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Abstract

Gastrointestinal (GI) malignancies are among the most commonly diagnosed cancers worldwide. 

Despite the introduction of targeted and immunotherapy agents in the treatment landscape, 

cytotoxic agents, such as fluoropyrimidines and irinotecan, remain as the cornerstone of 

chemotherapy for many of these tumors. Pharmacogenetics (PGx) is a rapidly evolving field 

that accounts for interpatient variability in drug metabolism to predict therapeutic response and 

toxicity. Given the significant incidence of severe treatment-related adverse events associated 

with cytotoxic agents, utilizing PGx can allow clinicians to better anticipate drug tolerability 

while minimizing treatment interruptions or delays. In this review, the PGx profiles of drug-gene 

pairs with potential impact in GI malignancy therapy – DPYD-5-fluorouracil/capecitabine and 

UGT1A1-irinotecan – and the available clinical evidence of their roles in reducing severe adverse 

events are discussed. Considerations for clinical implementation, such as optimal laboratory 

workflows, electronic health record integration, and stakeholder engagement, as well as provider 

education, are addressed. Last, exploratory PGx markers in GI malignancy treatment are 

described. As the PGx knowledge base rapidly evolves, pharmacists will be vital in leveraging 

their pharmacology knowledge and clinical skills to implement PGx testing in the clinic.
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There are over 100 medications known to be impacted by actionable pharmacogenetic (PGx) 

germline variants.1 The application of precision medicine in the ambulatory environment 

will allow clinicians to tailor treatment to individual patients based on germline and 

somatic genetic variants to better predict drug response and risk of toxicity, which is 

sorely lacking in current practice.2 The US Food and Drug Administration (FDA) has 

continued to update product labeling for these drugs and recently released an updated table 

of gene-drug associations with sufficient scientific evidence to guide therapy management.1 

To facilitate PGx integration into clinical care, the National Institutes of Health-funded 

Clinical Pharmacogenetics Implementation Consortium (CPIC) was formed.3 The CPIC 

publishes peer-reviewed, evidence-based guidelines for specific drug-gene pairs to translate 

PGx results into practical guidance for informed prescribing decisions.

Gastrointestinal (GI) malignancies include cancers of the colon and rectum, esophagus 

and stomach, gallbladder, liver, pancreas, appendix, and anus and account for 4.5 million 

global deaths per year.4 Standard first-line systemic chemotherapy for the majority of 

patients with GI malignancies often consists of a fluoropyrimidine, such as 5-fluorouracil 

or capecitabine, in combination with irinotecan, or oxaliplatin, with or without targeted 

therapy. Although the treatment backbone has remained largely the same for decades, there 

is heterogeneity in drug response and tolerability with a subset of patients at an inherent 

risk of developing severe, chemotherapy-related adverse events. These potentially life-

threatening toxicities are due to germline variants in the dihydropyrimidine dehydrogenase 

(DPYD) and uridine diphosphate-glucuronosyltransferase isoform 1A1 (UGT1A1) genes 

encoding the enzymes responsible for the metabolism of fluoropyrimidines and irinotecan, 

respectively. In current practice, these germline variants are not determined in individual 

patients until chemotherapy is initiated and severe toxicity develops.

In this review, the PGx variants impacting response to fluoropyrimidines and irinotecan 

will be described with evidence detailing the associations of genetic polymorphisms and 

chemotherapy-induced severe toxicity and safety outcomes from implementing preemptive 

PGx testing in practice. Factors important for clinical implementation, such as laboratory 

workflow requirements, integration and interpretation of test results in the electronic health 

record, and stakeholder engagement with clinical providers and institutional leadership 

are addressed. As the PGx knowledge base expands, exploratory biomarkers in GI cancer 

treatment are also discussed. In the era of precision medicine, DPYD testing in patients 

before the initiation of fluoropyrimidine therapy to mitigate the risk of severe chemotherapy-

related adverse events should be considered if optimal clinical and laboratory workflows are 

in place. Due to the limited availability of genotype-guided dosing guidelines, testing for 

UGT1A1 polymorphisms can be performed on a case-by-case basis. As essential members 

of the health care team, pharmacists can play a vital role in leading and participating in PGx 

implementation efforts. By applying genotype-guided dose adjustments to fluoropyrimidine 
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and irinotecan therapy, it is expected that treatment-related hospitalizations and interruptions 

in treatment can be prevented while preserving quality of life in patients.

