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• Mission: advance cures, and means of prevention, for 
pediatric catastrophic diseases through research and 
treatment. no child is denied treatment based on a family's 
ability to pay.

• 75% of funding comes from private donors
• Treat ~ 5000 patients in any year
• New pts/year: ~ 600 cancer pts, ~300 hematology/HIV pts
• comprehensive EHR, multidisciplinary clinical teams including 

pharmacists 
• > 90% follow-up for at least 10 years after completion therapy 

(our children turn into adults)

St. Jude Children’s Research Hospital



St. Jude’s 
first annual 
report, 1962



Pharmaceutical Dept
Personnel    

Name Title Date of Employment 

George E. Crevar, M.S.         Instructor in Pharmacy January 1, 1962
Gail Ogletree Technologist May 25, 1962
Rita Caldwell Clerk and Typist August 14, 1962

Larry Barker
1969-1983

William Evans
1983-2002

Mary Relling
2003-present



Pharmaceutical Department Goals

• Discover the basis for inter-individual differences 
in response to medication

• Translate research findings into patient care
• Provide best and most comprehensive 

pharmaceutical care



Thanks to Oscar 
Hunter recipient 
Elliott Vesell for the 
original, Pharm. Ther. 
1989

Pharmacogenomics 

Many factors cause interindividual variability in drug effects; variability that can be lethal in 
serious disease (e.g. leukemia) and low-therapeutic index drugs (e.g. anticancer drugs)

Thanks to Oscar 
Hunter recipient 
William Evans for the 
slide



Research to elucidate interpatient variability in the SJ 
Pharmaceutical Dept emanates from several perspectives

• From the disease
– leukemia, solid tumors, brain tumors

• Medication safety
– Clinical decision support (CDS, pharmacogenetics)

• From the drugs
– MTX, MP, glucocorticoids, asparaginase, topotecan, 

AraC, sorafenib and TKIs, cyclophosphamide, “new 
agents”

• From the biochemistry/genetics 
– DMEs, nuclear hormone receptors, transporters
– Non-coding genomic variation



Aspects unique to Pharmaceutical Dept

• Pharmaceutical Services
• Clinical PK Lab
• Pharmacokinetics Shared Resource (PK SR)
• Clinical Pharmacogenetics Implementation Consortium 

(CPIC)
• Education and Residency Training

– First ASHP accredited residency in pharmacogenomics



Level of clinical pharmaceutical care is at the 
highest level
• Integration of clinical services with faculty 

research contributes to state-of-the-art 
consultations

• PK modeling and PG testing incorporated 
into routine prescribing for anticancer drugs

• Board-certified pharmacists on almost every 
team

• Clinical PK Lab run by the Pharmaceutical 
department with interpretations for every 
lab measure (including pharmacogenetic 
testing) provided by the team pharmacists



Biomedical 
Modelling 
implemented by PK 
SR used to build 
clinical TDM 
programs: e.g. 
dosing asparaginase 
based on serum 
activity and anti-
asparaginase 
antibodies



Bill Evans

John Rodman

Bill Crom



Total XII: Clinical trial for childhood acute lymphoblastic 
leukemia (ALL)—accrued 1988-1991

• Hypothesis: toxicity will be avoided and ALL cures will be increased if 
dosages of chemotherapy are individualized, based on individual 
pharmacokinetics, to achieve a desired level of plasma systemic 
exposure, compared to conventional body-size based dosing

• Used Bayesian modelling and optimal limited sampling (ADAPT) for 
the three major pulses of chemotherapy (methotrexate, cytarabine, 
and teniposide) to estimate clearance and do real-time adjustments of 
chemotherapy

• Trained clinical pharmacists to do all PK estimates and dosage 
adjustments
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Mike 
Christensen
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Gary Yee



NEJM, 1998 http://mtx.stjude.org/



Thanks to Oscar Hunter 
recipient Elliott Vesell for 
the original, Pharm. Ther. 
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Pharmacogenomics 

Many factors cause interindividual variability in drug effects; variability that can be lethal in 
serious disease (e.g. leukemia) and low-therapeutic index drugs (e.g. anticancer drugs)

Thanks to Oscar Hunter 
recipient William Evans 
for the slide



Lancet 2000





Thanks to Oscar Hunter 
recipient Elliott Vesell for the 
original, Pharm. Ther. 1989

Pharmacogenomics 

Many factors cause interindividual variability in drug effects; genetics are immutable

Thanks to Oscar 
Hunter recipient 
William Evans for 
the slide
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TPMT phenotype determines concentrations 
of active thiopurine TGN metabolites
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Myelosuppression was related to TPMT genotype on Total XII 
(BEFORE we started adjusting doses based on TPMT testing)

About 35% for TPMT hets….

