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2009/2010 Survey of pgen “experts” (PGRN and 
ASCPT): top 3 challenges to implementing 

pharmacogenetics in the clinic
• 95% of respondents selected: “process 

required to translate genetic information into 
clinical actions”

• Next 2 responses
– Genotype test interpretation (e.g. using genotype 

information to assign phenotype) 
– Providing recommendations for selecting the 

drug/gene pairs to implement  

Clin Pharmacol Ther. 2011 89:464-7.
Similar in 2014



Since 2009, working to facilitate the 
process of preemptive clinical 

pharmacogenetic testing

St. Jude Children’s 
Research Hospital
PG4KDS Protocol

Long-term goal: preemptive 
pharmacogenetic testing as the 
standard of care… for everyone
All CPIC guidelines.



The most clinically important part of a CPIC guideline is “Table 2”: 
Linking phenotypes to prescribing actions



How do we get from genotype to 
interruptive CDS for prescribing?

g.94761900C>T + 
g.94762706A>G

Functions to alleles 
(e.g. CYP2C19*4B = no 

function)

Alleles to diplotypes
(e.g. g.94761900CT + 

g.94762706AG = 
CYP2C19*1/*4B)

Diplotypes to 
phenotypes

(e.g. CYP2C19*1/*4B = 
intermediate 
metabolizer) 

Interpretation of phenotypes
(e.g. CYP2C19 intermediate 

metabolizer = altered dosing 
recommendations for TCAs 

but not clopidogrel)

Phenotypes to 
actionability

(e.g. intermediate 
metabolizer + Rx for 

amitriptyline = 
interruptive alert)



Improvements to facilitate 
implementation
• Web versions of tables; links in guideline and 

supplement 
• More comprehensive listing of alleles
• CPIC standardized terms for allele function and 

phenotype
• More unambiguous ID of alleles
• Citations for assigning function to alleles
• More comprehensive listing of diplotypes and 

assignments of phenotypes
• More emphasis on CDS language for prescribing



CPIC tables allow translation of genetic 
test results to actionability

Genotypes to alleles
(e.g. g.94761900C>T + 

g.94762706A>G = 
CYP2C19*4B)

Functions to alleles 
(e.g. CYP2C19*4B = no 

function)

Alleles to diplotypes
(e.g. g.94761900CT + 

g.94762706AG = 
CYP2C19*1/*4B)

Diplotypes to 
phenotypes

(e.g. CYP2C19*1/*4B = 
intermediate 
metabolizer) 

Interpretation of phenotypes
(e.g. CYP2C19 intermediate 

metabolizer = altered dosing 
recommendations for TCAs 

but not clopidogrel)

Phenotypes to 
actionability

(e.g. intermediate 
metabolizer + Rx for 

amitriptyline = 
interruptive alert)

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials








Gene-specific; footnotes indicate drug-
specific concerns





Table 1 from main manuscript: Example 
translation of diplotypes to phenotypes

Clin Pharmacol Ther. 2011 Mar;89(3):387-91. 



• Comprehensive listing of alleles 
annotated in literature, even if not 
important or unknown function 

• Align to multiple reference sequences
• Use standardized allele function 

nomenclature



CPIC Phenotype Term Standardization Project

Goal: standardize terms for allele function and on 
phenotypes

Phase 1

• Development
• Created a list of 

options for terms 
(literature review 
and survey to 
genetic testing 
labs)

Phase 2

• Prioritization
• Survey 1: Experts 

specified their 
level of agreement 
or disagreement on 
a symmetric agree-
disagree scale (1-
4) for each set of 
gene terms. 
Experts can also 
list additional 
terms.

Phase 3

• Refinement:
• Survey 2: For each 

gene, retained 
terms in which  
70% of the experts 
agreed or strongly 
agreed in Survey 1.

• Related terms were 
grouped together 
into value sets and 
experts specified 
their level of 
acceptance to sets 
of terms for each 
gene/gene group 
(acceptable/not 
acceptable).

Phase 4

• Consensus
• Survey 3-5: For 

each gene/gene 
group, retained top 
terms selected by 
experts.

