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Abstract

Purpose of Review Pharmacogenetics is an important

component of precision medicine. Even within the genomic

era, several challenges lie ahead in the road towards clin-

ical implementation of pharmacogenetics in the clinic. This

review will summarize the current state of knowledge

regarding pharmacogenetics of cardiovascular drugs,

focusing on those with the most evidence supporting

clinical implementation—clopidogrel, warfarin, and

simvastatin.

Recent Findings There is limited translation of pharma-

cogenetics into clinical practice primarily due to the

absence of outcomes data from prospective, randomized,

genotype-directed clinical trials. There are several ongoing

randomized controlled trials that will provide some

answers as to the clinical utility of genotype-directed

strategies. Several academic medical centers have pushed

towards clinical implementation, where the clinical validity

data are strong. Their experiences will inform operational

requirements of a clinical pharmacogenetics testing,

including the timing of testing, incorporation of test results

into the electronic health record, reimbursement, and eth-

ical issues.

Summary Pharmacogenetics of clopidogrel, warfarin, and

simvastatin are three examples, where pharmacogenetics

testing may provide added clinical value. Continued

accumulation of evidence surrounding clinical utility of

pharmacogenetics markers is imperative as this will inform

reimbursement policy and drive adoption of pharamcoge-

netics into routine care.

Keywords Pharmacogenetics � Precision medicine �
Cardiovascular � Clopidogrel � Warfarin � Simvastatin

An important part of precision medicine includes phar-

macogenetics (PGx) or the application of genetic infor-

mation to individualize medication treatments with the goal

of maximizing effectiveness and minimizing adverse drug

reactions. The concept of precision medicine is not new, as

healthcare providers have routinely been tailoring treat-

ment regimens for patients based on demographic, life-

style, and clinical factors. However, recent advances in

genomics, informatics, and mobile technology can now

accelerate the practice of precision medicine to enhance

human health [1••]. Capitalizing on the convergence of

these technologies, President Obama announced the Pre-

cision Medicine Initiative in January 2015 during his State

of the Union address [1••]. This concerted effort aims to

enhance our understanding of health and disease and

improves disease prevention, risk assessment, and treat-

ment taking into account individual variability in genes,

environment, and lifestyle. The Precision Medicine Initia-

tive’s million patient cohort is poised to provide a strong

foundation to advance PGx. This is by far, the largest effort

supported by the National Institute of Health. Previous
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large-scale projects include the Pharmacogenomics

Research Network (PGRN) [2], focused on the discovery of

genetic variation that influence drug response, and the

Pharmacogenomics Knowledgebase (PharmGKB) [2], an

expertly curated database cataloging the impact of genetic

variation on drug response. To aid clinicians with the

translation of genetic test results into drug treatment

decisions, the Clinical Pharmacogenetic Implementation

Consortium (CPIC) was established [3]. The group has

published guidelines for over 30 drug-gene pairs on how

genetic test results should be used to optimize drug ther-

apy, including several cardiovascular drugs [4•, 5, 6•].

This review will summarize the current state of

knowledge regarding PGx of cardiovascular drugs, focus-

ing on those with the most evidence supporting clinical

implementation—clopidogrel, warfarin, and simvastatin.

We will discuss barriers to future PGx marker discovery

and issues to consider in the road to clinical implementa-

tion [7].

