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Abstract
In this review we discuss the potential expectations, validity, predictive ability, and reality of
pharmacogenetics in (i) titration of medication dose; (ii) prediction of intended (efficacy) drug
response; and (iii) dose prediction of unintended (adverse) drug response. We expound on what
these potential genetic predictors tell us and more importantly what they cannot tell us.

Although pharmacogenetic markers have been hailed as promising tools; these proclamations are
based mainly on associations rather than their evaluation as predictors. To put the expectations of
the promise of pharmacogenetics in a realistic perspective we review three examples. First
warfarin pharmacogenetics, wherein although the validity of the genetic variant-dose is established
and there is a validity of genetic variant-hemorrhage association, the clinical utility of testing is
not clear. Second, the strong and clinically relevant HLA-Stevens Johnson syndrome/Toxic
epidermal necrolysis association highlights the role of ethnicity. Third, the influence of CYP2D6
on tamoxifen efficacy, a model candidate with potential clinical utility, but unclear validity.

These examples highlight both the challenges and opportunities of pharmacogenomics. First,
establishing a valid association between a genetic variation and drug response; second, doing so
for a clinically meaningful outcome and third, providing solid evidence or rationale for
improvement in patient outcomes compared to current standard of care
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Introduction
It has long been recognized that patients have varied responses to drugs, both beneficial and
adverse. Serious adverse drug reactions represent an important clinical issue and are an
important cause of hospital admissions,(1–3) whereas lack of response to drug therapy,
while not uncommon, leads to inefficient use of healthcare resources and delay in patients
receiving appropriate alternative therapies.

Our increasing understanding of influences such as environmental exposures, nutritional
status, co-morbidities, severity of disease, and concomitant medications has helped explain
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heterogeneity in drug response. In addition, the profound contribution of genetics has been
appreciated for some time and is receiving greater emphasis. The technological advances
spearheaded by the Human Genome Project now offer the opportunity for using genetic
information to predict disease risk and drug response. Pharmacogenetics is the study of how
genetic differences affect variation in response to medication. The promise (expectation) of
pharmacogenetics is to be able to deliver “personalized medicine” by making decisions that
optimize patient health outcomes based on a patient’s genetic makeup.(4)

Despite this promise, as with disease genetics, various widely cited pharmacogenomic
association studies have not be reproduced and confirmed. For example, one study indicated
a significant relationship between an alpha-adducin gene variant and diuretic
antihypertensive response,(5) but several recent, larger studies failed to confirm such an
association,(6–8) and the association between the CETP polymorphisms and statin therapy
outcomes has been widely studied, but a recent meta-analysis failed to validate the
association.(9) Furthermore, several pharmacogenomic associations that have not been
consistently replicated to date including: ACE gene polymorphisms and antihypertensives,
(10) beta-receptor polymorphisms and both asthma (11,12) and heart failure medications,
(13) and serotonin transporters and antidepressants.(14,15)

The importance of sound epidemiologic approaches to assessing genetic associations has
been verified by these experiences, including appropriately powered studies, assessment of
potential selection bias and confounding, adjustment for multiple comparisons, careful
assessment of phenotypes, and caution regarding publication bias.(16–18) More importantly,
the recognition of the promise of genotype-guided therapy has fostered the development of
multi-center, multinational consortiums such as the International Warfarin
Pharmacogenomics Consortium (IWPC).(19) Such large efforts will continue to serve as a
critical mechanism for providing the necessary sample sizes to identify and validate
pharmacogenomic associations and evaluate their predictive ability.

Herein we discuss the potential expectations, validity, predictive ability, and reality of
pharmacogenetics in (i) titration of medication dose; (ii) prediction of intended (efficacy)
drug response; and (iii) dose prediction of unintended (adverse) drug response. We expound
on what these potential genetic predictors can tell us and more importantly what they cannot
tell us based on the current evidence and how this knowledge can set the research direction
in informing the development of novel therapeutics. To this end we review several examples
to highlight pharmacogenetic associations from an epidemiologic perspective. First warfarin
pharmacogenetics, wherein although the validity of the gene-dose (surrogate endpoint) is
established and there is a validity of gene-outcome (hemorrhage) association, the clinical
utility of testing is not clear. Second, the strong and clinically relevant HLA-Stevens
Johnson syndrome/Toxic epidermal necrolysis association highlights the role of ethnicity.
Third, the association of CYP2D6 with the efficacy of tamoxifen highlights a model
candidate with unclear validity but potential for clinical utility.

