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ABCB1 

The ABCB1 gene encodes the ABCB1 protein also known as P-glycoprotein (P-gp), an efflux transporter that belongs to the superfamily of 
ABC protein transporters. It is highly expressed in the small intestine and colon, at the bile-facing canaliculi of the liver, at the proximal tubules 
in the kidney and the apical or serosal side of blood-tissue barriers. This transporter plays a key role in limiting absorption, mediating 
distribution, and facilitating biliary and renal elimination of several endogenous compounds, drugs and other xenobiotics. P-gp is 
overexpressed in numerous tissues transformed by cancer, which is relevant to the clinical challenge of multi-drug resistance. Due to its broad 
substrate specificity and variable intrinsic and drug-induced expression, P-gp is also involved in drug-drug interactions. The ABCB1 genetic 
assay identifies variants that are associated with altered P-gp activity, which has important implications for an individual's susceptibility to 
therapeutic failure of antiemetic medications. 

Assay Interpretation 

Numerous common single-nucleotide polymorphisms (SNPs) in the coding regions of ABCB1 have been studied for their potential influence on 
P-gp expression, function, and disease risk. Of these SNPs, the rs1045642 (3435C>T) variant has a high minor allele frequency and large inter
-ethnic allele frequency differences. In African populations, the C allele frequency ranges between 85% and 91 %, while in most European and
Hispanic populations the C allele is the minor allele. The C allele frequency ranges between 34% to 90% across populations. The functional
ABCB1 phenotype is estimated from the genotype at 3435C>T. Carriers of the C allele are predicted to have high transporter expression. Non
carriers of the C allele are predicted to have low transporter expression.

The reference range for ABCB1 rs1045642 (3435C>T) is C/C. This is consistent with high transporter expression. 

Clinical Implications 

The role of the ABCB1 gene in drug disposition in humans has been shown in clinical studies investigating the impact of inhibitors/inducers on 
P-gp function, and in studies documenting the pharmacogenetics of P-gp substrates in carriers of the 3435C>T variant. P-gp recognizes and
effluxes a multitude of structurally and biochemically unrelated substrates. The ABCB1 3435 T allele was first reported to be associated with
altered P-gp function and increased plasma levels of P-gp substrate digoxin relative to the ABCB1 3435 C allele. Subsequent pharmacogenetic
studies on this polymorphism involving a variety of P-gp substrates have shown mixed results. In patients who are taking standard doses of
antiemetic drugs, specifically ondansetron and granisetron, several studies have consistently shown increased drug exposure and lower risk of
vomiting associated with the ABCB1 3435 TIT genotype. Patients with the 3435 CIC and CIT genotypes are at a high risk of therapeutic failure
when treated with standard doses of ondansetron or granisetron.

Inhibitors or inducers of the P-gp may modify its activity. This can result in drug-drug interactions when a drug substrate is prescribed with 
known P-gp inhibitors or inducers. 

Inhibitors 

Some known P-gp inhibitors include: amiodarone (Cordarone), bepridil (Vascor), carvedilol (Coreg), clarithromycin (Biaxin), cobicistat (Stribild, 
Tybost), daclatasvir (Daklinza), dronedarone (Multaq), duloxetine (Cymbalta), eliglustat (Cerdelga), flibanserin (Addyi), indinavir (Crixivan), 
itraconazole (Sporanox), ketoconazole (Nizoral), lapatinib (Tykerb), ledipasvir (Harvoni), lomitapide (Juxtapid), lovastatin (Mevacor), mefloquine 
(Lariam), mifepristone (Korlym), nelfinavir (Viracept), nicardipine (Cardene), paritaprevir (Technivie), ponatinib (lclusig), posaconazole (Noxafil), 
propafenone (Rythmol), quinidine (Quinidex), ritonavir (Norvir), rolapitant (Varubi), saquinavir (lnvirase), simeprevir (Olysio), sunitinib (Sutent), 
tacrolimus (Prograf), tamoxifen (Nolvadex), telaprevir (lncivek), telithromycin (Ketek), ticagrelor (Brilinta), velpatasvir (Epclusa), venetoclax 
(Venclexta) and verapamil (Calan). 

Inducers 

Some known P-gp inducers include: apalutamide (Erleada), carbamazepine (Tegretol), phenytoin (Dilantin), rifampin (Rimactane), St. John's 
wort and tipranavir (Aptivus). 

Gene Monographs Page 1 of 17
llli,.. PoweredBy 

S4 Translationar 
ll!&' software 

Copyright© Translational Software 



• Sonic
111 Genetics 

References 

Sonic Genetics Gene Monographs 

Wednesday, April 14, 2021 

1: Perwitasari DA, Wessels JA, van der Straaten RJ, Baak-Pablo RF, Mustafa M, Hakimi M, Nortier JW, Gelderblom H, Guchelaar HJ. 
Association of ABCB1, 5-HT3B receptor and CYP2D6 genetic polymorphisms with ondansetron and metoclopramide antiemetic response in 
Indonesian cancer patients treated with highly emetogenic chemotherapy. Jpn J Clin Oneal. 2011 Oct;41(10): 1168-76. 2: Babaoglu MO, Bayar 
B, Aynacioglu AS, Kerb R, Abali H, Celik I, Bozkurt A. Association of the ABCB1 3435C>T polymorphism with antiemetic efficacy of 5-
hydroxytryptamine type 3 antagonists. Clin Pharmacol Ther. 2005 Dec;78(6):619-26. 3: Zoto T, Kilickap S, Yasar U, Celik I, Bozkurt A, 
Babaoglu MO. Improved anti-emetic efficacy of 5-HT3 receptor antagonists in cancer patients with genetic polymorphisms of ABCB1 (MDR1) 
drug transporter. Basic Clin Pharmacol Toxicol. 2015 Apr; 116(4):354-60. 4: He H, Yin JY, Xu Y J, Li X, Zhang Y, Liu ZG, Zhou F, Zhai M, Li Y, Li 
XP, Wang Y, Zhou HH, Liu ZQ. Association of ABCB1 polymorphisms with the efficacy of ondansetron in chemotherapy-induced nausea and 
vomiting. Clin Ther. 2014 Aug 1 ;36(8):1242-1252.e2. 5: Sakaeda T, Nakamura T, Okumura K. Pharmacogenetics of MDR1 and its impact on 
the pharmacokinetics and pharmacodynamics of drugs. Pharmacogenomics. 2003 Jul;4(4):397-410. 6: Schwab M, Eichelbaum M, Fromm MF. 
Genetic polymorphisms of the human MDR1 drug transporter. Annu Rev Pharmacol Toxicol. 2003;43:285-307. 7: Dey S. Single nucleotide 
polymorphisms in human P-glycoprotein: its impact on drug delivery and disposition. Expert Opin Drug Deliv. 2006 Jan;3(1):23-35. 8: 

Hoffmeyer S, Burk 0, van Richter 0, Arnold HP, Brockmoller J, Johne A, Cascorbi I, Gerloff T, Roots I, Eichelbaum M, Brinkmann U. Functional 
polymorphisms of the human multidrug-resistance gene: multiple sequence variations and correlation of one allele with P-glycoprotein 
expression and activity in vivo. Proc Natl Acad Sci U S  A. 2000 Mar 28;97(7):3473-8. 9: Serra M, Hattinger CM. The pharmacogenomics of 
osteosarcoma. Pharmacogenomics J. 2017 Jan;17(1):11-20. 10: Seneca N, Zoghbi SS, Liaw JS, Kreisl W, Herscovitch P, Jenko K, Gladding 
RL, Taku A, Pike VW, Innis RB. Human brain imaging and radiation dosimetry of 11 C-N-desmethyl-loperamide, a PET radiotracer to measure 
the function of P-glycoprotein. J Nucl Med. 2009 May;50(5):807-13. 