Clopidogrel and CYP2C19

Clopidogrel is a thienopyridine prodrug, which upon bio-

transformation to its active metabolite irreversibly inhibits

the P2Y12 adenosine diphosphate (ADP) receptor on pla-

telets, preventing their aggregation [4•]. Clopidogrel has

been shown to prevent thromboembolism-related cardio-

vascular events in patients experiencing acute coronary

syndromes (ACS), especially in the setting of percutaneous

coronary interventions (PCI) [8]. Clopidogrel’s effect on

inhibition of platelet aggregation displays wide inter-indi-

vidual variability. Approximately 25 % of the population is

non-responsive to the drug, displaying residual on-treat-

ment platelet reactivity [9]. Genetic polymorphisms in the

hepatic cytochrome P450 2C19 (CYP2C19) enzyme, one

of the principal enzymes involved with the biotransfor-

mation of clopidogrel, are associated with lower active

clopidogrel metabolite levels and residual platelet aggre-

gation [10–13]. The most common loss-of-function (LOF)

allele in CYP2C19 gene is *2 (c.681G[A; rs4244285),

with frequencies of *15 % in Caucasians and Africans

and 29–35 % in Asians [4, 14, 15]. Data from a large meta-

analysis involving patients undergoing PCI showed that

CYP2C19*2 carriers are at increased risk of myocardial

infarction, death, and stent thrombosis compared to non-

carriers [16••]. Another meta-analysis, including patients,

treated with clopidogrel with stable coronary disease or

with ACS managed without PCI found no association with

CYP2C19*2 genotype and cardiovascular disease (CVD)

events (RR 0.97; 95 % CI 0.86–1.09). However, this study

confirmed the association with CYP2C19 LOF alleles and

stent thrombosis (RR 1.75, 95 % CI 1.5–2.03) [17]. The

United States Food and Drug Administration (FDA) has

instituted a ‘‘black box’’ warning for clopidogrel, recom-

mending consideration of alternate antiplatelet agents

among carriers of two loss-of-function alleles (poor

metabolizers). The American College of Cardiology

Foundation task force suggests that PGx testing for

CYP2C19 may be considered in patients believed to be at

moderate or high risk for poor outcomes (e.g., high-risk

PCI procedures and complex disease) awaiting further

evidence from outcomes trials [18•]. Peer reviewed

guidelines published by the CPIC recommend the use of

alternative therapies, such as prasugrel or ticagrelor, in

CYP2C19 LOF allele carriers, specifically for patients with

ACS undergoing PCI [19]. The newer P2Y12 inhibitors,

prasugrel and ticagrelor, do provide more potent anti-

platelet activity and are not influenced by the presence of

CYP2C19 polymorphisms; however, they are associated

with increased bleeding risk [20, 21], and since no generic

is available, they are substantially more expensive than

clopidogrel.

There is limited translation of CYP2C19 genotyping in

the clinical practice, due primarily to the absence of out-

comes data from prospective, randomized, genotype-di-

rected clinical trials [22]. Therefore, PCI guidelines

published by the American Heart Association (AHA),

American College of Clinical Cardiology (ACC), and

Society for Cardiovascular Angiography (SCAI) do not

currently recommend PGx testing for CYP2C19 [18•, 23].

There are several ongoing randomized controlled trials

(RCTs) that will provide some answers as to the clinical

utility of a genotype-directed strategy, including potential

economic benefits (Table 1). Results of these studies will

inform widespread adoption of personalized antiplatelet

therapies.

The largest of the studies, the TAILOR-PCI trial [24],

will determine whether prospectively identifying and pre-

scribing ticagrelor for patients with CYP2C19 LOF alleles

compared with usual clinical care will prevent major car-

diac events at 1 year. Approximately 5200 subjects with

stable coronary artery disease (CAD) or ACS undergoing

PCI will be enrolled and PGx results provided using a rapid

turnaround genotyping platform. Another trial currently

enrolling in Europe, POPular Genetics, will compare

whether a genotype-directed strategy is superior to pre-

scribing ticagrelor or prasugrel for all subjects without

genotyping. In the genotyping group, CYP2C19 LOF car-

riers will receive ticagrelor and individuals with functional

alleles will receive clopidogrel. The trial will include 2700

patients with ST-segment MI who undergo PCI. The pri-

mary endpoint is a composite of death, recurrent MI, stent

thrombosis, stroke, and major bleeding complications. The

investigators will also evaluate the cost-effectiveness of

genotype-guided strategy compared with using a non-
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Table 1 Genotype-directed interventions in cardiovascular clinical trials

