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Abstract

Introduction: Pharmacogenomics is about selecting the “right drug in the right amount for the right patient.” In metastatic
colorectal cancer, germline pharmacogenomics testing presents a unique opportunity to improve outcomes, since the genes
dihydropyrimidine dehydrogenase and UDP-glucuronosyltransferase metabolizing the chemotherapy drugs, 5-fluorouracil, and
irinotecan are already well known. In a retrospective analysis of the landmark TRIBE clinical trial [(TRIBE - TRIplet plus
BEvacizumab multicenter, phase Il trial by the Italian Cooperative GONO (Gruppo Oncologico Nord Ovest) group
(NCTO00719797)], the proportion of patients with serious adverse events was higher in those with dihydropyrimidine dehy-
drogenase/UDP-glucuronosyltransferase aberrations and was dose dependent. We aimed to report on the feasibility and the
results of incorporating pharmacogenomics testing into clinical practice. Methods: As a quality improvement initiative and a
center of individualized medicine grant, we integrated the use of OneOme RightMed comprehensive test, which reports on 27
genes related to pharmacogenomics and over 300 medications of interest. We limited initial testing to patients with colorectal
cancer. Pharmacists provided dosage recommendations based on test results in real-time. Results: At our cancer center, |55
patients underwent pharmacogenomics testing from November 2017 to January 2019. Results were available within 3 to 5 days of
testing for most patients and were integrated into treatment decision-making. Of 155 sampled participants, a total of 89 (57.4%)
participants had an UGTIAI variant genotype, NM_000463.2: c.-53_-52[8] *1/%¥28, n = 74 (47.7%); *28/*28, n = 15 (9.7%).
Additionally, 4 (2.6%) participants were heterozygous for dihydropyrimidine dehydrogenase. Two (1.3%) individuals were het-
erozygous for both UDP-glucuronosyltransferase and dihydropyrimidine dehydrogenase genes. All (100%) the patients had at
least | actionable aberration related to supportive care medications (CYP-family) of all the possible medications listed on their
pharmacogenomics report. Conclusion: Preemptive comprehensive pharmacogenomics testing can be integrated into clinical
practice in real-time for patients with cancer given faster turnaround and low cost. Pharmacist-driven, patient-specific medication
management consults add further value given the number of genes/drugs. This sets the stage for a prospective randomized clinical
trial to demonstrate the amount of benefit this can result in these patients.
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Background

Patients with cancer oftentimes experience debilitating serious
adverse events (SAEs) from chemotherapy drugs as well as
supportive care medications. These patients can experience var-
ious side effects including ongoing nausea, mouth sores, diar-
rhea, severe anxiety, and low white blood cell count leading to
infections, extreme fatigue, and so on, which can tremendously
reduce the quality of life. Supportive care medications are often
introduced to help relieve cancer treatment—related SAEs. How-
ever, like many medications, the drugs used to relieve those side
effects sometimes have side effects of their own, and response
can vary significantly among individuals. Pharmacogenomics
(PGx) is the study of how person’s genes influence their
response to medications. The rationale of PGx testing is to iden-
tify the appropriate dose of chemotherapeutic agent and suppor-
tive care medication to help prevent these adverse effects.' The
integration of preemptive PGx testing at the time when the
patient is diagnosed with colorectal cancer (CRC) can signifi-
cantly improve the quality of life of these patients.*’

Preemptive PGx testing may have a clinical value in the
management of CRC. Mostly patients with CRC are treated
with combination chemotherapy regimens. The aberrations in
the encoding genes for the metabolizing enzymes of the drugs
result in the building up of the drug concentration in the
blood.®’ Hence, the poor metabolizers (PMs), with the
decreased activity of drug metabolizing enzyme, are more
likely to experience SAEs from the medications.