Gene Monographs Page 2 of 17
llli,.. PoweredBy 

S4 Translationar 
ll!&' software 

Copyright© Translational Software 



• Sonic
111 Genetics 

Clinical Utility 

Sonic Genetics Gene Monographs 

Wednesday, April 14, 2021 

CYP1A2 

The cytochrome P450 1A2 (CYP1A2) accounts for 13% of total CYP in the human liver, and is responsible for metabolizing 8-10% of 
commonly used drugs as well as natural compounds such as caffeine. A large inter-individual variability in the elimination of drugs that are 
metabolized by CYP1A2 has been observed, which has been ascribed to genetic variations and environmental factors. CYP1A2 activity is 
highly inducible (increased) by environmental factors including smoking (tobacco), some drugs, and several dietary compounds (cruciferous 
vegetables). 

Assay Interpretation 

More than 20 different alleles have been characterized for the CYP1A2 gene, and some have been shown to affect enzyme activity and its 
sensitivity towards inducers (inducibility). The CYP1A2*1 F is the most studied allele and results in a rapid metabolizer phenotype in the 
presence of inducers, while CYP1A2*1 K and *1 C alleles result in enzymes that are less active and less sensitive to induction. The CYP1A2*1 F 
allele is found in 25-50% of Caucasians, 30% of Asians, and 50% of Ethiopians. The genotype-phenotype relationship for CYP1A2 is not well 
established, and can be expressed in terms of metabolic capacity as well as sensitivity towards induction (inducibility). Individuals are predicted 
to have CYP1A2 normal, intermediate, or poor metabolic capacity, with high, possible, or low inducibility depending on their genotype. 

The reference range for CYP1A2 metabolic status is CYP1A2 *1A/ *1A, which is consistent with a normal metabolizer that is possibly 
inducible. 

Clinical Implications 

CYP1A2 genotype can help identify patients with high or low sensitivity to inducing agents, especially those released during smoking. The 
clinical relevance of this sensitivity becomes important in patients who are smokers or who quit smoking. Patients with the highly 
inducible genotype CYP1A2*1 F/*1 F can experience loss of response to drug substrates while they are exposed to dietary or environmental 
inducers, and therefore may require higher doses. 

The following drugs used in the management of pain and various psychiatric conditions are metabolized extensively by CYP1A2 and are 
sensitive to its function: clozapine (Clozaril), duloxetine (Cymbalta), olanzapine (Zyprexa), and tizanidine (Zanaflex). CYP1A2 also metabolizes 
other important drugs such as melatonin, ondansetron (Zofran), pirfenidone (Esbriet), pomalidomide (Pomalyst), ramelteon (Rozerem), 
ropivacaine (Naropin), and tasimelteon (Hetlioz). 

CYP1A2 metabolism is highly sensitive to inhibition and induction, and the occurrence of drug-drug interactions can have profound effects on 
the pharmacokinetics, response, and safety profiles of many CYP1A2 drug substrates. 

Inhibitors 

Some known strong CYP1A2 inhibitors include: ciprofloxacin (Cipro), enoxacin (Penetrex), fluvoxamine (Luvox) and zafirlukast (Accolate). 

Some known moderate to weak CYP1A2 inhibitors include: allopurinol (Zyloprim), mexiletine (Mexitil), norfloxacin (Norflox), peginterferon alfa 
-2a (Pegasys), obeticholic acid (Ocaliva), oral contraceptives, ticlopidine (Ticlid), vemurafenib (Zelboraf) and zileuton (Zyflo).

Inducers 

Known CYP1A2 inducers include: carbamazepine (Tegretol), montelukast (Singulair), moricizine (Ethmozine), omeprazole (Prilosec), 
phenobarbital, phenytoin (Dilantin), primidone (Mysoline) and rifampin (Rifadin). 

Some dietary and environmental compounds found in charcoal-grilled food, cigarette smoke and cruciferous vegetables can also increase 
CYP1A2 activity. 
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CYP2C19 

The cytochrome P450 2C 19 (CYP2C 19) is involved in the metabolism of 10% of clinically important medications. This enzyme is highly 
polymorphic and more than 30 different alleles have been identified in various ethnicities. The CYP2C19 assay identifies common and rare 
variants that are associated with variability in CYP2C19 enzyme, which has important pharmacological and toxicological implications for 
antidepressants, benzodiazepines, antiplatelets, and proton-pump inhibitors. 

Assay Interpretation 

CYP2C19 enzyme activity defines a normal or abnormal (intermediate, poor, rapid or ultra-rapid) metabolizer status for a given individual. 
Several variant alleles have been identified and result in different isoforms of the CYP2C19 enzyme that functionally exhibit normal function, 
reduction function, no function or increased function. The CYP2C 19*1 allele is considered wild-type/reference allele and CYP2C 19 *11, *13 
and *18 encodes a functionally active enzyme (normal function allele). The alleles *2, *3 *4-*8, *22, *24, and *35-*37 encode an inactive 
enzyme and are referred to as no function alleles while the *9, *10, *16,*19, *25 and *26 alleles are classified as reduced function alleles. The 
CYP2C19*17 is an increased function allele. 

A new joint statement by the Association for Molecular Pathology (AMP) and the College of American Pathologists (CAP), provides a two-tiered 
classification of CYP2C 19 alleles for inclusion during clinical testing. Tier 1 alleles that should be included in all clinical tests, include CYP2C 19 
*2, *3 and *17. Tier 2 alleles which may also be included in clinical tests include CYP2C19 *4A, *48, *5, *6, *7, *8, *9, *10 and *35.

The CYP2C19 genotype-phenotype relationship is established based on the allele's function. An Individual with two normal function alleles is 
considered a normal metabolizer while an individual carrying two no function alleles is considered a poor metabolizer. An individual carrying 
one normal function allele with one no function allele or one no function allele with one increased function allele is classified as an intermediate 
metabolizer. Individuals with two increased function alleles are considered ultra-rapid metabolizers and carriers of one increased function allele 
with one normal function allele are referred to as rapid metabolizers. Because of limited evidence, individuals carrying two decreased function 
alleles OR those carrying one normal or increased function allele with one decreased function allele are provisionally categorized as 
intermediate metabolizers. 

The reference range for CYP2C19 metabolic status is CYP2C19 *1/*1 genotype, which is consistent with a normal metabolizer. 