Var/var

wt/var

Var/var



Cumulative Incidence of grade 3 and 4 severe life threatening febrile neutropenia and TPMT genotype
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Myelosuppression was not related to TPMT genotype on Total XIII 
(AFTER we started adjusting doses based on TPMT testing)

Stocco et al Clin Pharm Ther 2009 

Reduced to ~ 10% for hets….

WT/WT

WT/var



           

0

0.2

0.4

0.6

0.8

0 2 4 6 8 10

Time in Years

CI
 o

f r
el

ap
se

wild type heterozygote

N=231

N=15

P = 0.43

Relapse was not related to TPMT genotype on Total XIII 
(AFTER we started adjusting doses based on TPMT testing)—

despite preemptive 6MP dose decreases in pts with TPMT defect

Relling et al, Blood, 2006
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TPMT activity is a monogenic trait; a handful of 
variants account for > 95% of low activity variants

Liu et al, CPT, 2017
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Pharmacogenetics research at St. Jude:  We have 
DNA samples from patients going back to 1986

These and other samples have supported > 30 
years of discovery pharmacogenetic research



TPMT and thiopurines: example where pharmacogenetic 
research led to clinical implementation of 

pharmacogenetics

• Other than testing for TPMT in patients receiving thiopurines, other 
actionable pharmacogenetic gene/drug pairs were not routinely used 
in patient care at St. Jude prior to 2011

• Pharmacogenetic research conducted by others, for other gene/drug 
pairs generated evidence supporting clinical use of pharmacogenetic 
testing, but we (and others) had not done much implementation

• Time for more clinical implementation of pharmacogenetic testing?



There is no implementation 
fairy who is going to magically 
make this happen…..

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=2uZr5CfLhQQSzM&tbnid=thCcCgaF5sXLWM:&ved=0CAUQjRw&url=http://fabiusmaximus.com/2012/08/02/41510/&ei=1-eEUtb3CMSI2wW-4IHICw&bvm=bv.56343320,d.b2I&psig=AFQjCNG9nh5WtH1ej2XuiWpxE4nIKaUqXA&ust=1384528203879938


Why preemptive pharmacogenetic testing at St. Jude?
• There are multiple high-evidence gene drug pairs ready for clinical 

implementation
• All patients are at reasonably high risk to receive at least one high risk drug for 

at least one of those loci --- especially over a lifetime—so the chance that 
genotype data will be used is high

• Preemptive genotyping avoids the long TAT between decision to prescribe a 
drug and getting a genetic test available to prescribers.

• Cost of genotyping at most actionable loci is low---about the same as testing 
for any one gene---so it makes sense to test at multiple loci---making 
multigenic, preemptive genetic testing inexpensive

• We have a culture of prescribing based on evidence and a team of qualified 
pharmacists

• We have a good EHR that includes prescribing and dispensing info for our 
patients

• If we can’t do it….



Use of 33 “Pharmacogenetically High Risk” Drugs in St. Jude 
patients (11 CPIC genes)

Abacavir Methylene blue
Amitriptyline Metoprolol
Aripiprazole Nitrofurantoin

Aspirin Olanzapine
Azathioprine Phenazopyridine
Capecitabine Phytonadione
Clopidogrel Probenecid

Codeine Rasburicase
Dapsone Risperidone

Fluorouracil Sertraline
Fluoxetine Sulfamethoxazole-trimethoprim

Haloperidol Sulfasalazine
Hydroxychloroquine Thioguanine

Irinotecan Tramadol
Lidocaine Voriconazole
Menthol Warfarin

At St. Jude, 2023 of 4245 
patients (48%) received orders 
for at least one of 33 “high-risk” 
drugs in a 1-yr period.



