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Learning Objectives

 Describe mechanisms of medication interactions and efficacy 
related to pharmacogenomic variations.

 Contrast and compare various online pharmacogenomics 
databases.

 Discuss the role of ABC transporters in drug resistance, 
metabolism, and toxicity.

 Design a medication regimen based on pharmacogenomic test 
results.



Background

 In the history of healthcare, professionals have used the 
“one size fits all” approach:
• Average dose for the population
• Effective for the large number of people

 Healthcare professionals may change the drug dose 
based on a patient’s:
• Age, weight, and size
• Other factors have been considered: organ function, 

body fat, and blood flow…



Background

 Some studies indicate that the most commonly used 
pharmaceutical drugs are effective in only 25% to 60% of 
patients. (1)

 More than 2 million patients have adverse drug reactions 
(ADRs) in US hospitals each year. (2)

• Causing at least 100,000 fatalities
• Costing up to $5.6 million per hospital

(1) Spear, Brian B., Margo Heath-Chiozzi, and Jeffrey Huff. "Clinical application of 
pharmacogenetics." Trends in molecular medicine 7.5 (2001): 201-204.

(2) Phillips, Kathryn A., et al. "Potential role of pharmacogenomics in reducing adverse drug 
reactions: a systematic review." Jama 286.18 (2001): 2270-2279.



Precision Medicine

 Is a medical model that proposes the customization 
of healthcare, with medical decisions, practices, 
and/or products being tailored to the individual 
patient.

 Is able to match the genomic markers to medication 
that available to the patient.



Precision Medicine

Pharmacogenetics/
Pharmacogenomics
Pharmacometabolomics

Toxicoproteomics

Diet

Excerise

Other Enviromental Factors

(3) Chambliss, Allison B., and Daniel W. Chan. "Precision medicine: from pharmacogenomics to 
pharmacoproteomics." Clinical Proteomics 13.1 (2016): 25.



Pharmacogenetics vs. Pharmacogenomics

 Pharmacogenetics (PGt) - The study of inherited 
differences or variations in drug metabolism and 
response.

 Pharmacogenomics (PGx)  - The study of the role of 
inheritance in individual variation in drug response.  
It refers to the general study of the patient’s genome 
to determine drug behavior. 



True or False Question

Do the terms pharmacogenomics and precision 
medicine mean the same thing?

TRUE
FALSE



Genetic Variability

5’ 3’
Promoter Region

CCAAT or
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(4)  Zdanowicz, Martin M. Concepts in pharmacogenomics. ASHP, 2010.

Wild Type Allele:  Widely accepted sequence for the gene for 
the majority of the populations

Variant Allele: Alterative sequences for the same gene or 
different variations at the same genetic locus

Gene Structure



Genetic Variability

 Clinical important variant alleles (polymorphisms) in medical 
genomics are due to:
• Individuals differ by approximately one nucleotide in every 

thousand.
o Single Nucleotide Polymorphisms (SNPs) are single 

base-pairs substitutions that occur with a frequency of 
> 1% in a population.

o Small insertion/deletion in the gene.
• Insertions, deletions, and duplications (amplification) of 

bases/genes.



Genetic Variability

 Several different types of SNPs can be found in our DNA 
where a single nucleotide (thymine, adenine, cytosine, or 
guanine) is substituted for another nucleotide.

oMissense  variants - the substitution can be a change 
where the altered codon corresponds to a different 
amino acid in a specific position in the protein 
sequence.

Wild Type

Variant



Genetic Variability

• SNPs (Cont.)
o Silent variants - the nucleotide substitution does not 

change in the protein sequence.

oNonsense variants - the nucleotide change causes a 
codon for a specified an amino acid to become a STOP 
codons (TAA, TAG, or TGA). This results in a premature 
stop in the protein sequence.

Wild Type

Variant

Wild Type

Variant



Genetic Variability Question

oWhich of the following variant changes is a nucleotide 
substitution that alters an amino acid in a specific 
position in the protein sequence?

Nonsense
Silent
Missense 
Frameshift



Nomenclature for Pharmacogenetics

• When discussing the types of genetic variations and 
polymorphism in PGx, many of the same signs and symbols 
apply here too:
• The SNPs and other polymorphisms are given a reference 

number to identify a specific marker. (rs#).  There are 6.5 
million known SNPs (rs4680).

• Many genes follow the system:
oRoot->family->subfamily->gene in subfamily or isoform
Ex: CYP2D6 or NAT2
oAllelic variants are distinguished by the * after the gene 

name. root family isoform allele

subfamily

Ex: CYP2D6*5



Example of Genetic Variability

- CYP2D6 is a member of the cytochrome P450 superfamily 
responsible for playing a major role drug metabolism.