The role of the 2 encoding genes, that is, dihydropyrimidine
dehydrogenase (DPYD) and UDP-glucuronosyltransferase
(UGTI1A1I), for metabolizing enzymes of the 2 common CRC
chemotherapy drugs, that is, 5-fluorouracil (5-FU) and irinote-
can, has been previously investigated.®® In the multicenter,
phase III TRIBE study [(TRIBE - TRIplet plus BEvacizumab
multicenter, phase III trial by the Italian Cooperative Gruppo
Oncologico Nord Ovest (GONO) group (NCT00719797)], the
FOLFOXIRI plus bevacizumab group was extensively associ-
ated with an increased incidence of grade >3 neutropenia (50%
vs 23%), diarrhea (18% vs 12%), and stomatitis (9% vs 5%)
when compared to the FOLFIRI plus bevacizumab group; ret-
rospecitive pharmacogenomics analyses confirmed that the
proportion of patients with serious adverse events was higher
in those with dihydropyrimidine dehydrogenase/UDP-glucuro-
nosyltransferase aberrations and was dose dependent.'® The
previous studies have demonstrated that patients having an
aberration or/and decreased expression of the encoding genes
are associated with higher incidence of side effects.''™'

Pharmacogenomics testing, despite its significance and utility,
has not yet been included as a standard of care in the manage-
ment of patients with CRC.

As part of a quality improvement project and center of indi-
vidualized medicine grant at Mayo Clinic, we aimed at asses-
sing the feasibility of integrating the use of PGx OneOme
RightMed comprehensive test in the management of every
patient who presented with metastatic CRC at our center. Our
goal was to gather an estimate of the potential number of
patients who may have aberrations in the DPYD/UGTIAI
genes, as well as explore the CYP-family of genes that may
potentially affect choice of supportive care and other concur-
rent medications that a patient with cancer may need.

Materials and Methods
Study Design and Participants

This retrospective analysis evaluated findings from a pilot clin-
ical implementation project within the Department of Hema-
tology and Oncology at Mayo Clinic, Florida. Patient care
involved a multidisciplinary team including a Mayo Clinic
gastrointestinal oncologist, pharmacist, disease specialist, and
allied health staff. Primary outcomes included estimates of
genotype frequencies among the sample population and the
number of potential major and moderate gene—drug interac-
tions identified at baseline.

Pharmacogenomics Testing and Interpretation

Patient DNA was collected at point of care through a buccal
swab by a Mayo Clinic health professional and shipped to
OneOme, LLC (Minneapolis, Minnesota) for genotyping.
OneOme’s laboratory is accredited by the College of American
Pathologists and certified by the Clinical Laboratory Improve-
ment Amendments. The OneOme RightMed comprehensive test
uses TagMan single-nucleotide polymorphisms genotyping and
copy number variation assays run on an IntelliQube qPCR Plat-
form (Douglas Scientific, Alexandria, Minnesota). At the time of
this feasibility pilot, the RightMed test included 27 genes (Sup-
plementary Figure 1). The RightMed test is an end-to-end solu-
tion that analyzes both pharmacodynamic and pharmacokinetic
genes (eg, CYP2D6, CYP2C19, UGTIAI, DPYD, and TMPT)
and applies a proprietary haplotyping algorithm to convert
patient genotypes into diplotype calls. Phenotype determinations
(eg, “PM”) were based on allelic-driven activity scores, rigorous
curation of the published literature by OneOme scientists and
pharmacists, and recommendations from expert clinical bodies
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such as the Clinical Pharmacogenetics Implementation Consor-
tium (CPIC)."® The RightMed interpretive report further makes
recommendations that pair individual medications and multi-
gene determinations of metabolism to create drug-by-drug risk
classifications. Medications are stratified into red, yellow, and
green risk categories, corresponding to major, moderate, and
minimal gene—drug interactions, respectively. Furthermore, the
current implementation project led to the creation of the
RightMed Oncology Specialty Report that subselects medica-
tions from the RightMed comprehensive report to provide the
most relevant chemotherapy and supportive care information to
providers. Iterative feedback, provided by the Mayo Clinic team,
contributed to the content and design of the medication list. A
sample of the RightMed Oncology Specialty Report is included
in Supplemental Figure 2.

