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Genetics, drug discovery and clinical developments
Drug safety is a priority for drug developers and reg-

ulatory agencies. Pharmacogenomics is a powerful

tool that can be used to manage clinical risks as well

as resolve the mechanistic basis of adverse drug

events. Advances in the science of drug safety,

increased commitment to pharmacogenomics by drug

companies, and enhanced regulatory review infra-

structure at the U.S. FDA have helped to advance

the application of safety pharmacogenomics in drug

development and public health decision-making. This

review highlights some successes in discovery and

translation of pharmacogenomic biomarkers for

adverse drug events and outlines future strategies to

optimize the development and clinical application of

pharmacogenomic information.

Introduction

Adverse drug experiences (ADEs) manifest in a range of events

from common, pharmacologically anticipated toxicities to

therapeutic failures to rare, severe idiosyncratic drug reac-

tions. Drug safety is a top priority for drug developers and

regulatory agencies because toxicological and clinical safety

issues halt the development of approximately one in three

drugs [1]. Although some ADEs can be predicted from experi-

mental models and managed by careful patient selection or
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dose modification, novel strategies to mitigate and manage

emergent safety issues are needed to foster the development

of valuable drugs.

Pharmacogenomics is a powerful tool that can be used to

manage clinical risks and resolve the mechanistic basis of

ADEs. Historically, the limited detection of ADEs in pre-

approval studies, poorly defined safety phenotypes and pre-

diction methods, ambiguous case definitions, lack of stored

biospecimens, and technological limitations hindered the

ability to characterize the genetic underpinnings of drug

toxicities. However, the landscape of drug safety pharmaco-

genomics is evolving. Public–private partnerships, consortia

development, large-scale biobanking projects, and the advent

of high-throughput genotyping/sequencing technologies are

creating opportunities to discover robust, highly predictive

biomarkers for adverse drug treatment outcomes. In addition,

increased commitment to pharmacogenomics by drug com-

panies and enhanced regulatory review infrastructure at the

U.S. FDA have helped to advance the application of safety

pharmacogenomics in drug development and public health

decision-making [2]. This review highlights some successes in

discovery and translation of pharmacogenomic biomarkers

for ADEs, and outlines possible future strategies to optimize

the development and clinical application of pharmacoge-

nomic information.
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A pharmacogenomic perspective on drug safety:

shifting probabilities

Drug safety issues are generally managed using three non-

mutually exclusive strategies (Box 1): (1) monitoring-based

intervention, (2) careful patient selection, and (3) risk

communication. Drugs that have measurable, chronic

toxicities tend to be manageable. For instance, periodic

monitoring for the appearance of known metabolic adverse

events during antiretroviral or antipsychotic drug therapy

allows prescribers to switch drugs, adjust doses, or start

supportive therapies (e.g., lipid-lowering therapy). Moni-

toring liver function test results for drugs that may cause

hepatic injury is a common risk minimization strategy.

Unfortunately, some toxicities are not amenable to

clinical monitoring. In these cases, drug use may be

restricted to the patient populations with the greatest

benefit/risk balance. As such, numerous drug labels bear

warnings for populations in which ADEs occur more fre-

quently, or focus on selecting patients that are most likely

to benefit. When the at-risk populations cannot be defined

and the mechanism is unknown, risk management may

focus on increasing prescriber and consumer awareness so

as to influence prescribing or monitoring patterns. Phar-

macogenomic strategies could have significant value in

shifting unpredictable, mechanistically unclear events to

predictable, manageable risks, provided the drug has a

clear value.
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Box 1. Clinical management strategies for selected
ADEs

Monitor biomarkers and therapeutically intervene (e.g., additional drug,

dose modification, drug discontinuation) as needed

� Protease inhibitors: hyperglycemia, metabolic disturbances and fat redis-

tribution, atherosclerotic cardiovascular disease (monitor metabolic

profile)

� Atypical antipsychotics: glucose and lipid abnormalities, weight gain

(monitor metabolic profile)

� Anthracyclines: cardiotoxicity (monitor cumulative dose)

Statins: myopathic syndromes (monitor patient symptoms and creatine

kinase)

Exclude at-risk patients from treatment

� Dronedarone: death (avoid in heart failure)

� TNFa antagonists: heart failure (avoid in heart failure)

� Contraceptives: thrombosis (avoid in smokers >35 years old)

� Droperidol: QT prolongation (avoid in elderly, alcoholics, patients with

other risk factors)

Increase patient and prescriber awareness of risk

� Rosiglitazone, celecoxib, rofecoxib*: cardiovascular events

� Cabergoline, pergolide*: valvulopathy

� Cisapride*, terfenadine*: ventricular arrhythmias
* Withdrawn from U.S. market

e2 www.drugdiscoverytoday.com
Pharmacokinetics, pharmacodynamics, and

idiosyncrasy

Pharmacokinetic ADEs

The risk profile of drugs that have steep exposure-safety

relationships hinges largely on pharmacokinetic variability.