• Repeat process 
until 70% 
consensus 
achieved.

Phase 5

• Validation
• After 70% 

consensus reached, 
terms were 
circulated to the 
experts again for 
final review and 
feedback (as part 
of survey 5).

Caudle et al. Genetics in Medicine 2016



Group memberships for Delphi process to standardize pgen terms

• CPIC
• ClinVar
• PGRN
• CDC Pgx 

nomenclature WG
• GA4GH's Clinical WG
• ClinGen PG and data 

modeling WG 
• IGNITE
• eMERGE
• IUPHAR 

• ACMG Laboratory Standards and 
Guidelines Committee

• CAP Pharmacogenetics WG
• HL7 Clinical Genomics WG
• IOM's Roundtable on Translating 

Genomic-Based Research for 
Health

• AMIA genomics and translational 
bioinformatics WG

• European Medicines Agency
• G2MC Pharmacogenomics WG





Final Standardized Terms: Allele 
function

Term/Gene 
Category

Final Term Functional Definition Example 
diplotypes/alleles

Allele Functional 
Status-all genes

Increased Function Function greater than normal function CYP2C19*17

Normal Function Fully functional/wild-type CYP2C19*1
Decreased Function Function less than normal function CYP2C19*9

No Function Non-functional CYP2C19*2
Unknown Function No literature describing function or the 

allele is novel
CYP2C19*29

Uncertain Function Literature supporting function is 
conflicting or weak

CYP2C19*12

Caudle KE, et al. Genet Med. 2016;Jul 21 [Epub ahead of print]







Provide citations for assignment of function to alleles



is a 4-star submitter to CliinVar





Allele frequencies in major race/ethnic groups



Diplotype frequencies in major race/ethnic groups



Phenotype frequencies in major race/ethnic groups



Citations for frequencies in major race/ethnic groups



Sorting variants into not only alleles 
but diplotypes: phasing is required 

Genotypes to alleles
(e.g. g.94761900C>T + 

g.94762706A>G = 
CYP2C19*4B)

Functions to alleles 
(e.g. CYP2C19*4B = no 

function)

Alleles to diplotypes
(e.g. g.94761900CT + 

g.94762706AG = 
CYP2C19*1/*4B)

Diplotypes to 
phenotypes

(e.g. CYP2C19*1/*4B = 
intermediate 
metabolizer) 

Interpretation of phenotypes
(e.g. CYP2C19 intermediate 

metabolizer = altered dosing 
recommendations for TCAs 

but not clopidogrel)

Phenotypes to 
actionability

(e.g. intermediate 
metabolizer + Rx for 

amitriptyline = 
interruptive alert)

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials


Variants must be phased to assign 
diplotypes for pharmacogenes

CPIC Gene Prescribing different for Var/var 
than for var/wt?

TPMT Yes
CYP2C19 Yes
CYP2D6 Yes
DPYD Yes
CYP2C9 Yes
SLCO1B1 Yes
HLA-B No
VKORC1 Yes
IL28-B Yes
CFTR No
G6PD Yes
UGT1A1 Yes
CYP3A5 Yes



From genotype or sequencing data, call gene-
centric haplotypes and diplotypes—not just 
variants



PharmCAT

To automate the annotation of .vcf files with the 
appropriate haplotypes or diplotypes from the 

CPIC guideline genes, and generate a report with 
the corresponding CPIC guideline prescribing 

recommendations



For, the most commonly observed set of 
variants could be called TPMT *1/*3A vs 

*3B/*3C



Assigning/phasing SNPs into haplotypes makes a big 
difference clinically

Genotype Diplo-
type

TPMT
activity 
Phenotype

Rs1800460 C/T *1/*3A Inter-
mediate 
30% decr.