Clinical Implications 

There is substantial evidence linking the CYP2C 19 polymorphisms to variability in the pharmacological and safety profiles of the following 
therapies used in psychiatric conditions and pain management: amitriptyline (Elavil), sertraline (Zolofl), clobazam (Onfi), citalopram (Celexa), 
escitalopram (Lexapro), diazepam (Valium), imipramine (Tofranil), and carisoprodol (Soma). CYP2C19 plays a minor role in the elimination of 
methadone (Dolophine). 

Cardiovascular medications that are metabolized by CYP2C19 include the prodrug clopidogrel (Plavix), propranolol (lnderal), and cilostazol 
(Pletal). Proton-pump inhibitors such as omeprazole (Prilosec), esomeprazole (Nexium), lansoprazole (Prevacid), dexlansoprazole (Dexilant), 
and pantoprazole (Protonix) are major substrates of CYP2C19. 

Brivaracetam (Briviact) is primarily metabolized by hydrolysis and by hydroxylation. The hydrolysis reaction is mediated by amidase and the 
hydroxylation is mediated by CYP2C19. Brivaracetam exposure is increased by 22% and 42%, in CYP2C19 intermediate and poor 
metabolizers, respectively. CYP2C19 poor metabolizers and patients using inhibitors of CYP2C19 may therefore require dose reduction to 
avoid concentration-dependent toxicity. 

CYP2C 19 is significantly involved in the metabolism of voriconazole (Vfend) and the disposition of this antifungal is affected by CYP2C 19 
genetic polymorphisms. The CPIC dosing guideline for voriconazole recommends selecting an alternative agent that is not dependent on 
CYP2C19 metabolism in adults who are CYP2C19 ultrarapid metabolizers, rapid metabolizers or poor metabolizers. In pediatric patients, an 
alternative agent should be used in patients who are ultrarapid metabolizers or poor metabolizers. 

Inhibitors or inducers of CYP2C19 enzyme may modify its activity and change the patient's metabolizer status. This can result in drug-drug 
interactions when a drug substrate is prescribed with known CYP2C 19 inhibitors or inducers. 

Inhibitors 

Some known CYP2C19 inhibitors include: armodafinil (Nuvigil), delavirdine (Rescriptor), esomeprazole (Nexium), etravirine (lntelence), 
felbamate (Felbatol), fluconazole (Diflucan), fluoxetine (Prozac), fluvoxamine (Luvox), moclobemide (Manerix), modafinil (Provigil), omeprazole 
(Prilosec), oxcarbazepine (Trileptal), ticlopidine (Ticlid), topiramate (Topamax) and voriconazole (Vfend). 
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Some known CYP2C19 inducers include: apalutamide (Erleada), artemether (Coartem), carbamazepine (Tegretol), efavirenz (Sustiva), 
enzalutamide (Xtandi), fosphenytoin (Cerebyx), phenobarbital, phenytoin (Dilantin), primidone (Mysoline), rifampin (Rifadin) and St. John's 
wort. 
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CYP2C9 

The cytochrome P450 2C9 (CYP2C9) is involved in the metabolism of 15% of clinically important medications. This enzyme is highly 
polymorphic: to date, 60 alleles have been identified. The CYP2C9 assay identifies some common variants that are associated with variability 
in CYP2C9 enzyme activity, which has important pharmacological and toxicological implications for anticonvulsants, anticoagulants, and certain 
antidiabetics. 

Assay Interpretation 

CYP2C9 enzyme activity defines a normal or abnormal (intermediate and poor) metabolizer status for a given individual. Several variant alleles 
have been identified and result in different CYP2C9 isoforms that functionally are fully active, partially active, or inactive. The CYP2C9 *1 (wild
type) and CYP2C9*9 alleles encode functionally active enzymes. A number of CYP2C9 alleles such as *2, *4, *5, *8, *11, *12 and *31 encode 
partially active enzymes and are classified as decreased function alleles. Other CYP2C9 alleles such as *3, *6, *13, *15 and *25 are 
considered no-function alleles encoding inactive enzymes. Many other alleles with an unknown/uncertain functional effect have also been 
identified and can be revealed from testing. 

A new joint statement by the Association for Molecular Pathology (AMP) and the College of American Pathologists (CAP), provides a two-tiered 
classification of CYP2C9 alleles for clinical testing. Tier 1 alleles that should be included in all tests, these include CYP2C9 *2, *3, 5. *6, *8 and 
*11. Tier 2 alleles which may also be included in clinical tests include CYP2C9 *12, *13 and *15.

The genotype-phenotype relationship is established based on the allele's function. Individuals with two normal function alleles are considered 
normal (extensive) metabolizers (AS= 2.0). Individuals with one normal function allele with one decreased function allele are considered 
intermediate metabolizers (AS = 1.5). Individuals with one normal function allele and one no-function allele or two decreased function alleles 
are considered intermediate metabolizers (AS = 1.0). Individuals with one decreased function allele and one no function allele are considered 
poor metabolizers (AS = 0.5). Individuals with two no-function alleles are considered poor metabolizers (AS = 0). The phenotype of carriers of 
one or two CYP2C9 unknown/uncertain function alleles cannot be predicted accurately (unknown phenotype). 

The reference range for CYP2C9 metabolic status is CYP2C9 *1r1 genotype, which is consistent with an AS of 2.0 and a normal 
metabolizer. 

Clinical Implications 

Abnormal CYP2C9 activity affects the therapeutic outcome of a variety of drugs used to treat cardiovascular and other conditions. Following 
the administration of drug substrates, the clinical manifestation in a poor or an intermediate metabolizer depends on the characteristics of the 
drug (i.e., the amount of drug/metabolites that is cleared by the enzyme), and the safety and pharmacological profiles of the drug and its 
metabolites. Within the medications used to treat cardiovascular conditions, there is compelling evidence that the response to certain 
angiotensin II inhibitors, statins, and anticoagulants is altered in individuals exhibiting abnormal CYP2C9 activity. 

CYP2C9 plays a role in the metabolism of the following psychotropic drugs: fluoxetine (Prozac), phenytoin (Dilantin), and primidone (Mysoline). 
Several NSAIDs and Cox-2 inhibitors are substrates of CYP2C9, and patients with reduced CYP2C9 activity may have higher plasma levels of 
celecoxib (Celebrex), flurbiprofen (Ocufen), piroxicam (Feldene), or meloxicam (Mobic). CYP2C9 plays a minor role in the elimination of 
diclofenac (Voltaren), sulindac (Clinoril), and naproxen (Aleve). 

Cardiovascular medications that are metabolized by CYP2C9 include warfarin (Coumadin), fluvastatin (Lescol), losartan (Cozaar), and 
irbesartan (Avapro). 

The FDA has added a contraindication on the use of siponimod (Mayzent) in patients with a CYP2C9 *3r3 genotype. 

Inhibitors or inducers of the CYP2C9 enzyme may modify its activity and change the patient's metabolizer status. This can result in drug-drug 
interactions when a drug substrate is prescribed with known CYP2C9 inhibitors or inducers. 

