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Describe fundamental principles of pharmacogenomics (PGx)
Discuss how to navigate PGx database resources such as Clinical 

Pharmacogenetics Implementation Consortium (CPIC) and 
Pharmacogenomics Knowledge Database (PharmGKB)

 Illustrate general implications of genetic variants in drug metabolism in 
context of active parent drug versus inactive prodrug

Outline function of major genetic variants associated with Phase I 
(CYP2C9, CYP2C19, CYP2D6) and Phase II (UGT1A1, TPMT) drug 
metabolism and describe potential impact on pharmacokinetics (PK) 
and drug response

Define phenoconversion and predict CYP2D6 phenotypes by calculation 
of total activity scores 

Describe relevant FDA resources used for disseminating PGx-related 
drug-gene pair information

LEARNING OBJECTIVES





General Overview Schematic of
Genetic Variants on Drug Metabolism
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Implications of Genetic Variants in Drug Metabolism in the 
Context of Active Parent Drug VERSUS Inactive Prodrug

Parent Drug 
(active)

Metabolite 
(inactive)

Parent Drug 
(active)

Metabolite 
(inactive)

↓ metabolism due to 
genetic variant(s)

↑ metabolism due to 
genetic variant(s)

Outcomes

Increased
drug effect 

and/or risk of 
toxicity

Decreased
drug effect

Active Parent Drug



Implications of Genetic Variants in Drug Metabolism in the 
Context of Active Parent Drug VERSUS Inactive Prodrug
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Examples of prodrugs: clopidogrel, codeine
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Roden DM et al. Lancet. 2019; 394(10197): 521–532





Rashmi R. Shah and Andrea Gaedigk. Ther Adv Drug Saf. 2018; 9(1) 45–62



Martin AR et al. Nat Genet. 2019; 51(4): 584–591 

Significant need to include underrepresented 
groups in future PGx clinical studies



PGx of Major Drug-Metabolizing 
Enzyme Genes [Phase I]

 CYP1A2
 CYP2A6
 CYP2B6
 CYP2C9
 CYP2C19
 CYP2D6
 CYP3A4/5
Dihydropyrimidine dehydrogenase (DPYD)
 Butyrylcholinesterase (BChE)

** We will focus on CYP2C9, 
CYP2C19 and CYP2D6 as noted 
in LEARNING OBJECTIVES**



Drug Metabolism-Phase I (CYP2C9)
 CYP2C9 metabolizes 15-20% of all medications
 2 major non-synonymous SNPs that can result in poor 

metabolizer phenotype
 CYP2C9*2 (Arg144Cys); [REDUCED FUNCTION]
 CYP2C9*3 (Ile359Leu); [NO FUNCTION]

 CYP2C9*6 (no function allele in African Americans)
 CYP2C9*5, *8 and *11 (reduced function alleles in African 

Americans)
Substrates Inhibitors Inducers
Celecoxib Etravirine Rifampin
Phenytoin Amiodarone Phenobarbital
Warfarin Fluconazole Carbamazepine
Sulfonylureas Voriconazole St John’s Wort

https://www.pharmgkb.org/vips Accessed December 20, 2021
https://www.pharmvar.org/gene/CYP2C9 Accessed Jan 6,2022

https://www.pharmgkb.org/vips
https://www.pharmvar.org/gene/CYP2C9


Warfarin

NSAIDs

Phenytoin

Drug-Gene Pairs of Clinical Interest 
for CYP2C9



Drug Metabolism-Phase I (CYP2C19)
 Comprises ~12% metabolism of all drugs
 Major CYP2C19 SNPs include the following:

 CYP2C19*2 (681 G>A); NO function 
 CYP2C19*3 (636G>A); NO function 
 CYP2C19*17; INCREASED function

Substrates Inhibitors Inducers

Clopidogrel Fluvoxamine Rifampin

Diazepam Omeprazole Carbamazepine

Omeprazole Fluconazole Phenobarbital

Voriconazole Voriconazole St. John’s Wort

https://www.pharmgkb.org/vips Accessed December 20, 2021
https://www.pharmvar.org/gene/CYP2C19 Accessed Jan6,2022



