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Objectives

• History of PGx
• Overview of PGx 
• Resources for PGx variant interpretation and clinical evidence
• Clinical use of PGx testing & challenges in clinical implementation
• Genetic and genomic technologies used in PGx testing
• Regulatory issues related to PGx in drug labels and testing



History



Some History….First Reported Observation

• Historical status of fava beans – emblem of death?
• Pythagoras warned against consumption of fava beans (~510 

BC)
• Favism à hemolytic anemia
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“Inheritance 
might explain 

many individual 
differences in the 
efficacy of drugs 

and in the 
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adverse drug 

reactions”

“chemical 
individuality”



GENOME 
TECHNOLOGIESPHARMACOLOGY PHARMACO-GENOMICS

• Gene Discovery
• Genetic Variation
• Gene Expression & Regulation



Overview of PGx



Pharmacogenetics

Pharmacokinetics & Pharmacodynamics



ADME (it’s complex!)

Sh
in

 e
t a

l.,
 2

01
6

Common Classes of 
Pharmacogenes:

• Enzymes

• Transferases

• Receptors

• Transporters



Complex Trait

Drug 
Response

Genetics

Age

Co-
morbidities

Co-
medications 

Diet

A trait that does not follow 
Mendelian inheritance 
patterns, is likely derived from 
multiple genes, and exhibits a 
large variety of phenotypes 
(Nature – Scitable)

Definitions



• Metabolism occurs mainly in the 
liver, and to a lesser extent, the 
kidney and intestine
• Following oral administration, it is 

rapidly absorbed from the 
gastrointestinal tract
• Converted to pharmacologically 

inactive glucuronide (APAP-gluc) 
and sulfate (APAP sulfate) 
conjugates; minor fraction oxidized 
to a reactive metabolite NAPQI

Example:  Acetaminophen

PharmGKB



Drug Metabolism:  Cytochrome (CYP) P450

• One of the largest known gene families: 18 gene families, 43 subfamilies
• Metabolize thousands of endogenous/exogenous chemicals as well as 

play key roles in hormone and cholesterol synthesis
• Present in almost every tissue, but metabolize toxic compounds primarily in 

liver
• Drug metabolism pathways:

• Deactivation by CYPs, either directly or by facilitated excretion from the body
• Bioactivation by CYPs to form active compounds.

• Up to 80% of drugs believed to be metabolized by one of three CYP genes
• CYP2D6/CYP2C19/CYP2C9



CYP2D6

• Known to metabolize as many as 20% of commonly prescribed drugs
• Anti-arrhythmic drugs
• Anti-depressants
• Beta-blockers 

• Highly polymorphic (139 * Alleles) 
• SNPs
• Gene duplications/deletions

• Classified into major phenotypes:
• Poor metabolizer (PM) phenotype 
• Intermediate metabolizer (IM) phenotype 
• Extensive metabolizer (EM) phenotype 
• Ultrarapid metabolizer (UM) phenotype 



CYP2D6 Genotypes/Enzyme Activity

• Normal Activity (*1, *2)
• 2850C>T, 4180G>C
• 2613-2615del AGA

• Increased Activity
• Gene Duplication

• Decreased Activity
• 100C>T
• -1584G>C

• Inactive Enzyme
• 1707T>del frameshift
• 1846G>A splice site 

• No Enzyme (gene deletion) C
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CYP2D6 Allele Functionality/Diplotype
CYP2D6 *Allele Activity Value 

(Optional)
Allele Clinical Function Status 

(Required)*
*1 1.0 Normal function
*1x2 2.0 Increased function 
*1≥3 ≥3.0 Increased function 
*2 1.0 Normal function
*2x2

2.0 Increased function 

*2≥3 ≥3.0 Increased function 
*3 0 No function
*3x2 0 No function
*4 0 No function
*4≥2 0 No function
*5 0 No function
*6 0 No function

CYP2D6 
Diplotype

Activity 
Score

Coded Diplotype/Phenotype 
Summary

*1/*1 2 Normal Metabolizer
*1/*1x2 3 Ultrarapid Metabolizer
*1/*1≥3 ≥4 Ultrarapid Metabolizer

*1/*2 2 Normal Metabolizer
*1/*2x2 3 Ultrarapid Metabolizer
*1/*2≥3 ≥4 Ultrarapid Metabolizer

*1/*3 1 Intermediate Metabolizer
*1/*3x2 1 Intermediate Metabolizer

*1/*4 1 Intermediate Metabolizer
*1/*4≥2 1 Intermediate Metabolizer

*1/*5 1 Intermediate Metabolizer

Source: CPIC



Clinical Examples



Benefits of PGx Testing

• Reduced risk of side effects and improved 
efficacy
• Dose adjustment 

• Higher dose to achieve a therapeutic effect
• Lower dose to reduce risk of ADR

• Medication selection

• Possibly higher medication adherence

Personalized/Precision 
Medicine

•Right medication 
•Right patient 
•Right dose 



Current Treatment 
Approach – One Drug 
for All



Improved Dx & Predicted Drug Response

• One disease 
Disease sub-type A

Disease sub-type B

Disease sub-type C

Ultra-rapid

Intermediate
Normal

Poor

Prescribe standard dose of Drug A

Prescribe adjusted dose of Drug A

Prescribe Drug BDISEASE

TREATMENT



Tailored Approach -- PGx-
Guided Treatment 
Approach



PGx Testing Along Clinical Spectrum

“Pre-emptive” Testing “Point-of-Care” Testing “Diagnostic” Testing
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Warfarin (CYP2C9/VKORC1)

• Indication: Blood thinner (anti-coagulant)
• Mechanism of Action:  Inhibitor of VKORC1
• Challenges to use:

• Initial dosing
• Narrow therapeutic window
• 30x inter-individual variation dose requirements

• Poor clinical predictors (age, race, body size, co-medications)

• Surveillance: INR monitoring
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Warfarin 
Pharmacokinetics 

Clinical Pharmacology & Therapeutics 
(2012) 92(4): 414-417.

