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Learning Objectives (Pharmacists)

1. ldentify clinically relevant drug-gene interactions across various
medical specialties that could benefit from pharmacogenomic testing.

2. Explain how genetic variations in genes encoding drug-related proteins,
such as drug-metabolizing enzymes, impact drug disposition and
therapeutic response.

3. Recognize evidence-based guidelines and FDA recommendations to
inform the implementation of pharmacogenetics in clinical practice.

4. Utilize pharmacogenetic test results to determine the most appropriate
medication and dosage for individual patients.

5. Discuss the ethical, legal, and social implications associated with

pharmacogenetic testing.




Learning Objectives (Pharmacy Technicians)

1.

|dentify clinically actionable drug-gene pairs that may benefit
from pharmacogenomic testing.

2. Describe how genetic variation in genes that encode drug-related
proteins such as drug metabolizing enzymes, influence the
disposition of the drug and its response.

3. ldentify evidence-based guidelines and FDA recommendations to
guide the use of pharmacogenetics in practice.

4. Discuss the ethical, legal, and social implications of
pharmacogenetic testing.
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History of Observed Interpatient Variability

Normal G6PD
(class IV and V alleles)
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Hydrogen peroxide

Isouramil/divicine

Broad beans G6PD deficiency
(class I, Il and Il alleles)
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BOOK - GENOME
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CHAPTERS - CHROMOSOMES

The gray cat ran down the hall:
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' DNA

(Deoxyribonucleic acid)

The gray cat ran down the hall.
The gray cat ran down the ball.

Changes in DNA might change the way a gene works.

de&dﬁlyd r‘

Genetic 4

Counselors
© 2014



Types of genetic variants

The gray cat ran down the hall. Original

The gray cat ran down the ball. Missense

The gray green cat ran down the hall. Insertion
The gray ran down the hall. Deletion
The gray cat cat ran down the hall. puplication

The gray. Nonsense
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Single Nucleotide Polymorphisms
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IMPRECISION MEDICINE

For every person they do help (blue), the ten highest-grossing drugs in the
United States fail to improve the conditions of between 3 and 24 people (red).
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1. ABILIFY (aripiprazole)
Schizophrenia

e
i

3. HUMIRA (adalimumab)
Arthritis

"
L

5.CYMBALTA (duloxetine)
Depression

8. REMICADE (infliximab)

Crohn’s disease
i
* i

2. NEXIUM (esomeprazole)
Heartburn
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4. CRESTOR (rosuvastatin)
High cholesterol
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6. ADVAIR DISKUS (fluticasone propionate) 7. ENBREL (etanercept)

Asthma Psoriasis

4
e

9. COPAXONE (glatiramer acetate) 10. NEULASTA (pegfilgrastim)

Multiple sclerosis Neutropenia

JIIIIIRILIILLL,
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Genetics and Pharmacology
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PGx PK Genes of Interest

Phase | —CYP1A1/2 Phase I
. -CYP1B1
epoxide
hydrolase /CYP2A6

esterases | ihers CYP2B6

DPD / CYP2C8
others
CYP2C9
ALDH~ /CYPZC19
UGTs

CYP2D6
CYP3A4/5/7

1/5(*05%

"H(:$05%' CYP2E1 Conjugation
3H(,%=H15 - acetylation

- glucuronidation

- sulfation
- methylation

NAT1

NAT2

GST-M
., GST-T
GST-P

- GST-A

RellingMV. Science. 1999
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PGx Case Report

Mother was prescribed Tylenol 3
(Codeine 30 mg/acetaminophen 500
mg) for post C-section pain
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Mother was found to have heterozygous
CYP2D6%*2A allele and CYP2D6*2x2 gene
duplication (ultra-rapid metabolizer)

< Home @V NEWS

BREAKING

"The absolute most special girl: Four-year-old found dead with
father at Ont. park

CTVNEWS

Codeine use while breastfeeding may be
dangerous

CTV.ca News Staff
Published Wednesday, August 20,2008 9:42PM EDT
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PGx FACT:

Actionable pharmacogenetic variants
are "##"'$%&' 0*+(,,(- _inthe

general population.