99% of population has high-risk diplotype for at least 
one of 12 CPIC genes

Dunnenberger et al Ann Rev Pharm Tox 2015

98.5% of whites and 99.1% of blacks in US 
have at least one high-risk diplotype.



• Opened 2011
• Goal: implement preemptive pharmacogenetic 

testing for all active SJ patients
• Provide CDS for at least one drug for each gene 

before it is implemented in the EHR
• Once a gene moves into EHR, move it in for all 

past and future patients
• Provide information freely to patients and 

others

PG4KDS Protocol
Clinical Implementation of Pharmacogenetics



90% of patients have at least one high-risk 
genotype in their EHR (9 genes)
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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; updated 2017.



• Formed in 2009 as joint project of PGRN and PharmGKB
• Goal: create, curate, update, make freely available specific peer 

reviewed, evidence-based, updatable clinical guidelines for actionable 
gene/drug pairs

http://www.pharmgkb.org/do/serve?id=network.members


Volpi et al Clin Pharm Ther 2018



Resources used by implementers: 34/36 use CPIC

Volpi et al Clin Pharm Ther 2018



We are approaching implementation on 2 fronts at St. 
Jude

St. Jude Children’s 
Research Hospital
PG4KDS Protocol

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



Assumption of CPIC Guidelines

• CPIC guidelines are designed to help clinicians understand 
HOW available genetic test results should be used to 
optimize drug therapy

• Not WHETHER tests should be ordered
• Key Assumption:

• Clinical high-throughput and preemptive genotyping 
will become more widespread

• Clinicians will be faced with having patients’ genotypes 
available even if they did not order test with drug in 
mind

Presenter
Presentation Notes
Slide of publications in CPT
# of times cited



Academic, Hospital,
Health Care Systems
Industry

>300 members



Clin Pharmacol Ther. 2013 Apr;93(4):324-5. 

Clin Pharmacol Ther. 2013 Sep;94(3):317-23

Clin Pharmacol Ther. 2013 Feb;93(2):153-8

Clin Pharmacol Ther. 2013 May;93(5):402-8.

Clin Pharmacol Ther. 2013 Sep;94(3):324-8.





PG4KDS protocol

• Goal:
• Migrate pharmacogenetic tests from the laboratory (array-

based) into routine patient care, to be available preemptively
• Goal is all CPIC actionable gene/drug pairs

• Exclusion criteria:
• Patients who have received a prior allogeneic stem cell 

transplant

https://www.stjude.org/pg4kds

https://www.stjude.org/pg4kds


2011

• TPMT – thiopurines

• CYP2C19– clopidogrel
• CYP2C9, VKORC1 – warfarin

2012

• CYP2D6 – codeine

• HLA-B – abacavir

• SLCO1B1 – simvastatin

2013

• HLA-B – allopurinol

• CYP2D6, CYP2C19 – TCAs

• HLA-B – carbamazepine

• DPYD -- 5FU / capecitabine

• TPMT – thiopurines—UPDATE

• CYP2C19 – clopidogrel--UPDATE

2017

• CYP2D6 – tamoxifen

• HLA-B – carbamazepine—UPDATE
• DPYD -- 5FU / capecitabine—UPDATE-

2018

• RYR1/CACNA1S– inhaled anesthetics

• TPMT/NUDT15 – thiopurines—UPDATE

2019 (in progress)

• CYP2B6—efavirenz-submitted

• CYP2D6—atomoxetine-accepted

• CYP2C19/PPI

• CYP2C9/HLA-phenytoin—UPDATE

• CYP2C9/celecoxib

• CYP2D6/codeine-UPDATE

2014

• IL28B -- PEG interferon α

• CFTR -- Ivacaftor

• G6PD -- Rasburicase

• CYP2C9, HLA-B -- Phenytoin

• CYP2D6 – codeine--UPDATE

• HLA-B – abacavir--UPDATE

• SLCO1B1 – simvastatin—

UPDATE

2015

• CYP3A5 – tacrolimus

• CYP2D6, CYP2C19– SSRIs

• UGT1A1 – atazanavir

• HLA-B – allopurinol—UPDATE

2016

• CYP2C19 – voriconazole

• CYP2D6 – ondansetron

• CYP2C9, VKORC1 – warfarin--

UPDATE

• CYP2D6, CYP2C19 – TCAs--

UPDATEhttps://cpicpgx.org/guidelines/

Presenter
Presentation Notes
Kelly to update this slide closer to the meeting
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PG4KDS: The Process

