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Abstract
Pharmacogenomics is a tool for practitioners to provide precision pharmacotherapy using genomics. All providers
are likely to encounter genomic data in practice with the expectation that they are able to successfully apply it to
patient care. Pharmacogenomics tests for genetic variations in genes that are responsible for drug metabolism,
transport, and targets of drug action. Variations can increase the risk for drug toxicity or poor efficacy.
Pharmacogenomics can, therefore, be used to help select the best medication or aid in dosing. Nephrologists
routinely treat cardiovascular disease and manage patients after kidney transplantation, two situations for which
thereare severalhigh-evidenceclinical recommendations forcommonlyusedanticoagulants, antiplatelets, statins,
and transplant medications. Successful use of pharmacogenomics in practice requires that providers are familiar
with how to access and use pharmacogenomics resources. Similarly, clinical decisionmaking related towhether to
use existing data, whether to order testing, and if data should be used in practice is needed to deliver precision
medicine. Pharmacogenomics is applicable to virtually every medical specialty, and nephrologists are well
positioned to be implementation leaders.
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Introduction
Few medical interventions are as accessible to the
clinician as pharmacotherapy. However, interpa-
tient variability in drug pharmacokinetics (absorp-
tion, metabolism, distribution, and elimination) and
pharmacodynamics (concentration-effect relationships)
challenges drug selection and dosing (1). Precision
medicine, driven by advances in genomics technology,
promises a means to mitigate these unpredictable med-
ication responses. Nephrologists have been cham-
pions of the use of biomarkers to tailor medication
dosing for decades with their use of measurements, like
creatinine clearance, to estimate kidney function (2).
Combined with other measures, such as weight, age,
and population-based nomograms, most nephrologists
are already using precision medicine routinely in daily
practice.

Despite efforts to incorporate tailored dosing, an
estimated 2.2 million adverse drug reactions occur in
the United States annually, and medication efficacy
rates vary considerably (3). Difficulty in predicting
medication response has led to the paradigm of
frequent dose titration and iteration among medica-
tions. Collectively, these place a significant burden
on the patient, the provider, and the health care sys-
tem. One potential solution is the use of individual
genomic data to guide prescribing, which is termed
pharmacogenomics (4).

Rather than a one size fits all dosing, pharmaco-
genomics may enable a priori identification of which
patients are likely to experience therapeutic failure
or toxicity, leading to individualized pharmacotherapy

(Figure 1). The past two decades have yielded a rapid
influx of genomic data, with over 20,000 new phar-
macogenomics citations in PubMed, in excess of 3500
gene-drug variant associations reported, and nearly
200 medications with pharmacogenomics informa-
tion in their Food and Drug Administration (FDA)–
approved drug product labeling (5,6). Common
genetic variations predict activity of drug-metabolizing
enzymes, drug affinity for treatment targets, and risk
for immune reaction to medications among others
(7,8). Furthermore, a number of medical centers have
implemented clinical pharmacogenomics services
and are providing new solutions to complement
biometric-based dosing and clinician judgement to
deliver more precision prescribing (9). As this area
has grown, pharmacogenomics has transitioned
from single gene/variant and drug response associa-
tions (originally coined as “pharmacogenetics”) to a
broader analysis of multiple genetic variants from
many genes and environmental factors to personalize
medication therapy (10). Figure 2 describes the growth
and transition of pharmacogenomics over the past 38
years.
In this review, we provide an overview of the clin-

ical use of pharmacogenomics, focusing on spe-
cific medications highly relevant to the nephrologist.
The scientific basis for pharmacogenomics, decision-
making processes for using pharmacogenomics in
practice, and clinician-friendly pharmacogenomics
resources will be presented. Finally, we will discuss
the current state of pharmacogenomics research to
highlight emerging concepts.
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Science of Pharmacogenomics as a Driver of
Medication Response Variability
Consider the following patient who illustrates the po-