The long road from Association to Prediction
The extensive research efforts undertaken over the past decade have identified several
genetic markers that are strongly associated with outcomes of interest. Although these
pharmacogenetic markers have been hailed as promising tools; these proclamations are
based mainly on associations rather than their evaluation as predictors. Therefore the
expectations of their performance and ultimately the ability to improve drug therapy, patient
outcomes, and healthcare spending need to be put in a realistic perspective.

At the crux of this debate are three questions:
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1. Can a genetic risk factor (genetic marker) associated with an adverse (or beneficial)
outcome be a clinically useful predictor of that outcome? (clinical validity)

2. Can incorporation of the genetic factor predict risk of the outcome more accurately
than existing clinical models? (clinical utility)

3. Will the risks predicted for individuals be sufficiently different to warrant a change
in treatment decisions? (degree of clinical utility)

Evaluating the relationship between variation in genetic factors and outcomes can be
particularly challenging due to the varying study designs, differences in outcomes evaluated,
variation in outcome definitions. Therefore the readers should familiarize themselves with
evaluation of epidemiological studies with regard to potential sources of error: chance, bias
and confounding. The readers should also understand the characteristics of predictive tests
(sensitivity, specificity, positive predictive value and negative predictive value) and
summary statistical measures that enable assessment of improvement in the predictive
ability.(20)

Pharmacogenetics as a tool for predicting drug dosage
A majority of the early research in pharmacogenetics focused on drug metabolizing enzymes
and identified common polymorphisms in patients exhibiting unusual adverse drug response
to conventional doses. Many of these gene-dose associations have been replicated in
independent populations and provide perhaps the greatest potential for realization of the
“Personalized Medicine” promise.

There are relatively few examples of genetic variation influencing drug dosage that are well-
validated across different racial/ethnic/geographic groups as with the case of warfarin. The
effect of Cytochrome P450 2C9 (CYP2C9, the principal enzyme in warfarin metabolism)
and Vitamin K epoxide reductase complex 1 (VKORC1, the target protein inhibited by
warfarin to produce therapeutic anticoagulation) variants on warfarin dose requirements is
probably the most well studied.(21)

Current warfarin dosing practice involves administration of a standard “one size fits all”
starting dose (e.g. 5mg/day) or estimation of initial dose based on clinical characteristics
(age, gender, medications, liver function, etc.). Dose adjustment is then based on
anticoagulation (as measured by the international normalized ratio; INR) response with the
goal of maintaining INR in the target range. However these dosing strategies result in over-
anticoagulation or under-anticoagulation in a significant proportion of patients. Therefore
the ability to improve the accuracy of dose prediction could potentially improve
anticoagulation control and decrease the risk of thrombotic or hemorrhagic events associated
with under-anticoagulation or over-anticoagulation.

CYP2C9 genotype alone accounts for 2% to 10% of the variance in warfarin dose,(22,23)
and VKORC1 genotype alone accounts for 10% to 25%, and non-genetic factors (including
age, body size, and concomitant medications) account for 20% to 25%. Integration of these
factors further improves the explanatory power, accounting for up to 60% of the variability
in dose. Although the explanatory power is higher for Caucasians and Asians, compared to
African Americans, the direction of the associations and the predictive ability has been
validated. The randomized clinical trail by Anderson and colleagues showed that
incorporation of CYP2C9 and VKORC1 genotype significantly improved the variation in
warfarin dose explained (47% versus 32% for non-genetic factors, p<0.0001).(24)

The validity and predictive ability of these associations is further evidenced by the seminal
work of the IWPC,(19) providing evidence of the usefulness of genotype information across
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racial/ethnic/geographic populations. Dose prediction by the pharmacogenetic algorithm
(incorporating CYP2C9 and VKORC1) was significantly superior to clinical algorithm as
indicated by the mean absolute error (MAE is a quantity used to measure how close
forecasts or predictions are to the eventual outcomes). Specifically, the pharmacogenetic
algorithm improved ability to accurately predict patients requiring ≤ 3 mg/day (54.3%
versus 33.4%) and those requiring ≥ 7 mg/day (26.4% versus 9.1%). Moreover this study
showed that genotype-guided therapy exhibited the greatest benefits in patients ultimately
requiring ≤ 3 mg/day (33.9% of cohort) or ≥ 7 mg/day (12.4% of cohort). This highlights
that genotype-guided warfarin dosing can more accurately predict dose for the individual
patient and this benefit can be realized by a significant proportion (46%) of the patients
(Figure 1)

