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Purpose. The current state of pharmacogenetic data curation and dis-
semination is described, and evidence-based resources for applying phar-
macogenetic data in clinical practice are reviewed. 

Summary. Implementation of pharmacogenetics in clinical practice has 
been relatively slow despite substantial scientific progress in understand-
ing linkages between genetic variation and variability of drug response 
and effect. One factor that has inhibited the adoption of genetic data to 
guide medication use is a lack of knowledge of how to translate genetic 
test results into clinical action based on currently available evidence. Other 
implementation challenges include controversy over selection of appropri-
ate evidentiary thresholds for routine clinical implementation of pharma-
cogenetic data and the difficulty of compiling scientific data to support 
clinical recommendations given that large randomized controlled trials to 
demonstrate the utility of pharmacogenetic testing are not feasible or are 
not considered necessary to establish clinical utility. Organizations such as 
the Clinical Pharmacogenetics Implementation Consortium (CPIC) and the 
Pharmacogenomics Knowledgebase (PharmGKB) systematically evaluate 
emerging evidence of pharmacogenomic linkages and publish evidence-
based prescribing recommendations to inform clinical practice. Both CPIC 
and PharmGKB provide online resources that facilitate the interpretation of 
genetic test results and provide prescribing recommendations for specific 
gene–drug pairs.

Conclusion. Resources provided by organizations such as CPIC and 
PharmGKB, which use standardized approaches to evaluate the literature 
and provide clinical guidance for a growing number of gene–drug pairs, are 
essential for the implementation of pharmacogenetics into routine clinical 
practice.
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The implementation of pharma-
cogenetic knowledge from the 

bench to the bedside has been rela-
tively slow despite a growing body 
of evidence that supports using se-
lect pharmacogenetic test results 
to optimize medication outcomes.1 
Controversy over the required level 
of evidence for use of pharmacoge-
netic test results for medication se-
lection and dosing is one factor that 
inhibits the routine application of 
pharmacogenetics in patient care. 

Another factor is a lack of knowl-
edge of how to translate genetic 
test results into clinical action.2 
Resources that provide evidence-
based recommendations pertaining 
to a growing number of gene–drug 
pairs are available. Here we de-
scribe the current state of curation 
and dissemination of pharmacoge-
netic evidence and evidence-based 
resources that facilitate the imple-
mentation of pharmacogenetic rec-
ommendations in clinical practice.
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Current practices in evaluation 
of pharmacogenetic evidence 

There are different perspectives re-
garding evidentiary thresholds for ap-
plying pharmacogenetic test results to 
patient care, taking into account clini-
cal utility and cost-effectiveness.3,4 For 
medications in general, recommen-
dations for medication dose adjust-
ments are routinely made with little 
or no evidence from large population-
based studies, often by extrapolating 
from strong mechanistic evidence 
for interpatient variability in drug re-
sponse (i.e., pharmacokinetic stud-
ies). Furthermore, drug resources 
and drug labeling often provide rec-
ommendations for dose adjustments 
based on renal function assessment; 
however, there is typically very little 
evidence from controlled studies to 
validate those recommendations.5 
There are many examples of pharma-
cogenetic variations that ultimately 
affect the pharmacokinetics of certain 
drugs (e.g., variations in the genes en-
coding cytochrome P-450 [CYP] iso-
zymes 2D6, 2C19, and 3A5); thus, ad-
justing doses using pharmacogenetic 
information is analogous to making 
dose adjustments according to un-
derlying renal function—adjustments 
for which randomized clinical trials to 
compile supportive data are neither 
practical nor indicated. 