In parallel with the aid of a pharmacist at the cancer center,
PGx-guided dosing was provided to the care team and included
in the electronic medical record of the patient for future use.
The reports were also shared with the patient to be shared with
all their care providers if needed for future use. The whole
process went through several iterations based on the “Plan,
Do, Study, Act” model of care.'® Reference to suggested mod-
ifications were based on CPIC guidelines.

Supportive Care Opportunity

In addition to presenting genotype and phenotype information,
the RightMed test also provides a comprehensive medication-
oriented view of gene—drug interaction risks to providers.
Aside from chemotherapy medications, the RightMed Oncol-
ogy Specialty Report identifies nearly 100 supportive care
medications of particular relevance to oncology health-care
professionals, across cancer types.

The report again through collaboration with the Mayo Clinic
investigators underwent iterations and rationale for grouping
the patient results into the following led to the development of
the oncology specialty report: (1) gastrointestinal (nausea/
vomiting, appetite, gastritis, and gastroesophageal reflux dis-
ease), (2) pain, (3) neuropathy and nonopioid pain, (4) mental
health, (5) neuropsychiatry (sleep medicine, anticonvulsant,
and smoking cessation), (6) antimicrobial, (7) anticoagulant
and cardiovascular, and (8) other. In order to estimate the
opportunity of preemptive PGx testing to identify drug therapy
problems within a population with cancer, potential medication
issues at baseline were aggregated from individual RightMed
generated reports. Initial summary statistics are intended to
represent the potential cumulative risk to patients based on all
possible supportive care medications included on each report,
not actual medication regimens.

Clinical Workflow

Medical oncologist explained to the patient that PGx testing
would be performed. RightMed test results were returned in 3
to 5 days (mean = 3.19 + 1.69 days) and were primarily
interpreted by Mayo Clinic pharmacists. Patients were also

provided with a copy of their results. Pharmacists then gener-
ated patient-specific medication management recommenda-
tions and delivered electronic consults to physicians
coordinating the patient’s care, across a variety of specialties.
Chemotherapeutic agent modifications and dose adjustments
were the responsibility of the treating medical oncologist/care
team. Medical oncologist used the Food and Drug Administra-
tion label for dosing guidance. Supportive care medication
changes were handled separately by Mayo Clinic specialists
or in consult with supportive care physicians and pharmacists.

Results

Participant Characteristics

Overall, 155 patients received the RightMed comprehensive
test between November 2017 and January 2019. Study partici-
pants had a median age of 56 years (range: 24-78 years), with
59% males and 41% females, reflective of demographic trends
in CRC diagnosis rates within the US population. Most (80%)
of the patients were white.

Chemotherapy Genes of Interest

Both UGT1A41 and DPYD genes are commonly tested single
genes for the CRC therapies irinotecan (UGT1A1) and fluor-
ouracil (DPYD). Of 155 sampled participants, a total of 89
(57.4%) participants had a UGTIAI variant genotype,
NM_000463.2: c.-53_-52[8] *1/*28, n = 74 (47.7%);
*28/*%28, n = 15 (9.7%). Additionally, 4 (2.6%) participants
were heterozygous for DPYD (2.6%), and 2 (1.3%) individuals
were heterozygous for both UGT1A41 and DPYD genes.