tential of pharmacogenomics. J.H., a 60-year-old black
man with a history of ESKD, received a kidney transplant
last month. He was started on 0.2 mg/kg per day tacro-
limus, and over the past 2 weeks in the hospital, he has
been titrated up to 0.6 mg/kg per day; however, his most
recent tacrolimus trough level is subtherapeutic at 2 ng/ml.
Today, he has severe flank pain and is showing signs of
severe acute rejection. Ultimately, J.H. suffers from allograft
loss and is reinitiated on hemodialysis. The monthly quality
improvement meeting concludes that his acute rejection
may have been averted with more aggressive immuno-
suppression and possibly, a higher tacrolimus starting
dose but that the titration was in line with best practice.
Nothing that was known of J.H. indicated that he would

need an increased dose of tacrolimus to obtain therapeutic
concentrations, but you wonder if there is a method for
predicting patients, like J.H., a priori.
Humans carry 23 pairs of chromosomes inherited from

the maternal and paternal lineage to make up the genome.
With the exception of sex chromosomes, we, therefore,
have two copies of every gene. An allele refers to a single or
multiple nucleotides on a single chromosome, which may
be notated as the actual nucleotide (i.e., ATCG) or as an
abstracted representation of the nucleotide(s) (e.g., star
alleles). If at a given genomic position, two alleles are the
same, then the person would be homozygous at that par-
ticular position, and if the alleles are different, they are het-
erozygous. Like many patients of African ancestry, J.H.
carried a single-nucleotide polymorphism (SNP), a single-
nucleotide base change, on both copies at marker rs776746 on
his seventh chromosome. At this position, about 90% of whites

Figure 1. | Individualized therapy through pharmacogenomics may predict patients who should receive a different dose or alternative
medication. (A) Shows how a conventional one size fits all dosing model may lead to patients with therapeutic failure, drug toxicity, or both
(purple shaded). (B) In contrast, shows that a pharmacogenomics-guided dosing model may allow prediction of more appropriate dose or drug
alternatives.
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have a cytosine on both chromosomes (two “C” alleles, the
“C/C” genotype, termed CYP3A5 *3/*3), whereas nearly 50%
of individuals with African ancestry carry thiamine on both
chromosomes (two “T” alleles, “T/T” genotype, termed
CYP3A5 *1/*1) (11). From this star alleles nomenclature, we
can predict a clinically useful phenotype, which results from
interactions between the genotype and the environment. For
example, a person with CYP3A5 *3/*3 does not express the
CYP3A5 protein and is thus called a “poor metabolizer,”
whereas a person with CYP3A5 *1/*1 alleles does express
the CYP3A5 protein and is called a “normal metabolizer.”
In the case of both (e.g., CYP3A5 *1/*3), the person has an
intermediate phenotype and is called an “intermediate
metabolizer” (12). For reference, a list of commonly used
pharmacogenomics alleles in this paper and their corre-
sponding genetic variations are included in Table 1.
CYP3A5 is a member of the cytochrome p-450 enzyme

system. It catalyzes the oxidation of tacrolimus to inactive
metabolites (12). Patients who express CYP3A5 tend to
require higher than usual tacrolimus doses to reach
therapeutic concentrations (13). If J.H.’s CYP3A5 status

was known at the initiation of therapy, then a more
informed decision about tacrolimus dosing could be
made. Knowing basic genetic information requires that
clinicians recognize individual variability early in clinical
care. This point is further illustrated in Figure 3, showing
how unrecognized subpopulations may be unmasked by
pharmacogenomics. In this situation, the theoretical me-
dian dose requirements may vary widely between these
subpopulations and the ungenotyped aggregate.

Pharmacogenomics Resources
Easily accessible web resources are available to the

clinician to help interpret pharmacogenomics information.
These include data aggregation sites, evidence-based clin-
ical guidelines, and regulatory data (14). Pharmacogeno-
mics information may be found in the FDA-approved
prescribing information, although these data may appear
in different sections (e.g., dosing information, clinical
pharmacology, etc.) (6). The Pharmacogenomics Knowl-
edge Base (www.pharmgkb.org/) is a comprehensive