In evaluating the pharmacogenet-
ics literature to make clinical deci-
sions, various perspectives should 
be considered and evidence stan-
dards must be defined. Although 
randomized controlled trials (RCTs) 
are recognized as the gold standard 
by which to evaluate the clinical util-
ity of a new drug, this study design is 
not ideal for measuring the benefit of 
pharmacogenetic testing, as clinically 
significant genetic variants are often 
present in only a small percentage of 
a given patient population. Further-
more, depending on the current body 
of evidence linking a genotype to drug 
response, RCTs in patients with spe-
cific genetic polymorphisms may be 
precluded on ethical grounds.6 For 
example, it would be unethical to as-

KEY POINTS
• The evidence threshold required 

for routine clinical implementa-
tion of pharmacogenetic data 
remains controversial.

• One barrier that inhibits up-
take of pharmacogenetics into 
routine clinical practice is the 
lack of knowledge of how to 
translate a genetic test into a 
clinical action based on current 
evidence. 

• Resources provided by orga-
nizations such as the Clinical 
Pharmacogenetics Implementa-
tion Consortium and the Phar-
macogenomics Knowledgebase 
that use standardized approach-
es to evaluate the literature and 
provide clinical guidance are es-
sential for the implementation of 
pharmacogenetics into routine 
clinical practice.

sign patients who are homozygous for 
nonfunctional variants of the thiopu-
rine S-methyltransferase gene (TPMT) 
to receive normal versus reduced 
doses of thiopurines, as the mecha-
nism of TPMT variation is related to 
pharmacokinetics and it is known that 
normal doses of the drugs could result 
in lethal toxicity. Therefore, alternative 
study designs are often necessary to 
explore the clinical utility of pharma-
cogenetic testing.7 

One drug for which RCTs have 
been conducted to assess the clini-
cal utility of pharmacogenetic test-
ing is warfarin.8,9 Genetic variants in 
VKORC1, the gene that codes for war-
farin’s target (a vitamin K epoxide re-
ductase involved in blood clotting), as 
well as variants of CYP2C9, the gene 
coding for the enzyme principally re-
sponsible for S-warfarin metabolism, 
are associated with increased sen-
sitivity to warfarin.10 The European 
Pharmacogenetics of Anti-coagulant 

Therapy (EU-PACT) trial indicated 
that patients who initially received 
pharmacogenetics-based warfarin 
dosing were more likely to be in the 
therapeutic International Normalized 
Ratio (INR) range than patients who 
initially received standard warfarin 
dosing.8 In contrast, however, the Clar-
ification of Optimal Anticoagulation 
through Genetics (COAG) trial indicat-
ed that genotype-guided warfarin dos-
ing did not improve anticoagulation 
control when compared with a non–
genotype-based dosing algorithm con-
taining other clinical variables and was 
associated with decreased time in the 
therapeutic INR range among African-
American patients.9 

These RCTs ignited a conversation 
about the clinical utility of genotype-
guided warfarin therapy and prompt-
ed a critical evaluation of the studies’ 
methods and generalizability.11,12 For 
example, one critique of the COAG tri-
al was that the patients involved were 
in a controlled study environment and 
could be closely monitored through 
frequent INR determinations (which 
is not always the case in a real-world 
setting), potentially masking a benefit 
of initial pharmacogenetic dosing. In 
addition, in the COAG trial genotype-
guided dosing was compared with 
dosing based on a complex clinical al-
gorithm, which is not the standard of 
care. The EU-PACT study population 
was nearly 99% Caucasian, in con-
trast to the COAG study population, 
which was more diverse (one third of 
participants were black). With respect 
to the worse outcomes observed in 
African-American patients receiving 
genotype-based dosing in the COAG 
trial, experts were quick to point out 
that relevant genetic variants common 
in the African-American population 
that result in increased warfarin sensi-
tivity were not accounted for and likely 
explained the outcome difference.13 
Despite the many strengths of an RCT, 
the COAG and EU-PACT trials high-
lighted some key limitations that must 
be considered in the broader context of 
the current state of pharmacogenetic 
knowledge. 
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Due to the challenges of perform-
ing pharmacogenetic RCTs (e.g., the 
high numbers of participants needed, 
ethical and cost issues), knowledge 
must be derived from non-RCT sourc-
es such as observational studies (e.g., 
case reports, cross-sectional studies, 
case-controlled studies) and phar-
macokinetic and pharmacodynamic 
studies, including in vivo and in vitro 
studies, aimed at linking drug effects 
to genetic variation. Although obser-
vational studies are more susceptible 
to bias, these studies offer advantages 
over RCTs for studying pharmaco-
genetic associations, including the 
ability to compare larger numbers of 
subjects at a lower cost and with few 
ethical concerns. 