Clopidogrel

Proton pump inhibitors

SSRIs (citalopram, escitalopram, sertraline)

Tricyclic antidepressants (amitriptyline)

Voriconazole

Drug-Gene Pairs of Clinical Interest- CYP2C19



Drug Metabolism-Phase I (CYP2D6)
 Formerly known as debrisoquine/sparteine hydroxylase
 1st human drug metabolic enzyme identified as polymorphic 
 Metabolizes 25% of therapeutic drugs
 Major CYP2D6 SNPs include the following:

 Non-functional alleles (CYP2D6*3, *4, *5 and *6)
 Reduced function alleles (CYP2D6*10, *17 and *41)
 Functional alleles (CYP2D6*1xN and *2xN duplications)

Substrates Inhibitors Inducers
Codeine Bupropion

Non-
inducible 

Ondansetron SSRIs (fluoxetine, paroxetine)

Tramadol Quinidine

Tamoxifen Ritonavir
https://www.pharmgkb.org/vips Accessed December 20, 2021
https://www.pharmvar.org/gene/CYP2D6 Accessed Jan 6,2022

https://www.pharmgkb.org/vips
https://www.pharmvar.org/gene/CYP2D6


Drug-Gene Pairs of Clinical Interest- CYP2D6

Codeine/tramadol

SSRIs (paroxetine, fluvoxamine)

SNRIs (venlafaxine)

TCAs* (amitriptyline, nortriptyline)

Tamoxifen





What is Phenoconversion?

“Mismatch between the individual’s 
genotype-based prediction of drug 

metabolism and true capacity to metabolize 
drugs due to non-genetic factors”

Hahn, M.; Roll, S.C. Pharmaceuticals 2021, 14, 487. https://doi.org/10.3390/ph140504



Calculation of Activity Scores
 Pertinent to very polymorphic CYP2D6 enzyme
 An individual’s activity score is calculated by:
Assigning an activity score to EACH allele
Adding together the activity scores for BOTH alleles
 total score typically ranges between 0-2

 Numeric allelic activity scoring system is categorized as: 
 1 = Functional allele
 0.5 = Reduced-function allele
 0 = Non-functional allele

 Concurrent medications can MODIFY activity scores 
(PHENOCOPYING)
 For example- with strong inhibitors, multiply by zero, 

resulting in activity score of zero (i.e. poor metabolizer)
Gaedigk A et al. Clin Pharmacol Ther. 2008;83(2):234-42 



Caudle KE et al. Clin Transl Sci (2020) 13, 116–124.



Caudle KE et al. Clin Transl Sci (2020) 13, 116–124.

Standardization of CYP2D6 Genotype to Phenotype



Example of Calculation of Total Activity 
Scores to Determine CYP2D6 Phenotypes

Hahn, M.; Roll, S.C. Pharmaceuticals 2021, 14, 487. https://doi.org/10.3390/ph140504



https://precisionmedicine.ufhealth.org/phenoconversion-calculator/ Accessed January 23, 2022



Cicali E et al. 
Clinical Pharmacology 
and Therapeutics.           
2021; 110(3): 677-687





Varughese LA et al. Pharmacotherapy 2020;40(11):1108–1129

UGT1A1*6, *28 and *37 -
REDUCED-function alleles
UGT1A1*36-
INCREASED-function allele



Atazanavir 

Irinotecan

Belinostat

Drug-Gene Pairs of Clinical Interest- UGT1A1



Zeglam HB et al. Libyan Journal of Medicine. 2015; 10:27053 DOI:10.3402/ljm.v10.27053 