- Encodes for a monoxygenase which is localized to the 
endoplasmic reticulum.

- Was the first specific human drug metabolic enzyme 
identified as being polymorphic with over 60 different alleles.

- Known to metabolize as many as 20% of the commonly 
prescribed drugs.

- Examples of substrates include antidepressants, 
antipsychotics, antihypertensive, and antiarrhythmics.



Example of Genetic Variability

- Completely nonfunctional alleles such as CYP2D6*3, *4, *5, 
and *6 are more commonly seen Caucasians.

- Partially active alleles such as CYP2D6*10 and *17 are seen in 
African Americans and Asians.

- Ultra-rapid metabolizers are found more frequently among 
Saudi Arabians (~15-20%) and Ethiopians (~30%).

Allele Frequency (%)

Common Allelic 
Variant Alterations

Consequences for 
Enzyme Activity White Black Asian

CYP2D6*2XN Gene Duplication Increased 1-5 2 0-2
CYP2D6*3 Frameshift Nonfunctional 1-2 0 < 1
CYP2D6*4 Defective Splicing Nonfunctional 12-21 2-8 < 1
CYP2D6*5 Gene Deletion Nonfunctional 2-7 6 4-6
CYP2D6*6 Frameshift Nonfunctional 1 < 1 0
CYP2D6*10 Pro34Ser, Ser486Thr Decreased 1-2 3-9 38-70

CYP2D6*17
Thr107Ile, Arg29Cys, 
Ser486Thr Decreased < 1 20-35 < 1



Example of Genetic Variability
Phenotype Frequency Genetic Basis Implications of 2D6 

for Agents Activated 

Poor Metabolizer
(PM) ~5 to 10%

No functional alleles 
present

Lack of therapeutic 
effects may be observed 

Intermediate 
Metabolizer (IM) ~20 to 40%

Either one functional and 
one mutant/deficient 
allele or two partially 
active/deficient alleles 
present

May show reduced 
effects

Extensive
Metabolizer (EM) ~60 to 80%

Either two active alleles 
or a combination of one 
active and one partially 
active allele present

Should be able to 
achieve therapeutic 
effects with normal 
dosing 

Ultra-rapid 
Metabolizer (UM) ~1 to 5 %

Three or more active 
alleles present

Increase risk of toxicity;
lower dose may be 
required



Example of Genetic Variability
Example: The analgesic effects of codeine depend on the
2D6-catalyzed biotransformation to morphine.



Example of Case

 DS is a 30 year-old woman who gave birth by caesarian 
section 10 days ago. Her physician prescribed codeine for 
post-caesarian pain. Despite taking no more than the 
prescribed dose, DS experienced nausea and dizziness while 
she was taking codeine. She also noticed that her breastfed 
infant was lethargic and feeding poorly. When DS mentioned 
these symptoms to her physician, he recommended that she 
discontinue codeine use. Within a few days, both DS’s and her 
infant’s symptoms were no longer present.

https://www.crediblemeds.org/files/3913/6973/9557/pgx-brochure2011.pdf



Genome Browsers

 National Center for Biotechnology Information (NCBI)

 Ensembl

 Santa Cruz Genome Browser:  http://genome.ucsc.edu/

 Cancer Genome Browser: 
• http://cancer.sanger.ac.uk/cosmic
• http://www.cbioportal.org/

http://genome.ucsc.edu/
http://cancer.sanger.ac.uk/cosmic
http://www.cbioportal.org/


 https://www.ncbi.nlm.nih.gov/

 Created in 1988 to develop 
information systems for molecular 
biology.

 Many Resources;
• PubMed Central
• Gene
• dbSNP (HapMAP)
• dbVar
• Protein  Interaction
• Map Viewer

National Center for Biotechnology Information 
(NCBI)



National Center for Biotechnology Information 
(NCBI)



Ensembl Project

 Started in 1999, the website was launched in July of 2000.
 Goal of the project was to annotate the genome from the human 

genome project as well as integrate other 
resources.

 www.ensembl.org



Ensembl Website

 Genetic Sequence
 Variation Table

• Frequency (1000 Genomes, ESP, ExAC…)
• Haplotype Association



Ensembl Website

1) rs# (Variant 
ID)

2) Variant  
Change 
(Allele)

3) Drug 
Information
(Clin. Sig.)