At this time, implementing phar-
macogenetics and genomic medicine 
often requires a strategic commitment 
from the healthcare organization, and 
pharmacists are well positioned to 
lead implementation efforts.14-16 In 
this context, pharmacogenetic test-
ing can be viewed as a patient safety 
strategy, and the evidence for the use 
of pharmacogenetic testing can be 
compared with the evidence thresh-
old needed for other safety strategies 
that an organization pursues. Other 
medication safety technologies are 
becoming widely used without RCT 
evidence, and persuasive arguments 
have been made for implementing 
patient safety interventions with-
out waiting for RCTs.17 For example, 
many hospitals have invested in 
smart infusion pumps, and this tech-
nology is now common. A 2013 evi-
dence assessment from the Agency 
for Healthcare Research and Quality 
(AHRQ) indicated that the strength 
of evidence for the effectiveness of 
smart pumps is low, and no RCTs 
were mentioned.18 With this level of 
evidence, smart infusion pumps are 
appropriately becoming widely used 
to improve medication safety, and the 
expense is justified.

Evidence-based resources 

Over the past decade, advances 
have been made in synthesizing evi-

dence to guide the use of pharmaco-
genetic data in patient care. In 2008 
and 2011, the Dutch Pharmacogenet-
ics Working Group (DPWG) provided 
a listing of pharmacogenetics recom-
mendations.19,20 While such a com-
prehensive list was useful, the level-
of-evidence reviews for the targeted 
gene–drug pairs were limited. Since 
the creation of the Clinical Pharmaco-
genetics Implementation Consortium 
(CPIC) in 2009, there is now more de-
tailed gene–drug guidance available 
to assist clinicians in interpreting a 
genetic test result and altering therapy 
based on that result.21 Each guideline 
group uses different evidence evalua-
tion methodology. Level-of-evidence 
definitions used in the Pharmacoge-
nomics Knowledgebase (PharmGKB, 
Stanford University, Palo Alto, CA),22 
by CPIC23 and DPWG,19 and in the 
Centers for Disease Control and Pre-
vention’s Evaluation of Genomic Ap-
plications in Practice and Prevention 
initiative24 are available from open-
access resources. 

CPIC. CPIC was established as a 
shared project of PharmGKB25 and 
the Pharmacogenomics Research Net-
work (PGRN)26 to address the need for 
clinical practice guidelines that facili-
tate the translation of genetic labora-
tory test results into actionable pre-
scribing recommendations for specific 
drugs. PharmGKB is a National Insti-
tutes of Health (NIH)–funded compre-
hensive online resource established in 
2000 and managed by a scientific team 
at Stanford University that collects, 
curates, and disseminates knowledge 
about the impact of human genetic 
variation on drug responses.25 PGRN, 
also founded in 2000 and funded by 
NIH, is a group of investigators who 
lead research in the discovery of how 
genomic variation affects therapeutic 
and adverse drug effects.27 The CPIC 
membership now includes over 160 
pharmacogenetics experts (clinicians 
and scientists) from 86 institutions 
and 16 countries as well as multiple 
observers from NIH and the Food and 
Drug Administration (FDA). To date, 
CPIC has published 19 gene–drug 

guidelines,16,23,27-47 6 of which were re-
cently updated.