Toxicities that are sensitive to disturbances in drug metabo-

lism, mainly because of drug interactions, account for many

of the market withdrawals seen in recent decades. Terfena-

dine, mibefradil, astemizole, and cisapride all were found to

have exposure-related toxicities that, when co-administered

with enzyme-inhibiting drugs, became apparent in the post-

approval setting. Given this history, many promising com-

pounds may never be developed if subject to extensive meta-

bolism by polymorphic enzymes. Therefore, considering the

potential impact of polymorphic drug metabolism is crucial

to maximizing successful development of potentially promis-

ing compounds.

Typically, drug dosages will be modified if significant

pharmacokinetic interactions are observed. However,

extending the logic of metabolic drug interactions to poly-

morphic metabolism and transport has not been a widely

adopted concept. At present, thioridazine represents one of

the only drugs with a contraindication for use in a genetically

defined subpopulation (CYP2D6 poor metabolizers) because

of the QT-prolongation risk at high exposures. Isoniazid

(NAT2 substrate), 6-mercaptopurine (TPMT substrate), and

irinotecan (UGT1A1 substrate) have more tolerable risk–ben-

efit profiles, and thus bear warnings for use in slow or poor

metabolizers of the respective enzymes in their product

labels. Hybrid approaches have been employed more

recently. For instance, genotyping is recommended for tetra-

benazine, but only when prescribers intend to go above a

certain dose threshold. These examples illustrate how drugs

may still be successfully developed in light of exposure-

related toxicities, so long as the appropriate dosing strategy

can be identified.

Prodrugs are often biotransformed to pharmacologically

active metabolites by polymorphic enzymes, and thus have

the potential for either excessive exposure to the active

metabolite(s) or loss of efficacy due to genetic variation in

metabolism. For example, codeine is activated to morphine

by CYP2D6. Individuals with multiple copies of the active

CYP2D6 gene may exhibit high exposures to morphine [3,4].

In fact, opioid toxicities have been reported in ultrarapid

metabolizing adults, and in infants breastfeeding from ultra-

rapid metabolizing mothers [5,6]. At the other end of the

spectrum, poor metabolizers of certain enzymes may not be

able to generate the active moiety from the prodrug. Clopi-

dogrel, which is activated in part by CYP2C19, and tamox-

ifen, which is activated by CYP2D6, are two drugs where

active metabolite exposures are substantially lower in the

poor metabolizers [7–10]. Diminished efficacy resulting from

lower active metabolite exposures in these cases is proble-
strategies in drug safety, Drug Discov Today: Ther Strategies (2011), doi:10.1016/
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matic because these drugs are used to prevent morbid or

mortal outcomes (i.e., myocardial infarction, cancer).

Pharmacodynamic ADEs

Genetic variation in drug targets and their signaling path-

ways can contribute to toxicities extending from the phar-

macologic action of the drug. However, few such examples

exist; the majority of pharmacodynamic gene variants influ-

ence therapeutic drug response. One of the most notable and

widely studied examples of pharmacodynamic gene effects

on drug sensitivity has been related to the anticoagulant

warfarin. The influence of genetic variation in the drug target,

VKORC1, has been widely replicated as a marker of stable

dose requirements, as has the major drug metabolizing

enzyme, CYP2C9 [11]. Intrinsically ‘sensitive’ patients

require much lower doses to achieve therapeutic anticoagu-

lation. Conversely, patients with ‘insensitive’ genotypes tend

to require higher doses and are at risk for under-anticoagula-

tion. The availability of a clinical response measure (INR)

affords a means to target dosing to a pharmacodynamic

‘sweet spot’ that has proven to balance bleeding and throm-

boembolic risks [12]. Along with INR monitoring, knowledge

of VKORC1 and CYP2C9 genotype information could add

value in tailoring doses or the aggressiveness of dose adjust-

ment, particularly in the early initiation period where the

most INR fluctuation and bleeding are observed [13–15]. The

joint consideration of clinical and genetic variables is now

reflected in the revised warfarin drug label.