Ensembl Website

 Minor Allele Frequency: 
Population genetics

 Associated Studies
 Clinical Evidence
 Gene Function
 Sequence
 Linkage disequilibrium



CYP450 Allele Nomenclature Database

 Identification of the CYP450 
Variants

 Nucleotide and Amino Acid 
Changes

 Consequences of the Variant

 References 



CYP450 Allele Nomenclature Database



Gene Databases

 NAT1 & NAT2 - http://nat.mbg.duth.gr

 UGT –UDP Glucuronosyltransferase genes –
http://www.pharmacogenomics.pha.ulaval.ca/cms/ugt_alleles

 ABC Transporters - http://htd.cbi.pku.edu.cn/ &
http://nutrigene.4t.com/humanabc.htm/

http://nat.mbg.duth.gr/
http://www.pharmacogenomics.pha.ulaval.ca/cms/ugt_alleles
http://htd.cbi.pku.edu.cn/
http://nutrigene.4t.com/humanabc.htm/


Table of Pharmacogenomic Biomarkers in Drug 
Labeling

 http://www.fda.gov/Drugs/Scienc
eResearch/ResearchAreas/Pharm
acogenetics/ucm083378.htm

 Drug labeling may contain 
information on:
• Drug exposure and clinical 

response variability
• Risk for adverse events
• Genotype-specific dosing
• Mechanisms of drug action
• Polymorphic drug target and 

disposition genes
 Over 160 Drug-Gene Pairs

http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm


The Pharmacogenomics Knowledgebase 
(PharmGKB)

 Was developed by Stanford University with funding from the 
National Institutes of Health (NIH) and is a partner of the NIH 
Pharmacogenomics Research Network (PGRN).

 Began in 2000 with limited information on genomics and drug 
information - www.pharmgkb.org.

 Is currently a pharmacogenomics knowledge resource that 
encompasses clinical information including dosing guidelines 
and drug labels, potentially clinically actionable gene-drug 
associations and genotype-phenotype relationships.



The Pharmacogenomics Knowledgebase 
(PharmGKB)

 Includes dosing guidelines 
from several organizations:
• Clinical 

Pharmacogenetics 
Implementation 
Consortium (CPIC) – 33 
Drugs

• Royal Dutch Association 
for the Advancement of 
Pharmacy -
Pharmacogenetics 
Working Group (DPWG) –
54 Drugs

• Canadian 
Pharmacogenomics 
Network for Drug Safety 
(CPNDS) – 5 Drugs



PharmGKB



PharmGKB



PharmGKB



PharmGKB

 Guidelines are a reflection of a 
clinical consensus based on 
clinical evidence and peer-
reviewed literature available at 
the time they are written and 
are intended only to assist 
clinicians in decision making 
and to identify questions for 
further research.

 Register will help to gain 
access to the research 
information.



PharmGKB



Online Resources

 References
 Other databases/gene 

browsers
• NCBI
• Ensembl
• Online Mendelian 

Inheritance in Man 
(OMIM)

• GeneCard



Specialized Pharmacogenomic & Other Related 
Websites

 Warfarin Dosing based on genotype of CYP2C9 & VKORC1: 
http://www.warfarindosing.org/Source/Home.aspx

 Antiviral treatment for HIV based on viral genome mutations: 
https://hivdb.stanford.edu/

 Cancer gene related markers (targets/resistance): 
https://www.mycancergenome.org/
http://www.cancerrxgene.org/translation/Drug

http://www.warfarindosing.org/Source/Home.aspx
https://hivdb.stanford.edu/
https://www.mycancergenome.org/
http://www.cancerrxgene.org/translation/Drug


Pharmacogenomic Websites

 Clinical Decision Support KnowledgeBase (cdskb) - https://cdskb.org/
 Clinical Genome Resource (ClinGen) -

https://www.clinicalgenome.org/
 Clinical Pharmacogenetics Implementation Consortium (CPIC) -

https://cpicpgx.org/
 Community Pharmacist Pharmacogenetics Network (CPPN) -

http://rxpgx.com/
 EGenetics/Genomics Competency Center (G2C2) - http://g-2-c-2.org//
 Implementing Genomics in Practice (IGNITE) - https://ignite-

genomics.org/
 National Human Genome Research Institute -

https://www.genome.gov/

https://cdskb.org/
https://www.clinicalgenome.org/
https://cpicpgx.org/
http://rxpgx.com/
http://g-2-c-2.org/
https://ignite-genomics.org/
https://www.genome.gov/


Be Careful of Online Resources

 SNPedia – is a wiki investigating human genetics.
• There are currently 87842 SNPs in SNPedia.
• Tested through companies such as 23andMe, Ancestry, 

deCODEme, FamilyTreeDNA
• Same resources as other sites – dbSNP, PharmGKB, 

ensembl, and gwascentral.