This example highlights the important characteristics of pharmacogenetic predictors that
address the crux of the debate:

1. CYP2C9 and VKORC1 genotypes are clinically useful predictors of dose.

2. Incorporation of CYP2C9 and VKORC1 genotype provided superior warfarin dose
prediction compared to the clinical algorithm (or the fixed- 5mg dose algorithm).
These findings are consistent to those of a recent study of 200 patients by Anderson
et al.(24)The variance in warfarin dose explained by CYP2C9 and VKORC1
genotypes was 2-fold higher than that explained by clinical factors alone. Most of
the benefits were derived by appropriately dosing the patient groups possessing no
variant alleles and those possessing multiple variant alleles. However, the study
failed to demonstrate an increase in the percentage of INRs within the therapeutic
range by institution of genotype-guided therapy.

Despite the negative primary end point, exploratory analyses identified two
genotypic subgroups that benefited from genotype-guided therapy: wild-type
patients (whose dose requirements are greater than average) and carriers of multiple
variant alleles (whose dose requirements are lower than average). In these patient
subgroups, pharmacogenetic guidance yielded a 10% increase in within-range INRs
(p=0.03).(24) The upcoming Clarification of Optimal Anticoagulation with
Genetics (COAG) trial will randomize patients to clinical warfarin dosing versus
pharmacogenetically guided dosing to test whether the latter improves
anticoagulation control.

3. The reduction in mean absolute error is sufficiently different to warrant a change in
dosing strategies/decisions if testing has been done. However, given the lack of
evidence on improvement of outcomes, the clinical relevance falls short. Therefore
testing is recommended, not mandatory.

Pharmacogenetics as a tool for predicting drug response with regards to
toxicity and efficacy

Although the bulk of efforts have focused on understanding gene-dose associations, the
ultimate goal and promise of personalized medicine is to improve clinical outcomes (drug
safety and efficacy). Although studies have reported gene-outcome (beneficial and adverse)
associations, they have been not been extensively replicated in independent populations.
However, it is important for the reader to realize that “hard endpoints” such as events (e.g.
myocardial infarction, cancer recurrence, death) are infrequently encountered in prospective
studies with a short follow-up duration.

This has tilted the balance in favor of ascertaining surrogate endpoints, allowing researchers
to conduct shorter and smaller trials. Although this may lead to the rapid and appropriate
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dissemination of new treatments, the use of surrogates is based on crucial assumptions. We
highlight this issue with warfarin pharmacogenetics synthesizing the evidence from
surrogate outcomes such as INR and dose and hard endpoints of major bleeding events. In
this still emerging field, multiple ongoing efforts that result in adequate accrual of such
“hard endpoints” will be needed to shed light on the utility of gene-outcome associations.

The association of CYP2C9 with risk of hemorrhage among warfarin users
First, we caution the reader to attend to the definition of the hemorrhagic event. The
definition varies from ‘over-anticoagulation’(25–31) to a clinically defined ‘hemorrhagic
event.’(32–35) Moreover hemorrhagic events may be have varying definitions; minor events
(e.g. nose bleeds) are those that do not require intensive medical/surgical interventions;
major events (e.g. retroperitoneal hematoma) are those that do require intensive medical/
surgical interventions.

Four studies have reported the risk of hemorrhage associated with CYP2C9,(32–35) with
two assessing risk of major hemorrhage by genotype (Table 1).(34,35) Higashi et al
demonstrated the risk of major hemorrhage associated with variant CYP2C9 genotype was
higher during initiation of therapy [RR 3.9, 95%CI: 1.3, 12.1] and during the entire follow-
up period (Table 1).(34) This CYP2C9-hemorrhage association was confirmed in both
African and European American patients after accounting for the variation in vitamin K
epoxide reductase (VKORC1) and clinical covariates.(35) Perhaps more importantly, this
study found the risk associated with the variant CYP2C9 genotype persists even after
stabilization of anticoagulation therapy. The persistence of risk after stabilization indicates
that CYP2C9 genotype information may be clinically useful throughout the duration of
therapy.