Signaling proteins in a drug’s pharmacologic pathway can

also have large effects on treatment response. Retrospective

analyses from multiple clinical trials of anti-EGFR therapy in

metastatic colorectal cancer patients revealed that activating

mutations in the tumor KRAS gene were associated with lack

of anti-tumor effect of the monoclonal antibodies, cetuximab

and panitumumab [16]. This diminished efficacy, therefore,

skews the risk–benefit profile toward toxicity without benefit.

Thus, it has become a standard practice to test patients’

tumors for KRAS mutations before initiating anti-EGFR

monoclonal antibodies.

Genetic factors that modify a disease process also may

compound drug effects on the same phenotype. Factor 5

Leiden (FVL) is widely recognized as genetic risk factor for

thrombotic events. Several studies have demonstrated that

patients with FVL who are taking oral contraceptives or

estrogens have a 13- to 15-fold higher risk for thrombosis

than non-carriers [17]. This relative risk approximates or

exceeds the risk associated with age and smoking status,

which are commonly considered in clinical practice.

Idiosyncratic ADEs

Idiosyncratic drug reactions are, by definition, mechanisti-

cally unclear and not predictable. Severe reactions such as

Stevens-Johnson Syndrome (SJS) or fulminant hepatotoxicity
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tend to be rare, but can be fatal. The rarity of such events

makes them difficult to detect in pre-approval clinical devel-

opment programs. As such, the pharmacogenetic relation-

ships are usually defined in the post-approval setting and rely

on small studies without replication. Also, in the absence of a

clear mechanism, the research approach tends to be less

hypothesis-driven, employing genome-wide association stra-

tegies [18].

The aforementioned limitations do not prevent the ability

to discover potentially useful markers for rare, idiosyncratic

ADEs. Several robust associations have been reported that

establish the feasibility of GWAS or HLA-typing for rare

events, including SLCO1B1 as a marker for simvastatin myo-

pathy [19], HLA-DQA1*0102 for lumiracoxib hepatotoxicity

[20], HLA-B*5801 for allopurinol skin reactions [21], and

HLA-DRB5*0201 for clozapine agranulocytosis [22], to name

a few. To illustrate, severe skin reactions, sometimes resulting

in death, are rare having been reported in approximately 1–6

per 10,000 patients treated with carbamazepine. Investigators

in China collected genetic material from carbamazepine-

treated patients with cutaneous skin reactions (60 with SJS/

TEN, 31 with other skin reactions) and tolerant controls over

a seven-year period. HLA-typing revealed that the HLA-

B*1502 allele, and other alleles in the neighboring region,

were significantly overrepresented in cases (98% of cases and

4.2% of controls; odds ratio 1357, p = 2 � 10�41) [23]. Amas-

sing an adequate – not necessarily large – caseload typically

requires collaborative efforts and time, but based on these

examples, is not an impossible feat.

Common adverse reactions can be interrogated using more

traditional hypothesis testing and validation strategies. Aba-

cavir hypersensitivity reaction, a syndrome consisting of

fever, rash, and gastrointestinal complaints, occurs in

approximately 5–8% of Caucasian HIV patients treated with

abacavir [24,25]. This event was detected in pre-approval

trials, and the initial drug label included a Boxed Warning

to this effect. Following approval, several genetic association

studies, including a GWAS, found that HLA-B*5701 was a

significant risk factor for this reaction [26]. The utility of

testing was subsequently confirmed in a prospective trial. For

patients randomized to a HLA-B*5701 testing strategy, as

compared to the non-tested usual care strategy, the incidence

of clinically diagnosed (and skin patch testing confirmed)

abacavir hypersensitivity was significantly reduced (7.8% vs.

3.4% for clinically diagnosed, 2.7% vs. 0% for immunologi-

cally confirmed) [24]. Because this event was more common,

it was feasible to conduct a controlled trial to establish utility,

substantiating previous findings from retrospective studies.

Translational considerations

A major factor hindering research and development of phar-

macogenomic biomarkers of clinical safety is the relative

paucity of available cases. Most of the pharmacogenomic
strategies in drug safety, Drug Discov Today: Ther Strategies (2011), doi:10.1016/
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Figure 1. Pharmacogenomic activities in drug development and utilization. Panel A. Patient exposures to a new molecular entity to treat a mortal disease

over time in a drug development program and following approval are depicted. As time goes on, the power to detect predictive biomarkers with large

effects in genome-wide association studies increases substantially (denoted by diamonds; power calculations for each year assume cumulative caseload at 1/

1000 per year incidence, recessive effect, p < 5 � 10�7, and 10 controls per case). Panel B. Pharmacogenomic activities over a drug’s lifecycle are depicted.