No 
function 
alleles in 

TPMT 
gene



Azathioprine 

Mercaptopurine

Thioguanine

Drug-Gene Pairs of Clinical Interest- TPMT



Kirchheiner J, Fuhr U, Brockmöller J. Nat Rev Drug Discov. 2005; 4(8):639-47



Johnson JA. Trends Genet 2003; 19(11): 660-666



Giacomini KM et al. Clin Pharmacol Ther. 2018;104(5):766-771



 P-glycoprotein (P-gp; ABCB1/MDR-1)
 Breast cancer resistance protein (BCRP; ABCG2)
 Organic anion transporting polypeptide (OATP) 1B1 

(SLCO1B1) and OATP1B3 (SLCO1B3)
 Organic anion transporter (OAT)1 (SLC22A6) and 

OAT3 (SLC22A8)
 Organic cation transporter (OCT) 1 (SLC22A1) and 

(OCT) 2 (SLC22A2) 
Multidrug and toxin extrusion protein (MATE) 1 

(SLC47A1)
Giacomini KM et al. Clin Pharmacol Ther. 2018;104(5):766-771
Yee SW et al. Clin Pharmacol Ther. 2018; 104(5): 803–817

Drug Transporters of Emerging 
Clinical Interest



Major PGx Variants of Drug Transporters

Yee SW et al. Clin Pharmacol Ther. 2018; 104(5): 803–817



Major PGx Variants of Drug Transporters

Yee SW et al. Clin Pharmacol Ther. 2018; 104(5): 803–817



Simvastatin (SLCO1B1)

Rosuvastatin (ABCG2)

Drug-Gene Pairs of Clinical Interest/
Drug Transporters



Warfarin (VKORC1)

SSRIs (5HTR2A and SLC6A4)

Abacavir/allopurinol/carbamazepine/
oxcarbazepine/phenytoin (HLA-B)

Carbamazepine (HLA-A)

Drug-Gene Pairs of Clinical Interest/
Pharmacodynamic Markers (Drug Targets)
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Toxicity

Food 
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https://www.fda.gov/medical-devices/precision-medicine/table-pharmacogenetic-associations Accessed February 22, 2022 
https://www.fda.gov/drugs/science-and-research-drugs/table-pharmacogenomic-biomarkers-drug-labeling Accessed February 22, 2022



PGx Information in 
FDA Drug Labeling

FDA Table of 
PGx Associations 

(introduced Feb 2020)
 Subsection 12.5 in drug labeling 

(i.e. can include specific dosing 
recommendations)

 Summary of essential scientific 
information needed for safe and 
effective use of prescription drug

 Focuses on somatic/germline 
mutations

 Reports positive and negative 
associations 

 May suggest testing 
recommendations

 Not all inclusive and updated 
periodically with evolving 
evidence

 Reports associations supporting 
therapeutic management 
recommendations/potential 
impact on safety/response + PK

 Focuses only on germline 
mutations

 Reports positive associations 
only

 Does not report testing 
recommendations

FDA Resources for PGx-related Information



M. Whirl-Carrillo, E.M. McDonagh, J. M. Hebert, L. Gong, K. Sangkuhl, C.F. Thorn, R.B. Altman and T.E. Klein. 
"Pharmacogenomics Knowledge for Personalized Medicine" Clinical Pharmacology & Therapeutics (2012) 92(4): 414-417
https://www.pharmgkb.org/page/drugLabelLegend#pgx-level Accessed December 20, 2021

http://www.ncbi.nlm.nih.gov/pubmed/22992668
https://www.pharmgkb.org/page/drugLabelLegend#pgx-level


M. Whirl-Carrillo, E.M. McDonagh, J. M. Hebert, L. Gong, K. Sangkuhl, C.F. Thorn, R.B. Altman and T.E. Klein. 
"Pharmacogenomics Knowledge for Personalized Medicine" Clinical Pharmacology & Therapeutics (2012) 92(4): 414-417

https://www.pharmgkb.org/page/drugLabelLegend#pgx-level Accessed December 20, 2021

http://www.ncbi.nlm.nih.gov/pubmed/22992668
https://www.pharmgkb.org/page/drugLabelLegend#pgx-level
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