Therefore in the case of warfarin, VKORC1 and variants explain approximately 25% of
warfarin dose requirement variability, compared to approximately 10% for CYP2C9
variants.(19) Yet CYP2C9 variants have been associated with a 2–4 times higher risk of
major hemorrhage,(34,35) while VKORC1 appears to confer a higher risk of over-
anticoagulation (INR >4)(31,36) but does not appear to confer as significant a hemorrhagic
risk.(35) Although over-anticoagulation (INR>4) increases the risk of hemorrhage, its use as
a surrogate assumes that a high INR usually (or always) precedes a hemorrhagic event,
failing to recognize the multiple complex pathways involved in its occurrence.

These findings illustrate the challenge of relying on intermediate outcomes (such as dose
requirements, or anticoagulation level) to model (or implicitly infer) the influence of genetic
variants on clinical events, life expectancy, and quality of life.

Warfarin pharmacogenetics: expectation, current status, reality, and potential promises
(Table 2):

1. Although CYP2C9 has been associated with risk of hemorrhage its ability to predict
hemorrhage is modest given the low sensitivity and positive predictive value.
Moreover these findings from observational studies of relatively small sample size,
and although interacting medications were accounted for, the study design is not
completely free of the confounding due to unmeasured variables.

2. Although the CYP2C9-hemorrhage association has spurred analyses of clinical
utility and cost-effectiveness of pharmacogenetically guided warfarin therapy, (37–
39)they have not adequately evaluated if incorporation of CYP2C9 improves risk
prediction.
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3. Currently CYP2C9 has limited influence on treatment decisions, as it has not been
shown to improve risk prediction. Even if we identity a genetic marker (CYP2C9 or
another gene) that improves the prediction of hemorrhage, the application of this
information to drug therapy is limited as there are currently no alternatives to
coumarins.

In summary, variation in the CYP2C9 and VKORC1 genes clearly impact warfarin dosing
requirements, but given that anticoagulation status is (or should be) already closely
monitored and individualized in warfarin patients, the incremental benefits of
pharmacogenomics knowledge are less clear. (31,37) If genetic factors were to prove to be
useful in significantly improving our ability to predict disastrous hemorrhagic events,
perhaps the decision to institute antiplatelet therapy versus warfarin therapy could be
influenced. However such clinical decisions, to be balanced, would require the relative risk
reduction in thromboembolism afforded by these therapies in patients with different
genotypes. Thus, the results of the upcoming COAG trial will be crucial to assess the
clinical utility of warfarin pharmacogenetics, and to impact current clinical care.

The association of HLA-B*1502 with risk of serious hypersensitivity reaction among
patients on carbamazepine

Drug hypersensitivity is an important clinical problem, affecting more than 7% of the
general population. It commonly involves the skin and mucosal surfaces, and in rare, severe
cases can lead to hepatitis, renal failure, gastrointestinal bleeding, pneumonitis, bone
marrow suppression, blindness and death. (40)

Carbamazepine (CBZ) is a widely used drug for the treatment of epilepsy, bipolar disorder,
trigeminal neuralgia and chronic pain. In rare cases CBZ causes life-threatening
hypersensitivity reactions, namely Stevens-Johnson syndrome (SJS) and Toxic Epidermal
Necrolysis (TEN). The risk of these events is estimated to be about 1 to 6 per 10,000 new
users in countries with mainly Caucasian populations. However, the risk in some Asian
countries is estimated to be about 10 times higher
(http://www.pharma.us.novartis.com/product/pi/pdf/tegretol.pdf). Although rare, these SJS/
TEN are associated with 30% mortality. (41,42)A case-control study conducted in Han
Chinese residing in Taiwan first identified HLA-B*1502 as the genetic marker for CBZ
induced SJS/TEN (Table 3).(43)

Although this was a case control study, the exquisitely detailed definition of the phenotype
(44) enabled identification of this genetic marker. This importance of outcome definitions
was further illustrated by Hung et al who extended the genetic study to different types of
CBZ induced reactions including 60 patients with SJS/TEN, 13 patients with
hypersensitivity syndrome and 18 with maculopapular exanthema and 144 CBZ- tolerant
controls. The association of HLA-B*1502 with SJS/TEN was confirmed (OR=1357; 95%
CI: 193.4–8838.3). In contrast HLA-B*1502 association was not observed in patients with
hypersensitivity syndrome or maculopapular exanthema.(45)