Figure 2. | The rise of pharmacogenomics is evident from the growth in genomic technology and the use of multiple genes and variants to
understand drug response. Numbers of citations indexed in PubMed that contain the words “pharmacogenetics” (red) and “pharmacoge-
nomics” (blue), excluding review papers, and normalized to the average number of total yearly citations in PubMed. The black line shows the
cumulative number of published guidelines by the Clinical Pharmacogenetics Implementation Consortium (CPIC). These show the perspective
change from studying the effect of a single gene variantwith a large effect size on drug response (pharmacogenetics) to the effect ofmanygenetic
variants on many drugs (pharmacogenomics). This transition from the “etic” to “omic” terminology that began in the late 1990s signaled the
beginning of precision medicine with pharmacogenomics. PGRN, Pharmacogenomics Research Network; PharmGKB, Pharmacogenomics
Knowledge Base.
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annotated pharmacogenomics resource that includes clinical
guidelines, FDA labeling, and pharmacogenomics-related
pathways (5). Organizations that compile pharmacogeno-
mics evidence to develop clinical guidelines include the
Clinical Pharmacogenetics Implementation Consortium
(CPIC; www.cpicpgx.org) and the Dutch Pharmacogenetics
Working Group (15). The CPIC was created to overcome
implementation barriers by developing standardized clinical
pharmacogenomics guidelines. Over 20 guidelines have been
published since 2012, and they are publicly available to aid
clinicians in translating genetic laboratory test results into
actionable prescribing decisions (16).

Clinical Pharmacogenomics for the Nephrologist
In the following sections, drug-gene pairs with clinical

guidelines and a high level of evidence in conditions
commonly treated by the nephrologist are presented. The
focus is on cardiovascular disease and transplantation
versus an exhaustive list of drugs and genes. Readers are
encouraged to investigate the primary literature described
herein as a means to further learn about pharmacogeno-
mics in relevant therapeutic areas. A summary of the gene-
drug pairs and clinical guidelines discussed is provided in
Table 2.

Cardiovascular Disease
Cardiovascular disease is a leading cause of death for

patients suffering from CKD. Hallmarks of cardiovascular

disease secondary to CKD are cardiac remodeling, athero-
sclerosis, and arteriosclerosis (17). Pharmacogenomics of
cardiovascular disease is an active area of research and
clinical implementation, with evidence-based guidelines
for antiplatelets, anticoagulation, and hyperlipidemia
(16,18,19).

Antiplatelet Agents and Anticoagulants
Warfarin. Warfarin is a vitamin K antagonist that in-

hibits coagulation by inhibiting the formation of coagu-
lation factors II, VII, IX, and X and proteins C and S (20). It
is a narrow therapeutic index drug with high interpatient
variability and a delayed time to action (i.e., dose changes
are not reflected in laboratory values for approximately
72 hours) (21). Frequent monitoring of the international
normalized ratio (INR) over days to weeks is needed to
determine the right dose. Patients with impaired kidney
function are further known to require lower dosages of
warfarin, have worse control of anticoagulation, and are
at a higher risk for major hemorrhage (22).
Warfarin pharmacokinetics and pharmacodynamics are

affected by multiple genotypes. Genetic variations affecting
CYP2C9 and CYP4F2 metabolism and VKORC1 sensitivity
are known to predict the dose needed to attain optimal
anticoagulation (a therapeutic INR) but are not without
controversy (23). In 2013, divergent clinical trial results
significantly diminished enthusiasm for routine warfarin
pharmacogenomics in all patients. Although the European
Pharmacogenetics of Anticoagulation Therapy Study
showed that use of a pharmacogenomics algorithm

Figure 3. | Simulated dosing data for drug X after patient titration to
effect shows distinct subpopulations based on genetics. A shows the
distribution of total daily dose among the aggregate population,
suggesting a mostly normal distribution of doses. B shows population
substructure on the basis of genetic variants in the gene responsible for
metabolism of drug X for poor metabolizers (PMs), intermediate
metabolizers (IMs), normal metabolizers (NMs), rapid metabolizers
(RMs), and ultrapid metabolizers (UMs). Patients with decreased
metabolism of drug X (PMs and IMs) have a lower effective dose,
whereas patients with increased metabolism (RMs and UMs) require
higher doses. This shows the utility of pharmacogenomics-based
dosing in addition to clinical factors to identify subpopulations.