Study Name, sponsor or

primary site, and NCT

identifier

Patient

population

Purpose N Primary outcome Results

European Pharmacogenetics

of Anticoagulant Therapy

(EU-PACT). Europe [NCT

01119300]

VTE or Afib Randomized, multi-center,

single-blind trial to

compare genotype-guided

(CYP2C9 and VKORC1)

warfarin dosing with a

standard, fixed dose

455 Time within therapeutic range

(INR 2-3) over first

12 weeks

Time in range 67.4 %

in genotype-guided

group vs. 60.3 %

in clinically guided

group

(p =\0.001)

Clarification of Optimal

Anticoagulation through

Genetics (COAG). US

[NCT00839657]

VTE or Afib Randomized, multi-center,

double-blind trial to

compare a genotype-guided

(CYP2C9 and VKORC1)

warfarin dosing strategy

with a clinically based

strategy

1015 Time within therapeutic range

(INR 2-3) over first four

weeks

Time in range 45.2 %

in genotype-guided

group vs. 45.4 %

in clinically guided

group (p = 0.91)

Genetics Informatics Trial of

Warfarin to Prevent DVT

(GIFT). US.

[NCT01006733]

VTE Randomized, multi-center,

double-blind trial to

compare genotype-guided

(CYP2C9, VKORC1, and

CYP4F2) warfarin dosing

to clinical dosing

1600 Composite of non-fatal VTE,

non-fatal hemorrhage, INR

C4.0 or death

Ongoing

Cost-effectiveness of

CYP2C19 Genotype-

Guided Treatment With

Antiplatelet Drugs in

Patients With ST-segment-

elevation Myocardial

Infarction Undergoing

Immediate PCI With Stent

Implantation: Optimization

of Treatment (POPular

Genetics). Europe

[NCT01761786]

PCI Randomized, multi-center

trial to assess the efficacy,

safety and cost-

effectiveness of the

CYP2C19 genotype-guided

antiplatelet treatment

strategy

2700 Death, myocardial infarction,

stent thrombosis, stroke or

bleeding events 30 days and

1 year after PCI.

Pharmacoeconomic

evaluation at 1 year after

PCI

Ongoing

Tailored Antiplatelet

Initiation to Lesson

Outcomes Due to

Decreased Clopidogrel

Response After

Percutaneous Coronary

Intervention (TAILOR-

PCI). Mayo Clinic [NCT

01742117]

PCI Randomized trial to assess if

prospective genotyping for

antiplatelet selection will

improve outcomes as

compared with standard

clopidogrel dosing

5270 Major cardiac events one year

after PCI

Ongoing

Assessment of prospective

CYP2C19 genotype-guided

Dosing of Antiplatelet

Therapy in Percutaneous

Coronary Intervention

(ADAPT). University of

Pennsylvania

[NCT02508116]

PCI Prospective, randomized trial

to determine the cost-

effectiveness of genotype-

guided selection of

antiplatelet therapy

500 Pharmacoeconomic

evaluation at 1 year

Ongoing

Reassessment of antiplatelet

therapy using

individualized Strategies—

Modifying Acute CoroNary

Syndrome Algorithms

Based on Genetic and

Demographic Evaluation:

The RAPID-MANAGE

Study. Ottawa Heart

Institute [NCT02044146]

PCI Randomized trial to assess

genotype-directed therapy

versus ticagrelor

120 Platelet reactivity at 30 days Ongoing
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tailored approach [25]. Both TAILOR-PCI and POPular

Genetics will evaluate the efficacy of a genotype-guided

approach in preventing major cardiac events. A third RCT

will evaluate comparative effectiveness of providing PGx

results to physicians to guide decision making. The

ADAPT study, which is currently enrolling at the Univer-

sity of Pennsylvania, will randomize patients undergoing

PCI to CYP2C19 genotyping or usual care. In the genotype

group, physicians are provided PGx test results and anti-

platelet therapy recommendations, but ultimately decide

the antiplatelet therapy incorporating both genetic and

clinical factors. The study will prospectively ascertain

major cardiac events, bleeding complications, healthcare

costs, and implementation metrics associated with incor-

porating PGx testing as part of clinical care. The result of

this trial will inform healthcare stakeholders of how

implementation of a genotype-guided approach will per-

form in a ‘‘real-world’’ setting.