Supportive Care Medication Burden

Supportive care medications are largely metabolized by the
CYP450 enzyme family. Examples include CYP2D6 testing for
codeine, tramadol, and ondansetron and CYP2C19 testing for
pantoprazole and citalopram.® In this study, genotype and phe-
notype frequencies for CYP450 enzymes were representative of
the demographic profile of the Mayo Clinic (Jacksonville, Flor-
ida) patient population (Table 1). Of particular interest, 4.0% of
patients were categorized as CYP2D6 PM, 8.0% were poor to
intermediate, and 2.6% were ultrarapid metabolizers (UM). For
CYP2C19, 25.8% were identified as rapid metabolizers, 6.5%
were UMs, and 4.0% were PMs. Phenotype rates for all CYP450
enzymes were comparable to known population frequencies.'”
For the primary outcome, the average patient in this pilot
had 34 (40%) of 86 possible supportive care medication bin
yellow or red (34% yellow, 6% red) on their reports. The num-
ber of yellow/red medications per person was normally distrib-
uted across the sample (P = .27). Furthermore, yellow/red
medications were not isolated to a single medication class or
supportive care area. Of the 8 supportive care areas on the
report, 94% of patients had at least 1 yellow/red medication
in 5 or more therapeutic areas; 60% of patients had at least 1 in
7 or 8 categories. For many first-line supportive care
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Table 1. The Proportion of the CYP450 Phenotypes and UGT1A1/DPYD Aberrations in the Cohort.?

Gene PM and IM-PM IM and NM-IM NM RM UM
CYP2D6 11% 57.4% 29% N/A 2.6%
CYP2C19 3.9% 24.5% 39.4% 25.8% 6.5%
CYP2C9 1.9% 32.9% 65.1% N/A N/A
CYP2B6 14.2% 38% 43.9% 3.9% N/A
CYP1A2 0% 0.6% 9% 90.3% N/A
CYP3A4 0% 8.4% 91.6% N/A N/A
CYP3AS5 79.4% 14.8% 5.8% N/A N/A
Normal Intermediate Poor

UGTI1A1 Wild-type (¥1/*1), 42.6% Heterozygous (*1/*28), 47.7% Homozygous (*28/*28), 9.7%
DPYD Wild-type (*1/*1), 97.4% Heterozygous (*1/*n°), 2.6%

Abbreviations: DPYD, dihydropyrimidine dehydrogenase; IM, intermediate metabolizer; NM, normal metabolizer; PM, poor metabolizer; RM, rapid metabolizer;

UGT1A1, UDP-glucuronosyltransferase; UM, ultrarapid metabolizer.

#[Symbol] In the case of CYP1A2, rapid metabolizer refers to inducible phenotypes.
"The RightMed test detects rs3918290 (*2A), rs55886062 (*13), and rs67376798.

medications, a greater percentage of patients binned as yellow/
red than did green. For example, for oxycodone which is pri-
marily metabolized by the CYP3A4 and CYP2D6,'® 67% of
patients binned yellow/red, while 33% binned green. Similarly,
pantoprazole, which is metabolized by CYP2C19,'® had a com-
parable profile to oxycodone, despite having entirely different
genes driving binning status—59% of patients binned yellow/
red, 49% and 10%, respectively, while 41% binned green.

The average number of medications for each supportive care
area (eg, pain, mental health, etc) that were binned as yellow,
red, or green across the population was estimated. Neuropathy
(63.7%), cardiology (63.8%), and gastrointestinal (56.7%) indi-
cations had the highest proportion of yellow/red medications.
Cardiology also had the highest proportion of major drug—gene
interactions, with 46.3% of all medications binning as red
across the sample. Clopidogrel was largely responsible for this
trend, as 22% of individuals had a red bin status. Consistently,
each supportive area had a roughly similar number of yellow/
red medications as green alternatives. On the RightMed Oncol-
ogy Specialty Report, the average supportive care category has
approximately 10.8 listed medications. Among our sample, the
mean number of yellow/red and green medications per cate-
gory was 4.4 and 6.4, respectively. Only the antimicrobial/
infection and urology categories had less than 25% of medica-
tions in their respective class flagged as yellow/red, potentially
indicating a lower chance of prescribing a drug with moderate
and major drug—gene interactions through trial-and-error pre-
scribing than other categories.