A European study of 12 carbamazepine-induced SJS/TEN cases did not confirm the prior
association. (46) Among these, only four had a HLA-B*1502 allele. Remarkably, all four
patients reported Asian ancestry, whereas the other eight did not. This shows that although
the HLA region may contain important genes for SJS, the HLA-B*1502 allele is not a
universal marker for this disease and that its ability to predict SJS/TEN is ethnicity
dependent.(46) The two European case-control studies of 15 patients with CBZ-induced
SJS/TEN(46,47) revealed the presence of HLA-B*1502 in five patients originally from
China, Cambodia, Vietnam, Reunion Island and Thailand all of whom had a parent of Asian
origin. The remaining 10 patients, who were white, did not possess the HLA-B*1502 variant.
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These data suggest that Chinese patients who carry the HLA-B*1502 allele are at a
substantially high risk of SJS/TEN when exposed to CBZ. Although no published data have
confirmed the HLA-B*1502-SJS/TEN association, the higher prevalence of this variant in
Asian populations, including individuals of Han Chinese, Filipino, Malaysian, South Asian
Indian, or Thai decent,(48) resulted in the Food and Drug Administration decision to
recommend testing in patients of Asian origin.

Across Asian populations, notable variation exists in the prevalence of HLA-B*1502.
Greater than 15% of the population is reported positive in Hong Kong, Thailand, Malaysia,
and parts of the Philippines, compared to about 10% in Taiwan and 4% in North China.
South Asians, including Indians, appear to have intermediate prevalence of HLA-B*1502,
averaging 2 to 4%, but higher in some groups. HLA-B*1502 is present in <1% of the
population in Japan and Korea. HLA-B*1502 is largely absent in individuals not of Asian
origin (e.g., Caucasians, African-Americans, Hispanics, and Native Americans).

Carbamazepine pharmacogenetics: expectation, current status, reality, and potential
promises: Although HLA-B*1502 is a useful predictor for SJS/TEN associated with
carbamazepine, its usefulness may be restricted to Han Chinese patients (or those of Asian
descent):

1. Among Han Chinese patients SJS/TEN HLA-B*1502 is very strongly associated
with risk of SJS/TEN. The strength of the association is directly related to the
performance of the test. Although this characteristic contributes to the high
sensitivity and specificity (Table 3) of the test, the positive and negative predictive
value cannot be estimated from this case-control study.

As 3% carbamazepine tolerant patients and 8.6% of Chinese controls possess the
HLA-B*1502 allele, it can be argued that screening could potentially eliminate a
useful drug from the treatment choices. However given the high odds of SJS/TEN
among carriers, the availability of other antiepileptic drugs of similar efficacy (and
fewer drug interactions), perhaps a false positive rate of 3 to 9% for patients of
Asian descent is palatable.

2. Among these patients incorporation of HLA-B*1502 information would allow
prediction of SJS/TEN. This would be an improvement in clinicians ability to
predict SJS/TEN over the current used method which involves a detailed history of
past hypersensitivity reactions to other medications, particularly anti-epileptic
drugs.

3. As there are many alternative equally efficacious anti-epileptic drugs available with
more favorable adverse-effect profiles, this information would likely change
treatment decisions.

Patients who test positive for HLA-B*1502 may be at increased risk of SJS/TEN from
carbamazepine and other AEDs (phenytoin, lamotrigine) that have been associated with SJS/
TEN. Therefore, in HLA-B*1502-positive patients, doctors should consider avoiding use of
other AEDs associated with SJS/TEN when alternative therapies are equally acceptable.
Tested patients who are found to be negative for HLA-B*1502 have a low risk of SJS/TEN
from CBZ, but SJS/TEN can still rarely occur, so healthcare professionals should still watch
for symptoms in these patients. For more details on pharmacogenetics of antiepileptic drugs
we refer the reader to two recent reviews.(48,49)

The association of CYP2D6 with lack of response to tamoxifen
Tamoxifen is a commonly used adjuvant therapy for the treatment and prevention estrogen-
receptor positive (ER+) breast cancer, with an approximate 30% reduction in annual breast
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cancer death compared to placebo.(50) It appears, however, that a subpopulation of ER+
premenopausal women with breast cancer may have a lower response to tamoxifen.