Inhibitors 

Some known CYP2C9 inhibitors include: amiodarone (Cordarone), capecitabine (Xeloda), chloramphenicol, cimetidine (Tagamet), co
trimoxazole (Septra), danazol (Danocrine), delavirdine (Rescriptor), disulfiram (Antabuse), efavirenz (Sustiva), etravirine (lntelence), 
fluconazole (Diflucan), 5-fluorouracil (Adrucil), fluoxetine (Prozac), fluvastatin (Lescol), fluvoxamine (Luvox), gemfibrozil (Lopid), lomitapide 
(Juxtapid), metronidazole (Flagyl), miconazole (Oravig), oxandrolone (Oxandrin), phenytoin (Dilantin), sulfamethoxazole (Bactrim), 
sulfinpyrazone (Anturane), tamoxifen (Nolvadex), tigecycline (Tygacil), toremifene (Fareston), voriconazole (Vfend) and zafirlukast (Accolate). 
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Some known CYP2C9 inducers include: alpelisib (Piqray), apalutamide (Erleada), aprepitant (Emend), bosentan (Tracleer), carbamazepine 
(Tegretol), dabrafenib (Tafinlar), elvitegravir (Genvoya, Stribild), enzalutamide (Xtandi), phenobarbital, phenytoin (Dilantin), primidone 
(Mysoline), rifampin (Rifadin, Rimactane), rifapentine (Priftin), ritonavir (Norvir) and St. John's wort. 
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CYP2D6 

Clinical Utility 

The cytochrome P450 2D6 (CYP2D6) is involved in the metabolism of 20% of clinically important medications. This enzyme is highly 
polymorphic: more than 100 different variants have been identified. The CYP2D6 assay identifies common variants that are associated with 
variability in CYP2D6 enzyme activity, which has important pharmacological and toxicological implications for antidepressants, antipsychotics, 
opioids, beta-blockers, and antiarrhythmics. 

Assay Interpretation 

CYP2D6 enzyme activity defines a normal or abnormal (intermediate, poor, or ultra-rapid) metabolizer status for a given individual. Many 
alleles have been identified and result in different CYP2D6 isoforms that functionally have normal activity, decreased activity, no activity or in 
some cases unknown activity. The CYP2D6*1 (reference or wild-type allele) is inferred when no variants tested by the assay are detected. 
Genotyping tests usually interrogate for both sequence variants and structural variants and results are used to infer CYP2D6 alleles or 
haplotypes as defined by PharmVar. Sequence variants include single nucleotide polymorphisms (SNPs) and small insertions and deletions. 
Structural variations include entire gene deletions (CYP2D6*5), gene duplication/multiplication (CYP2D6*1xN, *2xN and *4xN), and hybrids 
with the CYP2D7 gene. Moreover, alleles that contain hybrids can be found on their own (as single entities) or in combination with other gene 
copies (tandems). 

Commonly detected alleles include those with normal function (e.g. CYP2D6 *1, *2 and *35), increased function (e.g. CYP2D6*1xN, *2xN), 
reduced function (e.g. CYP2D6*9, *10, *10-*36, *17, *29, and *41) and no-function (e.g. CYP2D6 *3, *4, *4N, *5, *6, *7, *8, *11, *12, *36, *4xN). 

The genotype-phenotype relationship is established using a scoring system that assigns an activity value to every CYP2D6 allele, in order to 
assign a predicted phenotype. For a given genotype, the activity values of the constituent alleles are added together to calculate the CYP2D6 
activity score. This activity score (AS) is then used to assign a predicted phenotype. The AS system was first published in 2008 and was 
recently refined by an expert group that included both the Clinical Pharmacogenetics Implementation Consortium (CPIC) and the Dutch 
Pharmacogenetics Working Group (DPWG) members. The group reviewed recent findings and heterogeneities in phenotype assignment. 

The consensus method jointly recommended by CPIC and the DPWG redefined the translation of CYP2D6 diplotypes to phenotype as follows: 

• CYP2D6 ultra-rapid metabolizers (UMs) when the calculated AS is > 2.25
• CYP2D6 normal metabolizers (NMs) when the calculated AS = x is within the range of 1.25 :;; x :;; 2.25
• CYP2D6 intermediate metabolizers (I Ms) when the calculated AS = x is within the range of 0 < x < 1.25
• CYP2D6 poor metabolizers (PMs) when the calculated AS = 0

After literature review, the standardization expert group also obtained consensus to 'downgrade' the activity value for the CYP2D6*10 allele 
from 0.5 to 0.25 to better reflect the level of enzyme reduction that is observed with this allele. The group proposed the following activity value 
when the functional effect of the CYP2D6 allele is known: 

• fully functional CYP2D6 alleles are assigned an activity value of 1.0 (e.g. CYP2D6 *2, *35).
• reduced function CYP2D6 alleles (except CYP2D6*10) have an activity value of 0.5 (Note that the value of 0.5 does not indicate a 50%

reduction in activity, but signals decreased function, i.e., has functional activity somewhere between no-function and full function).
• CYP2D6*10 reduced function allele is assigned an activity value of 0.25.
• non-functional CYP2D6 alleles are assigned an activity value of 0 (e.g. CYP2D6 *4, *5, *36, *36xN, *4x2N).

For alleles with two or more gene copies, the value of the allele is multiplied by the number of gene copies (e.g. AS of CYP2D6*1x3N = 3 
calculated as the AS of *1 which is 1 multiplied by 3). For a tandem, the sum of each allele value is used to assign the score (e.g. AS of 
CYP2D6*36-*10 = 0.25 calculated as the sum of AS of CYP2D6*36 which is 0 and AS of CYP2D6*10 which is 0.25). 

The reference range for CYP2D6 metabolic status is a CYP2D6 *1/ *1 genotype, which is consistent with an AS of 2.0 and a normal 
metabolizer status. 
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There is substantial evidence linking the CYP2D6 polymorphisms to variability in the pharmacological and safety profiles of the following 
psychotropics: desipramine (Norpramin), imipramine (Tofranil), amitriptyline (Elavil), nortriptyline (Pamelor), haloperidol (Haldol), trimipramine 
(Surmontil), venlafaxine (Effexor), doxepin (Silenor), aripiprazole (Ability), atomoxetine (Strattera), risperidone (Risperdal), clomipramine 
(Anafranil), and pimozide (Orap). 

CYP2D6 polymorphisms have been shown to affect the pharmacological and safety profiles of the following analgesics: codeine, tramadol 
(Ultram), and hydrocodone (Vicodin). Codeine and tramadol are prodrugs that need to be activated by CYP2D6. Poor metabolizers are at high 
risk of therapy failure when given codeine or tramadol. On the other hand, ultra-rapid metabolizers may experience increased toxicity when 
given standard dosage of codeine or tramadol. Because CYP3A4 is also involved in the metabolism of oxycodone, patients with abnormal 
CYP2D6 activity may still experience adequate analgesia when taking this drug. CYP2D6 polymorphism has been shown to affect 
dihydrocodeine (Synalgos-DC) pharmacokinetics and can potentially alter the response to this drug. 

Morphine, oxymorphone (Opana), hydromorphone (Dilaudid), butorphanol (Stadol), fentanyl (Duragesic), buprenorphine (Butrans), methadone 
(Dolophine), morphine (Avinza), and tapentadol (Nucynta) are not substrates of CYP2D6, and the patient's response to these drugs is not 
expected to be affected by polymorphisms in this enzyme. 