Discussion

Growing evidence about the importance of PGx testing sug-
gests that the individuals having DPYD and UGTI1A41 aberra-
tions are more likely to experience fluoropyrimidine- and
irinotecan-related side effects.”?° Furthermore, it has also
been reported that a considerable proportion of individuals
carry aberrations in the aforementioned genes.'® This,

however, is often underestimated, since these genes are often
examined and discussed in isolation of each other. This also
implies that these are the potential candidates who are
expected to benefit the most by dose modifications per the
results of PGx testing.” Nonetheless, the role of PGx testing in
the management of gastrointestinal cancers, especially CRC,
has remained debatable and not integrated into guidelines.
This is probably partly due to lack of prospective studies
highlighting the value of PGx testing and showing how
impactful this could be in the management of CRC in terms
of improving quality of life, decreasing health-care costs, and
lowering emergency department visits.?' >

This study spotlights several intriguing facts. First, we found
that the majority (57.4%) of our patient population had an
aberration in either DPYD and/or UGTIA1 genes which were
identified on preemptive PGx testing. Second, this study
looked at genes beyond just chemotherapy. In our cohort of
patients, there was at least 1 potentially actionable aberration
among the 27 genes related to over 300 medications that a
patient with cancer may receive pertinent to the cancer diag-
nosis, for example, pain control or be on them already, for
example, a proton pump inhibitor. The faster turnaround and
low cost overcome the other historical barriers to PGx test-
ing.?'** Third, our results demonstrated that 47.7% of
the sampled participants had UGT1A1*28 NM_000463.2:
c.-53_-52[8] genotype which matches the published allele
frequency for Caucasians.?

Pharmacogenomics testing and its application into clinical
practice have been investigated in the past few years. However,
its feasibility has always been questioned and could not reach a
consensus. Hence, it has not yet been incorporated into CRC
management guidelines. Research has shown that the individuals
having gene variants of different chemotherapy and supportive
care medications including DPYD and UGTI1A1 are more prone
to experience drug-related toxicities.'>'* According to one
estimate, about 2% to 8% of the individuals having DPYD
deficiency can develop toxic SAEs to fluoropyrimidines.?®
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Lee et al did a randomized controlled trial by enrolling patients
with stage III CRC (n = 2886) and investigated the association
between DPYD variants and the incidence of drug-related SAEs.
The researchers reported that among the individuals having
DPYD*2A, 15608, and D949V variants, the incidence of grade
>3 adverse events secondary to 5-FU were 88%, 50%, and
81.5%, respectively.'! Their results further indicated that the
individuals carrying DPYD*2A (odds ratio [OR] = 15.21;
95% confidence interval [CI]: 4.54-50.96) and D949V (OR =
9.10; 95% CI: 3.43-24.10) variants were at an increased risk of
developing grade >3 fluoropyrimidines-related adverse reac-
tions.!' Another study of 67 patients with gastrointestinal cancer
reported that 25% of the patients were found to have DPYD
variants.>” A prospective study conducted on 1181 patients with
cancer in 17 hospitals in the Netherlands reported the finding of
heterozygous DPYD variant in 8% of their cohort. Their results
also indicated that the greater proportion of patients with DPYD
variants (39%) had fluoropyrimidine-related SAEs than those
with wild-type DPYD (23%).%®

One major challenge to the implementation of PGx testing
into clinical practice has been the unavailability of clinical
guidelines and the required expertise to adjust medication
dosage based on genetic results.>” The CPIC is an international
association, consisting of a panel of PGx experts, which pro-
vides the guidelines to help physicians and pharmacists to
translate the genetic test results into medication dosage mod-
ification.’®*! The CPIC has published peer-reviewed guide-
lines for several chemotherapy and supportive care
medications based on their respective genetic results.*>™*!
Again, more research is needed to demonstrate the applicability
to clinical practice, but at least with our study, feasibility was
shown. The pharmacists also need to play a leadership role in
advancing the field of PGx and making it a part of the clinical
practice.*? Our own experience in this study indicated that the
whole process of successfully integrating PGx testing into clin-
ical practice requires close collaborations among all the health-
care team members including the clinicians, pharmacists,
geneticists, and investigators. With advancing technology,
electronic health record also remains one of the cornerstone
prerequisites for the implementation of PGx testing.****

In summary, our study suggests that genotype-driven dosing
of chemotherapy and supportive care medications for CRC is a
feasible approach to avoid drug-related adverse events and
improve quality of life. The preemptive PGx testing for patients
with CRC could be integrated into regular clinical practice
based on its clinical utility.