Patient 
consent   

1 2

Blood 
sample

3

Genotyping 
(230 genes)

Research 
database

4

567

Select results 
put in EHR

Clinical decision 
support

Patient 
education

Hoffman JM, et al. Am J Med Genet C Semin Med Genet. 2014;166C:45.



Pharmaceutical Sciences Research database (>225 genes parsed into separate files)

Genotyping at Medical College of Wisconsin, now RPRD

TPMT DPYD CYP3A4 GSTT1 CYP4B1
CYP2C19                VKORC1 CYP2F1 NAT1 CYP1A1
CYP2D6 SLCO1B1 CYP2J2 FMO3 CYP2C18
CYP2C9 G6PD UGT1A1 CYP4F2 ABCC1

Array-based CLIA-compliant Genotypes (DMET now PharmacoScan)

Extensive quality control Prior to upload in EHR

• Concordance of self declared sex with genetics
• Concordance with prior genotyping and phenotyping results



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)



Relling & Evans, Nature, 2015





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


CYP2D6: 207 diplotypes observed in first 4046 
pts on PG4KDS

Classify into phenotypic groups



Dedicated Pharmacogenetics Section in EHR: not encounter-specific

Each gene test result is coupled 
with a “consult” entry 



Pre-test alerts contains prescribing and testing recommendations if a 
patient has not been genotyped: driven off the ABSENCE of a test result



Post-test alerts contain prescribing recommendations based on the 
PRESENCE of a high risk test result



Post-test alert can incorporate non-genetic info too: based on
CYP2C19 phenotype, route of administration, age



Post-test alert: based on 2 genes affecting same drug



Phenotypes drive CDS and allow for 
interoperability, portability of results





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



Standardized Terms-Phenotype
Term/Gene 
Category

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

Phenotype-Drug 
Metabolizing 
Enzymes 
(CYP2C19, 
CYP2D6, CYP3A5, 
CYP2C9, TPMT, 
DPYD, UGT1A1) 

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

Phenotype-
Transporters 
(SLCO1B1)

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

Phenotype-High 
risk genotype 
status (HLA-B)

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



Working with SNOMED to match codes to standardized 
phenotype terms: SNOMED CT International Browser

TPMT- standardized Terms
TPMT - Normal Metabolizer (normal dose)
TPMT - Intermediate Metabolizer (60% dose)
TPMT - Poor Metabolizer (5% dose)

TPMT – SNOMED CT Code 
Thiopurine methyltransferase deficiency

vs



Can’t detect 
duplicate testing 
unless standardized 
test names are 
adopted



9 Genes and 25 Drugs Implemented
• CYP2D6 (17%)

– Codeine
– Oxycodone 
– Tramadol 
– Amitriptyline, Clomipramine, Imipramine, Trimipramine 
– Doxepin
– Fluoxetine 
– Paroxetine 
– Ondansetron 

• CYP2C19 (62%)
– Clopidogrel 
– Amitriptyline, Clomipramine, Imipramine, Trimipramine
– PPIs
– Voriconazole

• CYP3A5 (41%)
– Tacrolimus

• SLCO1B1 (13%)
– Simvastatin 

• TPMT/NUDT15 (11%)
– Mercaptopurine 
– Thioguanine 
– Azathioprine 

• DPYD (0.4%)
– Fluorouracil
– Capecitabine

• UGT1A1 (28%)
– Atazanavir

• CYP2C9 (32%)
– Celecoxib

% indicate the %of patients enrolled on PG4KDS who 
have a high-risk genotype for that gene.