Table 1. Selected gene alleles, their causative variations, and
associated phenotypes

Gene and Allele Causative
Variation(s) Phenotype

CYP2C9
*2 rs1799853 (T) Decreased function
*3 rs1057910 (C) Decreased function

CYP4F2
*3 rs2108622 (T) Decreased function

CYP3A5
*3 rs776746 (C) Decreased function

CYP2C19
*2 rs4244285 (A) Decreased function
*3 rs4986893 (A) Decreased function
*17 rs12248560 (T) Increased function

TPMT
*2 rs1800462 (G) Decreased function
*3A rs1800460 (T);

rs1142345 (C)
Decreased function

*3B rs1800460 (T) Decreased function
*3C rs1142345 (C) Decreased function
*4 rs1800584 (T) Decreased function

VKORC1
21639G.A rs9923231 (T) Increased sensitivity

to warfarin
SLCO1B1
*5 rs4149056 (C) Decreased function

HLA-B
*58:01 N/A Increased SCAR risk

TPMT, thiopurine methyltransferase; N/A, not applicable;
SCAR, severe cutaneous adverse reaction.
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increased time in therapeutic range versus fixed dosing at
12 weeks in a predominantly white population, the Clar-
ification of Optimal Anticoagulation through Genetics Trial
showed no improvement of a pharmacogenomics algo-
rithm over a clinical algorithm at 4 weeks in a more diverse
American population (24,25). Most recently, however, the
multicenter, randomized Genetics Informatics Trial
(GIFT) showed that genotype-guided warfarin dosing
improved clinical outcomes versus clinically guided dos-
ing. The rate of a composite of major bleeding, INR of four
or greater, venous thromboembolism, or death was re-
duced from 14.7% to 10.8% in elderly patients undergoing
elective hip or knee arthroplasty (26). Collectively, these
trials show the importance of generalizability of results;
measuring hard clinical outcomes versus surrogates, like
INR; ethnic diversity in clinical trials; and the genotype
coverage of pharmacogenomics testing. Future work will
no doubt study cost-effectiveness and the effect of broader
genotyping. In fact, in a recent prospective observational
trial, de Oliveira Almeida et al. (27) found that other
genetic variants (in APOE, ABCB1, and UGT1A1) were also
associated with warfarin dose.
Current evidence-based CPIC guidelines for warfarin

dosing include CYP2C9, VKORC1, and CYP4F2, and they
are specific to patient self-identified ancestry. In non-
African ancestry patients, the highest evidence is available
for patients who carry at least one reduced function
CYP2C9 allele (e.g., *2, *3), which predicts decreased
hepatic clearance and lower dose requirements. Patients
carrying a VKORC1–1639G.A allele are expected to have
higher sensitivity to warfarin, thus requiring a lower dose.
Individuals who have both of these variations require
much lower doses of warfarin. Carriers of CYP4F2 *3 allele
may also require a 5%–10% increase in dose. In patients
with African ancestry, because nearly one half of individ-
uals may carry CYP2C9 *5, 6, *8, *11, or rs12777823
variants, genotype-guided warfarin dosing is only recom-
mended if testing covers these variants (23).
The FDA-approved product labeling contains recom-

mendations for initial dosing with a convenient table on
the basis of CYP2C9 and VKORC1 (28). Finally, Gage
et al. (29), who led the GIFT, also maintain a web-based

application (www.warfarindosing.org), which incorporates
additional clinical and genetic data to provide tailored
warfarin dosing in an easy-to-use interface. Neither tool
currently incorporates kidney function in these recommen-
dations.
Clopidogrel. Antiplatelet medications (prasugrel, ticagrelor,