CPIC guidelines are designed to 
help clinicians understand how avail-
able genetic test results should be used 
to optimize drug therapy—not wheth-
er ordering a genetic test is appropri-
ate. This is an important distinction 
that separates CPIC guidelines from 
other disease-specific guidelines that 
address pharmacogenetic testing. For 
example, CPIC’s guideline regarding 
the CYP2C19 gene and clopidogrel 
use offers genotype-based clopido-
grel prescribing recommendations for 
patients with a known CYP2C19 geno-
type.39 In contrast, the American Col-
lege of Cardiology (ACC) Foundation, 
the American Heart Association (AHA) 
Task Force on Practice Guidelines, 
and the Society for Cardiovascular 
Angiography and Interventions rec-
ommended against routine CYP2C19 
genotyping in a joint 2011 guideline 
on percutaneous coronary interven-
tion, as did AHA and ACC in a joint 
2014 guideline on the management of 
patients with non-ST-elevation acute 
coronary syndromes.48,49 The under-
lying assumption governing CPIC 
guidelines is that genomic testing re-
sults will increasingly be available and 
clinicians will be faced with having a 
patient’s relevant pharmacogenetic 
genotype available even if they did 
not order a test with a specific gene or 
drug in mind. Therefore, the question 
will become not whether to test but 
how to effectively use the pharmaco-
genetic information that is becoming 
increasingly available. 

As described by Caudle et al.,23 
CPIC guidelines closely follow the 
National Academy of Medicine’s 
“Standards for Developing Trustworthy 
Clinical Practice Guidelines” and are 
created through established methods 
of guideline development, including 
rigorous literature review and grad-
ing of the scientific literature, solici-
tation of input from a writing com-
mittee of clinicians and researchers 
with expertise in the guideline sub-
ject, presentation of guidelines in a 
standard format, and the use of an 
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extensive presubmission and post-
submission peer review and ap-
proval process. CPIC guidelines also 
meet the strict criteria for inclusion 
in AHRQ’s National Guideline Clear-
inghouse (www.guidelines.gov). The 
American Society of Health-System 
Pharmacists (ASHP) has endorsed 
seven CPIC guidelines to date50 and is 
in the process of reviewing additional 
CPIC guidelines for potential endorse-
ment. The American Society of Clini-
cal Pharmacology and Therapeutics 
has endorsed the CPIC guideline 
development process, and endorse-
ment review of individual guidelines 
is underway. CPIC guidelines are 
freely available at the websites of CPIC 
(www.cpicpgx.org) and PharmGKB 
(www.pharmgkb.org) and at PubMed 
Central. 

CPIC guidelines provide the infor-
mation a clinician needs to translate 
patient-specific diplotypes for each 
gene into clinical phenotypes (e.g., 
CYP2C19 poor metabolizer) or drug 
prescribing groups (e.g., HLA-B*15:02 
positive, indicating susceptibility to 
serious carbamazepine-induced ad-
verse effects due to carriage of a spe-
cific allele of the gene coding for hu-
man leukocyte antigen B) and provide 
therapeutic recommendations based 
on these predicted phenotypes or 
groupings. Various methods of phe-
notype and allele function assignment 
have been described in the literature, 
but CPIC has recently led an effort to 
establish standardized terminology.23 
Each guideline contains tables that 
assign likely functions to relevant al-
leles and phenotypes, and a compre-
hensive table that defines all pheno-
types for all possible diplotypes (e.g., 
there are 6668 combinations for the 
gene encoding CYP2D6) is available 
from PharmGKB. The text of each 
CPIC guideline also includes (1) back-
ground information for both the gene 
and the drug, (2) information regard-
ing the interpretation of the applica-
ble genetic test, (3) incidental findings 
(i.e., diseases or conditions that have 
or have not been linked to variation 
of the gene regardless of medication 

use), (4) other considerations for criti-
cal issues about the gene or drug, (5) 
a description of the evidence link-
ing genetic variability to variability in 
drug-related phenotypes, and (6) po-
tential patient benefits and harms of 
using the drug (e.g., the toxicities or 
adverse reactions that may be avoided 
by pharmacogenetic-based dosing), 
as well as any potential risks associ-
ated with incidental findings or use 
of alternative drugs or dosing (e.g., 
differences in efficacy). Of course, the 
main purpose of each guideline is the 
therapeutic recommendation, which 
is based on the current level of evi-
dence for the gene–drug pair and for 
alternative therapies.