Tamoxifen is a prodrug that undergoes extensive first pass oxidative metabolism by various
cytochrome P450 enzymes to active metabolites. Briefly, tamoxifen is hydrolyzed or
demethylated to various intermediates by CYP2D6, 2B6, 2C9, 2C19, and 3A. It has recently
been shown that the main anti-estrogenic active metabolite is endoxifen, and the key liver
enzyme catalyzing the conversion from intermediates to endoxifen is CYP2D6.(51) CYP2D6
is a highly polymorphic enzyme, with eighty different single nucleotide polymorphisms
identified to date that influence enzymatic activity or levels, resulting in a wide spectrum of
phenotypic patterns. However, to simplify this otherwise complex CYP2D6 phenotypic
pattern, subjects are often categorized as extensive (‘normal’) metabolizers (EM), poor
metabolizers (PM), or ultra rapid metabolizers (UM). Thus, patients carrying low-activity
alleles (PMs) have lower levels of the active metabolite endoxifen.

There is growing clinical evidence of the pharmacogenetic effect of CYP2D6 variants on
tamoxifen treatment outcomes.(52,53) Goetz et al evaluated post-menopausal women
following resection of estrogen-receptor positive (ER+) tumors receiving tamoxifen as part
of the tamoxifen-only arm of a North Central Cancer Treatment Group (NCCTG).(52,54)
The women were retrospectively genotyped for the most frequent CYP2D6 inactivating
allele (CYP2D6 *4). Extensive metabolizers were defined as patients without a *4 allele
(i.e., wt/wt) who were not co-prescribed a CYP2D6 inhibitor. Patients with decreased
CYP2D6 metabolism were classified as intermediate or poor metabolizers (PM) based on
the presence of one or two CYP2D6*4 alleles or the co-administration of a moderate or
potent CYP2D6 inhibitor. The authors found that compared to EM women, PM women had
significantly shorter time to recurrence (p = 0.034; HR = 1.91; 95% CI 1.05–3.45) and
worse relapse-free survival (p = 0.017; HR = 1.74; 1.10–2.74), although there was not
statistically significant difference in overall survival.

The implications of these findings may have high clinical relevance because there are
alternative therapies available – namely aromatase inhibitors. In the Arimidex, Tamoxifen,
Alone or in Combination (ATAC) trial, the aromatase inhibitor anastrozole was compared
with tamoxifen for 5 years in 9366 postmenopausal women with localized breast cancer.
After a median follow-up of 68 months, anastrozole significantly prolonged disease-free
survival (hazard ratio 0.87, 95% CI 0.78–0.97, p=0.01).(55) In the BIG 1–98 trial, 4003
women treated with letrozole were compared to 4007 in the tamoxifen group. After a
median follow-up of 25.8 months, as compared with tamoxifen, letrozole significantly
reduced the risk of an event ending a period of disease-free survival (hazard ratio, 0.81; 95
percent confidence interval, 0.70 to 0.93; P=0.003). There were also differences in the side
effect profiles, with thromboembolism, endometrial cancer, and vaginal bleeding more
common with tamoxifen, and skeletal and cardiac events and hypercholesterolemia more
common with aromotase inhibitors. Thus, there are clearly two viable treatment options to
tamoxifen for postmenopausal women.

Punglia and colleagues recently conducted a population-based decision analysis to quantify
the potential clinical implications of, and uncertainty surrounding, the use of CYP2D6
testing, utilizing the results of Goetz et al and the BIG 1–98 trial.(56) The authors estimated
5-year disease-free survival of tamoxifen-treated patients with no mutations (wt/wt) was
83.9%, similar to that (84.0%) for genotypically unselected patients who were treated with
aromatase inhibitors. With stronger genetic association estimates, disease-free survival with
tamoxifen exceeded that with aromatase inhibitors in wt/wt patients. Thus, not only might
CYP2D6 variant patients benefit from switching from tamoxifen to an aromotase inhibitor,
but wild type patients may benefit equally, or better, with tamoxifen compared to aromotase
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inhibitors. These results help clarify the need for further information on this association and
may be useful for guideline development. Patient-level decision support tools could also be
developed using a generally similar approach, although greater clarity of the validity of the
pharmacogenomic association, as discussed below, is probably needed.