DPYD and Fluoropyrimidines

Metabolism of Fluoropyrimidines

Over the last 40 years, fluoropyrimidines have become among the most widely 

prescribed anticancer agents with an estimated annual treatment population of two 

million patients worldwide for solid tumors involving the GI tract, pancreas, and 

breast.5 In the United States, 5-fluouracil (5-FU) and capecitabine are routinely used in 

clinical practice. Five-fluouracil (5-FU) is an intravenous fluorine-substituted analogue of 

uracil that undergoes conversion to fluorodeoxyuridine (FUDR) then fluorodeoxyuridine 

monophosphate (FdUMP). This active metabolite forms a stable complex with thymidylate 

synthase (TS) to inhibit the production of deoxythymidine monophosphate (dTMP). A 

downstream depletion of pyrimidine and deoxyribonucleic acid (DNA) synthesis occurs, 

resulting in cytotoxicity and apoptosis. Partial incorporation of 5-FU and its metabolites in 

ribonucleic acid (RNA) have also been shown to contribute to drug metabolism and RNA 

damage.6,7

Advances in the understanding of the mechanism of action of 5-FU over time have led 

to changes in drug administration. When leucovorin is given in conjunction with a 5-FU 

bolus, the folic acid analog forms a ternary complex and stabilizes the binding of FdUMP 

to TS, extending the drug’s short half-life and enhancing antineo-plastic activity. In addition 

to bolus dose administration, 5-FU is usually administered as a continuous infusion over 

46 hours to improve patient tolerability and drug exposure without compromising clinical 

efficacy. As an oral prodrug of 5-FU, capecitabine is converted to 5-FU via a three-step 

enzymatic cascade.6 The amount of 5-FU available to exert its anticancer effect is directly 

regulated by its catabolism. Dihydropyrimidine dehydrogenase (DPD) is responsible for the 

initial and rate-limiting step of 5-FU catabolism. Encoded by DPYD, the enzyme converts 

~80% of 5-FU in the liver into inactive dihydrofluorouracil (DHFU).6 Figure 1 shows the 

metabolism pathway of fluoropyrimidines. Patients with inherited metabolic disorders, such 

as a DPD deficiency, may experience variable systemic clearance of fluoropyrimidines and 

subsequent drug toxicity.

Genetic Variants Associated with DPD Deficiency and Chemotherapy-Related Toxicity

Although treatment with fluoropyrimidines is generally well tolerated, up to 30% of 

patients may develop severe toxicity in the form of myelosuppression, diarrhea, hand-foot 

syndrome, or mucositis during early treatment due to its narrow therapeutic index.8 These 

therapy-related adverse events can be fatal in 1% of treated patients.5 In some cases, 

fluoropyrimidine toxicity can be traced back to variants in DPYD that alter the protein 

sequence or mRNA splicing and result in a truncated protein with compromised enzyme 

activity.9 When DPD is inactive or harbors reduced activity, the rate of 5-FU clearance 

decreases, leading to the development of severe fluoropyrimidine-related adverse events 

from prolonged 5-FU exposure.
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More than 160 different allelic variants in DPYD have been discovered, although most have 

unclear functional effects on DPD enzyme activity and therefore limited clinical relevance.5 

At this time, five DPYD variants known to impact fluoropyrimidine therapy are of primary 

importance due to their functional consequence: DPYD*2A (rs3918290), DPYD*13 

(rs55886062), c.2846A>T (rs67376798), haplotype B3 (rs56038477 and rs75017182), and 

c.557A>G (rs115232898). The location of DPYD*2A in the intron boundary of exon 14 

results in an exon loss, rendering the protein nonfunctional. HapB3 affects pre-mRNA 

splicing and causes partial production of a nonfunctional protein. DPYD*13, c.2846A>T, 

and c.557A>G are missense mutations that affect protein function.10 A partial DPD 

deficiency is present in about 3–5% of individuals of European ancestry, whereas complete 

deficiency occurs less frequently at a rate of 0.2%.10 The c.557A>G is also of significance 

given its higher frequency in populations of African ancestry. Approximately 8% of African 

American individuals have a partial DPD deficiency.5,11 Variants with the most deleterious 

DPD enzyme activity are DPYD*2A and DPYD*13, whereas the other three variants have 

been reported to result in a more moderate reduction.10 Table 1 shows the allele frequencies 

and functional effects of clinically relevant DPYD variants.