Prevalence of Actionable PGx Variants

\:4

Vanderbilt PGx
Program

91%

MAYO
CLINIC

Y

Mayo RIGHIOK
Study

99%

emerge

network

St. Jude ChildrenOs eMERGEGXx
HospitaPG4KDS Project
Program 96%

98.5%Caucasians

99.1%African
Americans
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PGx in FDA Approved Medications

The FDA maintains a table of biomarkers with gene-drug pairs,
including many that are actionable.
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Actionable PGx Meds and Genes
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Anti-diabetics (3) ——
Ghowide  |G6PD Hematology / Oncology (19) Antidotes (2) i o W— 5y {13)
Tolbutamide  G6PD S5-Fluorouracil  DPYD : Efavirenz CYP2B6 op dogte L

olbutami D|mercapro| GSPD ; Warfarin CYP2CS, VKORC1, CYP4F2, CYP2C
Nateglinide CYP2C9 Capecitabine DPYD Voriconazole  CYP2C19 Atorvastatin SLCO181
- Methylene blue G6PD Quinine G6PD Fluvastatin SLCO1B1, CYP2C9
P Mercaptopurine TPMT, NUDT15 ) ’
nvulsants (4) i ) Sulfamethoxazo G6PD, NAT Lovastatin SLco1B1
Fosphenvtoin  HLA-B*15:02 Thioguanine TPMT, NUDT15 i Pitavastatin SLCO1B1
phenyt » CYP209 Abacavir HLA-B*57:01 '
Phenytoin HLA-B*15:02, CYP2co | |Avatrombopag  F2, F5, CYP2CS Antigout Agent (1) _ ' Pravasfatin SLo0181
- purmp— Eltrombo £S5 Atazanavir UGT1A1 Rosuvastatin SLCO1B1, ABCG2
il i .:ag Pegloticase  G6PD 4-aminosalicylic G6PD Sty Siootes
ilol
P Py e | il Cvr2c Chloramphenico G6PD bropafenone arpane
Citalopram CYP2C19 Gef't'""b CYP2D6 Chloroguine  G6PD Mavacamten CYP2C19
Escitalopram  CYP2C19 Tamoxifen CYP2D6 Immunological Agents (2) | |ciprofioxacin~ G6PD Procainamide NAT
Sertrallne. CYP2C19 Belinostat UGT1A1 Azathioprine TPMT, NUDT15 | |Dapsone G6PD Dermatology (2)
Ami.trlptyl'lne CYP2D6, CYP2C19 Irinotecan UGT1A1 Tacrolimus CYP3AS Furazolidone G6PD 5-Flucrrf)\fracil topical DPYD
Desipramine _|CYP2D6 Nilotinib UGT1A1 Hydroxychloroqu G6PD Lt creacts
Doxepin CYP2D6, CYP2C19 - . v foxx:e o9 GEPD
e o o Pazoparib UGTIAL LA B°5701 — | o |
Imipramine CYP2D6, CYP2C19 Sacituzumab Gov UGT1A1 : gy Nalidixic acid  G6PD Eliglustat CYP2D6
Nortriptyline  CYP2D6 Doxorubicin G6PD Tamsulosin CYP2D6 Nitrofurantoin G6PD General Anesthetics (6)
Paroxetine CYP2D6 Rasburicase G6PD Tolterodine CYP2D6 Norfloxacin  G6PD Desflurane RYR1, CACNAIS
Trimipramine  CYP2D6, CYP2C19 Toluidine blue  G6PD Phenazopyridine G6PD Ofloxacin G6PD Succricholine | RYR1, CRCNALS, BCHE
Clomipramine  CYP2D6, CYP2C19 Lapatinib HLA-DRB1, HLA-DOA1 Primaquine  |G6PD - s, CAonALs
Venlafaxine CYP2D6 Belzutifan CYP2C19, UGT2B17 Sulfadiazine ~ G6PD Isoflurane RYR3, CACNALS
Vortioxetine CYP2D6 Behavioral Health (2) Sulfadimidine / : G6PD Sevoflurane RYRS, CACNA1S
Gastroenterology (12) Antipsychotics (8) Atomoxetine  CYP2D6 Sulfanilamide G6PD Neurology (9)
1 i Lofexidi CYP2D6
Dexlansoprazole CYP2C19 Risperidone CYP2D6 Amphetamine CYP2D6 Sulflsoxaz.ole G6PD C«:;:enl?:e crr206
Lansoprazole  CYP2C19 i Tafenoquine G6PD Carbamazepine HLA-B*15:02, HLA-A®31:01
Omeprazole  CYP2C19 Brexpiprazole CYP2D6 Pegylated interf( IFNL3 Oxcarbazepine  |HLA-B°15:02
: 23 Siponimod CYP2Cs
Pantoprazole CYP2C19 Clozapine CYP2D6 Rlb?wrl'n IFNL3 Deutetrabenazine  CYP206
Esomeprazole  CYP2C19 Amikacin MT-RNR1 Pitolisant CYP2D6
Rabeprazole CYP2C19 i iel 2 Tetrabenazine CYP2D6
e P lloperidone CYP2D6 ::::n";g'" m: 2:21 Valbenazine ___ cYP206
Y H n -
Metosopramide |cYP208 Perphenazine | CYP2D6 Paromomycin | MT-ANRL | SR ERREE A
. . . . . eCcoxi’
Ondansetron  CYP2D6 Thioridazine CYP2D6 :lazo;mcm . m:ﬁ:zi Flurbiprofen CYP2c
i . 1 treptomycin - Ibuprofen CYP2C9
Tropisetron CYP2D6 . Meloxi
Sulfasalazine  G6PD, NAT2 Pimozide CYP206 Tobramycin  MT-RNR1 brosieam Coace
Isoniazid NAT Tramadol CYP2D6