Several important cardiovascular medications are metabolized by CYP2D6, and include: metoprolol (Lopressor), flecainide (Tambocor), and 
propafenone (Rythmol). 

Eliglustat (Cerdelga) is a glucosylceramide synthase inhibitor used for the long-term treatment of adult patients with Gaucher disease type 1. 
Both the FDA-approved drug label and the EMA Summary of Product Characteristics for this drug state that CYP2D6 ultra-rapid metabolizers 
may not achieve adequate concentrations of eliglustat to achieve a therapeutic effect. Therefore this drug should not be used in these 
individuals. Patients who are CYP2D6 intermediate and normal metabolizers have a recommended dose of 84 mg twice daily, while poor 
metabolizers have a recommended dose of 84 mg once daily. 

Cevimeline (Evoxac) is a muscarinic agonist indicated for the treatment of symptoms of dry mouth in patients with Sjogrens Syndrome. Both 
CYP2D6 and CYP3A are responsible for the metabolism of cevimeline, and this drug should be used with caution in individuals who are 
CYP2D6 poor metabolizers, as they may be at a higher risk of adverse events. 

Inhibitors of the CYP2D6 enzyme may modify its activity and change the patient's metabolizer status. This can result in drug-drug interactions 
when a drug substrate is prescribed with known CYP2D6 inhibitors. Although there are no known clinical inducers of CYP2D6, the 
pharmacokinetics of a drug substrate can be affected by inducers of other enzymes (such as CYP3A) that are involved in the metabolism of 
that drug. 

Inhibitors 

Some known strong and moderate CYP2D6 inhibitors include: abiraterone (Zytiga), bupropion (wellbutrin), cinacalcet (Sensipar), cobicistat 
(Stribild), dacomitinib (Vizimpro), duloxetine (Cymbalta), ecstasy, fluoxetine (Prozac), paroxetine (Paxil), quinidine (Quinidex), rolapitant 
(Varubi), terbinafine (Lamisil), mirabegron (Myrbetriq), panobinostat (Farydak), peginterferon alfa-2b (Sylatron) and tipranavir/ritonavir 
(Aptivus). 

Some known weak CYP2D6 inhibitors include: amiodarone (Cordarone), celecoxib (Celebrex), clobazam (Onfi), desvenlafaxine (Pristiq), 
diltiazem (Cardiazem), diphenhydramine (Benadryl), Echinacea, escitalopram (Lexapro), febuxostat (Uloric), gefitinib (lressa), hydralazine 
(Apresoline), hydroxychloroquine (Plaquenil), imatinib (Gleevec), lorcaserin (Belviq), methadone (Dolophine), perphenazine (Trilafon), 
propafenone (Rythmol), ranitidine (Zantac), ritonavir (Norvir), sertraline (Zoloft), telithromycin (Ketek), venlafaxine (Effexor) and verapamil 
(lsoptin, Covera-HS). 
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CYP3A4 

The cytochrome P450 3A4 and 3A5 (CYP3A4 and CYP3A5) account for 40-80% of total CYP in human liver and intestine, respectively. Most 
importantly, CYP3A enzymes metabolize 50% of commonly used drugs. CYP3A4 and CYP3A5 enzymes have overlapping substrate specificity, 
and the contribution of CYP3A5 in the overall metabolism is smaller than the one for CYP3A4. The overall CYP3A metabolism status is 
expected to affect drugs that have a narrow therapeutic index. 

Assay Interpretation 

A limited number of variants identified within the CYP3A4 and CYP3A5 genes have been associated with significant alterations in enzyme 
activity and subsequent variability in therapeutic response. For CYP3A5, individuals with the less prevalent "normal metabolizer phenotype" 
may metabolize drugs faster than those with the more common "poor metabolizer phenotype". This may result in increased toxicity or loss of 
efficacy. 

The CYP3A4*1 B variant is the most studied, and results in an enzyme with a moderately decreased activity. It occurs in 50% of African
Americans, 3-5% of Caucasians, and <1 % of Asians. The CYP3A4*2, *3, *12, and *17 are also considered decreased activity alleles. Recently, 
the CYP3A4 *22 allele has been characterized as a decreased function allele that can be clinically relevant (associated with a decreased 
clearance of certain substrates). The genotype-phenotype relationship for CYP3A4 is not well established, and individuals are predicted to 
have a CYP3A4 normal or intermediate metabolic capacity. 

The reference range for CYP3A4 metabolic status is CYP3A4 *1/ *1, which is consistent with a normal metabolizer. 

The variant results in an enzyme with no activity, and is the most common variant in the general population. This variant is found on all the 
CYP3A5*3 alleles. The CYP3A5 *6 and *7 are also no function alleles. The functional effects of the CYP3A5 alleles *2, *4, *5 *8, and *9 are not 
well established. The CYP3A5 *1 functional allele produces an active enzyme, and is found in 5% of Caucasians, 20% of Asians, and 15-50% 
of Africans. Individuals with two CYP3A5 no function alleles are classified as poor metabolizers while those carrying one copy of a functional 
CYP3A5*1 allele are considered intermediate metabolizers. A subject carrying two copies of the functional CYP3A5*1 allele is considered a 
normal metabolizer. CYP3A5 poor metabolizers represent 50% of Asians and 90% of Caucasians. 

The reference range for CYP3A5 metabolic status is CYP3A5 •1r1, which is consistent with a normal metabolizer. This genotype is 
the least prevalent in Caucasians and Asians. 

Clinical Implications 

CYP3A4 and CYP3A5 genotypes can help identify patients with high or low overall CYP3A activity. Although these two enzymes metabolize 
many drugs, the response of only a few (such as narrow therapeutic index drugs) is expected to change significantly by genetic 
polymorphisms. Fentanyl (Duragesic) is a narrow therapeutic drug that is mainly metabolized by CYP3A. There is limited evidence suggesting 
that the response to this drug is altered in individuals with abnormal CYP3A activity. 

The following drugs used in pain management and various psychiatric conditions are metabolized extensively by CYP3A: fentanyl (Duragesic), 
oxycodone (Oxycontin), buprenorphine (Suboxone), carbamazepine (Tegretol), quetiapine (Seroquel), ziprasidone (Geodon), alprazolam 
(Xanax), midazolam (Versed), triazolam (Halcion), nefazodone (Serzone), trazodone (Oleptro), vilazodone (Vibryd), zaleplon (Sonata), and 
zolpidem (Ambien). CYP3A contributes to a small extent in the elimination of methadone (Dolophine). 

Within the major therapeutic classes used in cardiovascular conditions, the following drugs are substantially metabolized by CYP3A: 
atorvastatin (Lipitor), simvastatin (Zocor), lovastatin (Mevacor), nifedipine (Procardia), verapamil (Verelan), nicardipine (Cardene), felodipine 
(Plendil), nisoldipine (Sular), clopidogrel (Plavix), prasugrel (Effient), ticagrelor (Brilinta), cilostazol (Pletal), amiodarone (Cordarone), quinidine 
(Qualaquin), disopyramide (Norpace), losartan (Cozaar), rivaroxaban (Xarelto), and apixaban (Eliquis). 