and clopidogrel) are indicated for patients who receive
coronary artery stenting (30). They may also be used after
kidney artery stenting, although the evidence for this
is less robust (31). These drugs carry differing risks
for bleeding, treatment failure, and cost, and their use is
challenged by the lack of a well validated biomarker of
treatment response. The most commonly prescribed drug,
clopidogrel, is a prodrug that requires metabolic activation
by CYP2C19 among other enzymes. Patients with de-
creased metabolic activity at CYP2C19 have decreased
generation of the active metabolite and decreased platelet
inhibition (32,33). Conversely, patients with increased
CYP2C19 activity (rapid and ultrarapid metabolizers) may
have increased generation of the active metabolite for
clopidogrel and thus, a theoretically higher platelet in-
hibition and increased risk for bleeding. The National
Institutes of Health–funded Implementing Genomics in Prac-
tice network’s multicenter observational trial investigated
patient outcomes with pharmacogenomics-guided antiplatelet
therapy after percutaneous coronary intervention and stenting.
Patients carrying at least one nonfunctional allele at CYP2C19
whowere treatedwith clopidogrel versus alternative therapy
were at higher risk for major adverse cardiovascular
events (hazard ratio, 2.26; 95% CI: 1.18 to 4.32; P50.01) (34).
This suggests that pharmacogenomics testing for CYP2C19
may provide a significant clinical benefit in real world clinical
use. The CPIC guideline for clopidogrel therapy recommends
that patients with at least one decreased function allele (*2, *3,
etc.) receive an alternative agent due to risk for decreased
response. Additionally, the guideline recommends that
patients with increased metabolism (*1/*17 and *17/*17) be
monitored for increased bleeding risk, although it does not
recommend different dosing (35). Implementation of rou-
tine CYP2C19 testing in cardiac catheterization laboratories
is feasible and has been a popular first pharmacogenomics
implementation at several health systems (9).

Table 2. Summary of the gene-drug pairs and clinical guidelines relevant to nephrology

Drug Gene Clinical Guidance Summary Ref.

Warfarin CYP2C9 Use lower dose if a poor or intermediate metabolizer (e.g., *2/*2, *1/*2) 23
Warfarin CYP4F2 Use lower dose if decreased activity (*3) 23
Warfarin VKORC1 Use lower dose if increased sensitivity (21639G.A) 23
Clopidogrel CYP2C19 Use alternative antiplatelet agent if poor or intermediate metabolizer

(e.g., *2/*2, *1/*2); monitor for bleeding if ultrarapid metabolizer (*1/*17, *17/*17)
35

Simvastatin SLCO1B1 Use lower dose or alternative agent in patients with decreased transporter activity
(*5, *15, *17)

37

Azathioprine TPMT Patients with decreased TPMT function have higher risk for toxicity 39
Tacrolimus CYP3A5 Carriers of at least one functional (*1) allele may require higher doses 13
Voriconazole CYP2C19 Use an alternative agent in CYP2C19 rapid/ultrarapid metabolizer (*1/*17, *17/*17);

use alternative agent or lower dose in CYP2C19 poor metabolizer (*2/*2, *3/*3)
40

Allopurinol HLA-B User an alternative uric acid–lowering agent in patients who carry at least one *58:01 allele 53

TPMT, thiopurine methyltransferase.
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Hyperlipidemia
Hepatic hydroxymethyl glutaryl–CoA reductase inhibi-

tors (e.g., simvastatin, atorvastatin, and “statins”) are
commonly used as cholesterol-lowering agents, but they
are known for rare but significant myotoxicity that can
progress to rhabdomyolysis. Although the risk for toxicity
is low for most statin medications, high-dose (80 mg)
simvastatin may carry a slightly higher risk than other
statins (36). Additionally, this risk has been associated
with a pharmacogenomics marker, which could allow
clinicians to either prescribe a lower dose or use an alter-
native agent when it is detected (36). The polymorphic
transporter gene SLCO1B1 is responsible for uptake of
simvastatin from the blood to hepatocytes, where it is
metabolized. SLCO1B1 function is critical for simvastatin
transport from blood to the liver, and when function is
diminished, simvastatin blood concentrations are higher
(increased systemic exposure) (36). Patients who carry at least
one reduced function allele in SLCO1B1 (*5, *15, or *17)
should receive an alternative agent or a reduced dose of
simvastatin. Providers should also consider routine creatinine
kinase monitoring in this situation (37). Although other statins
carry a risk for myotoxicity, SLCO1B1 plays little to no role in
prediction because of drug lipophilicity and the predominant
route of elimination (kidney elimination versus being a sub-
strate for hepatic SLCO1B1) (37).