Drug developers can conduct pharmacogenomic studies triggered by pharmacokinetic or response heterogeneity as sufficient numbers of serious adverse

event cases accumulate to conduct meaningful genome-wide association studies. The results can be used to tailor dosing and enrich trials with responders

so as to optimize the risk–benefit ratio prior to approval. Biobanking efforts throughout the drug’s lifecycle can then enable biomarker discovery efforts for

rarer adverse events.
biomarkers to date have had very large effects on ADE risk.

The examples cited in the previous section, most of which

had odds ratios exceeding 100, illustrate that large effects can

be detectable even with relatively few cases. As shown in

Fig. 1, with 50 cases, the detectable odds ratio is approxi-

mately 100 for a less common allele (5%; recessive effect), and

approximately 20 for more common alleles (25%; recessive

effect). If the infrastructure is in place to capture incident

cases in real-time, the power to conduct genetic association

studies for rare ADEs will be significantly enhanced.

In addition to large effects, safety biomarkers should have

adequate performance characteristics (i.e., predictive value,

sensitivity, and specificity) to effectively discriminate risk for

potential events and be clinically useful [27,28]. A pharma-

cogenomic marker of adverse events should adequately
Please cite this article in press as: Pacanowski, M.A. and Zineh, I. Pharmacogenomic
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exclude from treatment those individuals likely to experience

the event (i.e., avoid false negatives). Over-exclusion of

patients from treatment (due to false positives) may be

acceptable in situations where alternative therapies exist

and the ADE to be avoided is serious. Thus, a highly prevalent

marker may have utility even if the adverse event rate is very

low, so long as it captures at-risk patients. However, where no

alternative treatments exist, the marker should also ade-

quately not exclude individuals who are not at risk, so that

treatment is not inappropriately withheld. By virtue of these

performance characteristics, investigations should prespecify

clinically relevant effect sizes and performance parameters,

and base the required caseload on those estimates.

Fig. 2 illustrates a potential pathway for translation of a

biomarker from clinical need to clinical application. Follow-
strategies in drug safety, Drug Discov Today: Ther Strategies (2011), doi:10.1016/
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Figure 2. Translating pharmacogenomic biomarkers. Biomarker development proceeds through many phases. Upon establishing that a biomarker may

have utility given a clinical need (i.e., safety signal, PK heterogeneity), exploratory analyses to discover biomarkers can be performed using existing data

sources. Once a marker is identified, it can be validated in independent datasets or by way of experimental support. Where feasible, prospective trials or

historical control studies can be used to evaluate whether the marker improves treatment outcomes. Upon establishing validity and/or utility, clinical testing

infrastructure can be established to meet the needs of individual health-systems, with processes for improving the predictive model and continual review of

its efficacy.
ing discovery, another key issue challenging translation is the

ability to validate or replicate pharmacogenomic associa-

tions. If the marker is related to pharmacokinetics, to the

extent that the exposure-safety relationship is well-estab-

lished, confirming biomarker validity can be accomplished

prospectively with small pharmacokinetic studies. For mar-

kers without a clear mechanistic link, causal inference relies

on the totality of evidence from pharmacology, sound epi-

demiology, and other studies. For example, experimental

studies supported the biological plausibility of the HLA rela-

tionship with carbamazepine-induced SJS, where in vitro

studies directly implicated MHC II involvement [29]. Addi-

tionally, markers for ADEs that meet high thresholds for

statistical significance are more compelling, particularly

when employing GWAS or high-throughput sequencing

methods. Indeed, pharmacogenomic markers derived from

GWAS that had highly significant p-values have been often

reproducible in replication populations or subsequent stu-

dies, suggesting that the common requisite of independent

replication may be moot for highly significant markers with

large effects [21,30,31]. In small studies, setting stringent

thresholds is predicated on large effect sizes and carries a risk

of Type II error, but desirable when opportunities to replicate

are sparse.

Having established validity, confirming the utility of a

marker in the clinical setting is a major hurdle that hinders

clinical uptake of pharmacogenetic testing. Although a dis-

covery-validation strategy has been traditionally required to

establish ‘believability’ of pharmacogenomic associations,

the evidentiary requirements for utility may need to be

recalibrated based on the marker’s performance and plausi-
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bility. For more common adverse outcomes, such as bleeding

with warfarin or abacavir hypersensitivity, it is possible to

prospectively test the effectiveness of screening strategies in

making treatment decisions. A prospective randomized trial

was conducted for abacavir that established the utility of the

test [24], and with such strong evidence, testing was rapidly

adopted in clinical practice [16]. Similar trials are ongoing for

warfarin and clopidogrel with their respective biomarkers

[14,32]. However, in most situations, prospective trials may

be technically, economically, and/or ethically infeasible.