www.stjude.org/pg4kds/implement

Implementation 
Timeline: Genes and 

Drugs
(9 Genes and 25 Drugs: 

additional drugs added for 
existing genes over time)

http://www.stjude.org/pg4kds/implement
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QC Metric: %of thiopurine‐naïve patients diagnosed with ALL who had a
known TPMT genotype prior to initiating thiopurine therapy at St. Jude*

TRUE

FALSE

Patients with a known TPMT genotype

Patients with no known TPMT genotype

* Patients with an unknown TPMT genotype who initiated thiopurine therapy after an allogeneic HSCT were excluded from this reporting



Not all drugs supported by CDS at time each gene is 
implemented at St. Jude

• 11 year old boy at week 102 of ALL continuation therapy
• intermittent thrombocytopenia, episode of hematemesis, started omeprazole
• another episode of hematemesis; endoscopy showed esophageal varices
• AFTER consultation for increase in liver enzymes, found to have CYP2C19*17/*17 diplotype 

already in EHR, but no CDS built for PPIs

Swen JJ et al 662  VOLUME 89 NUMBER 5 | MAY 2011 | www.nature.com/cpt





Ranking of gene/drug pairs without CPIC guidelines 2018



Interpretations change over time: Adding 
disclaimer note to all new pgen consults

Disclaimer: The interpretation of this result is based on evidence 
available as of the time this consult was entered into the 
electronic health record. Interpretations of genomic variants can 
change as evidence evolves; consult with the Clinical 
Pharmacogenomics Service (pharmacogenomics@stjude.org) to 
discuss whether this interpretation should be updated.

• ~ 5% of consults have needed re-interpretation over first 8 
years

mailto:pharmacogenomics@stjude.org


PG4KDS Anecdotes

• 2 incidental genetic findings of Klinefelter’s syndrome (boys with XXY)---
so G6PD genotypes come back AA, AB, or BB instead of just A or B

• Blood samples after bone marrow transplant: blood ≠ host tissues
• Genotyping/phenotyping done elsewhere summarized on common, 

date-independent tab
• High risk results: medication reconciliation needed to catch already-

dispensed meds
• Reconcile phenotype and genotype--- separate tests, one interpretation: 

TPMT, G6PD



PG4KDS Anecdotes

• “possible” high-risk status
• Updating multiple policies differs by drug (e.g. mt-RNR1 and 

aminoglycosides)
• Anesthesia drugs not documented in main EHR (no CDS)
• Challenges documenting pt education
• Minimizing duplicate orders
• Avoiding privacy violations



The use of pharmacogenetics-guided prescribing is 
STILL not widespread



• large academic center but no directed efforts at preemptive genotyping
• 132,340 patients and 3,211,797 hospital/clinic visits,
• 268,262 medication orders for 95 drugs with germline  PGEN testing mentioned 

in their FDA-approved drug labels (49 of which were actionable by CPIC)

• 1.5% of prescriptions for those 95 drugs 
accompanied by testing, even when the FDA 
label “recommended or required” testing









Our job as clinical pharmacologists

• Counter-detail marketing-based use of drugs or drug tests
• Advocate for appropriate, evidence-based use of drugs and 

drug tests
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age
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Drug interactions
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• 171. Kishi S, Cheng C, French D, Pei D,  Das S, Cook EH, Hijiya N, Rizzari C, Rosner GL, Frudakis T, Pui CH, Evans WE, Relling MV.  Ancestry and pharmacogenetics of antileukemic drug toxicity.  Blood 109:4151-7, 