 DrugBank – is a unique bioinformatics and cheminformatics 
resource that combines detailed drug data with 
comprehensive drug target information.



Multiple Choice Question

Which of the following resources is the best for clinical 
information about pharmacogenomics?

www.ensembl.org
www.ncbi.gov
www.pharmgkb.org
www.snpedia.com



Points About Pharmacogenomics

 Importance of pharmacogenomics:
• Maximize the benefits.
• Decrease the potential for adverse drug reactions.

 Several genetic resources are available
• Best gene browsers – NCBI & Ensembl
• PharmaGKB is able to give clinical guidelines for 

some medications
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Objectives

 At the end of this presentation, the audience should be able 
to: 
• Discuss the role of ABC transporters in drug resistance, 

metabolism, and toxicity 
• Determine the appropriate online resources for 

pharmacists and clinicians to understand PGx test results 
• Explain the significance of ABC transporter-drug 

interactions as required by the FDA on package inserts 
• Design a medication regimen based on pharmacogenomic

test results 



I have seen new package inserts with ABC 
transporter information included

True
False 
What is a “package insert”?



Case 

 EG is a 34 year old Caucasian male with a history of 
hyperlipidemia and GERD. He is being discharged from the 
hospital today on tedizolid for a MRSA infection. EG has been 
on rosuvastatin 10mg PO daily for hyperlipidemia and plans to 
continue the rosuvastatin upon discharge. 

 You are alerted regarding the following drug-drug interaction 
while verifying the order for tedizolid: 



Case Continued

SIVEXTRO (Tedizolid Phosphate) Package Insert. Accessed October 5th, 2016 at: 
http://www.merck.com/product/usa/pi_circulars/s/sivextro/sivextro_pi.pdf 



Based on the known information, which one of 
the following is the most appropriate course of 

action?

Increase rosuvastatin dose
Decrease rosuvastatin dose by ~50%
Continue current rosuvastatin dose 
None of the above 



Transporters

 More than 400 transporters encoded in the human genome 
 Two major transporter super families within humans

• Solute Carrier (SLC) transporters 
o > 300 influx transporters for nutrient and drug 

cell/organ uptake 
• ATP-Binding Cassette (ABC) transporters 

o49 members with 7 subfamilies 

Liang Y. Protein Cell 2015;6(5)334-350
Li Y. Adv Drug Delivery Rev 2016. Ahead of Print ADR 13061



SLC Transporters

 SLC transporters: 
• Facilitative transporters 

o Transport substrates down the gradient across a 
membrane

• Active transporters 
o Transport substrates against a gradient across the 

membrane by coupling a downhill transport of a 
different substrate 

Liang Y. Protein Cell 2015;6(5)334-350

Low Concentration High Concentration 

High Concentration Low Concentration



SLC Transporters 
Gene Protein Location Substrates 

SLC22A1 OCT1 Liver Thiamine, acetylcholine, metformin, acyclovir, 
lamivudine, pentamidine, palitacel, and oxaliplatin

SLC22A2 OCT2 Kidney Creatinine, bile acids, acetylcholine, 
norepinephrine, serotonin, metformin, pindolol, 
propranolol, ranitidine, cisplatin, famotidine, 
lamivudine, and procanimide

SLA22A3 OCT3 Kidney, liver,
placenta, heart, 
and skeletal muscle 

Creatinine, acetylcholine, dopamine, 
norepinephrine, serotonin, histamine, 
progesterone, testosterone, lidocaine, atropine, 
prazosin, metformin, ranitidine, verapamil, 
mitoxantrone, and lamivudine

SLC22A
4-5

OCTN Ubiquitously 
expressed

Acetylcholine, pregabalin, tiotropium, doxorubicin,
etoposide, verapamil 

SLC22A6 OAT Kidney>liver and 
brain

Adefovir, zidovudine, cipro, methotrexate, 
pravastatin, antibiotics, NSAIDS, diuretics 

Liang Y. Protein Cell 2015;6(5)334-350



SLC Transporters

 Various SLC transporters (especially OAT) are associated with 
drug toxicity due to upregulation of the transporters 
• Associated with renal, liver, and heart disease

Drug Gene Gene Expression
Transporter

Inc in 
intra-

cellular 
drug 
conc



SLC Transporters 

PROXIMAL 
TUBULAR 

CELL
URINEBLOOD

MRP4

MRP7

PGP

OAT1

OAT3

Adapted from Pharmacogen J 2015:1-5



ABC Transporters

 Present in humans, animals, plants, and bacteria 
 Considered efflux pumps (vs influx as with SLC transporters)
 Consist of families from ABCB-G 