Two studies evaluating the economics of a genotype-

directed strategy, prescribing clopidogrel for patients with

functional CYP2C19 alleles who are at low risk for

ischemic events and reserving prasugrel and ticagrelor for

poor metabolizers, have shown this approach to be cost-

effective [26, 27]. However, these studies were conducted

by modeling data from previously published clinical trials,

and not performed in a prospective setting. Another con-

cern that limits the usefulness of PGx tests in clinical

practice is the availability of actionable test results in a

time frame conducive to the provision of clinical care.

Knowledge of a CYP2C19 genotype result is required

emergently in the setting of ACS, ideally within 24 h.

Currently, there is one FDA approved device available for

clinical use that provides results within 1 h—the Spartan

Rx CYP2C19 (Spartan Bioscience, Ottawa, Canada). The

test is also reimbursable by Medicare under CPT code

81225. Availability of test results and guidance at point-of-

care will enhance the uptake of implementation of these

tests in the ACS setting once the clinical utility data show a

clinical benefit with prospective genotyping.

There is a need to further understand the mechanisms by

which genetic variations impact drug-related outcomes by

race. In the TRIUMP genetic substudy, the LOF

CYP2C19*2 allele was associated with an increased 1-year

mortality in European-ancestry patients treated with

clopidogrel following acute MI (HR 1.70, CI 1.01–2.89,

p = 0.046), with a trend towards increased rate of recur-

rent MI. However, among African–American patients, the

gain-of-function CYP2C19*17 allele was significantly

associated with increased mortality (HR for *17/*17 versus

*1/*1: 8.97, CI 3.34–24.10, p\ 0.0001), with an increased

rate of bleeding events [28••]. This study and the studies on

warfarin PGx described below highlight the need to study

racially diverse populations, as variants will have different

frequencies among ethnic groups and, therefore, will

exhibit an effect in one group but not the other. Charac-

terizing PGx differences by race will enable us to develop

interventions that will minimize difference in care and

eliminate disparities in health outcomes [29].

Warfarin and CYP2C9/VKORC1

Warfarin, the most widely used oral anticoagulant for the

treatment of thrombotic disorders, requires intensive

monitoring and dosage adjustments based on target inter-

national normalized ratio (INR) to avoid drug-related

Table 1 continued

Study Name, sponsor or

primary site, and NCT

identifier

Patient

population

Purpose N Primary outcome Results

A Genotype-Directed

Comparative Effectiveness

Trial of Bucindolol and

Toprol-XL for Prevention

of Symptomatic Atrial

Fibrillation/Atrial Flutter in

Patients With Heart Failure

(GENETIC-AF). ARCA

Biopharma Inc

[NCT01970501]

Atrial

fibrillation

in heart

failure

Phase II, randomized trial of

genotype-guided therapy

for beta-blocker selection

based on the ADRB1

(389Arg) genotype

200 Recurrence of atrial

fibrillation in patients with

heart failure

Ongoing

Genetically Guided Statin

Therapy to Improve

Medication Adherence.