CYP3A metabolism is highly sensitive to inhibition and induction when a patient is taking multiple drugs. In this case, occurrence of drug-drug 
interactions can have profound effects on the pharmacokinetics, as well as the responses and safety profiles of many CYP3A drug substrates. 
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Some known strong CYP3A inhibitors include: boceprevir (Victrelis), clarithromycin (Biaxin), clofazimine (Lamprene), conivaptan (Vaprisol), 
grapefruit juice (high dose), idelalisib (Zydelig), itraconazole (Sporanox), ketoconazole (Nizoral), lopinavir, (Kaletra), nefazodone (Serzone), 
nelfinavir (Viracept), paritaprevir (Technivie), posaconazole (Noxafil), ribociclib (Kisqali), ritonavir (Norvir), saquinavir (lnvirase), telaprevir 
(lncivek), telithromycin (Ketek), tipranavir (aptivus), troleandomycin (TAO) and voriconazole (Vfend). 

Some known moderate CYP3A inhibitors include: amprenavir (agenerase), aprepitant (Emend), atazanavir (Reyataz), ciprofloxacin (Cipro), 
darunavir (Prezista), diltiazem (cardizem), erythromycin (Eryc), fosamprenavir (Lexiva), fluconazole (Diflucan), grapefruit juice (low dose), 
imatinib (Gleevec), quinupristin/dalfopristin (Synercid) and verapamil (lsoptin, Covera-HS). 

Some known weak CYP3A inhibitors include: amiodarone (Cordarone), amlodipine (Norvasc), atorvastatin (Lipitor), bicalutamide (Casodex), 
cilostazol (Pletal), cimetidine (Tagamet), fluoxetine (Prozac), fluvoxamine (Luvox), ranitidine (Zantac), ranolazine (Ranexa), sertraline (Zoloft) 
and ticagrelor (Brilinta). 

Inducers 

Some known strong CYP3A inducers include: apalutamide (Erleada), carbamazepine (Tegretol), enzalutamide (Xtandi), fosphenytoin 
(Cerebyx), lumacaftor (Orkambi), phenobarbital, phenytoin (Dilantin), primidone (Mysoline), rifampin (Rifadin), rifapentine (Priftin) and St. 
John's wort. 

Some known moderate CYP3A inducers include: artemether (Coartem), bosentan (Tracleer), dabrafenib (Tafinlar), efavirenz (Sustiva), 
etravirine (lntelence), ivosidenib (tibsovo), modafinil (Provigil), nafcillin (Unipen), nevirapine (Viramune) and rifabutin (Mycobutin). 

Some known weak CYP3A inducers include: aprepitant (Emend), clobazam (Onfi), dexamethasone (Decadron), Echinacea, fosamprenavir 
(Lexiva), lesinurad (Zurampic), methylprednisolone (Medrol), midostaurin (Rydapt), oxcarbazepine (Trileptal), pioglitazone (Actos) and 
rufinamide (Banzel). 
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CYP3A5 

The cytochrome P450 3A4 and 3A5 (CYP3A4 and CYP3A5) account for 40-80% of total CYP in human liver and intestine, respectively. Most 
importantly, CYP3A enzymes metabolize 50% of commonly used drugs. CYP3A4 and CYP3A5 enzymes have overlapping substrate specificity, 
and the contribution of CYP3A5 in the overall metabolism is smaller than the one for CYP3A4. The overall CYP3A metabolism status is 
expected to affect drugs that have a narrow therapeutic index. 

Assay Interpretation 

A limited number of variants identified within the CYP3A4 and CYP3A5 genes have been associated with significant alterations in enzyme 
activity and subsequent variability in therapeutic response. For CYP3A5, individuals with the less prevalent "normal metabolizer phenotype" 
may metabolize drugs faster than those with the more common "poor metabolizer phenotype". This may result in increased toxicity or loss of 
efficacy. 

The CYP3A4*1 B variant is the most studied, and results in an enzyme with a moderately decreased activity. It occurs in 50% of African
Americans, 3-5% of Caucasians, and <1 % of Asians. The CYP3A4*2, *3, *12, and *17 are also considered decreased activity alleles. Recently, 
the CYP3A4 *22 allele has been characterized as a decreased function allele that can be clinically relevant (associated with a decreased 
clearance of certain substrates). The genotype-phenotype relationship for CYP3A4 is not well established, and individuals are predicted to 
have a CYP3A4 normal or intermediate metabolic capacity. 

The reference range for CYP3A4 metabolic status is CYP3A4 *1/ *1, which is consistent with a normal metabolizer. 

The variant results in an enzyme with no activity, and is the most common variant in the general population. This variant is found on all the 
CYP3A5*3 alleles. The CYP3A5 *6 and *7 are also no function alleles. The functional effects of the CYP3A5 alleles *2, *4, *5 *8, and *9 are not 
well established. The CYP3A5 *1 functional allele produces an active enzyme, and is found in 5% of Caucasians, 20% of Asians, and 15-50% 
of Africans. Individuals with two CYP3A5 no function alleles are classified as poor metabolizers while those carrying one copy of a functional 
CYP3A5*1 allele are considered intermediate metabolizers. A subject carrying two copies of the functional CYP3A5*1 allele is considered a 
normal metabolizer. CYP3A5 poor metabolizers represent 50% of Asians and 90% of Caucasians. 

The reference range for CYP3A5 metabolic status is CYP3A5 •1r1, which is consistent with a normal metabolizer. This genotype is 
the least prevalent in Caucasians and Asians. 

Clinical Implications 

CYP3A4 and CYP3A5 genotypes can help identify patients with high or low overall CYP3A activity. Although these two enzymes metabolize 
many drugs, the response of only a few (such as narrow therapeutic index drugs) is expected to change significantly by genetic 
polymorphisms. Fentanyl (Duragesic) is a narrow therapeutic drug that is mainly metabolized by CYP3A. There is limited evidence suggesting 
that the response to this drug is altered in individuals with abnormal CYP3A activity. 

The following drugs used in pain management and various psychiatric conditions are metabolized extensively by CYP3A: fentanyl (Duragesic), 
oxycodone (Oxycontin), buprenorphine (Suboxone), carbamazepine (Tegretol), quetiapine (Seroquel), ziprasidone (Geodon), alprazolam 
(Xanax), midazolam (Versed), triazolam (Halcion), nefazodone (Serzone), trazodone (Oleptro), vilazodone (Vibryd), zaleplon (Sonata), and 
zolpidem (Ambien). CYP3A contributes to a small extent in the elimination of methadone (Dolophine). 

Within the major therapeutic classes used in cardiovascular conditions, the following drugs are substantially metabolized by CYP3A: 
atorvastatin (Lipitor), simvastatin (Zocor), lovastatin (Mevacor), nifedipine (Procardia), verapamil (Verelan), nicardipine (Cardene), felodipine 
(Plendil), nisoldipine (Sular), clopidogrel (Plavix), prasugrel (Effient), ticagrelor (Brilinta), cilostazol (Pletal), amiodarone (Cordarone), quinidine 
(Qualaquin), disopyramide (Norpace), losartan (Cozaar), rivaroxaban (Xarelto), and apixaban (Eliquis). 