Rs1142345 T/C

1 in 20 chance

Rs1800460 C/T *3B/*3C Deficient
95% decr. 
or contra-
indicated

Rs1142345 T/C

1 in 100,000 chance





CPIC tables allow translation of genetic 
test results to actionability

Genotypes to alleles
(e.g. g.94761900C>T + 

g.94762706A>G = 
CYP2C19*4B)

Functions to alleles 
(e.g. CYP2C19*4B = no 

function)

Alleles to diplotypes
(e.g. g.94761900CT + 

g.94762706AG = 
CYP2C19*1/*4B)

Diplotypes to 
phenotypes

(e.g. CYP2C19*1/*4B = 
intermediate 
metabolizer) 

Interpretation of phenotypes
(e.g. CYP2C19 intermediate 

metabolizer = altered dosing 
recommendations for TCAs 

but not clopidogrel)

Phenotypes to 
actionability

(e.g. intermediate 
metabolizer + Rx for 

amitriptyline = 
interruptive alert)

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials


Use 
standardized 
terms for 
phenotypes





Final Standardized Terms: Phenotype for Drug Metabolizing Enzymes

Final Term Functional Definition Example diplotypes/alleles Term/Gene 
Category

Ultra-rapid 
Metabolizer

Increased enzyme activity 
compared to rapid metabolizers

Two increased function alleles, or 
more than 2 normal function alleles

CYP2C19*17/*17

CYP2D6*1/*1XN

Rapid Metabolizer Increased enzyme activity 
compared to normal metabolizers 
but less than ultra-rapid 
metabolizers

Combinations of normal function and  
increased function alleles

CYP2C19*1/*17

Normal Metabolizer Fully functional enzyme activity Combinations of normal function and 
decreased function alleles

CYP2C19*1/*1

Intermediate 
Metabolizer

Decreased enzyme activity 
(activity between normal and 
poor metabolizer)

Combinations of normal function, 
decreased function, and/or no 
function alleles

CYP2C19*1/*2

Poor Metabolizer Little to no enzyme activity Combination of  no function alleles 
and/or decreased function alleles

CYP2C19*2/*2

For example: CYP2C19, CYP2D6, CYP3A5, CYP2C9, TPMT, DPYD, UGT1A1

Caudle KE, et al. Genet Med. 2016;Jul 21 [Epub ahead of print]



Final Standardized Terms: Phenotype for Drug Transporters

Final Term Functional Definition Example diplotypes/alleles Term/Gene 
Category

Increased Function Increased transporter function 
compared to normal function

One or more increased function 
alleles

SLCO1B1*1/*14

Normal Function Fully functional transporter 
function

Combinations of normal 
function and/or decreased 
function alleles

SLCO1B1*1/*1

Decreased Function Decreased transporter function 
(function between normal and 
poor function)

Combinations of normal 
function, decreased function, 
and/or no function alleles

SLCO1B1*1/*5

Poor Function Little to no transporter function Combination of  no function 
alleles and/or decreased 
function alleles

SLCO1B1*5/*5

For example: SLCO1B1

Caudle KE, et al. Genet Med. 2016;Jul 21 [Epub ahead of print]



Final Standardized Terms: (HLA-genes)
Phenotype for High-Risk Genotype Status

Final Term Functional 
Definition

Example 
diplotypes/alleles

Term/Gene 
Category

Positive Detection of high-risk 
allele

Homozygous or heterozygous 
for high-risk allele

HLA-B*15:02

Negative High risk-allele not 
detected

No copies of high-risk allele

For example: HLA-B*57:01

Caudle KE, et al. Genet Med. 2016;Jul 21 [Epub ahead of print]



TPMT post-test 
interruptive 

alert is driven 
off of the 

standardized 
term “TPMT 
intermediate 
metabolizer” 

plus the 
attempt to 
prescribe a 
thiopurine

Phenotype vs 
test result



Advantage: can be a manual entry



CPIC tables allow translation of genetic 
test results to actionability

Genotypes to alleles
(e.g. g.94761900C>T + 

g.94762706A>G = 
CYP2C19*4B)

Functions to alleles 
(e.g. CYP2C19*4B = no 

function)

Alleles to diplotypes
(e.g. g.94761900CT + 

g.94762706AG = 
CYP2C19*1/*4B)

Diplotypes to 
phenotypes

(e.g. CYP2C19*1/*4B = 
intermediate 
metabolizer) 

Interpretation of phenotypes
(e.g. CYP2C19 intermediate 

metabolizer = altered dosing 
recommendations for TCAs 

but not clopidogrel)

Phenotypes to 
actionability

(e.g. intermediate 
metabolizer + Rx for 

amitriptyline = 
interruptive alert)

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials

https://cpicpgx.org/guidelines/
https://www.pharmgkb.org/page/cyp2c19RefMaterials
















Current estimate: 17 genes, 87 drugs with 
pharmacogenetically-based prescribing

Number of current and planned 
CPIC genes, drugs and 
anticipated guidelines.