Duke University

[NCT01894230]

History of

statin

intolerance

Randomized trial to determine

if SLCO1B1 genotyping

will improve adherence to

statin medications

375 Medication adherence Ongoing
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complications [30]. Warfarin-related complications are the

most common cause of emergency department visits and

hospitalizations for adverse drug events [31]. Warfarin is

metabolized by cytochrome P450 2C9 (CYP2C9) in the

liver. Two single nucleotide polymorphisms (SNPs) in

CYP2C9 denoted as CYP2C9*2 (exon 3; Arg144Cys) and

CYP2C9*3 (exon 7; le359Leu) are associated with reduced

warfarin metabolism and lower dose requirements [32].

The pharmacological target of warfarin is vitamin K

epoxide reductase (VKORC1), the rate-limiting enzyme

that controls the formation of vitamin K-dependent clotting

factors [33]. A common noncoding variant in VKORC1

(-1639 G[A, rs9923231), which alters a transcription

factor binding site and leads to lower protein expression, is

associated with warfarin sensitivity and lower dosing

requirements [34]. A genome-wide association study

(GWAS) performed in 1000 patients taking warfarin con-

firmed that CYP2C9*2, CYP2C9*3, and VKORC1 are

significantly associated with warfarin dose requirements

[35•, 36•]. In European-ancestry individuals, CYP2C9 and

VKORC1 polymorphisms account for 30–40 % of the

variance in warfarin dose [37], but explain less of the

variability in other ethnic groups [38]. The FDA updated

the warfarin label, including recommendations, for dosing

table based on CYP2C9 and VKORC1 genotypes [39]. The

current CPIC guidelines also recommend genotype-guided

dosing of warfarin when the genotype results are available

[5].

Two RCTs were completed in 2013 to determine whe-

ther prospective genotyping helped maintain patients in the

therapeutic range (INR range of 2–3). The question of

whether genotyping will improve clinically relevant out-

comes (e.g., hemorrhage) remains to be determined. In the

EU-PACT study [40••, 45], 455 patients were randomized

to either genotype-guided group, in which warfarin was

adjusted based on PGx algorithm for the first 5 days, or a

standard dosing group which utilized a 3-day loading dose

regimen. After this initial period, subjects were managed

according to usual clinical practice and followed for

12 weeks. Subjects in the genotype-guided group achieved

significantly greater time within therapeutic range (67 vs.

60 %, p\ 0.001), faster time to reach therapeutic range

(21 days vs. 29 days, p\ 0.001), and fewer instances of

supra-therapeutic INRs (INR C 4.0). The study concluded

that a genotype-guided approach improved percent time in

target range.

In the COAG trial [41••], 1015 subject were randomized

to warfarin dosing based on an algorithm that included PGx

and clinical factors or one based on clinical factors only. At

4 weeks, the time within the therapeutic range was 45.2 %

for the genotype-guided group and 45.4 % in the clinically

guided group (p = 0.91). However, African–American

subjects assigned to the genotype-guided group did not

perform well as well as the clinically guided group (time in

range 35 % for genotype group vs. 44 % clinically guided

group, p = 0.01). African–American patients comprised

27 % of the study population as opposed to only 1 % in the

EU-PACT study. Since then, recent studies have identified

additional variants that improve the prediction of warfarin

dose requirements in African–Americans (i.e., CYP2C9

rs12777823) [42•, 43]. Conversely, variants that are highly

predictive in Europeans (CYP2C9*2) are less important in

African–Americans [43, 44]. Therefore, a genetic dosing

algorithm based on variants predictive in the European

population would not be expected to perform well in other

ethnic groups.