The relationship between these variants and fluoropyrimidine-induced severe toxicity has 

been widely explored and confirmed in the literature (Table 2).8,12–18 In 2013, Terrazzino 

and colleagues confirmed the clinical validity of variant DPYD*2A and c.2846A>T alleles 

as risk factors for severe toxicities after fluoropyrimidine use.15 Pooled data showed that 

individuals with DPYD*2A polymorphisms were likely to experience grade ≥ 3 hematologic 

toxicity, mucositis, and diarrhea. A strong association was also found among c.2846A>T 

variant carriers and grade ≥ 3 diarrhea. The meta-analysis concluded that a 5-fold and 8-fold 

increased risk of overall grade ≥ 3 toxicity is present in *2A and c.2846A>T variant carriers, 

respectively, compared with wild-type patients.15 A subsequent meta-analysis by Rosmarin 

and colleagues supported these findings, concluding that although the DPYD*2A and 

c.2846A>T variants are rare, the risk of associated toxicity is relatively high.16 Significant 

associations of global toxicity (grade 0–2 vs grade ≥ 3) with capecitabine were found 

in variant carriers. Evidence of toxicity in DPYD*2A and c.2846A>T carriers with 5-FU 

bolus (p = 0.0068) and infusional (p = 0.042) monotherapies were also observed.16 A 2015 

meta-analysis by Meulendijks and colleagues also found evidence for additional variants, 

DPYD*13 (c.1679T>G) and haplotype B3 (c.1236G>A), as predictors of fluoropyrimidine-

related hematological and gastrointestinal toxicities (p < 0.0001).17

Evidence from these meta-analyses has shown the clinical validity of DPYD variants 

as risk factors for developing fluoropyrimidine-related toxicity, allowing investigators to 

conduct prospective studies and demonstrate the utility of DPYD genotyping in clinical 

practice. In 2016, Deenen and colleagues performed a safety analysis of preemptive testing 

for DPYD*2A variant carriers, concluding that genotype-guided fluoropyrimidine dosing 

improved toxicity outcomes in individuals with the polymorphism. A similar incidence of 

severe toxicity was found among dose-reduced variant carriers and wild-type patients given 

standard dose (23%, p = 0.64) with additional data showing similar systemic 5-FU exposure 

between the two groups.14 When compared with a historical cohort, the risk of grade ≥ 

3 toxicity was significantly reduced in the current dose-reduced variant carrier population 

compared with variant carriers, the historical cohort that received the standard, full dose 
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(73% vs 28%, p < 0.001).14 It was also noted that toxicity events in the genotype-guided 

group were short in duration as opposed to the long-lasting and life-threatening toxicity that 

typically occurs with full dosing. Furthermore, an absolute risk reduction in the incidence of 

drug-induced death was observed from 10% to 0%.14

In a 2018 multicenter study performed in the Netherlands, Henricks and colleagues 

further demonstrated the feasibility of prospective genotype-guided dosing.8 Even though 

fluoropyrimidine-related severe toxicity was found to be higher in variant carriers (39% 

vs 23%, p = 0.0013), reduced rates of severe toxicity were evident when compared 

with historical control groups. Dose reductions based on guideline recommendations for 

common DPYD variants in patients of European ancestry (*2A, *13, c.1129–5923C>G, and 

c.2846A>T) confirmed a 50% dose reduction was adequate for *2A and *13 carriers, but 

the 25% performed for c.1129–5923C>G and c.2846A>T variant carriers was likely not 

enough.8 Since the publication of the study, the CPIC has updated its guidelines on their 

website to recommend a 50% dose reduction of heterozygous carriers of c.1129–5923C>G 

and c.2846A>T.10 A study conducted by Kleinjan and colleagues in 2019 supports the 

practice of DPYD genotype-guided dosing, as initial dose reductions of capecitabine in 

heterozygous DPYD variant carriers followed by tolerance-based dose escalation did not 

lead to higher toxicity when compared with wild-type patients (37.9% vs 27.3%, p = 