Rheumatology (2) Codeine CYP2D6

Allopurinol HLA-B*58:01 suppkmnt‘ (2) womn.s Hea'th (1) Hydrocodne CYP2D6
- — - Vitamin C G6PD Fliba - CYP2C9. CYP2C19. CYP2D6 Methadone CYP2B6
Amifampridine NAT2 Vitamin K G6PD |banserin A X Carisoprodol CIP2c19
Oliceridine CYP2D6
Neuromuscular Blocking Agent (1) Tenoxicam ovP2co

Mivacurium BCHE Aspirin S6r0
Lornoxicam CYP2CS
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Clopidogrel and CYP2C19

. Clopidogrel

Intestlnal Esterases
85%

Clopidogrel

v

5/ CYP2C19, CYP1A2, CYP2B6

CYPZC19 CYP3A4/5, CYP2B6




CYP2C19 Genotypes and Phenotypes

Phenotype Genotypel Activity Diplotypes

UItra.-rapld Carrier of two increased function alleles. 1717
metabolizer (UM)
~5-30%
Rapid , : : o %
) Carrier of one normal plus one increased function allele. 1/*17
metabolizer (RM)
Normal , . .

) Wild type (carrier of two normal function alleles). *1/1 ~ 35 - 50%
metabolizer (NM) ype ( ) °
{ Likely Carrier of one normal plus one decreased function allele OR one \

Intermediate increased function allele plus one decreased function allele OR *1/*9, *9/*17, *9/*9

metabolizer two decreased function alleles
~18 - 45%

Intermediate Carrier of one normal function plus one no function allele OR one *1/*2; *1/*3; *1/*6;

metabolizer (IM) increased function plus one no function allele 217 *4/*17; *8/*17

Likely P_o elf Carrier of one decreased function allele and one no function allele *2/*9, *3/*9

metabolizer o 15
-~ - (o]

Poor metabolizer Carrier of two no function alleles. 22, 13/:3; "23;
(PM) 3/*8
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Level of
CYP2C19 Clinical Implications on Recommendations