CYP3A metabolism is highly sensitive to inhibition and induction when a patient is taking multiple drugs. In this case, occurrence of drug-drug 
interactions can have profound effects on the pharmacokinetics, as well as the responses and safety profiles of many CYP3A drug substrates. 
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Some known strong CYP3A inhibitors include: boceprevir (Victrelis), clarithromycin (Biaxin), clofazimine (Lamprene), conivaptan (Vaprisol), 
grapefruit juice (high dose), idelalisib (Zydelig), itraconazole (Sporanox), ketoconazole (Nizoral), lopinavir, (Kaletra), nefazodone (Serzone), 
nelfinavir (Viracept), paritaprevir (Technivie), posaconazole (Noxafil), ribociclib (Kisqali), ritonavir (Norvir), saquinavir (lnvirase), telaprevir 
(lncivek), telithromycin (Ketek), tipranavir (aptivus), troleandomycin (TAO) and voriconazole (Vfend). 

Some known moderate CYP3A inhibitors include: amprenavir (agenerase), aprepitant (Emend), atazanavir (Reyataz), ciprofloxacin (Cipro), 
darunavir (Prezista), diltiazem (cardizem), erythromycin (Eryc), fosamprenavir (Lexiva), fluconazole (Diflucan), grapefruit juice (low dose), 
imatinib (Gleevec), quinupristin/dalfopristin (Synercid) and verapamil (lsoptin, Covera-HS). 

Some known weak CYP3A inhibitors include: amiodarone (Cordarone), amlodipine (Norvasc), atorvastatin (Lipitor), bicalutamide (Casodex), 
cilostazol (Pletal), cimetidine (Tagamet), fluoxetine (Prozac), fluvoxamine (Luvox), ranitidine (Zantac), ranolazine (Ranexa), sertraline (Zoloft) 
and ticagrelor (Brilinta). 

Inducers 

Some known strong CYP3A inducers include: apalutamide (Erleada), carbamazepine (Tegretol), enzalutamide (Xtandi), fosphenytoin 
(Cerebyx), lumacaftor (Orkambi), phenobarbital, phenytoin (Dilantin), primidone (Mysoline), rifampin (Rifadin), rifapentine (Priftin) and St. 
John's wort. 

Some known moderate CYP3A inducers include: artemether (Coartem), bosentan (Tracleer), dabrafenib (Tafinlar), efavirenz (Sustiva), 
etravirine (lntelence), ivosidenib (tibsovo), modafinil (Provigil), nafcillin (Unipen), nevirapine (Viramune) and rifabutin (Mycobutin). 

Some known weak CYP3A inducers include: aprepitant (Emend), clobazam (Onfi), dexamethasone (Decadron), Echinacea, fosamprenavir 
(Lexiva), lesinurad (Zurampic), methylprednisolone (Medrol), midostaurin (Rydapt), oxcarbazepine (Trileptal), pioglitazone (Actos) and 
rufinamide (Banzel). 
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OPRM1 

"Mu" opioid receptors are the most important site of action of opioid drugs. Single polymorphisms in the human mu-opioid receptor (OPRM1) 
have been investigated for their role in human nociception, opiate efficacy, and addiction. 

Assay Interpretation 

The variant mostly studied is a single substitution at position 118, from an adenine to a guanine (A118G). This variant reduces the OPRM1 
receptor signaling efficiency induced by exogenous opioids. Reduced OPRM 1 mRNA expression levels were observed in carriers of the G 
variant. The variant allele (G) is present in 7-15% of Caucasians, 1.5% of African-Americans, and up to 48.5% of Asians. The major interest of 
this particular SNP is due to its pharmacological and physiological consequences; however the exact mechanism by which the altered receptor 
influences opioid analgesia is still unresolved. The presence of the G allele seems to reduce the effect of exogenous agonists but increase the 
effects of exogenous antagonists. 

The reference range for the A118G SNP is A118G AA, and is associated with a normal OPRM1 receptor signaling efficiency. 

Clinical Implications 

The presence of the G allele (A 118G) seems to be associated with pain sensitivity as well as opioid dosage requirements. But only weak 
evidence of these associations is available to date. It is suggested that patients carrying the G allele report higher intensity pain. In terms of 
drug response, patients with the G allele have a favorable response to the anti-addictive drug naltrexone. Several studies conducted in post
surgical settings or in cancer analgesia showed that G allele carriers require slightly higher doses of morphine or fentanyl. This association still 
needs to be confirmed in larger studies and does not hold in other situations such as labor pain. 

References 
1: Wu et al. Polymorphism of the micro-opioid receptor gene (OPRM1 11 BA>G) affects fentanyl-induced analgesia during anesthesia and recovery. Mol Diagn Ther. 
2009;13(5):331-7. 2: Menon et al. The human µ-opioid receptor gene polymorphism (A118G) is associated with head pain severity in a clinical cohort of female migraine 
with aura patients. J Headache Pain. 2012Oct;13(7):513-9. 3: Olsen et al. Pain intensity the first year after lumbar disc herniation is associated with theA 11 BG 
polymorphism in the opioid receptor mu 1 gene: evidence of a sex and genotype interaction. J Neurosci. 2012 Jul 18;32(29):9831-4. 4: Reyes-Gibby et al. Exploring joint 
effects of genes and the clinical efficacy of morphine for cancer pain: OPRM1 and COMT gene. Pain. 2007 Jul;130(1-2):25-30. 5: Lotsch et al. Cross-sectional analysis of 
the influence of currently known pharrnacogenetic modulators on opioid therapy in outpatient pain centers. Pharrnacogenet Genomics. 2009 Jun;19(6):429-36. 6: Walter C, 
Lotsch J. Meta-analysis of the relevance of the OPRM1 11 BA>G genetic variant for pain treatment. Pain. 2009 Dec;146(3):270-5. 7: Zhang et al. Association of human 
micro-opioid receptor gene polymorphism A 11 BG with fentanyl analgesia consumption in Chinese gynaecological patients. Anaesthesia. 2010Feb;65(2):130-5. 8: Zhang et 
al. Study of the OPRM1 A 11 BG genetic polymorphism associated with postoperative nausea and vomiting induced by fentanyl intravenous analgesia. Minerva Anestesiol. 
2011 Jan;77(1 ):33-9. 9: Oertel et al. The mu-opioid receptor gene polymorphism 11 BA>G depletes alfentanil-induced analgesia and protects against respiratory depression 
in homozygous carriers. Pharmacogenet Genomics. 2006 Sep;16(9):625-36. 1 O: Zwisler et al. Lack of Association of OPRM1 and ABCB1 Single-Nucleotide Polymorphisms 
to Oxycodone Response in Postoperative Pain. J Clin Pharrnacol. 2011 Mar 24. 11: Klepstad et al. Influence from genetic variability on opioid use for cancer pain: a 
European genetic association study of 2294 cancer pain patients. Pain. 2011 May;152(5):1139-45. 12: Kadiev E, et al. Role of pharrnacogenetics in variable response to 
drugs: focus on opioids. Expert Opin Drug Metab Toxicol. 2008 Jan;4(1 ):77-91. 13: Vuilleumier et al. Pharmacogenomic considerations in opioid analgesia. Pharrngenomics 
Pers Med. 2012;5:73-87. 14: Walter et al. µ-opioid receptor gene variant OPRM1 118 A>G: a summary of its molecular and clinical consequences for pain. 
Pharmacogenomics. 2013 Nov;14(15):1915-25. 15: Thorsen A. The µ-opioid receptor and treatment response to naltrexone. Alcohol Alcohol. 2013 Jul-Aug;48(4):402-8. 16: 
Setiawan et al. Influence of the OPRM1 A 11 BG polymorphism on alcohol-induced euphoria, risk for alcoholism and the clinical efficacy of naltrexone. Pharrnacogenomics. 
2012 Jul;13(10):1161-72. 17: Kranzler et al. Variation in OPRM1 moderates the effect of desire to drink on subsequent drinking and its attenuation by naltrexone treatment. 
Addict Biol. 2013 Jan;18(1 ):193-201. 18: Chamorro et al. Association of µ-opioid receptor (OPRM1) gene polymorphism with response to naltrexone in alcohol dependence: 
a systematic review and meta-analysis. Addict Biol. 2012 May;17(3):505-12. 