However, there are some differing results in regard to the association between CYP2D6
variants and clinical outcomes with tamoxifen therapy (Table 4). In a study that confirms the
findings of Goetz et al, Schroth and colleagues in Germany conducted a similar study in 206
women.(53) They found that PM women had a higher recurrence rate (HR=2.24; P=0.02)
and shorter event-free survival (HR=1.89; P=0.02) compared to EM women, and (similarly),
there was not a significant effect on overall survival, potentially a result of low statistical
power given the sample size. In contrast, studies by Nowell et al (57) and by Wegman et
al(58) indicated CYP2D6 poor metabolizers had an increase in disease free survival. There
are several potential explanations for these discrepant findings. While the studies of Goetz
(52)and Schroth(53) were based on data from clinical trials, the populations in the studies by
Nowell and Wegman (57,58) were not necessarily from controlled studies. Thus, adherence
may have been more variable, and EM women that were able to activate tamoxifen to
endoxifen could have experienced a higher incidence of side effects that led them to
discontinue treatment or decrease dose intensity. Indeed, one recent study has suggested that
women who are poor metabolizers of tamoxifen may have higher adherence.(59) However,
the conflicting findings cannot be readily dismissed, and highlight the need for retrospective
genotyping analyses of large tamoxifen RCTs.(60)

Tamoxifen pharmacogenetics: expectation, current status, reality, and potential promises:
This example highlights that CYP2D6 testing for postmenopausal women taking tamoxifen
as adjuvant therapy for breast cancer may address the clinically important questions:

1. Women with CYP2D6 variants with lower activity likely have a decreased response
to tamoxifen, but results are not consistent across studies to date.

2. As there is no current, alternative approach to predicting response to tamoxifen, a
test based on a valid association would be a clear improvement

3. The availability of aromatase inhibitors significantly increases the probability that
testing would lead to an alteration in treatment.

In summary, the use of CYP2D6 genotyping to help guide adjuvant chemotherapy selection
for early-stage premenopausal women offers significant promise, and may have dramatic
clinical importance, but additional studies are needed to validate direction and strength of
the association with disease recurrence and overall survival before testing can be
recommended in routine practice.

Genome Wide Association studies (GWAS)
The goal of GWAS is to test the link between changes in the DNA sequence (genotype) of
individuals in a population and a trait (phenotype) by assaying the majority of common
polymorphisms across the genome. GWAS, typically ‘hypothesis-free’ experiments, have
lead to discovery of new risk alleles associated with disease susceptibility.(61) However,
most of the risk alleles have small effects with unclear clinical value. Although there are
very few published GWAS related to drug response, the potential for gaining insight into
pharmacogenomics of drug efficacy and toxicity is promising.(62) Two recent examples are:
CYP2C8 polymorphisms associated with bisphosphonate-related osteonecrosis in patients
with multiple myeloma(63) and the association of genes in the gamma amino-butyric acid
signaling pathway and neuroleptic induced tardive dyskinesia.(64)
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Conclusion
These examples highlight both the challenges and opportunities of pharmacogenomics. First,
establishing a valid association between genetic variation and drug response; second, doing
so for a clinically meaningful outcome and third, providing solid evidence or rationale for
improvement in patient outcomes compared to current standard of care. Over the past
decade, the field has moved from high expectations, with many initial ‘false positive’
association findings, to more careful epidemiological work. The current focus is on
establishing clinically relevant associations instead of surrogate outcomes.