Non-traditional study designs to demonstrate clinical utility

of a pharmacogenomic intervention could involve cluster

randomization, where clinical practices are randomized to

whether or not to implement a testing strategy, and histor-

ical control studies, where system-wide implantation of

pharmacogenetic testing can be clearly demarcated. In both

scenarios, decreases in the incidence of the adverse event

relative to non-tested controls, whether derived from inde-

pendent centers or historical data, can be examined along

with the economic impact.

With validity and utility established, implementing clin-

ical genotyping programs to predict adverse events has

numerous practical barriers from a public health perspective.

Inappropriately excluding a patient from treatment due to a

predicted ADE risk presents a clinical dilemma, requiring the

availability of alternative treatments and knowledge that the

biomarker relationship does not exist for those alternatives.

That is not to say that all biomarkers must be highly pre-

dictive of an adverse event and used to make treatment

decisions, because some may be more appropriately used

to support the diagnosis of an adverse event (as part of the
strategies in drug safety, Drug Discov Today: Ther Strategies (2011), doi:10.1016/
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differential), or identify patients in whom more intensive

safety monitoring is necessary.

The current paradigm relies on a drug-test pair model with

clear expectations for a specific action and utility. However,

use of genetic information in the clinical setting, as with any

other patient-specific factor, is far more complex than this

paradigm would presume. Given the rarity of many severe

adverse events, broad-based screening should be economic-

ally feasible. Much of the debate concerning implementation

of FVL screening, for example, focused on issues of cost-

effectiveness given the marker’s low prevalence and small

absolute risk difference [17]. Free clinical access to individual

genetic data, so that it may be considered along with other

clinical factors and the treatment context, would probably

circumvent many of the economic and decision-making

requisites, elevating the perception of utility. This approach

reframes the question – rather than asking, ‘Is it worth it to

order a pharmacogenetic test for this patient?’, the question

becomes ‘Is it worth using this readily available information

in my treatment of this patient?’ The value of this model is

currently being tested in the Coriell Personalized Medicine

Collaborative [33].

Perspectives on pre- and post-approval biomarker

discovery and validation

Based on the preceding examples, it is apparent that discov-

ery of safety pharmacogenomic biomarkers is a feasible and

worthwhile pursuit, notwithstanding logistical and metho-

dological challenges. Central to all research in this area is the

availability of biospecimens and careful definition of ADE

phenotypes. DNA sampling from patients in clinical trials has

led to the identification of safety biomarkers for simvastatin

[19], abacavir [26], lumiracoxib [20], and anti-EGFR therapies

(cetuximab and panitumumab) [16], among others. For some

of these examples, drug developers have been able to promote

enhanced use of their products through recalibrating risk/

benefit (e.g., abacavir, anti-EGFR monoclonal antibodies) and

engage with regulatory agencies to identify patient subsets for

which their non-approved drug could potentially be

approved (e.g., lumiracoxib). Throughout a drug’s lifecycle,

we highly recommend DNA be collected from all trial parti-

cipants, or at least from targeted populations (e.g., cases of

interest and controls), and stored indefinitely to permit retro-

spective pharmacogenomic studies. However, many barriers

remain including regional heterogeneity in ethics commit-

tees and competing resources. Were the fate of a drug’s

marketing authorization to hinge on safety issues, genotyp-

ing strategies to mitigate risk could theoretically provide

regulatory agencies with sufficient assurance to allow for

drug approval or continued marketing.

ADEs related to drug concentrations can be managed by

way of controlling dosing or exposure. Given a strong expec-

tation that excessive exposure will translate to adverse events,
Please cite this article in press as: Pacanowski, M.A. and Zineh, I. Pharmacogenomic
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and that metabolism via polymorphic pathway is extensive,