Warfarin 
Pharmacodynamics



FDA Coumadin label change in 2010

Coumadin package insert, FDA Center for Drug 
Evaluation and Research (CDER) – January 2010



Codeine

• Indication: Pain 
• Drug type: Prodrug
• Highly polymorphic CYP2D6
• Lots of alternative treatments

10% -- 
CYP2D6

80% -- 
CYP3A4
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CYP2D6 – Warnings (4/20/17)
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Clopidogrel

• Anti-platelet (pro)drug
• Bio-activated by CYPs into active 

metabolites in two steps:
1) Formation of intermediate metabolite 

2-oxo-clopidogrel by 
CYP2C19/CYP1A2/ CYP2B6

2) 2-oxo-clopidogrel hydrolyzed to thiol 
derivative by 
CYP2C19/CYP2C9/CYP2B6/ 
CYP3A5/CYP3A4

PharmaGKB
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Clopidogrel Label - Warning



Targeted Drugs -- Cancer

• Defined as “treatments for which the label includes reference to 
specific biological markers, identified with the assistance of a 
diagnostic test, that guide the use of the medicine or procedure in 
individual patients
• Targets changes in cancer cells, often involved in cell growth, repair, and 

metastasis
• Small-molecule drugs
• Monoclonal antibodies

• Testing required to determine drug suitability
• Companion diagnostic (CDx)
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Targeted Drug:  Herceptin



PGx Testing 
Examples & 
Methods



PGx Testing

• Laboratories
• Bioreference labs: LabCorp, Quest, ARUP
• Specialty labs

• Analytes
• Blood, saliva 

• Methods
• DNA-based (genotyping, sequencing)or protein (enzymatic activity)
• Turn-around time between ~2-10 days

• Single gene vs panel testing



What are you looking for?

• Number of genes/regions:  1 or 
more?
• Number of variants:  1 or more 

SNPs (known)?
• Prior knowledge: known or 

novel?
• Type of variation: SNPs, gene 

duplications/deletions

What’s the best technology 
to use?
• Targeted analysis to specific 

SNPs or gene sequence
• PCR-based assay
• Microarrays

• Multiple SNPs 
• Microarrays
• Gene Sequencing

DNA Analysis Methods



Genotyping

• Analyzes a very specific aspect of the genome (e.g., an allele)

Two alleles inherited for a particular gene



Genotyping

(PCR)-based methods:

1) amplify number of copies of 
the targeted gene to be 
analyzed and 2) have a method 
of detection

• Real-time PCR: amplify target area 
and use two allele-specific probes 
to detect SNP alleles in target area

• PCR of targeted region plus 
sequencing (genotyping by 
sequencing)

Microarrays

• Analyze many pre-selected 
SNPs using fluorescent
• Can also capture copy number 

variations (CNVs)



Roche Amplichip CYP450 Test

• Tests 29 polymorphisms/ mutations 
for the CYP2D6 and 2 polymorphisms 
for the CYP2C19 to predict 
phenotype in single assay (PM, IM, 
EM, UM) 

• FDA-approved in 2004



Companion Dx:  HER2 
Amplification



NGS detection of substitutions, insertion and deletion alterations, and CNVs 
in 324 genes and select gene rearrangements, as well as genomic signatures 
including microsatellite instability and tumor mutational burden



Challenges to 
Clinical 
Implementation



Challenges to Clinical 
Implementation
• Provider Knowledge***
• Clinical Decision Support***
• Reimbursement
• Insurance coverage variable
• Typically ranges from $300-600 per test 

• Clinical Utility for all (allelic diversity)



Limitations for PGx testing

• Vast majority of PGx research is retrospective and has not been 
tested prospectively
• Guidelines available
• Unlikely to have prospective data for all drugs and variants

• Uneven allele prevalence and biased study populations
• Drug response is complex – penetrance of genetic variants not 

always clear
• Many patients with a variant will do fine and others without will 

have poor outcome
• PGx is one additional piece of data to guide treatment decisions

• Clinical judgment regarding drug selection/dosing paramount



Allelic Diversity

• 1952: Clayman & Hockwald reported differences in adverse responses to 
primaquine between African-American and European ancestry (G6PD)

• 1953: different rates of acetylation of anti-TB drug isoniazid reported 
• 1978: Kalow et al. reported two levels of glucuronidation following amobarbital 

exposure (Chinese – European)
• 1979: Kalow et al. confirmed distribution of amobarbital metabolism status 

(European – Asian)

• Differences in allelic prevalence 
between populations

Early History



Example - Population 
Frequency Distribution

• Distribution of relative 
contributions of major (CYP) 
alleles in five major populations

Zhou et al., 2017



Standardized Biogeographic Grouping System
for Annotating Populations in PGx
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Caribbean



CPIC Data 
Tables



Resources















https://www.pharmgkb.org/







Drug Label (Package Inserts)

• Currently, >200 drugs have label 
information regarding PGx 
biomarkers

• Est. 25% of outpatients taking 
medications that contain PGx 
information in their labels (the 
majority prescribed by primary care)  

• “Black Box” Warnings
• Clinical Pharmacology
• Warnings
• Precautions – Laboratory Tests
• Adverse Reactions
• Dosage and Administration



Conclusions

• PGx research boosted with advances in –omics technology and 
data sciences
• Clinical PGx tests developed and offered by several commercial 

labs
• Clinical implementation of PGx testing faces multiple challenges
• Clinical evidence limited
• Dedicated PGx resources available