2007. 198. Stocco G, Cheok M, Crews K, Dervieux T, French D, Pei D, Yang W, Cheng C, Pui CH, Relling M, Evans W. Genetic polymorphism of inosine triphosphate pyrophosphatase is a determinant of 
mercaptopurine metabolism and toxicity during treatment for acute lymphoblastic leukemia. Clin Pharmacol Ther 85:164-72, 2009. (PMCID: PMC2762405) 200. Yang J, Cheng C, Yang W, Pei D, Cao X, Fan Y, 
Pounds S, Neale G, Trevino L, French D, Campana D, Downing J, Evans WE, Pui C, Devidas M, Bowman W, Camitta B, Willman CL, Davies S, Borowitz M, Carroll WL, Hunger SP, Relling MV. Genome-wide interrogation of 
germline genetic variation associated with treatment response in childhood acute lymphoblastic leukemia. JAMA 301:393-403, 2009. (PMCID: PMC2664534) 209. Trevino LR, Shimasaki N, Yang W, Panetta JC, 
Cheng C, Pei D, Chan D, Sparreboom A, Giacomini KM, Pui CH, Evans WE, Relling MV. Germline genetic variation in an organic anion transporter polypeptide associated with methotrexate pharmacokinetics and clinical 
effects. J Clin Oncol 27:5972-8, 2009. (PMCID: PMC2793040) 219. Chen SH, Pei D, Yang W, Cheng C, Jeha S, Cox NJ, Evans WE, Pui CH, Relling MV. Genetic variations in GRIA1 on chromosome 5q33 related to 
asparaginase hypersensitivity. Clin Pharmacol Ther 88:191-6, 2010. (PMCID: PMC3000799) 230. Yang JJ, Cheng C, Devidas M, Cao X, Fan Y, Campana D, Yang W, Neale G, Cox NJ, Scheet P, Borowitz MJ, 
Winick NJ, Martin PL, Willman CL, Bowman WP, Camitta BM, Carroll A, Reaman GH, Carroll WL, Loh M, Hunger SP, Pui CH, Evans WE, Relling MV. Ancestry and pharmacogenomics of relapse in acute lymphoblastic 
leukemia. Nat Genet 43:237-41, 2011. (PMCID: PMC3104508) 244. Ramsey LB, Bruun GH, Yang W, Treviño LR, Vattathil S, Scheet P, Cheng C, Rosner GL, Giacomini KM, Fan Y, Sparreboom A, Mikkelsen TS, 
Corydon TJ, Pui CH, Evans WE, Relling MV. Rare versus common variants in pharmacogenetics: SLCO1B1 variation and methotrexate disposition. Genome Res. 22:1-8, 2012. (PMCID: PMC3246196) 258. Yang 
JJ, Cheng C, Devidas M, Cao X, Campana D, Yang W, Fan Y, Neale G, Cox N, Scheet P, Borowitz MJ, Winick NJ, Martin PL, Bowman P, Camitta B, Reaman GH, Carroll WL, Willman CL, Hunger SP, Evans WE, Pui CH, Loh M, 
Relling MV. Genome-wide association study identifies germline polymorphisms associated with relapse of childhood acute lymphoblastic leukemia. Blood 120:4197-204, 2012. (PMCID:PMC3501717) 276. Yang 
JJ, Lim JY, Huang J, Bass J, Wu J, Wang C, Fang J, Stewart E, Harstead EH, E S, Robinson GW, Evans WE, Pappo A, Zuo J, Relling MV, Onar-Thomas A, Gajjar A, Stewart CF. The role of inherited TPMT and COMT genetic 
variation in cisplatin-induced ototoxicity in children with cancer. Clin Pharmacol Ther. 2013 Aug;94(2):252-9 (PMCID:PMC3883563) 279. Perez-Andreu V, Roberts KG, Harvey RC, Yang W, Cheng C, Pei D, 
Xu H, Gastier-Foster J, E S, Lim JY, Chen IM, Fan Y, Devidas M, Borowitz MJ, Smith C, Neale G, Burchard EG, Torgerson DG, Klussmann FA, Villagran CR, Winick NJ, Camitta BM, Raetz E, Wood B, Yue F, Carroll WL, Larsen 
E, Bowman WP, Loh ML, Dean M, Bhojwani D, Pui CH, Evans WE, Relling MV, Hunger SP, Willman CL, Mullighan CG, Yang JJ. Inherited GATA3 variants are associated with Ph-like childhood acute lymphoblastic leukemia 
and risk of relapse. Nat Genet. December 2013 45(12): 1494-8 (PMCID:PMC4039076) 287. Hicks JK, Crews KR, Flynn P, Haidar CE, Daniels CC, Yang W, Panetta JC, Pei D, Scott JR, Molinelli AR, 