Due to the lack of funding and support, we did not have the
capacity to prospectively capture data in terms of serial quality-of-
life assessments and assessment of adverse events in this cohort,
which indeed is a limitation of our study. This sets the stage for
prospective studies and potentially randomized controlled trials
showing its true value to help incorporate it into guidelines.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: PGx testing
was provided through a Center of Individualized Medicine (CIM)
grant at Mayo Clinic to the investigator PMK.

ORCID iD

Faisal Shahjehan (® https://orcid.org/0000-0001-7384-2960

Supplemental Material

Supplemental material for this article is available online.

References

1. Aneesh TP, Sonal Sekhar M, Jose A, Chandran L, Zachariah SM.
Pharmacogenomics: the right drug to the right person. J Clin Med
Res. 2009;1(4):191-194.

2. Zhang Y, Somtakoune SD, Cheung C, Listiawan M, Feng X.
Therapeutic application of pharmacogenomics in oncology. AAPS
J. 2016;18(4):819-829.

3. Andersen RL, Johnson DJ, Patel JN. Personalizing supportive
care in oncology patients using pharmacogenetic-driven treat-
ment pathways. Pharmacogenomics. 2016;17(4):417-434.

4. Cecchin E, De Mattia E, Ecca F, Toffoli G. Host genetic profiling
to increase drug safety in colorectal cancer from discovery to
implementation. Drug Resist Updat. 2018;39:18-40.

5. Patel JN, Fong MK, Jagosky M. Colorectal cancer biomarkers in
the era of personalized medicine. J Pers Med. 2019;9(1):E3.

6. Toffoli G, Cecchin E, Corona G, et al. The role of UGT1A1*28
polymorphism in the pharmacodynamics and pharmacokinetics of
irinotecan in patients with metastatic colorectal cancer. J Clin
Oncol. 2006;24(19):3061-3068.

7. Meulendijks D, Henricks LM, Sonke GS, et al. Clinical relevance
of DPYD variants ¢.1679T>G, ¢.1236G>A/HapB3, and c.
1601G>A as predictors of severe fluoropyrimidine-associated
toxicity: a systematic review and meta-analysis of individual
patient data. Lancet Oncol. 2015;16(16):1639-1650.

8. Patel N, Wiebe LA, Dunnenberger HM, McLeod HL. Value of
supportive care pharmacogenomics in oncology practice. Oncol-
ogist. 2018;23(8):956-964.

9. Henricks LM, Opdam FL, Beijnen JH, Cats A, Schellens JHM.
DPYD genotype-guided dose individualization to improve patient
safety of fluoropyrimidine therapy: call for a drug label update.
Ann Oncol. 2017;28(12):2915-2922.

10. Cremolini C, Del Re M, Antoniotti C, et al. DPYD and UGT1A1
genotyping to predict adverse events during first-line FOLFIRI or
FOLFOXIRI plus bevacizumab in metastatic colorectal cancer.
Oncotarget. 2018;9(8):7859-7866.

11. Lee AM, Shi Q, Pavey E, et al. DPYD variants as predictors of 5-
fluorouracil toxicity in adjuvant colon cancer treatment (NCCTG
NO0147). J Natl Cancer Inst. 2014;106(12).

12. Liu X, Cheng D, Kuang Q, Liu G, Xu W. Association of
UGT1A1*28 polymorphisms with irinotecan-induced toxicities
in colorectal cancer: a meta-analysis in Caucasians. Pharmaco-
genomics J. 2014;14(2):120-129.

13. Leung HW, Chan AL. Association and prediction of severe 5-
fluorouracil toxicity with dihydropyrimidine dehydrogenase gene


https://orcid.org/0000-0001-7384-2960
https://orcid.org/0000-0001-7384-2960
https://orcid.org/0000-0001-7384-2960

Technology in Cancer Research & Treatment

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

polymorphisms: a meta-analysis. Biomed Rep. 2015;3(6):
879-883.