0.54).12 Of the 11 variant carriers, only 6 (54.5%) tolerated dose escalations, achieving 

a median increase of 8.5% (4–31%). Despite the frequency of the c.557A>G variant in 

individuals of African descent, there are few studies directly investigating fluoropyrimidine 

toxicity with the decreased function variant.18 With evidence currently limited to case 

reports, additional investigation is warranted for c.557A>G testing.

From a resource utilization standpoint, development of drug toxicity is an economic burden 

to both the patient and health system. A 2016 US study assessing the direct health care costs 

of common adverse events among patients with metastatic colorectal cancer found that over 

90% of the population developed at least one toxicity event, with management strategies 

costing over a thousand dollars on average.19 Evidence from genotype-guided dose 

individualization studies has demonstrated that upfront DPYD screening and treatment of 

severe treatment-related toxicities do not exceed standard of care treatment and management 

strategies. Cost-minimization analyses from European studies have shown that average total 

treatment costs were lower in screened patients (€2772–€2599 [US $2830–$3767]) than in 

non-screened populations (€2650–€2817 [US $2886–$3828]).14,20

Although the results of these studies support the utility of preemptive PGx testing to 

guide chemotherapy dosing, they demonstrate favorable safety profiles without additional 

spending from health care payors or institutions in primarily European populations. It 

should be noted that variants that are frequently cited in the literature are those that are 

common in individuals of European ancestry (c.2846A>T, *2A, *13, and HapB3) and thus 

are the ones most often included in cost-effectiveness studies. In the US population, a 

slightly lower incidence of these four variants would be expected while a higher incidence 

of variants found in individuals of other races and ethnicities, such as the c.557A>G 

variant in African Americans, is likely to occur. As a result, cost-effectiveness studies 

are needed that reflect the frequency of alleles in the US population. A recent analysis 
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from the University of Minnesota evaluated the costs of DPYD and UGT1A1 screening in 

patients with metastatic colorectal cancer (mCRC) receiving infusional 5-FU and irinotecan 

(FOLFIRI) with bevacizumab from a US health care system modeling perspective. It was 

reported that total costs in the genetic testing group were US $25,563 as compared with US 

$25,515 in the standard of care group, resulting in an incremental cost-effectiveness ratio 

(ICER) of US $4963 per quality-adjusted life year (QALY) gained. The authors concluded 

that preemptive screening was cost-effective and significantly lower than typical oncology 

ICERs of US $50,000–100,000 per QALY.21

Role of DPD Activity Testing and Therapeutic Drug Monitoring

It has been recognized that individuals with normal DPD enzyme activity may still 

present with elevated plasma concentrations of 5-FU and drug toxicity, indicating that 

other factors contribute to fluoropyrimidine metabolism.22 In these patients, therapeutic 

drug monitoring (TDM) may serve as an alternative dosing method to optimize systemic 

drug exposure and pharmacodynamic responses to improve clinical outcomes. Although 

pharmacokinetic-guided 5-FU administration protocols using validated TDM algorithms 

have shown improved treatment efficacy and tolerability, they are not a standard of care 

in practice due to implementation barriers, which include a long sampling time and costly 

workflow.22 There have also been varying target areas under the curve levels reported in the 

literature, with some studies targeting ranges between 18 and 28 mg h/L and others targeting 

plasma levels at 20–24 mg·h/L or 20–30 mg·h/L.22,23

In certain circumstances, phenotyping tests may be used to screen patients for DPD 

deficiency if sufficient clinical and laboratory resources are available. The gold standard 

of DPD phenotyping is an assay that can determine DPD enzyme activity in peripheral blood 

mononuclear cells (PMBCs), as evidenced by a correlation between activity in PMBCs and 