Phenotype Clopidogrel Therapeutic Recommendations

G6&X * 410 0
C .# /06A ‘
Increased active metabolite

Ultrarapid / formation, lower dreatment Use clopidogrel at label recommendeﬂron No
Rapid Metabolize platelet reactivity, not associated doses 9 recommendation
higher bleeding risk

Normal active metabolite format

Norma}l normal ofreatment platelet Use clopidogrel at label recommende&rong Strong
Metabolizer . doses
reactivity
g Reduced active metabolite form: h
Intermediate or : ‘ Avoid standard dose (75mg) clopidc
. : . increased @reatment platelet . . No
likely intermediat o : possible. Upeasugrel or ticagrelor at Strong :
: reactivity; increasesk of adverse : S recommendatiof
Metabolizer : standard dose if no contraindication.
cardiac and cerebrovascular events
Significantly reduced active
: metabolite formation; increased oJse alternative antiplatbtapy (i.e.
Poor or likely poc o : :
. treatment platelet reactivity; prasugrel or ticagrelor if not Strong Moderate
Metabolizer : : : -
Increasausk of adverse cardiac and contraindicated)
\ cerebrovascular events y

"#$9%6&'( )+,-&'(" ). +/&01%23(4150671%&3'2301"3('58&3'0762$889$%39#$%1781%"$%3178&235$:
0(%('1%;&1%"$%:8&235$15$&<(77(=3">&18&%$0$"&?;(01%231783'<1%0"3('&(6"532$& " #$&5$"3'>

Lee CR et al. (2022)Clinical Pharmacogenetics Implementation Consortium Guidelines oY P2C19Genotype and Clopidogrel Therapy: 2022 Update. CPT
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Clinical Implications on Therapeutic Classification of

Phenotype Clopidogrel Recommendations Recommendation

Ultrarapid / Rapid  Increased active metabolite formation, Use clopidogrel at label

Metabolizers lower ortreatment platelet reactivity recommended doses MO LEERhlE e

Normal active metabolite formation, Use clopidogrel at label

N sl oellash normal oftreatment platelet reactivity recommended doses SITCE
: Reduced active metabolite formation;Consider an alternative P2Y12 )
Intermediate or . . |
. : . increased @reatment platelet reactivity; inhibitor at standard dose if
likely intermediate Moderate

increasatsk of adverse cardiac and  clinically indicated and no

Metabolizer N
cerebrovascular events contraindication.

Avoid clopidogrel if possible.

Significantly reduced active metaboliteCon sider an alternative P2Y12

Poor or Ilke_ly poor formgtl_or!;_mcreas_eetmatment platele inhibitor at standard dose if Moderate
Metabolizer reactivity; increagesk of adverse card

clinically indicated and no
and cerebrovascular events NN
\ contraindication. y

Other Considerations: *7"$%'1"34$&. ABCA&3'#3:3"(%5&'("&3?910"$2&:;&+B.A+CD&3'0762$& 301>
1'2&"307(9323'$@&.%156>%$7&35&0("%13'2301"$2&3'&91"3$"5&=3"#&1&#35"(%0;&(<&5"%

H

Lee CR et al. (2022)Clinical Pharmacogenetics Implementation Consortium Guidelines oY P2C19Genotype and Clopidogrel Therapy: 2022 Update. CPT
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FIGURE 16: ONCOTYPE DX COVERAGE VS. TESTS SOLD
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OPharmacogenomic tests are indicated
when medications are being considered for
use (or already being administered) that are
medically necessa@pproprlateand F
approved for usia the patientOs COﬂdItIOﬂk
and are known to havgeane(syrug ‘;
interactiorthat has been demonstrated to
beclinically actionabks defined by the _
FDA (pharmacogenomic information =
required for safe drug administration) or |
CPIC guidelinesO.

August 2020 _ b I MoDX [l Novitas JINGS [l FCSO

+,-(#).*".01.