CPIC’s therapeutic recommenda-
tions are based on assessing the evi-
dence from a combination of preclini-
cal functional data and clinical data as 
well as existing consensus guidelines 
(if available).23 Examples of the types 
of evidence reviewed include but are 
not limited to “randomized clinical 
trials with pharmacogenetic-based 
prescribing versus dosing not based 
on genetics, pre-clinical and clinical 
studies demonstrating that drug ef-
fects or concentration are linked to 
functional pharmacogenetic loci, case 
studies associating rare variants with 
drug effects, in vivo pharmacokinetic/
pharmacodynamics studies for drug or 
reference drug plus variant type, and in 
vitro metabolic and/or transport ca-
pacity for the drug plus variant type.”23 
If available, evidence evaluating the 
outcomes reported when prescribing 
was altered based on genetic testing 
is included. As stated previously, for 
most gene–drug pairs, RCTs compar-
ing clinical outcomes of genotype-
guided versus conventional dosing are 
not available. Furthermore, evidence 
related to the appropriateness of alter-
native medications or dosing that may 
be used on the basis of genetic testing 
data must be weighed in assigning 
the strength of the recommendation. 
Overall, the therapeutic recommen-
dations are simplified to allow rapid 
interpretation by clinicians and are 
presented in a guideline table or, oc-

casionally, in an algorithm. To assign a 
strength rating to a recommendation, 
CPIC uses a transparent three-category 
system.17,23 Therapeutic recommenda-
tions are graded as strong if “the evi-
dence is high quality and the desirable 
effects clearly outweigh the undesir-
able effects,” as moderate when “there 
is a close or uncertain balance” as to 
whether the evidence is of high qual-
ity and the desirable effects clearly 
outweigh the undesirable effects, or 
as optional when “the desirable effects 
of pharmacogenetic-based dosing are 
closely balanced with undesirable ef-
fects and there is room for differences 
in opinion as to the need for the rec-
ommended course of action.” Each 
recommendation also includes an as-
sessment of its usefulness in pediatric 
patients.23

With community and member 
feedback, CPIC has learned that there 
is a critical need to classify gene–drug 
groupings into those that are likely ac-
tionable versus nonactionable and to 
develop gene–drug guidelines beyond 
those that contain strong prescribing 
recommendations. CPIC now classi-
fies gene–drug pairs at levels A, B, C, 
and D (Figure 1; Table 1). As gene test 
results pertaining to drugs subject to 
strong or moderate-strength recom-
mendations (CPIC level A guidelines) 
are placed into patients’ medical rec-
ords, clinicians are faced with decid-
ing how the same test results should 
be used in relation to other prescribed 
drugs for which there may be substan-
tial pharmacogenetic literature refer-
ences or even clinical laboratory inter-
pretations but for which prescribing 
actions are deemed optional (CPIC 
level B) or are not recommended 
(CPIC level C). Definitive recommen-
dations on lack of actionability can be 
just as useful to the clinician as rec-
ommendations on actionability. There 
are a few examples of non-CPIC gene–
drug pairings that are marketed by 
companies or advocated for testing 
in the literature but are not deemed 
by CPIC to be actionable. In these 
cases, clinicians also need an unbi-
ased and well-referenced guidance, 
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Figure 1. Pharmacogenomics Knowledgebase (PharmGKB) initial prioritization considerations for new gene–drug groups. 
Level-of-evidence assignments may change over time as evidence and experience accumulate. CPIC = Clinical Phar-
macogenetics Implementation Consortium, FDA = Food and Drug Administration. Flowchart used with permission of 
PharmGKB. PharmGKB is a registered trademark of the U.S. Department of Health and Human Services and is financially 
supported by the National Institute of General Medical Sciences, part of the National Institutes of Health. PharmGKB is 
managed at Stanford University. 