Although pharmacogenetics may not impact most drugs in the near future, valid and
clinically meaningful associations have been established for some. Efforts are now shifting
to collaborative studies involving researchers, regulators, clinicians, and payers. Although
these stakeholders sometimes have very different perspectives on the utility of
pharmacogenomic tests,(38,65) there has been recognition that both research and
development are needed to successfully evaluate and bring appropriate tests to patient care.
The Clarification of Optimal Anticoagulation with Genetics (COAG trial) which will
randomize patients to clinical warfarin dosing versus pharmacogenetically guided dosing,
the TailorRx trial being conducted by the NCI with the OncotypeDx test, and the recently
completed abacavir trial (PREDICT-1) are evidence of these efforts. The next decade
promises to be fruitful for pharmacogenomics, as multi-center collaborative consortiums are
established to validate association findings, and RCTs conducted as necessary for
pharmacogenomic tests with promising clinical utility. Although randomized clinical trials
are underway to for some drugs candidates such as warfarin, they may be unrealistic for
other drug candidates such as carbamazepine given the rarity of SJS/TEN outcomes.
Therefore consortia of investigators pooling, data and expertise will play a crucial role in the
years to come.
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Figure 1.
Percent of patients with predicted dose that was within 20% of the actual stable therapeutic
dose of warfarin. (19)
The dose estimates are shown according to three actual-dose groups: low dose (≤21 mg per
week), intermediate-dose (>21 to <49 mg per week), and high-dose (≥49 mg per week). The
fixed dose was 35 mg per week. With the fixed-dose approach, none of the estimates for the
patients in the low dose and high-dose groups were within 20% of the actual dose.
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Table 1

Selected studies evaluating the influence of CYP2C9 and/orVKORC1 on risk of hemorrhage among warfarin
users

Reference Study Design Polymorphisms assessed

Risk of Hemorrhage RR [95% CI]

Minor Major

Aithal 1999 Case Control (36 cases, 52 controls) CYP2C9 *2, *3 2.7 [0.9, 8.1] 3.7 [1.4, 9.5]

Margaglione 20001 Retrospective cohort (n=180) CYP2C9 *2, *3 Minor and Major Combined 2.6 [1.2, 5.7]

Higashi 2002 Retrospective Cohort (n=186) CYP2C9 *2, *3 NE 2.4 [1.2, 4.9]

Limdi 2008 Prospective cohort (n=446, 227 AA) CYP2C9 *2, *3
VKORC1–1173

CYP2C9 1.3 [0.8, 1.9]
VKORC1 0.8 [0.5, 1.3]

CYP2C9 3.0 [1.2, 7.5]
VKORC1 1.7 [0.7, 4.4]

All comparisons are presented for variant vs. wild-type genotypes at a non-directional statistical significance of 0.05.

NE – not evaluated or not reported.

AA: African American.

Minor hemorrhage included mild nosebleeds, microscopic hematuria, mild bruising, and mild hemorrhoidal bleeding.

Major hemorrhage combined serious, life-threatening and fatal bleeding episodes as defined by Fihn et al.

1
rarity of serious/life-threatening bleeding (n=10) necessitated evaluation of major and minor hemorrhage as a composite outcome.
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Table 3

Association of HLA-B*1502 with Stevens-Johnson syndrome (SJS) and Toxic Epidermal Necrolysis (TEN)

Chung et al Han Chinese

HLA-B*1502 OR [95%CI] 2504 [126, 49,522]

HLA-B*1502

Number of patients Present Absent

SJS/TEN 44 0 44

Without SJS/TEN 3 98 101

47 98 145

Sensitivity 100%

Specificity 97.0%

PPV *

NPV *

The sensitivity of a test is defined as the proportion of people with disease who will have a positive result.

The specificity of a test is the proportion of people without the disease who will have a negative result.

The positive predictive value (PPV) of a test is defined as the proportion of people with a positive test result who actually have the disease.

The negative predictive value (NPV) of a test is the proportion of people with a negative test result who do not have disease.

*
These values cannot be calculated based on OR from a case-control study as Sensitivity and specificity are estimated values, not actual values

OR [95%CI] denotes the odds ratio and 95% Confidence Interval
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Table 4

Association of CYP2D6 and survival among patients with breast cancer on tamoxifen therapy.

Study Size (n) Poor metabolizers DFS HRadj (95% CI) OS HRadj (95% CI)

Goetz 2007 180 36%1 1.60 (1.06–2.43) 1.34 (0.83–2.16)

Schroth 2007 206 40%2 1.89 (1.10–3.25) 1.73 (0.88–3.41)

Nowell 2005 162 30%3 0.77 (0.32–1.81) n/a

Wegman 2007 119 ~27%3 0.33 (0.08–1.43) n/a

DFS, disease free survival; OS, overall survival; HRadj, adjusted hazard ratio

1
One or more *4 alleles or CYP2D6 inhibitor

2
One or more *4, *5, *10, or *41 alleles

3
One or more *4 alleles
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