early phase pharmacokinetic studies can be conducted to

define a dose that curtails the excessive exposures in poor

metabolizers of the relevant enzyme, for example. Addition-

ally, for drugs with expected narrow margins between safety

and activity/effectiveness, poor metabolizers can be excluded

from first-in-human and dose-finding trials so as not to skew

the maximum tolerated doses. Tailored doses may then be

carried forward into Phase 2 or 3 trials, or a population-based

dose can ultimately be derived after estimating the effect of

genotype on final dose requirements. Often, the metabolic

pathway is not well characterized, and the exposure-safety

relationships are typically established over the full course of a

clinical development program using population pharmaco-

kinetic methods, modeling, and simulation [34]. In this

scenario, broader DNA collection from trial participants

across the development phases would be required to perform

broad-based metabolism/transport genotyping. As informa-

tion accumulates, prospectively designed pharmacokinetic/

pharmacogenetic studies or modeling and simulation can be

used to validate the pharmacogenetic relationship and define

appropriate dosage for the genetic subpopulation, much in

the same way that renal impairment and hepatic impairment

dosing recommendations are handled. Although some drug

developers feel these strategies may encumber development

and the clinical use of the drug to some extent, the potential

to significantly improve the risk/benefit profile may outweigh

the added burden. This is especially true given that late phase

attrition rates in drug development are partly related to either

safety or dosing issues. Furthermore, this theoretical concern

has not borne out for the majority of drug development

programs that have included an exploratory pharmacoge-

nomics component.

Pharmacogenomic studies of severe, idiosyncratic reac-

tions in pre-approval phases are constrained simply by the

incidence of the adverse event, which is often very rare or

undetectable. Also, adverse events are not likely to accumu-

late in substantial numbers even in the course of formal post-

approval trials. Although the power of DNA collection in

post-approval trials has been illustrated for simvastatin-

induced myopathy [19], planning for creative strategies to

accrue cases and supportive data (e.g., biomarkers) should be

considered in the post-approval space. Where certain safety

issues are anticipated, capturing intermediate phenotype

data (e.g., LFTs) and deep phenotyping (e.g., biopsy speci-

mens) is valuable not only to support plausibility and validity

of pharmacogenetic relationships, but also to increase both

sample sizes (in terms of absolute patient numbers) and

power to detect effects by capturing phenotype data that

are mechanistically proximal to the ADE. For nonfatal events,

it may be feasible to develop infrastructure that allows pro-

spective banking of incident adverse events. To be successful

in these efforts, drug developers may need to develop novel,
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Fig. 3. Biospecimen sources. DNA samples for adverse event cases

may be drawn from a variety of sources. To date, DNA specimens

from cases have been collected primarily through safety consortia and

clinical practice networks. Other viable strategies may include

identification of cases captured through ongoing efforts such as

clinical trials, population research studies, and large-scale biobanking

projects within health-systems or managed care organizations. It may

also be possible to proactively collect samples through post-

marketing registries, and possibly even disease specific foundations or

patient advocacy groups.
innovative mechanisms to facilitate and consolidate the flow

of safety data.

In the post-approval space,where drug exposure and adverse

event reporting are beyond the control of the drug developer,

other stakeholders may need to share the responsibility of

contributing to the science of drug safety (Fig. 3). The ideal

pharmacovigilance model should entail broad-based,

unbiased biospecimencollection from thebroader population,

which is necessary to capture fatal events and chronic toxi-

cities. For example, Vanderbilt’s opt out model of DNA bank-

ing coupled with an electronic medical record is a powerful

prototype [35]. Others include the large-scale studies being

initiated by Kaiser Permanente, Medco [36], and other health

systems [37]. Largeconsortia suchas theSeriousAdverseEvents

Consortium, the Drug-Induced Liver Injury Network, and the

Electronic Medical Records and Genomics (EMERGE) network,

among others, may be necessary. These networks have had

many successful outputs that have been recently published.

Partnerships between payers, healthcare systems, pharmaceu-

tical companies, and the government will be crucial to post-

approval surveillance and sample collection.

Conclusions

Numerous genetic risk factors for ADEs have been success-

fully identified in recent years. Genotyping in early phase
Please cite this article in press as: Pacanowski, M.A. and Zineh, I. Pharmacogenomic
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studies – using broad-based arrays where the metabolic

pathway is not certain – may be important for prodrugs

and drugs with variable PK/PD to the extent that exposure

could be related to efficacy or safety. Genotype information

(e.g., for ADME genes) can be prospectively applied in early

phase studies so as to minimize the risk for exposure-related

safety issues. However, since safety issues often do not

surface until the completion of late phase clinical trials,

DNA samples should be collected in all pivotal trials. An

alternative may be to target sampling from clinical events of

interest, such as primary efficacy endpoints or treatment-

emergent adverse events. The utility of this approach, how-

ever, may be limited if the phenotypes of interest are fatal

events. Candidate markers should be prespecified, where

possible, and supported by biological evidence. However,

the mechanistic basis of many severe adverse events is often

not readily apparent. In this regard, genome-wide strategies

have been productive. The totality of evidence should be

considered in making decisions regarding validity and uti-

lity. In the post-approval setting, expanding the capabilities

of electronic medical record-linked biobanks will be instru-

mental to enabling pharmacogenomics research in the

safety realm. Many hurdles remain in translating safety

biomarker testing to the clinic, as efficiency and economic

issues should also be acknowledged. However, the ready

availability of genomic information will minimize the bar-

riers to translation as the quandary of whether or not to test

a patient for a given gene–drug pair will no longer be at the

heart of the issue.