Transplantation
Kidney transplant is the treatment of choice for stage 5

CKD, and it is another area where pharmacogenomics can
augment current precision medicine practices (38). Post-
transplant medications have a narrow therapeutic index with
interpatient variability that can be partially explained by
genetic determinants. Evidence-based guidelines exist for
several medications found in the post-transplant regimen,
including azathioprine, tacrolimus, and voriconazole (13,39,40).

Azathioprine
Azathioprine is an antimetabolite used post-transplantation

for long-term maintenance immunosuppressive therapy, and
it is highlighted as a strategy to decrease costs for patients
with kidney transplant (38). Azathioprine is a prodrug
converted to mercaptopurine that undergoes methylation
to inactive metabolites through polymorphic thiopurine
methyltransferase (TPMT) (39). TPMT activity is influenced
by genotype, and dosing recommendations are available to
mitigate potential toxicities resulting from predictable phar-
macokinetic changes (41,42).
Dose adjustments for initial dosing in patients with less or

nonfunctional TPMT enzyme activity aim to reduce the risk
of severe myelosuppression. Evidence-based guidelines rec-
ommend that patients who are TPMT heterozygous (one of
the following alleles: *2, *3A, *3B, *3C, and *4) receive
lower initial dosing of any thiopurine medication (azathio-
prine, mercaptopurine, or thioguanine). Patients with the
homozygous variant genotype (two of the following alleles:
*2, *3A, *3B, *3C, and *4) are at a substantial risk for severe,
potentially life-threatening myelosuppression due to the accumu-
lation of active metabolites (43). For patients with two nonfunc-
tional TPMT alleles, guidelines recommend alternative therapy or
an extreme dose decrease of azathioprine (39).

Tacrolimus
Tacrolimus is a calcineurin inhibitor that remains at the

cornerstone of long-term immunosuppressant therapy
post-transplantation. Clinical use is characterized by routine
therapeutic drug monitoring due to its narrow therapeutic
window and wide interpatient variability (38). Tacrolimus
undergoes oxidative metabolism to inactive metabolites
by CYP3A4/3A5 enzymes and can be affected by genetic
variations in CYP3A5 (44). Most whites (80%–85%) do not
express CYP3A5 and may fall within standard, label-
recommended dosing, whereas patients who express
CYP3A5, prevalent in the black population as exempli-
fied in the previous patient, may require higher doses
(11,45).
A modified initial tacrolimus dosing on the basis of

CYP3A5 metabolizer status is suggested if the genotype is
known. In patients who express one or two functional copies
of CYP3A5 (e.g., *1 combinations; normal or intermediate
metabolizers), guidelines recommend a starting dose 1.5–2.0
times higher than the typical starting dose, not to exceed
0.3 mg/kg per day. The goal for consideration of CYP3A5
metabolizer status in addition to other clinical factors is to
reach therapeutic concentrations more quickly (13).

Voriconazole
Voriconazole is a triazole antifungal agent that is in-

dicated in patients with kidney transplants and invasive
fungal infection (46). Similar to aforementioned transplant
agents, voriconazole has wide interpatient variability and a
narrow therapeutic index, necessitating therapeutic drug
monitoring (47). Metabolism of voriconazole occurs pre-
dominantly through CYP2C19 (40).
Evidence-based guidelines recommend alternative ther-

apy or altered dosing for certain genotypes in efforts to
avoid treatment failure and reduce the risk of adverse ef-
fects. In patients with CYP2C19 ultrarapid or rapid metab-
olizer status (*17/*17 or *1/*17, respectively), guidelines
recommend an alternative agent due to unlikely achieve-
ment of target concentrations. Patients with CYP2C19 poor
metabolizer status (two alleles of either *2 or *3) have a
higher risk of adverse effects due to diminished metabolism,
and an alternative agent not dependent on the CYP2C19
pathway is recommended (39).