New gene(s) or drug(s)

Gene already subject to CPIC guideline Gene not yet subject to CPIC guideline

Actionable in Dutch or 
other professional society 

guidelines

Nominated by CPIC 
member or outside 

advocate (e.g., by FDA for 
labeling purposes)

Mentioned in professional 
society guidelines but not 

actionable

Evaluate alternatives, evidence
Evaluate alternatives, evidence, degree of testing

PharmGKB annotation  
level 1A, 1B, 2A, or 2B

CPIC level A or B:
Prescribing action  

recommended; alternative 
therapies or dosing are highly  
likely to be effective and safe

CPIC level C:
No prescribing action 

recommended; alternatives 
are unclear, but testing is 

common

CPIC level D:
(PharmGKB annotation)

No prescribing action 
recommended; alternatives are 

unclear or evidence is weak; 
testing is rare or nonexistent

based on standardized criteria, to as-
sist in decision-making and provide 
the basis for not changing prescrib-
ing based on test results. In the CPIC 
prioritization process, level D gene–
drug associations are those for which 
“there are few published studies . . . 
little mechanistic basis, mostly weak 
evidence, or substantial conflicting 
data”; CPIC deems that guidelines 
are not currently warranted for these 
gene–drug pairs (which are generally 
annotated on the PharmGKB as clini-
cal annotations). It should be noted 
that the listing of gene–drug pairs 
and their assignment to guideline 
levels on CPIC’s website are based on 
current evidence; the process is dy-
namic, and genes and drugs may be 
added or CPIC levels may be changed 
in response to new evidence or avail-
able testing options. 

PharmGKB. Like CPIC, Pharm-
GKB uses an evidence-based, tiered 
system of grading pharmacogenetic 
associations.22 An annotated pharma-
cogenetic summary of FDA-approved 
labeling information and correspond-
ing information developed by the Eu-
ropean Medicines Association, Japan’s 
Pharmaceuticals and Medical Devices 
Agency, and Health Canada (Santé 
Canada) can also be found on the 
PharmGKB website. 

PharmGKB’s scientific curators an-
notate published literature on “variant-
drug combinations,” capturing infor-
mation such as statistical significance, 
population size, and association type 
(e.g., drug efficacy, toxicity). Cura-
tors group together like associations 
across publications and summarize 
the impact of each genotype on the 
drug phenotype in what PharmGKB 

calls clinical associations. Each clini-
cal association is assigned a level-
of-evidence definition to indicate 
the strength of the literature support 
and, therefore, confidence in the as-
sociation, as determined by Pharm-
GKB curators. 

PharmGKB evidence level as-
signments range from 1A (high-
est strength) for “annotation[s] for 
variant-drug combinations in a CPIC 
or medical society-endorsed phar-
macogenetics guidelines, or imple-
mented at a PGRN site or in another 
major health system” to level 4 (lowest 
strength) for “annotation[s] based on 
a case report, non-significant study or 
in vitro, molecular or functional assay 
evidence only.” The assignment of an 
evidence level is based on several cri-
teria, including replication of the as-
sociation, statistical parameters, and 
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Table 1. Clinical Pharmacogenetics Implementation Consortium (CPIC) Level Definitions for Genes and Drugsa

CPIC 
Level Clinical Context Level of Evidence Strength of Recommendation

A Genetic information should be used to change 
prescribing of affected drug

Preponderance of evidence is 
high or moderate in favor of 
changing prescribing

At least one moderate or strong 
action (change in prescribing) 
recommended.

B Genetic information could be used to change 
prescribing of affected drug because 
alternative therapies/dosing are extremely 
likely to be as effective and as safe as non-
genetically based dosing

Preponderance of evidence is 
weak with little conflicting 
data

At least one optional action 
(change in prescribing) is 
recommended.