References
1 Kola, I. and Landis, J. (2004) Can the pharmaceutical industry reduce

attrition rates? Nat Rev Drug Discov 3, 711–715

2 Zineh, I. and Woodcock, J. (2010) The clinical pharmacogeneticist: an

emerging regulatory scientist at the US Food and Drug Administration.

Hum Genomics 4, 221–225

3 Kirchheiner, J. et al. (2007) Pharmacokinetics of codeine and its metabolite

morphine in ultra-rapid metabolizers due to CYP2D6 duplication.

Pharmacogenomics J 7, 257–265

4 Gasche, Y. et al. (2004) Codeine intoxication associated with ultrarapid

CYP2D6 metabolism. N Engl J Med 351, 2827–2831

5 Madadi, P. et al. (2009) Pharmacogenetics of neonatal opioid toxicity

following maternal use of codeine during breastfeeding: a case–control

study. Clin Pharmacol Ther 85, 31–35

6 Koren, G. et al. (2006) Pharmacogenetics of morphine poisoning in a

breastfed neonate of a codeine-prescribed mother. Lancet 368, 704

7 Lim, H.S. et al. (2007) Clinical implications of CYP2D6 genotypes

predictive of tamoxifen pharmacokinetics in metastatic breast cancer. J

Clin Oncol 25, 3837–3845

8 Gjerde, J. et al. (2008) Effects of CYP2D6 and SULT1A1 genotypes

including SULT1A1 gene copy number on tamoxifen metabolism. Ann

Oncol 19, 56–61

9 Borges, S. et al. (2006) Quantitative effect of CYP2D6 genotype and

inhibitors on tamoxifen metabolism: implication for optimization of

breast cancer treatment. Clin Pharmacol Ther 80, 61–74

10 Mega, J.L. et al. (2009) Cytochrome p-450 polymorphisms and response to

clopidogrel. N Engl J Med 360, 354–362

11 Klein, T.E. et al. (2009) Estimation of the warfarin dose with clinical and

pharmacogenetic data. N Engl J Med 360, 753–764
strategies in drug safety, Drug Discov Today: Ther Strategies (2011), doi:10.1016/

www.drugdiscoverytoday.com e7

http://dx.doi.org/10.1016/j.ddstr.2011.04.002
http://dx.doi.org/10.1016/j.ddstr.2011.04.002


Drug Discovery Today: Therapeutic Strategies | Genetics, drug discovery and clinical developments Vol. xxx, No. xx 2011

DDSTR-336; No of Pages 8
12 Ansell, J. et al. (2008) Pharmacology and management of the vitamin K

antagonists: American College of Chest Physicians Evidence-Based

Clinical Practice Guidelines (8th edition). Chest 133 (Suppl. (6)),

160S–198S

13 Anderson, J.L. et al. (2007) Randomized trial of genotype-guided versus

standard warfarin dosing in patients initiating oral anticoagulation.