PalmettaGBA Local Coveraﬂe Determination iwx Pharmacoaenomics Testihiﬁzgi June 5, 2020. V




Supplemental Figure 1. Examples of medications and jurisdictions covered by the new LCDs.

Drug Gene(d Drug Gene(s) Drug Gene(s)
abacavir* HLA-B isoflurane* CACNA1S, RYR1 |phenytoin* CYP2C9, HLA-B
allopurinol HLA-B ivacaftor* CFTR piroxicam* CYP2C9
amitriptyline CYP2C19, CYP2DE6 |lansoprazole CYP2C19 rasburicase* G6PD

atazanavir UGT1A1 lornoxicam CYP2C9 sertraline CYP2C19
atomoxetine* CYP2D6 meloxicam* CYP2C9 sevoflurane* CACNA1S, RYR1
azathioprine* TPMT, NUDT15 mercaptopurine*| TPMT, NUDT15 |[simvastatin SLCO1B1
capecitabine* DPYD methoxyflurane |CACNA1S, RYR1 [succinylcholine* [CACNA1S, RYR1
carbamazepine* (HLA-A, HLA-B nortriptyline* CYP2D6 tacrolimus CYP3A5
celecoxib* CYP2C9 omeprazole* CYP2C19 tamoxifen* CYP2D6
citalopram* CYP2C19 ondansetron CYP2D6 tenoxicam CYP2C9
clomipramine CYP2C19, CYP2D6 |oxcarbazepine* |HLA-B thioguanine* TPMT, NUDT15
clopidogrel* CYP2C19 pantoprazole* |CYP2C19 trimipramine g::ggg;g
codeine* CYP2D6 paroxetine CYP2D6 voriconazole* |CYP2C19
desflurane* CACNA1S, RYR1 eginterferon - CYP2C9, CYP4F2,
desipramine® _|CYP2D6 Bfaaorop  |FNL3 warlarins: VKORC1
dexlansoprazole* (CYP2C19

doxepin* CYP2C19, CYP2D6

efavirenz* CYP2B6

enﬂ.urane* CACNA1S, RYR1 MolDx MACs
escntalopr?m* CYP2C19 NGS
fluorouracil* DPYD :
flurbiprofen* CYP2C9 [ Noyitas
fluvoxamine*  |CYP2D6 i rirst Godst
halothane CACNA1S, RYR1

ibuprofen CYP2C9 \

imipramine CYP2C19, CYP2D6
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e D ) Legislation Status

B Biomarker testing coverage for all state-regulated plans
| Biomarker testing coverage for some plans
| Legislation introduced

Crealed with mapchar set

Biomarker testing coverage for all state-regulated plans: AZ, CA, GA, IL, IN, IA, KY, MD, MN, NM, NY, OK,
PA, RI, TX

Biomarker testing coverage for some plans: AR, CO, CT, FL, LA

Legislation introduced: HI, MA, ME, NV, NJ, OH, VT, WA, WV

*Arkansas and Louisiana laws apply to state-regulated private plans **Florida law applies to Medicaid
and state employee health plan. ***Connecticut law applies to Medicaid.
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Role of Pharmacists in Clinical PGx
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Pharmacists as PGx EDUCATORS

I Educate healthcare professionals and the public on PGx.

I Provide resources and education that empower patients to make
informed healthcare decisions about PGx testing and understanding
their test results.

I Serve as subject matter expert for clinical PGx.

I Incorporate PGx information into training of residents and students.




Pharmacists as PGx RESEARCHERS

Design and conduct PGx research.

Discovery Research
B /@5&1.#04*#*;$.*1<*#D&%*#7, ¥ 15 &$+%0#8& 1 #<-$1$<&-#70$-$0)¢
0*%0$1>=

Translational Research
B 6**- 5#&1.#%?<<*%%77?--)#$25-*2* 10#D*%0#5+&<0$<*#5+,<*%%*U
548+2&<,>*1,2%$<%=

Actively contribute to the body of knowledge in PGx by publishing
articles.
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