In addition to the ethnic differences between the two the

studies, there are several important distinctions to high-

light. The EU-PACT control group utilized a fixed dose

warfarin strategy as compared with a clinical-guided

algorithm in COAG which incorporated variables, such as

age, sex, ethnicity, and concomitant drug use when pro-

viding dose recommendations. One would expect that a

clinically guided algorithm would perform better than a

fixed dose regimen; however, the time within therapeutic

range at the 4-week time point in EU-PACT control sub-

jects was identical (45 %) to that reported in the COAG

trial. Perhaps, significant differences may have been

observed in the COAG trial if subjects were followed for

12 weeks. In addition, genotype results in EU-PACT were

available to investigators within 2 h as contrast to the

COAG study, where only 45 % of subjects had genetic

results available before the first dose and 94 % before the

second dose, resulting in a large proportion of subjects

randomized to ‘‘genotype’’ being managed with the clinical

dosing algorithm for the first dose. As the intervention

period for COAG was the first 3–5 days, this delay may

have attenuated the benefits (if any) of PGx. As the clinical

utility of warfarin PGx remains unanswered by these

studies, implementation efforts remain hindered, as insur-

ance reimbursement is difficult to attain without favorable

clinical outcomes data. Perhaps, ongoing studies, such as

the Genetics Informatics Trial (GIFT) of Warfarin, to

prevent DVT will shed light on the clinical utility of

genotype-guided warfarin therapy (Table 1).

Simvastatin and SLCO1B1

3-hydroxy-3-methylglutaryl-coenzyme (HMG-CoA)

reductase inhibitors, also known as statins, are prescribed

to approximately 25 million people worldwide for primary

and secondary prevention of cardiovascular events [45, 46].

The 2014 AHA/ACC guidelines recommended a high-in-

tensity statin in patients with clinical evident CVD, pri-

mary LDL-C C 190 mg/dL, and patients with type 1 or

Curr Genet Med Rep (2016) 4:119–129 123
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type 2 diabetes with an LDL-C C 70 mg/dL [47]. High-

intensity statin therapy, which aims to reduce LDL-C by

C50 %, poses a risk of statin-associated adverse effects. In

addition, the guidelines recommend statin therapy for the

primary prevention of CVD in patients with an algorithm

predicted 10-year risk of atherosclerotic CVD of at least

7.5 %. The new criteria will vastly expand the number of

patients eligible for the long-term statin treatment [48].

Although the risk of statin-related myopathy is low [45],

the absolute number of people self-reporting statin-asso-

ciated myalgia is common at 1–5 % [49]. In rare instances,

statins can cause muscle pain or weakness (myopathy)

which can sometime lead to muscle breakdown (rhab-

domyolysis) [50]. In addition, the vast absolute numbers of

patients maintained on statin therapy increase the overall

number of patients reporting muscle-related complications.

A GWAS in patients with myopathy while taking high-

dose simvastatin (80 mg) showed an association with an

intronic SNP (rs4363657) in the SLCO1B1 gene, which

encodes for the hepatic organic anion-transporting

polypeptide OATP1B1, involved with hepatic uptake of

statin medications [51]. This SNP was in complete linkage

disequilibrium (r2 = 0.97) with a nonsynonymous variant

rs4149056 in exon 6 (c.521T[C, Val174Ala). Patients

homozygous for the C variant had an odds ratio for

myopathy of 17 (95 % CI 4.7–61.1) as compared to the TT

homozygotes. This SNP has been shown to reduce the

activity of the transporter in vitro [52] and has a strong

impact on simvastatin pharmacokinetics [53]. Polymor-

phisms in SLCO1B1 are also implicated in milder forms of

statin intolerance [54, 55]. However, there was no associ-

ation of these variants with myopathy in subjects receiving

other statin medications [54, 56], likely due to differences

in pharmacokinetics properties of the various statins [57].

CPIC guidelines are available to help guide statin initiation

in patients with SLCO1B1 variants. Genotyping SLCO1B1

may help titrate statin therapy in patients who do not

achieve adequate LDL-C reduction with low-to-moderate

doses [6, 49]. Nonetheless, clinical implementation of PGx

testing prior to statin initiation has been challenging due to

wide therapeutic index of statins, availability of low-cost

statin alternatives to simvastatin, and difficulty in defining

myalgias in practice. While milder forms of myopathy are

self-limiting, they can lead to poor drug compliance and,

therefore, result in failure to prevent cardiovascular events

[58, 59]. It is unknown if PGx testing may aid in medi-

cation adherence for patients taking the long-term statin

therapy. An ongoing clinical trial is evaluating whether

prospective PGx of SLO1B1 will aid in medication

adherence in patients requiring statin therapy to prevent

complications of CAD (Table 1).