Li Q, Liu Y, Zhang HM, et al. Influence of DPYD genetic poly-
morphisms on 5-fluorouracil toxicities in patients with colorectal
cancer: a meta-analysis. Gastroenterol Res Pract. 2014;2014:
827989.

Clinical Pharmacogenetics Implementation Consortium (CPIC®).
https://cpicpgx.org/. Accessed 29 August 2019.

Donnelly P, Kirk P. Use the PDSA model for effective change
management. Educ Prim Care. 2015;26(4):279-281.

Zhou Y, Ingelman-Sundberg M, Lauschke VM. Worldwide dis-
tribution of cytochrome P450 alleles: a meta-analysis of
population-scale sequencing projects. Clin Pharmacol Ther.
2017;102(4):688-700.

Smith HS. Opioid metabolism. Mayo Clin Proc. 2009;84(7):
613-624.

Meyer UA. Interaction of proton pump inhibitors with cyto-
chromes P450: consequences for drug interactions. Yale J Biol
Med. 1996;69(3):203-209.

Campbell JM, Stephenson MD, Bateman E, Peters MD, Keefe
DM, Bowen JM. Irinotecan-induced toxicity pharmacogenetics:
an umbrella review of systematic reviews and meta-analyses.
Pharmacogenomics J. 2017;17(1):21-28.

Henricks LM, Lunenburg CATC, de Man FM, et al. A cost anal-
ysis of upfront DPYD genotype-guided dose individualisation in
fluoropyrimidine-based anticancer therapy. Eur J Cancer. 2019;
107:60-67.

Plumpton CO, Roberts D, Pirmohamed M, Hughes DA. A systema-
tic review of economic evaluations of pharmacogenetic testing for
prevention of adverse drug reactions. Pharmacoeconomics. 2016;
34(8):771-793.

Roncato R, Cecchin E, Montico M, et al. Cost evaluation of
irinotecan-related toxicities associated with the UGT1A1*28
patient genotype. Clin Pharmacol Ther. 2017;102(1):123-130.
Johnson JA, Bootman JL. Drug-related morbidity and mortality. a
cost-of-illness model. Arch Intern Med. 1995;155(18):1949-1956.
Liu JY, Qu K, Sferruzza AD, Bender RA. Distribution of the
UGT1A1*28 polymorphism in Caucasian and Asian populations
in the US: a genomic analysis of 138 healthy individuals. Antic-
ancer Drugs. 2007;18(6):693-696.

Dihydropyrimidine Dehydrogenase Deficiency. 2019. https://ghr.
nlm.nih.gov/condition/dihydropyrimidine-dehydrogenase-defi
ciency#statistics. Accessed 29 August 2019.

Khushman M, Patel GK, Hosein PJ, et al. Germline pharmacoge-
nomics of DPYD*9A (¢.85T>C) variant in patients with gastro-
intestinal malignancies treated with fluoropyrimidines. J
Gastrointest Oncol. 2018;9(3):416-424.

Henricks LM, Lunenburg CATC, de Man FM, et al. DPYD
genotype-guided dose individualisation of fluoropyrimidine ther-
apy in patients with cancer: a prospective safety analysis. Lancet
Oncol. 2018;19(11):1459-1467.

Klein ME, Parvez MM, Shin JG. Clinical implementation of phar-
macogenomics for personalized precision medicine: barriers and
solutions. J Pharm Sci. 2017;106(9):2368-2379.

Caudle KE, Klein TE, Hoffman JM, et al. Incorporation of phar-
macogenomics into routine clinical practice: the Clinical

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Pharmacogenetics Implementation Consortium (CPIC) guideline
development process. Curr Drug Metab. 2014;15(2):209-217.
Caudle KE, Dunnenberger HM, Freimuth RR, et al. Standardizing
terms for clinical pharmacogenetic test results: consensus terms
from the Clinical Pharmacogenetics Implementation Consortium
(CPIC). Genet Med. 2017;19(2):215-223.