Genes Drugs Anticipated 
number of 
unique 
guidelines

Strong or Moderate prescribing 
action-CPIC level A

14 36 20 (17 
published)

Optional prescribing actions-CPIC 
level B

7a 50 9

No prescribing actions-CPIC level 
C

16b 47 20

aCurrently this is 3 unique genes (four are already subjects of CPIC 
level A guidelines). bCurrently this is 13 unique genes (three are also 
subject to CPIC level A or B guidelines for other drugs).

March 2017



2011 2012 2013 2014 2015 2016
TPMT and thiopurines
CYP2D6 and codeine

CYP2D6 and tramadol
CYP2D6 and paroxetine, fluoxetine, amitriptyline

CYP2D6 and ondansetron
SLCO1B1 and simvastatin
CYP2D6 and oxycodone

CYP2C19 and clopidogrel
DPYD and fluoropyrimidines

CYP2C19/CYP2D6 and amitriptyline
UGT1A1 and atazanavir

CYP2C19 and voriconazole
CYP3A5 and tacrolimus

CYP2C19/CYP2D6
and TCAs

PG4KDS Implementation Timeline
www.stjude.org/pg4kds/implement 



Relling & Evans, Nature, 2015
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14%

13%

9%

5%
5%4%4%

3%
2%

2%2%
2%

(*1/*2)2N (*1/*1)2N
(*1/*4)2N (*1/*17)2N
(*2/*4)2N (*1/*41)2N
(*2/*2)2N (*1/*1)1N
(*4/*4)2N (*2/*41)2N
(*2/*17)2N (*2/*29)2N
(*1/*10)2N (*2/*2)1N
(*4/*41)2N (-)2N
(*17/*17)2N (*1/*9)2N
(*1/*2)3N (*2/*9)2N
(*4/*4)1N (*2/*10)2N
(*1/*4)3N (*2/*4)3N
(*17/*29)2N (*41/*41)2N
(*1/*3)2N (*2/*3)2N
(*1/*29)2N (*17/*17)1N
(*4/*10)2N (*4/*17)2N
(*2/*2)3N (*29/*29)1N
(*4/*9)2N (*1/*1)3N
(*9/*41)2N (*6/*41)2N
(*2/*6)2N (*1/*4)2/3/3N
(*2/*17,*17/*42)2N (*29/*41)2N
(*4/*6)2N (*3/*4)2N
(*5/*5)0N (*2/*17)3N
(*1/*17)3N (*1/*10)2/3/3N
(*1/*40)2N (*4/*29)2N
(*2/*41)3N (*1/*6)2N
(*9/*9)1N (*2/*40)2N
(*41/*41)1N (*4/*29)3N
(*10/*29)2N (*2/*10)3N
(*17/*40)2N (*3/*17)2N
(*4/*40,*10/*40)2N (*29/*40)2N
(*2/*2,*2/*42,*42/*42)2N (*29/*29)2N
(*9/*17)2N (*18/*18)1N
(*2/*10)2/3/2N (*1/*4)2/2/1N
(*4/*4)2/3/3N (*1/*4)4N
(*2/*2)2/3/3N (*4/*41)3N
(*2/*3,*3/*17)2N (*1/*4)2/3/2N
(*1/*2,*1/*41)2N (*1/*6)1N