Barriers to Clinical Implementation

Clinical Utility

There is much debate on what constitutes sufficient evi-

dence for implementing PGx findings into clinical practice

[60–62]. In cardiology, RCTs are rightly the gold standard

for establishing a new medical intervention as standard of

care. Similarly, there is a call for clinical utility data for

each drug-gene pair prior to clinical adoption [61]. Con-

versely, PGx test results have been equated to just one of

many clinical factors, such as renal or liver function, all

imperfect, but informative when making prescribing deci-

sions [62]. Yet, RCTs are not performed in establishing

dose modifications in patients with renal dysfunction.

These recommendations are typically based on pharma-

cokinetic studies alone [63].

The Evaluation of Genomic Applications in Practice and

Prevention (EGAPP) is an independent panel, supported by

the Centers for Disease Control (CDC), convened to

evaluate the evidence base for translation of genetic tests

into clinical practice [64]. In their guidance document, they

define clinical validity as the capacity of a PGx marker to

predict drug response and clinical utility as the ability of

the PGx markers to improve clinical outcomes. Consider-

able progress has been made in strengthening the clinical

validity of PGx markers based on efforts by collaborative

consortia, such as the PGRN. Based on clinical validity

data, the FDA has updated labeling of over 150 medica-

tions to include PGx information [65]. A recent study by

Wang et al. evaluated the evidence for PGx labeling for

119 drugs based on clinical validity and clinical utility data

[66]. Among the eight drugs, they evaluated that are used

in cardiovascular disease, they found that only one drug,

clopidogrel, that had convincing clinical validity evidence,

while none demonstrated convincing clinical utility evi-

dence. The authors concluded that the inclusion of PGx

information in the drug label is premature in the absence of

clinical utility data.

Several centers have pushed forward toward clinical

implementation of drug-gene pairs, where the clinical

validity data are robust [67, 68•, 69]. The University of

Florida implemented CYP2C19 testing in 2012 for patient

undergoing PCI to guide antiplatelet therapy [70]. This was

performed initially as a research study, but with the

availability of test reimbursement, now constitutes standard

of care. Vanderbilt University [71•] performs preemptive

genotyping to guide management of antiplatelet agents,

anticoagulants, and statins, further described in the next

section. These efforts will inform the clinical utility of

genotype-guided therapy as implemented in clinical care.
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Operational Requirements

Implementation of a health-system wide PGx program

entails the cooperation of key administrative and clinical

stakeholders, including executive leaders, clinical lead-

ers, laboratory medicine, pharmacy, informatics, and

payers [72]. Prioritization of drug-gene pairs for

implementation based on clinical validity/utility data

requires input from clinical leaders, including physi-

cians, pharmacists, nurses, and physician assistants.

Laboratory medicine expertise is critical to conduct PGx

testing under Clinical Laboratory Improvements

Amendments (CLIA) requirements. The genotyping

approach may be reactive, performed at the time the test

result is needed, or preemptive, in advance of when the

result is needed. The preemptive approach may be the

most efficient and cost-effective approach for the future,

as 100 s of PGx variants can be ascertained at one time

and utilized over an individual’s lifetime [71•, 73].

Using preemptive PGx testing, Vanderbilt University has

incorporated PGx results into the electronic medical

record (EMR) for five established drug-gene pairs:

clopidogrel-CYP2C19, warfarin-CYP2C9/VKORC1, sim-

vastatin- SLCO1B1, thiopurines-TPMT, and tacrolimus-

CYP3A5 [71•]. Clinically actionable variants trigger the

necessary clinical decision support in the EMR to guide

drug selection and dosing. The most important advan-

tage to this approach is that the PGx result is available

at the most critical time point for prescription decision

making. This requires informatics support to integrate

the test result in the EMR with user-friendly clinical

decision support tools providing tailored drug and dos-

ing recommendations.