Broeckel U, Bhojwani D, Evans WE, Relling MV. Voriconazole plasma concentrations in immunocompromised pediatric patients vary by CYP2C19 diplotypes. Pharmacogenomics. 2014 
Jun;15(8):1065-78. (PMCID:PMC4155516) 295. Fernandez CA, Smith C, Yang W, Date M, Bashford D, Larsen E, Bowman WP, Liu C, Ramsey LB, Chang T, Turner V, Loh ML, 
Raetz EA, Winick NJ, Hunger SP, Carroll WL, Onengut-Gumuscu S, Chen WM, Concannon P, Rich SS, Scheet P, Jeha S, Pui CH, Evans WE, Devidas M, Relling MV HLA-DRB1*07:01 is  

associated with a higher risk of asparaginase allergies. Blood. 2014 Aug 21; 124(8): 1266-76 (PMCID:PMC4141516) 307308. Diouf B, Crews KR, Lew G, Pei D, Cheng C, Bao J, Zheng JJ, Yang 
W, Fan Y, Wheeler HE, Wing C, Delaney SM, Komatsu M, Paugh SW, McCorkle JR, Lu X, Winick NJ, Carroll WL, Loh ML, Hunger SP, Devidas M, Pui CH, Dolan ME, Relling MV, Evans WE. Association of an inherited genetic 
variant with vincristine-related peripheral neuropathy in children with acute lymphoblastic leukemia. JAMA. 2015 Feb 24;313(8):815-23. 314.    Karol SE, Yang W, Van Driest SL, Chang TY, Kaste S, Bowton E, Basford M, 
Bastarache L, Roden DM, Denny JC, Larsen E, Winick N Carroll WL, Cheng C, Pei D, Fernandez CA, Liu C, Smith C, Loh ML, Raetz EA, Hunger SP, Scheet P, Jeha S, Pui CH, Evans WE, Devidas M, Mattano LA Jr, Relling 
MV.Genetics of Glucocorticoid-Associated Osteonecrosis in Children with Acute Lymphoblastic Leukemia Blood 2015 Oct 8;126(15):1770-6. (PMCID:PMC4600016) 329. Liu C, Yang W, Devidas M, Cheng C, Pei D, 
Smith C, Carroll WL, Raetz EA, Bowman WP, Larsen EC, Maloney KW, Martin PL, Mattano LA Jr, Winick NJ, Mardis ER, Fulton RS, Bhojwani D, Howard SC, Jeha S, Pui CH, Hunger SP, Evans WE, Loh ML, Relling MV. Clinical 
and Genetic Risk Factors for Acute Pancreatitis in Patients With Acute Lymphoblastic Leukemia. J Clin Oncol. 2016 34(18): 2133-40 (PMCID:PMC4962704) 342. Liu Y, Fernandez CA, Smith C, Yang W, Cheng 
C, Panetta JC, Kornegay N, Liu C, Ramsey LB, Karol SE, Janke LJ, Larsen EC, Winick N, Carroll WL, Loh ML, Raetz EA, Hunger SP, Devidas M, Yang JJ, Mullighan CG, Zhang J, Evans WE, Jeha S, Pui CH, Relling MV. Genome-
wide study links PNPLA3 variant with elevated hepatic transaminase after acute lymphoblastic leukemia therapy. Clin Pharmacol Ther.2017doi:10.1002/cpt.629 (PMCID:PMC5511775) 351.     Ramsey LB, Pounds S, 
Cheng C, Cao X, Yang W, Smith C, Karol SE, Liu C, Panetta JC, Inaba H, Rubnitz JE, Metzger ML, Ribeiro RC, Sandlund JT, Jeha S, Pui CH, Evans WE, Relling MV. Genetics of pleiotropic effects of dexamethasone. 
Pharmacogenet Genomics. 2017 Aug;27(8):294-302 (PMCID:PMC5523978) 367.  Robinson KM, Yang W, Haidar CE, Hankins JS, Jay DW, Kornegay N, Rubnitz JE, Broeckel U, Cheng C, Pui CH, Jeha S, Relling MV. 
Concordance between glucose-6-phosphate dehydrogenase (G6PD) genotype and phenotype and rasburicase use in patients with hematologic malignancies. Pharmacogenomics J. 2018 Sep 12. doi: 10.1038/s41397-
018-0043-3. [Epub ahead of print] PMID: 30206300 