Circulation 116, 2563–2570

14 French, B. et al. (2010) Statistical design of personalized medicine

interventions: The Clarification of Optimal Anticoagulation through

Genetics (COAG) trial. Trials 11, 108

15 Caraco, Y. et al. (2008) CYP2C9 genotype-guided warfarin prescribing

enhances the efficacy and safety of anticoagulation: a prospective

randomized controlled study. Clin Pharmacol Ther 83, 460–470

16 Allegra, C.J. et al. (2009) American Society of Clinical Oncology

provisional clinical opinion: testing for KRAS gene mutations in patients

with metastatic colorectal carcinoma to predict response to anti-

epidermal growth factor receptor monoclonal antibody therapy. J Clin

Oncol 27, 2091–2096

17 Wu, O. et al. (2006) Screening for thrombophilia in high-risk situations:

systematic review and cost-effectiveness analysis. The Thrombosis: Risk and

Economic Assessment of Thrombophilia Screening (TREATS) study. Health

Technol Assess 10, 1–110

18 Crowley, J.J. et al. (2009) Pharmacogenomic genome-wide association

studies: lessons learned thus far. Pharmacogenomics 10, 161–163

19 Link, E. et al. (2008) SLCO1B1 variants and statin-induced myopathy – a

genomewide study. N Engl J Med 359, 789–799

20 Singer, J.B. et al. (2010) A genome-wide study identifies HLA alleles

associated with lumiracoxib-related liver injury. Nat Genet 42, 711–714

21 Kim, S.H. et al. (2010) Genetic and ethnic risk factors associated with drug

hypersensitivity. Curr Opin Allergy Clin Immunol 10, 280–290

22 Athanasiou, M.C. et al. (2010) Candidate gene analysis identifies a

polymorphism in HLA-DQB1 associated with clozapine-induced

agranulocytosis. J Clin Psychiatry 72, 458–463

23 Hung, S.I. et al. (2006) Genetic susceptibility to carbamazepine-induced

cutaneous adverse drug reactions. Pharmacogenet Genomics 16, 297–306

24 Mallal, S. et al. (2008) HLA-B*5701 screening for hypersensitivity to

abacavir. N Engl J Med 358, 568–579
Please cite this article in press as: Pacanowski, M.A. and Zineh, I. Pharmacogenomic

j.ddstr.2011.04.002

e8 www.drugdiscoverytoday.com
25 Hetherington, S. et al. (2001) Hypersensitivity reactions during therapy

with the nucleoside reverse transcriptase inhibitor abacavir. Clin Ther 23,

1603–1614

26 Hughes, A.R. et al. (2009) Genetic association studies to detect adverse

drug reactions: abacavir hypersensitivity as an example. Pharmacogenomics

10, 225–233

27 Kraft, P. et al. (2009) Beyond odds ratios – communicating disease risk

based on genetic profiles. Nat Rev Genet 10, 264–269

28 Janssens, A.C. and van Duijn, C.M. (2008) Genome-based prediction of

common diseases: advances and prospects. Hum Mol Genet 17, R166–173

29 Naisbitt, D.J. et al. (2003) Hypersensitivity reactions to carbamazepine:

characterization of the specificity, phenotype, and cytokine profile of

drug-specific T cell clones. Mol Pharmacol 63, 732–741

30 Motsinger-Reif, A.A. et al. (2010) Genome-wide association studies in

pharmacogenomics: successes and lessons. Pharmacogenet Genomics

10.1097/FPC.0b013e32833d7b45

31 Daly, A.K. (2010) Genome-wide association studies in

pharmacogenomics. Nat Rev Genet 11, 241–246

32 Holmes, D.R., Jr et al. (2010) ACCF/AHA clopidogrel clinical alert:

approaches to the FDA ‘boxed warning’: a report of the American College

of Cardiology Foundation Task Force on clinical expert consensus

documents and the American Heart Association endorsed by the Society

for Cardiovascular Angiography and Interventions and the Society of

Thoracic Surgeons. J Am Coll Cardiol 56, 321–341

33 Coriell Personalized Medicine Collaborative1 (2010) A prospective study

of the utility of personalized medicine. Personalized Med 7, 301–317

34 Goldberger, M.J. et al. (2010) ASCPT Task Force for advancing

pharmacometrics and integration into drug development. Clin Pharmacol

Ther 88, 158–161

35 Roden, D.M. et al. (2008) Development of a large-scale de-identified DNA

biobank to enable personalized medicine. Clin Pharmacol Ther 84, 362–369

36 Frueh, F.W. (2010) Real-world clinical effectiveness, regulatory

transparency and payer coverage: three ingredients for translating

pharmacogenomics into clinical practice. Pharmacogenomics 11, 657–660

37 McCarty, C.A. et al. (2008) Community consultation and communication

for a population-based DNA biobank: the Marshfield clinic personalized

medicine research project. Am J Med Genet A 146A, 3026–3033
strategies in drug safety, Drug Discov Today: Ther Strategies (2011), doi:10.1016/

http://dx.doi.org/10.1097/FPC.0b013e32833d7b45
http://dx.doi.org/10.1016/j.ddstr.2011.04.002
http://dx.doi.org/10.1016/j.ddstr.2011.04.002

	Pharmacogenomic strategies in drug safety
	Introduction
	A pharmacogenomic perspective on drug safety: shifting probabilities
	Pharmacokinetics, pharmacodynamics, and idiosyncrasy
	Pharmacokinetic ADEs
	Pharmacodynamic ADEs
	Idiosyncratic ADEs

	Translational considerations
	Perspectives on pre- and post-approval biomarker discovery and validation
	Conclusions
	References