Reimbursement for PGx test results from preemptive

genotyping is of concern, as the administration of the

testing is not linked to a concrete diagnosis. In this case,

reactive genotyping may have the advantage, as it is per-

formed at the time, the test is needed and linked to a

specific diagnosis. However, there is still an ongoing need

to interface with payers to negotiate PGx test reimburse-

ment as well as additional costs that may arise from

switching to more expensive drug therapy, as indicated by

PGx test results.

A lack of provider knowledge regarding the interpreta-

tion and application of PGx has been documented [74–77].

Therefore, large-scale educational programs and tools

would be imperative before PGx would be adopted into

clinical practice. Learning resources and teaching tools are

available through the NIH Genetics/Genomics Competency

Center (http://g-2-c-2.org//) and the Global Genetics and

Genomics Community (http://g-3-c.org/en) for clinical and

healthcare educators.

Ethical, Legal, Social Implications of PGx testing

Genotyping from high-density genotyping arrays, and in

the future whole-genome sequencing, poses additional

ethical concerns, as a deluge of genetic data will be gen-

erated [78, 79]. Going forward the question will be not be

whether patients will be tested, but what information will

be provided, how it will be conveyed, and of course who

will pay [80, 81]. There is an ongoing debate regarding the

return of incidental findings to patients, which results are

considered ‘‘actionable’’ [79, 82, 83]. The Genetic Infor-

mation Nondiscrimination Act (GINA) offers certain pro-

tections against discrimination based on genetic

information; however, there are still existing loopholes in

the law, such as long-term care insurance, that need to be

addressed [84]. Issues of privacy and discrimination are of

concern to the public and providers alike and will impact

implementation of PGx into practice [77, 85, 86].

Future Challenges

Despite the advances in genomics, drug therapy is still

initiated and titrated based on a trial and error [87]. Phar-

macogenetic markers can enable a better prediction of drug

efficacy and toxicity. Early PGx studies of drug response

utilized a targeted approach, focusing on known drug

metabolism pathways, such as CYP2C9 and warfarin.

Genetic variants influencing drug dose or response to

warfarin, clopidogrel, and simvastatin were confirmed

using GWAS [36, 51, 88]. However, the application of

GWAS to the discovery of novel PGx makers has not been

straight forward [60, 89]. Some of the issues in applying

GWAS to identify variants linked to drug response include

heterogeneity in drug response phenotypes, finding suit-

able replication cohorts that have received similar drug

treatment and the large burden of multiple hypothesis

testing as most drug trials enroll smaller sample sizes as

compared to the hundreds of thousands of subjects ana-

lyzed in GWAS studies of disease risk [89, 90]. Identifi-

cation of PGx markers for beta blockers, thiazide diuretics,

and angiotensin-converting enzyme inhibitors for the

treatment of hypertension and heart failure has been on the

focus of intense research for the past two decades and the

reader is referred to recent reviews in this area [91–93].

Conclusions

The prevalence of CVD and the large numbers of patients

affected provide a large cohort at risk, where a scalable

PGx model can be implemented and effectiveness and cost-

effectiveness can be assessed. There are several examples,
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as discussed herein, where PGx testing may provide added

clinical value. Continued accumulation of evidence sur-

rounding clinical utility of PGx markers is imperative as

this will inform reimbursement policy and drive adoption

of PGx into routine care. Practical considerations, such as

integration of PGx into electronic health records, provider

education, and financial considerations, will need to be

addressed. The Precision Medicine Initiative is poised to

enable more genomic discoveries. Parallel efforts that

enable the implementation of these discovers in clinical

care are needed. Both are needed to optimize therapeutic

outcomes.
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