Somatically acquired genetics: MTX
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Somatically acquired genetics: other drugs
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PG4KDS : Multiple steps to implement a new gene/drug pair

• Diplotype interpretation; clinical consults; problem list entries
• Build interruptive CDS (clinical decision support)
• Update formulary, drug policies as needed
• Update public website 
• Update pt and clinician educational materials
• Build and complete competencies for clinicians
• Approval of Pharmacogenetics Oversight Committee
• Sharing with PGRN, PharmGKB, others



Implementation Timeline:
9 Genes and 22 Drugs Implemented

www.stjude.org/pg4kds/implement

2011 2012 2013 2014 2015 2016 2017 2018
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
NUDT15 and thiopurines

CYP2C9 and celecoxib

CYP2C19 and 
PPIs

http://www.stjude.org/pg4kds/implement


9 Genes and 22 Drugs Implemented: % 
of pts with actionable genotype

• CYP2D6 (17%)
• Codeine
• Oxycodone 
• Tramadol 
• Amitriptyline, Clomipramine, Imipramine, Trimipramine 
• Doxepin
• Fluoxetine 
• Paroxetine 
• Ondansetron 

• CYP2C19 (62%)
• Clopidogrel 
• Amitriptyline, Clomipramine, Imipramine, Trimipramine
• Doxepin
• Voriconazole

• CYP3A5 (41%)
• Tacrolimus

• SLCO1B1 (13%)
– Simvastatin 

• TPMT/NUDT15 (11%)
– Mercaptopurine 
– Thioguanine 
– Azathioprine 

• DPYD (0.4%)
– Fluorouracil
– Capecitabine

• UGT1A1 (28%)
– Atazanavir

• CYP2C9 (32%)
– Celecoxib

Percentages in parenthesis indicate the proportion of 
patients enrolled on the PG4KDS protocol who have a high-
risk genotype for that gene.



PG4KDS by numbers
Number of 

patients
%

Approached for consent 4735 --
Enrolled on protocol 4471 94

Re-consented at age of majority* 535 97

Request to be informed of 
pharmacogenetic test result

4564 96

Incidental findings 2 0.04%

Unpublished data (May 2018)

*550 patients turned 18 years old after being enrolled on the PG4KDS study



CYP2D6: 207 diplotypes observed in first 4046 pts on PG4KDS

TPMT is much simpler



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



Passive CDS: interpretation of pgen 
test results always available



Templates based on 
deconstructing the 
consult into sections: 
scalable

Consult Builder
Hicks et al (CPT 2012)

Phenotype Assignment

Diplotype Interpretation

Phenotype interpretation, medications

Prescribing Recommendations

Educational  Link



Diplotypes entered on Pharmacogenetics Tab: not encounter-specific

Consult is one place 
for passive CDS



Drive CDS off of problem list entry

High risk phenotypes automatically populate the 
“Problem List”; can also manually enter also



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


Interruptive alerts (active CDS) used to guide prescribing 
based on genetic test results (or lack thereof)

• Pre-test situation:
• Check for genetic test and, if missing, guide prescriber to 

consider ordering the test 
• Post-test situation:

• Test result is high-risk and advice for prescribing alternatives 
should be presented

• Test result is low-risk and no interruptive alert should be fired



Pre-test alerts contains prescribing and 
testing recommendations if a patient has 
not been genotyped: driven off the 
ABSENCE of a test result





Working with SNOMED to match codes 
to standardized phenotype terms

TPMT- standardized Terms
TPMT - Normal Metabolizer (normal dose)
TPMT - Intermediate Metabolizer (60% dose)
TPMT - Poor Metabolizer (5% dose)

TPMT – SNOMED CT Code 
Thiopurine methyltransferase deficiency

vs



Post-test alerts contain prescribing recommendations based 
on the PRESENCE of a high risk test result



Post-test alert can incorporate non-genetic info too: based on
CYP2C19 phenotype, route of administration, age



Post-test alert: based on
2 genes affecting same drug
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