Hyperuricemia
Elevated uric acid (hyperuricemia) is a frequent comorbidity

in patients with CKD, and it is a contributor to the disease
progression (48,49). Allopurinol is commonly prescribed to
lower uric acid levels, and it is believed to be one of the leading
causes of drug-related severe cutaneous adverse reactions
(SCARs), including toxic epidermal necrolysis and Steven
Johnson Syndrome (50). Risk for medication-induced SCAR
has been associated with certain variants of the HLA-B gene
from theMHC locus (51). Patients who carry at least oneHLA-
B*58:01 allele are at higher risk for SCAR from allopurinol (52).
This allele was first discovered in East Asian populations and
has since been detected and associated with SCAR from
allopurinol in European populations (52,53). The CPIC guide-
line for allopurinol recommends against the use of allopurinol
in patients who carry at least one HLA-B*58:01 allele (53,54),
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but it does not provide a recommendation on whether to test
patients preemptively (48,49).

Growing Evidence for Diabetes Treatments
Diabetic nephropathy is a leading cause for CKD and

ESKD (55). As such, nephrologists treat many patients with
comorbid type 2 diabetes mellitus who are managed on
metformin. Although there are no clinical guidelines for the
use of pharmacogenomics to tailor therapy with metformin,
evidence has been growing that supports the use of the SNP
rs11212617 in an intergenic (nongene) region of the genome

called the chromosome 11 open reading frame 65 region. At this
SNP, the presence of at least one “A” allele is associated with
decreased response to metformin (56). In the future, this
variation or others affecting pharmacokinetics (e.g., transporters)
may be useful for predicting which patients will require altered
doses of metformin for adequate hemoglobin A1c control.

Clinical Decision Making and the Use of
Pharmacogenomics in Practice
Several barriers prevent more widespread pharmacoge-

nomics clinical implementation in everyday practice

Figure 4. | Pharmacogenomics implementation is limited by challenges in testing, informatics, clinical constraints, lack of education, and
ELSI. ELSI, ethical, legal, and social implications.
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(Figure 4). Providers need to understand pharmacogenom-
ics concepts for successful precision medicine clinical
decision making, specifically whether they can apply the
pharmacogenomics data within their current practice
model, how the data should be integrated with other clinical
parameters, and if a referral to a specialist should be made (e.
g., pharmacist, medical geneticist, or genetic counselor) (57).
The addition of these data also creates a growing need for
provider education. Strategies to train practicing providers
and health care students to use pharmacogenomics in
practice have been reviewed elsewhere (58) and range
from clinical decision support at the point of care to education
courses that allow learners to undergo personal genomic
testing as a means of learning with one’s own data (59).
Providers frequently face challenges with availability of

testing and the origin of data, which may be from a new
provider-initiated order, existing data from a previous
pharmacogenomics result report, or patient-provided re-
sults from direct to consumer testing (e.g., 23andMe,
Mountainview, CA). It is necessary to ensure that testing
was performed using an FDA-approved test or that it was
done in a Clinical Laboratory Improvement Amendments
environment with appropriate clinical validation (60).
Germline (i.e., genome from birth) genetic testing results
generally do not change; thus, it may be cost saving to reuse
test results. The testing technology used and testing cov-
erage may vary (61). Although genome sequencing costs are
plummeting, most clinical pharmacogenomics testing is
accomplished using genotyping arrays targeting specific
variants. It is prudent to evaluate what genes and variants
were covered by the testing platform. For example, some
commercial tests for CYP2C19 only test for *2 and *3,
although at least eight additional low-prevalence star
alleles are associated with decreased function and *17 is
associated with increased activity (62).
The decision to order testing relies on the expected

clinical utility of the data, availability and turnaround time
of testing, and timeline for pharmacotherapy initiation. This can
also be influenced by the potential broad application of data