• E and F are not membrane transporters 
 In addition they play a role in:

• Potassium channels (SUR1, SUR2)
• Chloride channels (CFTR)
• Immunity (ABCB2, ABCB3)
• Bile breakdown (ABCB11, ABCB4, ABCG5, ABCG8)

Li W. Drug Resist update 2016;27:14-19
Locher K. Nat Struct Molec Bio 2016;23(6): 487-493
Theodoulou F. Biochem Soc. Trans 2015;43:1033-1039



Neumann J. Biochimica et Biophysica Acta 2016. Ahead of Print 



ABC Transporter Locations

Li Y. Adv Drug Delivery Rev 2016. Ahead of Print ADR 13061



Pharmacogenomics and Genomics 2006;16:693-703



ABC Transporters

Chen Z. Cancer Letters 2016;370:153-164



ABC Transporters

 ABC genes are able to affect: 
• ABC transporter location (intracellular vs extracellular)
• Tumor cell proliferation and invasion 
• Defense against antitumor regulatory pathways 

oDecreased apoptosis and complement mediated 
cytotoxicity 

Locher K. Nat Struct Molec Bio 2016;23(6): 487-493



ABC Transporters - Resistance

 Various ABC transporters are associated with drug resistance 
due to increased ABC transporter gene expression 

Drug Gene Gene Expression
Transporter

Dec in 
Drug 
Conc

in Cell



ABC Transporters 

 Medications can act as: 
• Inhibitor of ABC 

o Inhibition of gene expression 
o Inhibition of transporter 

• Inducer of ABC
o Inducer of gene expression 

• Substrate for ABC transporter 



ABC Transporters

 The most significant ABC transporters are 
Gene/Transporter

• ABCB1/ABCB1 (P-glycoprotein)
• ABCG2/BCRP 



ABC Transporters – ABCB1

 ABCB1 (Pgp) is the most studied ABC transporter 
• Discovered in 1976
• First discovered in colchicine resistant cells 
• Location:

oKidney proximal tubule epithelia 
o Liver 
oPlacenta 
oBBB
oGI tract (Colon > large intestines > small intestines > 

stomach)

Chen Z. Cancer Letters 2016;370:153-164



ABC Transporters – ABCB1



ABC Transporters – ABCG2

 ABCG2 was first discovered in breast cancer cells resulting in 
resistance to mitoxantrone 

 Half-transporter (homodimer)
 Location: 

• Intestine, liver, brain (including BBB), plasma membranes, 
apical surface of proximal tubule cells, hepatocytes 

 Implicated in causing gout and decreased uric acid excretion 

Chen Z. Cancer Letters 2016;370:153-164
Theodoulou F. Biochem Soc. Trans 2015;43:1033-1039



ABC Transporters – ABCG2



Chen Z. Cancer Letters 2016;370:153-164



ABC Transporters and Diseases

Theodoulou F. Biochem Soc. Trans 2015;43:1033-1039



Case Continued

SIVEXTRO (Tedizolid Phosphate) Package Insert. Accessed October 5th, 2016 at: 
http://www.merck.com/product/usa/pi_circulars/s/sivextro/sivextro_pi.pdf 



Based on the known information, which one of 
the following is the most appropriate course of 

action?

Increase rosuvastatin dose
Decrease rosuvastatin dose by ~50%
Continue current rosuvastatin dose 
None of the above 



FDA and ABC Transporters

 5 of 12 drug withdrawn from the U.S. between 1997-2002 
exhibited metabolic drug-drug interactions 

 The U.S. Food and Drug Administration (FDA) has issued a 
Guidance for Industry: Drug Metabolism/Drug Interaction 
Studies in the Drug Development Process – Studies in Vitro”
• This guidance was first issued in 1997 
• Updated in 2006



FDA and ABC Transporters









Gene Specific Dosing



Gene Specific Dosing 



Are We there yet?



Case 



Key Takeaways

 Key Takeaway #1
• ABC and SLC transporters are present in all humans. Expression 

of each transporter depends on medications, location, and 
genes

 Key Takeaway #2
• Medications can induce cells to become resistant to other 

medications 
 Key Takeaway #3

• ABC transporters play a key role in drug-drug interactions, and 
with time and additional research, knowledge of ABC drug-drug 
interactions will become standard for all pharmacists 



Questions?
Thank you for your attendance

Eddie Grace, Pharm.D.,BCPS(AQ-ID),AAHIVP
EGrace@ndm.edu/DrEddie@ufl.edu
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