Gene Monographs Page 15 of 17
...... PoweredBy 

S4 Translationar 
ll!&' software 

Copyright© Translational Software 



• Sonic
111 Genetics 

Clinical Utility 

Sonic Genetics Gene Monographs 

Wednesday, April 14, 2021 

SLC0181 

The SLCO181 gene encodes a liver-specific transporter involved in the removal of endogenous compounds (bile acids, bilirubin) and drugs 
such as statins from the blood to the liver. Some variants of the SLCO181 gene result in a low-functioning protein, which impairs statin 
clearance, and may lead to an increased risk of muscle pain, tenderness, or weakness, called myopathy. Certain medications can potently 
inhibit SLCO181, causing clinically significant drug interactions. 

Assay Interpretation 

The functional SLCO181 activity (phenotype) is estimated from the genotype at 521T>C. Non-carriers of the 521T>C variant are predicted to 
have a SLCO181 normal function, those with one copy of the 521T>C variant have a SLCO181 decreased function, and those with two copies 
of the variant have poor SLCO181 function. 

There are several variants of the SLCO 181 that define over 15 alleles. One relatively common variant 521T>C (rs4149056) results in 
SLCO181 decreased function, which affects the transport of drug substrates such as statins. This variant is present alone on the *5 allele and 
in presence with another variant (388A>G; rs2306283) on the *15 allele. Both alleles are low-activity alleles (reduced hepatic uptake), and have 
a combined frequency of 15-20% in Caucasians, 10-15% in Asians, and 2% in sub-Saharan Africans and African-Americans. 

The reference range for the 521 T>C mutation of SLC0181 is 521 TT. This is consistent with normal SLC0181 function. 

Clinical Implications 

All statins are substrates of SLCO181, but the effects of SLCO181 genetic polymorphism differ between individual statins. The effect is the 
largest on simvastatin, and individuals with the 521T>C variant have increased levels of the active simvastatin form. The variant is strongly 
associated with simvastatin-induced myopathy (with or without CK elevation), especially with high-dose simvastatin therapy. More than 60% of 
the myopathy cases could be attributed to its presence. The clinical spectrum of statin-induced myopathy ranges from a mild and common 
myalgia to a life-threatening and rare rhabdomyolysis. Other known risk factors for statin-induced myopathy include a high-statin dose, 
interacting drugs that raise statin levels, age, hypothyroidism, and certain inherited muscle disorders. 

At therapeutic doses, the apparent sensitivity levels of the five statins to the presence of the 521T>C variant are 
simvastatin>pitavastatin>atorvastatin>pravastatin>rosuvastatin. Carriers of the 521 T>C variant should avoid high-dose simvastatin therapy. 
These patients can take other statins, such as atorvastatin, pitavastatin, rosuvastatin, or pravastatin, but at reduced doses. Fluvastatin is not 
affected by the 521 T>C variant and could therefore be considered a suitable alternative. 

Other drugs that are substrates of SLCO181 transporter include enalapril, olmesartan, valsartan, atrasentan, repaglinide, nateglinide, 
methotrexate, and bosentan. However, there is insufficient evidence documenting the impact of the 521 T>C variant on the systemic exposure 
and safety profile of these drugs. 

Inhibitors 

Inhibitors of SLCO181 transporter may alter its activity and result in increased levels of drug substrates. These include boceprevir (Victrelis), 
clarithromycin (Biaxin), cyclosporine (Gengraf, Neoral, Restasis, Sandimmune), eltrombopag (Promacta), gemfibrozil (Lapid), paritaprevir 
(Technivie), protease inhibitors, simeprevir (Olysio), telaprevir (lncivek) and teriflunomide (Aubagio). 

Inducers 

Inducers of SLCO181 transporter include: apalutamide (Erleada). 
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VKORC1 

The Vitamin K epoxide reductase complex, subunit 1 (VKORC1) is the target of anticoagulants such as warfarin, acenocoumarol and 
phenprocoumon. VKORC1 catalyzes the conversion of oxidized Vitamin K to reduced Vitamin K. By inhibiting this conversion, warfarin leads to 
decreased availability of the reduced Vitamin K that serves as a cofactor for gamma-glutamyl carboxylase and blocks the formation of 
functionally-active clotting factors, resulting in reduced coagulation. Polymorphisms within the VKORC1 gene result in variable expression 
levels of the VKORC1 enzyme and altered response towards coumarin anticoagulants. VKORC1 genetic testing defines three clinical 
phenotypes: high, moderate, and low sensitivity to warfarin. VKORC1 genetic testing is usually used in conjunction with CYP2C9 and CYP4F2 
genetic testing to optimize warfarin dosing and minimize the risks of bleeding or thrombotic complications. 

Assay Interpretation 

Several relevant variants in the VKORC1 gene have been identified and correlate well with warfarin dose requirements. In Europeans, the 
genotype for a single variant (-1694G>A; rs9923231) accounts for 25% of variability in warfarin dose requirements, with the minor A allele 
associated with lower doses. This association is also observed in East Asians, where the minor allele occurs more frequently than in 
Europeans (88% vs 41%). In Africans, the minor allele frequency for VKORC1 -1639G>A is 10% which is considerably lower than in 
Europeans. Several studies in Africans and African-Americans identified common variants that are associated with higher warfarin dose 
requirements in patients of African descent. 

The reference range for VKORC1 -1639G>A is G/G and is associated with a normal VKORC1 enzyme expression phenotype. 

Clinical Implications 

The common VKORC1 -1639G>A variant is associated with low-dose warfarin requirements. When CYP2C9 and VKORC1 genotypes are 
combined with other patient-specific parameters such as demographic (age, weight, height), clinical (disease, co-medications), and 
environmental factors (smoking), they account for 50% of warfarin dose variation between individuals. Several validated warfarin 
pharmacogenetic dosing algorithms have been developed and are available to calculate initial and maintenance warfarin doses in both adults 
and children. Moreover, the FDA prescribing label for warfarin includes genotype-specific dose ranges based on CYP2C9 and VKORC1 
genotypes. 
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