C There are published studies at varying levels 
of evidence, some with mechanistic 
rationale, but no prescribing actions are 
recommended because (a) dosing based on 
genetics convincingly makes no difference 
or (b) alternatives are unclear, possibly 
less effective, more toxic, or otherwise 
impractical. Most important for genes that 
are subject of other CPIC guidelines or genes 
that are commonly included in clinical or 
direct-to-consumer tests.

Evidence levels can vary No prescribing actions are 
recommended.

D There are few published studies, clinical actions 
are unclear, little mechanistic basis, mostly 
weak evidence, or substantial conflicting 
data. If the genes are not widely tested for 
clinically, evaluations are not needed.

Evidence levels can vary No prescribing actions are 
recommended.

aUsed with permission from PharmGKB. PharmGKB® is a registered trademark of the U.S. Department of Health and Human Services and is 
financially supported by the National Institute of General Medical Sciences, part of the National Institutes of Health; it is managed at Stanford University.

Table 2. Strength of Pharmacogenetic Evidence, Labeling Information, and Guidelines for Selected Gene–Drug 
Pairsa

Geneb Drug
PharmGKB Clinical 
Association Levelc FDA Labeling Informationd

CPIC 
Guideline 

(Reference or 
Status)

CFTR Ivacaftor 1A Genetic testing required 53

CYP2C19 Amitriptyline 1A NA 36

CYP2C19 Clopidogrel 1A Genetic testing recommended 39

CYP2C19 Doxepin 3 Actionable pharmacogenetics 36

CYP2C19 Imipramine 2A NA 36

CYP2C19 Trimipramine 2A NA 36

CYP2C19 Voriconazole 2A Actionable pharmacogenetics In development

CYP2C19 Citalopram 1A Actionable pharmacogenetics 46

CYP2C19 Escitalopram 1A NA 46

CYP2C9 Phenytoin 1B NA 23

CYP2C9 Warfarin 1A Actionable pharmacogenetics 28

CYP2D6 Amitriptyline 1A Actionable pharmacogenetics 36

CYP2D6 Codeine 1A Actionable pharmacogenetics 31

CYP2D6 Desipramine 1A Actionable pharmacogenetics 36

Continued on next page
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Table 2. Strength of Pharmacogenetic Evidence, Labeling Information, and Guidelines for Selected Gene–Drug 
Pairsa

Geneb Drug
PharmGKB Clinical 
Association Levelc FDA Labeling Informationd

CPIC 
Guideline 

(Reference or 
Status)

CYP2D6 Doxepin 1A Actionable pharmacogenetics 36

CYP2D6 Fluvoxamine 1A Informative pharmacogenetics 46

CYP2D6 Imipramine 1A Actionable pharmacogenetics 36

CYP2D6 Nortriptyline 1A Actionable pharmacogenetics 36

CYP2D6 Paroxetine 1A Informative pharmacogenetics 46

CYP2D6 Tamoxifen 2A NA In development

CYP2D6 Tramadol 1B Actionable pharmacogenetics 42

CYP2D6 Trimipramine 1A Actionable pharmacogenetics 36

CYP3A5 Tacrolimus 1A NA 47

DPYD Capecitabine 1A Actionable pharmacogenetics 34

DPYD Fluorouracil 1A Actionable pharmacogenetics 34

DPYD Tegafur 1A NA 34

G6PD Rasburicase 1A Genetic testing required 27

HLA-B Abacavir 1A Genetic testing required 32, 43

HLA-B Allopurinol 1A NA 16, 35

HLA-B Carbamazepine 1A Genetic testing required 37

HLA-B Phenytoin 1A Actionable pharmacogenetics 23

IFNL3 Peg interferon alfa-2b 1A Actionable pharmacogenetics 44

SLCO1B1 Simvastatin 1A NA 33

TPMT Azathioprine 1A Genetic testing recommended 29

TPMT Mercaptopurine 1A Genetic testing recommended 29

TPMT Thioguanine 1A Actionable pharmacogenetics 29

UGT1A1 Atazanavir 1A NA 45

UGT1A1 Irinotecan 2A Actionable pharmacogenetics Planned

VKORC1 Warfarin 1A Actionable pharmacogenetics 28
aPharmGKB = Pharmacogenomics Knowledgebase, FDA = Food and Drug Administration, CPIC = Clinical Pharmacogenetics Implementation 

