] and
treatment [61–63] is highly controversial, it cannot be denied that data from a variety of
populations, however defined, is necessary to increase the chance that a treatment or
preventive measure will benefit as many individuals as possible [64]. Ideally, identification
of a definitive functional SNP or a consistent SNP-dose association across several racial
groups (i.e. European, Asian and African-descent) could lead to the elimination of
qualitative race categorization and treatment with replacement by quantitative and more
accurate data based on genotype-dose associations.

Other genes and whole genome association studies
Currently, VKORC1 genetic variants combined with CYP2C9 genetic variants, body mass
index, age, gender, and drug interactions can account for as much as 60% of the variance in
warfarin dosing in European-descent populations [65, 66]. Conversely, up to 40% of the
variance in warfarin dosing is unexplained. Recent efforts to identify associations between
other candidate genes from the warfarin interactive pathways and warfarin dosing have not
identified novel associations that contribute substantially to its variability as did VKORC1
[47].

It is still possible that other genes or genomic regions contribute substantially to the
variability in warfarin dosing. Recently developed genotyping technologies now make it
feasible to perform a whole genome association study in unrelated cases and controls to
identify the previously unknown candidate genes or genomic regions associated with the
phenotype of interest [5]. While is it now possible both technologically and economically to
genotype 500,000 to 1 million markers across the genome, the techniques to fully analyze
and interpret the data are still taking shape [67]. Much like the candidate gene association
study, whole genome association studies are subject to false positives and require replication
in several populations [68–73]. Despite these problems, early successes such as the
association between CFH and age-related macular degeneration [74] and IL23R and Crohn's
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disease [75] provide the hope that novel associations with measurable impacts on the
phenotype can be identified through this approach.

Exploring gene-gene and gene-environment interactions
Up to this point, the focus of this special report has been the association of a single genetic
polymorphism with the phenotype of interest. The genetic architecture of any phenotype is,
of course, more complicated, involving genes, the environment, and interactions between
these entities. In the case of warfarin dosing, among the candidate genes associated with the
phenotype, no significant gene-gene interactions have been reported. For our purposes here,
gene-gene interaction (also known as epistasis) is defined as the combined effect of two or
more genes on a phenotype that could not be predicted from their individual genotypes [76].
In the same vein, no significant gene-environment interactions have been reported despite
the fact that dietary intake of vitamin K [77] and concurrent medication [78] can affect
warfarin dosing in individuals. Gene-environment interaction is defined as the combined
effect of genetic factors with environmental factors, whereby the resultant phenotype could
not be predicted from either factor individually. As more data are collected, particularly for
prospective studies [20] such as clinical trials, it will be possible to mine these datasets for
interactions using traditional methodologies such as those based on regression [79] as well
as newly developed methodologies such as multifactor dimensionality reduction or MDR
[80, 81] and neural networks [82, 83]. MDR is a data reduction method designed to detect
gene-gene and gene-environment interactions in the presence or absence of main effects in
case-controls studies. MDR pools high-risk and low-risk multi-locus genotype combinations
to identify predictive multi-locus models of association [80, 81]. Neural networks (NN), on
the other hand, are a class of pattern recognition methods that can also be used for
association studies. NN consider data in parallel, much like the human brain, rather than
sequentially like most computers [82, 83]. A huge challenge for these analyses will be their
interpretation as a single statistical interaction could be explained by many biological
processes and pathways [84]. Yet another challenge will be collecting the large sample sizes
that may be required to detect these interactions [20].

Summary
In this special report, we use the recently described association between common genetic
variants in the candidate gene VKORC1 and warfarin dosing as a successful model for
candidate gene association studies for pharmacogenomics. This successful genetic
association study has several essential elements including a well-defined phenotype,
biological plausibility of the candidate gene, large effect size of the genetic component, and
good knowledge of the LD structure prior to the study (see Table). While these elements
ensured rapid identification and replication of the association, several avenues of study
remain including identifying the true VKORC1 risk allele(s) among the many SNPs in strong
linkage disequilibrium with one another in the European-descent population, determining
the function of the risk SNP(s), including other populations in the association study,
identifying other relevant candidate genes or genomic regions, and searching for relevant
gene-gene and gene-environment interactions. To accomplish these goals, no single
approach is sufficient, thus necessitating and perpetuating the need for diverse approaches to
identifying the genotype behind the phenotype of human complex disease.
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Figure. Linkage disequilibrium and tagSNP selection for common VKORC1 genetic variation in
two populations
VKORC1 was re-sequenced in 23 Euorepan-Americans and 24 African-Americans as
previously described [38]. Linkage disequilibrium was calculated using r2 by the Genome
Variation Server (http://gvs.gs.washington.edu/GVS/) for SNPs with a minor allele
frequency (MAF) >5% for each population sample separately. TagSNPs were also
determined using the Genome Variation Server for common VKORC1 SNPs (MAF>5%) at
default settings (r2>0.80). SNPs are labeled using rs numbers and are color coded so that red
represent nonsynonymous SNPs, orange represents SNPs in the untranslated region, bolded
represents SNPs in unique sequence regions, and unbolded represents SNPs in repeat
sequence regions. DNA samples used in re-sequencing are labeled to the left of the figure
using dbSNP nomenclature (population ID:individual ID). SNP genotypes (squares) are
color coded so that blue represents homozygosity for the major allele, red represents
heterozygosity, and yellow represents homozygosity for the minor allele. Gray squares
represent missing data. The bar above the SNPs represents a group or “bin” of SNPs that can
be represented by a single tagSNP (denoted by an asterisk above the rs number) from the
bin. The triangle plot represents the pair-wise linkage disequilibrium statistics (r2), and the
results are color coded so that red represents the highest and blue represents lowest linkage
disequilibrium statistics, respectively.
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