Caudle KE, Thorn CF, Klein TE, et al. Clinical Pharmacogenetics
Implementation Consortium guidelines for dihydropyrimidine
dehydrogenase genotype and fluoropyrimidine dosing. Clin Phar-
macol Ther. 2013;94(6):640-645.

Amstutz U, Henricks LM, Offer SM, et al. Clinical Pharmacoge-
netics Implementation Consortium (CPIC) guideline for dihydro-
pyrimidine dehydrogenase genotype and fluoropyrimidine
dosing: 2017 update. Clin Pharmacol Ther.2018;103(2):210-216.
Hicks JK, Swen JJ, Thorn CF, et al. Clinical pharmacogenetics
implementation consortium guideline for CYP2D6 and CYP2C19
genotypes and dosing of tricyclic antidepressants. Clin Pharma-
col Ther. 2013;93(5):402-408.

Hicks JK, Sangkuhl K, Swen JJ, et al. Clinical pharmacogenetics
implementation consortium guideline (CPIC) for CYP2D6 and
CYP2C19 genotypes and dosing of tricyclic antidepressants:
2016 update. Clin Pharmacol Ther. 2017;102(1):37-44.

Hicks JK, Bishop JR, Sangkuhl K, et al. Clinical Pharmacoge-
netics Implementation Consortium (CPIC) guideline for CYP2D6
and CYP2C19 genotypes and dosing of selective serotonin reup-
take inhibitors. Clin Pharmacol Ther. 2015;98(2):127-134.
Crews KR, Gaedigk A, Dunnenberger HM, et al. Clinical Phar-
macogenetics Implementation Consortium (CPIC) guidelines for
codeine therapy in the context of cytochrome P450 2D6
(CYP2D6) genotype. Clin Pharmacol Ther. 2012;91(2):321-326.
Crews KR, Gaedigk A, Dunnenberger HM, et al. Clinical phar-
macogenetics implementation consortium guidelines for cyto-
chrome P450 2D6 genotype and codeine therapy: 2014 update.
Clin Pharmacol Ther. 2014;95(4):76-82.

Bell GC, Caudle KE, Whirl-Carrillo M, et al. Clinical Pharmaco-
genetics Implementation Consortium (CPIC) guideline for
CYP2D6 genotype and use of ondansetron and tropisetron. Clin
Pharmacol Ther. 2017;102(2):213-218.

Wilke RA, Ramsey LB, Johnson SG, et al. The Clinical Pharma-
cogenomics Implementation Consortium: CPIC guideline for
SLCOI1BI1 and simvastatin-induced myopathy. Clin Pharmacol
Ther. 2012;92(1):112-117.

Ramsey LB, Johnson SG, Caudle KE, et al. The clinical pharma-
cogenetics implementation consortium guideline for SLCO1B1
and simvastatin-induced myopathy: 2014 update. Clin Pharmacol
Ther. 2014;96(4):423-428.

Crews KR, Cross SJ, McCormick JN, et al. Development and
implementation of a pharmacist-managed clinical pharmacoge-
netics service. Am J Health Syst Pharm. 2011;68(2):143-150.
Wilke RA, Xu H, Denny JC, et al. The emerging role of electronic
medical records in pharmacogenomics. Clin Pharmacol Ther.
2011;89(3):379-386.

Stocco G, Franca R, Londero M, Decorti G. Processes for incor-
poration of pharmacogenetic tests and interpretations in medical
records for clinical practice. Pharmacogenomics. 2013;14(3):
236-237.


https://cpicpgx.org/
https://ghr.nlm.nih.gov/condition/dihydropyrimidine-dehydrogenase-deficiency#statistics
https://ghr.nlm.nih.gov/condition/dihydropyrimidine-dehydrogenase-deficiency#statistics
https://ghr.nlm.nih.gov/condition/dihydropyrimidine-dehydrogenase-deficiency#statistics


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