Consortium, CFTR = gene encoding cystic fibrosis transmembrane conductance regulator; CYP2C19 = gene encoding cytochrome P-450 family 
2 subfamily C member 19; NA = not applicable; CYP2C9 = gene encoding cytochrome P-450 family 2 subfamily C member 9; CYP2D6 = gene 
encoding cytochrome P-450 family 2 subfamily D member 6; CYP3A5 = gene encoding cytochrome P-450 family 3 subfamily A member 5; DPYD 
= gene encoding dihydropyrimidine dehydrogenase; G6PD = gene encoding glucose-6-phosphate dehydrogenase; HLA-B = gene encoding major 
histocompatibility complex, class I, B; IFNL3 = gene encoding interferon, lambda 3; SLCO1B1 = gene encoding solute carrier organic anion trans-
porter family member 1B1; TPMT = gene encoding thiopurine S-methyltransferase; UGT1A1 = gene encoding UDP glucuronosyltransferase family 1 
member A1; VKORC1 = gene encoding vitamin K epoxide reductase complex subunit 1.

bAssigning CPIC levels to genes and drugs and grouping together genes and drugs for planned CPIC guidelines are dynamic processes that are 
continually updated. CPIC levels are ultimately decided by the guideline writing committees, who may modify dosing recommendations only after a 
detailed review of the evidence for genes and drugs. This list was current as of November 2015. The list posted on PharmGKB is the most current 
list (www.pharmgkb.org/cpic/pairs).

cPharmGKB Clinical Annotation Levels of Evidence as defined at www.pharmgkb.org/page/clinAnnLevels.
dFDA label categories created and assigned by PharmGKB, defined at www.pharmgkb.org/page/drugLabelLegend#PGxLevel.

Continued from previous page
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population size. The evidence level for 
a clinical annotation can change over 
time as new studies are published. As-
sociation evidence may accumulate as 
new literature is annotated by Pharm-
GKB curators and the corresponding 
clinical annotations are reevaluated. If 
the clinical annotation meets the cri-
teria for a higher level of evidence, the 
curator adjusts the level; conversely, 
a preliminary association may not be 
replicated by future studies, and so 
the level of evidence is adjusted down-
ward. Therefore, level-of-evidence as-
signment is dynamic.

Organizations such as CPIC and 
PharmGKB that use standardized ap-
proaches to evaluate the literature are 
becoming important to other geno-
mics and precision medicine databas-
es such as ClinGen51 and ClinVar,31,52 
which are central resources that define 
the clinical relevance of a gene and 
variants. These types of relationships 
unite a relatively new field in develop-
ing new standards for clinical phar-
macogenetic evidence review and 
the description of gene and variant 
functionality—both requirements for 
implementation into clinical practice. 
A summary of current CPIC guidelines 
and PharmGKB annotations can be 
found in Table 2.

Controversy over the appropriate 
evidentiary threshold for routine clini-
cal implementation of pharmacogenet-
ics persists, and the level of evidence 
required to mandate the ordering of ge-
netic tests may differ from the level re-
quired for clinicians to act preemptively 
on available genetic test results. 

Conclusion

Resources provided by organiza-
tions such as CPIC and PharmGKB, 
which use standardized approaches 
to evaluate the literature and provide 
clinical guidance for a growing num-
ber of gene–drug pairs, are essential 
for the implementation of pharmaco-
genetics into routine clinical genetic 
test results.
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