returned from a test, which may support future prescribing
decisions (63). Deciding whether to test should also incorporate
patient ancestry, specifically in patients in whom race/ethnicity
can inform the probability of carrying one or more pharmaco-
genomic markers. For example, J.H. in the patient case was of
African ancestry, which suggests higher probability that he
carried at least one CYP3A5*1 allele (11). This is also evident for
HLA-B*15:02, which predicts SCAR associated with carbama-
zepine and is found more often in those with Han Chinese
ancestry (64). Regarding timing, warfarin therapy usually
should not be delayed pending genetic data, but rather, the
standard clinical algorithms should be initiated. If existing data
are available or a genetic test with a rapid turnaround (,24
hours) is available, data may be actionable early enough to
guide prescribing. However, for medications where ge-
netic data can predict significant toxicity (e.g., HLA-B), it
may be prudent to wait for test results (65). Table 3
provides a practical summary of the decision-making
process for whether to use pharmacogenomics.
Determining value of getting data before prescribing

versus starting the medication immediately is tantamount
to the argument of reactive versus preemptive pharmaco-
genomics testing. Reactive testing is the practice of
ordering a pharmacogenomics test only when needed,
which ensures that the testing is indicated (and increases
the likelihood of payer reimbursement) at the expense of
having to wait for results to be returned. Conversely,
preemptive pharmacogenomics testing means that the
worry of turnaround time is nonexistent, because the
data are available before prescribing (66). Broad testing
of many genes (i.e., a pharmacogenomics panel) using a
preemptive testing strategy is commonly advocated as the
final step to make routine use of pharmacogenomics in
practice cost effective (67). However, inadequate resources
to support frontline providers for pharmacogenomics de-
cision making and challenges in achieving payer reim-
bursement for preemptive testing limit these strategies (68).
Unique challenges and opportunities to integrating

pharmacogenomics into the care of patients with kidney

Table 3. Clinical decision-making process for integrating pharmacogenomics in practice

Factor Questions

Patient or population Is the variant likely relevant in the patient or population?
How common is the variant?

Quality of evidence What is the strength of the evidence for the use of data?
Are clinical guidelines or FDA recommendations available?

Testing Is testing available?
Is the coverage appropriate?
What is the turnaround time of results?

Data availability Does pharmacogenomics data already exist?
Is the data quality sufficient to use?

Drug factors How important is the gene/variant for the pharmacokinetics or pharmacodynamics of the drug?
Does the drug have a narrow therapeutic index?
Is the drug a prodrug or active?
Will the variant decrease efficacy and/or increase toxicity?

Clinical factors Are there other factors relevant to the decision, like timing of drug start or previous use of the
medication?

How do comorbid clinical conditions affect expected phenotypes?
Are there drug-drug interactions that affect expected phenotypes?

FDA, Food and Drug Administration.
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disease also exist. CKD is known to alter pharmacodynamic
and pharmacokinetic relationships of several medications,
particular those that rely on kidney elimination. In general,
this scales with CKD stage and can be especially challenging
in patients receiving dialysis (69). Nephrologists must also
consider the systemic changes in patients with CKD, such as
the changes in hepatic drugmetabolism and other nonkidney
clearance pathways that occur in patients with CKD (69).
Phenocoversion is when there is a genotype-phenotype
mismatch (e.g., a normal metabolizer having a phenotype
that looks like a poor metabolizer). The classic example is a
drug interaction over-riding or masking the genotype-pre-
dicted phenotype. However, CKD could also be an extrinsic
factor that may affect final drug response phenotypes. Future
nephrology research should evaluate how tomanage patients
with CKD in this clinical scenario.
Despite the barriers to clinical pharmacogenomics, several

large academic medical centers and increasingly, community
providers are launching pharmacogenomics implementation
programs (9,63). It is likely that the future will bring a greater
expansion of precision medicine and enhanced data sharing
between providers and patients. This will also add new
opportunities to improve patient pharmacotherapy outcomes
and additional risk that will need to be managed at all levels
of clinical care and research (70,71).

Conclusions
Nephrologists care for patients with significant comor-

bidities and are challenged by wide interpatient variability
in medication responses. They are ideally positioned to
champion integration of pharmacogenomics to achieve
precision medicine in the many disease areas affected by
kidney disease. As pharmacogenomics knowledge ex-
pands, nephrologists will need to have familiarity with
the state of the pharmacogenomics science, available
pharmacogenomics resources and guidelines, contempo-
rary application of pharmacogenomics data for specific
drugs, and clinical decision-making approaches to using
pharmacogenomics data.
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