111 diplotypes observed for CYP2D6



> 111 CYP2D6 diplotypes have 
translated into 9 phenotype groups—a 

few of which are actionable

81%

6%

5%

2%
1% 1% 1% 1% 2%

EM
IM
PM
UM
Indeterminate
No Call
Possible IM
Possible PM
Possible UM



Evidence considered for pharmacogenetic-based 
clinical recommendations

Gene/Drug Association
• Observational studies
• Randomized clinical studies
• Pre-clinical and clinical studies
• Case reports
• in vivo PK
• in vitro functional studies
• in vivo functional studies

Clinical Actionability
• Therapeutic index
• Severity of disease
• Consequences of 

suboptimal prescribing
• Availability of genetic tests
• Availability of and evidence 

for alternative therapy

Gene/Drug Actionability



Evidence for CYP3A5 and tacrolimus 
prescribing recommendations

Clinical In liver transplant patients, those with the recipient CYP3A5 
rs776746 CT or TT genotype (*1/*3 or *1/*1; "expressers") have 
decreased dose-adjusted trough concentrations of tacrolimus as 
compared to those with the CC genotype (*3/*3; 
"nonexpressers").

Uesugi et al. (2014) [171]
Xue et al. (2014) [33]
Jalil et al. (2014) [172]
Buendia et al. (2013) [173]
Gómez-Bravo et al. (2013) [118]
Shi et al. (2013) [39]
Chen et al. (2013) [51]
Chen et al. (2013) [54]
Ji et al. (2012) [79]
Muraki et al. (2011) [64]
Uesugi et al. (2006) [70]

Moderate

Clinical In liver transplant patients, no association was found between 
recipient CYP3A5 rs776746 genotype and dose-adjusted trough 
concentrations of tacrolimus.

Rahsaz et al. (2012) [131]
de Wildt et al. (2011) [150]
Zhang et al. (2011) [41]
Jun et al. (2009) [85]
Provenzani et al. (2009) [109]
Li et al. (2007) [46]
Wei-lin et al. (2006) [49]
Yu et al. (2006) [53]

Clinical In liver transplant patients, those with the donor CYP3A5 
rs776746 CT or TT genotype (*1/*3 or *1/*1; "expressers") have 
decreased dose-adjusted trough concentrations of tacrolimus as 
compared to those with the CC genotype (*3/*3; 
"nonexpressers").

Uesugi et al. (2014) [171]
Xue et al. (2014) [33]
Gómez-Bravo et al. (2013) [118]
Buendia et al. (2013) [173]
Rojas et al. (2013) [174]
Durand et al. (2013) [175]
Chen et al. (2013) [54]
Chen et al. (2013) [51]
Ji et al. (2012) [79]
Provenzani et al. (2011) [106]
Zhang et al. (2011) [41]
Muraki et al. (2011) [64]
Jun et al. (2009) [85]
Provenzani et al. (2009) [109]
Li et al. (2007) [46]

    

High





SLCO1B1 Genotype and Simvastatin:  Point of Care 
Clinical Decision Support

Note:  Circled numerals refer to Supplementary Table 12

a,d See Supplementary Table S12 for diplotype/phenotype specific pre- and post-test alert example.
bAdditional actions may include ordering a pharmacogenetic test, preventing the clinician from 
ordering the medication or allowing the clinician to cancel out of the alert.
cPriority result defined as a genetic test result that results in a change in drug, drug dose, or drug 
monitoring.

Simvastatin 
order initiated

CDS Pre-test Alert 
Messagea

(additional action may 
be considered)b

No

YesSLCO1B1 
genetic test 
results on 

file?

Priority 
result?c

CDS Post-test alertd or 
notify prescriber with 

recommendation

No post-test alert 
required; 

continue with 
drug order

No

Yes

1 2

Clinical Pharmacology & Therapeutics (2014); 96 4, 423–428



Clinical Pharmacology & Therapeutics (2014); 96 4, 423–428



In defense of * alleles….

• Don’t account for rare or untested variants
• Defined in terms of important variants: 

negative interrogations have meaning
• At least they force an attempt to phase the 

variants into haplotypes, and therefore 
assignment of diplotypes

• Patients have diplotypes, not an 
agglomeration of SNPs; if we can’t assign their 
allelic status, clinical utility is lessened
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