DPD activity in the liver.8 Other methods for phenotyping include a measure of baseline 

dihydrouracil/uracil (UH2/U) ratio, plasma levels of uracil after a uracil test dose, and uracil 

breath test after a dose of [2–13C]-labeled uracil.8,24 A consensus for an optimal assay 

in terms of predicting toxicity, sensitivity, and specificity, and cost-effectiveness has not 

yet been fully established due to the heterogeneity in the analytical methods used among 

laboratories. The lack of Clinical Laboratory Improvement Amendments (CLIA)-approved 

availability for enzyme testing has led to slow uptake in clinical practice. According to the 

Genetic Testing Registry, the only CLIA-approved tests for assessing DPD deficiency are 

genetic assays for analyzing the entire coding region, deletion/duplication, and/or targeted 

variants of DPYD.25

Genotype-Guided Prescribing

Despite evidence demonstrating the feasibility and cost-effectiveness of assessing DPD 

deficiency through DPYD genotyping, much debate still exists regarding its clinical 

implementation and utility in tailoring fluoropyrimidine therapy.26–28 Nonetheless, 

regulatory authorities recognize the impact of PGx and have made progress in updating 

prescribing information for applicable drugs. Multidisciplinary clinical experts have also 

developed guideline recommendations for PGx integration into patient care and optimal 

therapeutic decision making.

Varughese et al. Page 6

Pharmacotherapy. Author manuscript; available in PMC 2022 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In 2016, the FDA revised the drug labeling for 5-FU and capecitabine, warning that “patients 

with certain homozygous or certain compound heterozygous mutations in the DPD gene 

that result in complete or near complete absence of DPD activity are at increased risk for 

acute early-onset of toxicity and severe, life-threatening, or fatal adverse reactions.”29,30 

It is recommended to withhold or permanently discontinue drug therapy based on clinical 

assessment of onset, duration, and severity of observed toxicities in these patients. Although 

the FDA acknowledges DPD deficiency as a risk factor for fluoropyrimidine toxicity and 

DPYD is listed as a valid biomarker, testing is not required before drug initiation and 

specific dose recommendations for variant carriers are yet to be published. Similarly, 

the National Comprehensive Cancer Network (NCCN) Guidelines for colon cancer state 

that carriers of certain DPYD variants “have a significantly elevated risk for severe, life-

threatening toxicity after a standard dose of fluoropyrimidine” but testing is not mandated 

nor is this statement reflected in guidelines for other tumor types where a fluoropyrimidine 

is recommended.31

In 2013, the CPIC published genotype-guided guidelines for fluoropyrimidine dosing to help 

clinicians with the translation of PGx test results into drug treatment decisions.10 A gene 

activity score (AS) is used to interpret DPYD genetic test results and assign phenotypes 

and is determined by the function of alleles the patient carries. Each DPYD variant allele is 

assigned a value according to its enzyme function: 1 for normal function, 0.5 for decreased 

function, and 0 for no function (or minimal DPD activity). The AS is then calculated as the 

sum of the two DPYD variants with the lowest variant activity score and corresponds to a 

phenotype. Patients with an AS of 0 (carriers of two no function variants) or 0.5 (carries of 

one decreased function variant) are typically classified as poor metabolizers. Those with an 

AS of 1 (carriers of two decreased function variants or only one no function variant) or 1.5 

(carriers of only one decreased function variant) are considered intermediate metabolizers, 

and those with an AS of 2 are referred to as normal metabolizers.

Clinicians should refer to the DPYD Allele Functionality Table available from the CPIC 

for the most up to date information when correlating an allele to a function and AS. For 

example, if a patient’s DPYD PGx test results were reported as DPYD *1/*2A and the table 

lists *1 allele with a value of 1 and the *2A allele with a value of 0, the sum of these would 

yield an AS of 1. This patient would then be classified as having an intermediate metabolizer 

phenotype. Although different scores equate to similar phenotypes, genotype-guided dosing 

recommendations are dependent on the AS itself. In the case for DPYD poor metabolizers, 

the CPIC advises against therapy with fluoropyrimidines for patients with an AS of 0 as they 

may be at the highest risk for severe or fatal drug-related toxicity. However, for individuals 

with an AS of 0.5, selection of an alternative drug or a strongly reduced dose with TDM can 

be considered. In intermediate metabolizers with an AS of 1 or 1.5, a 50% dose reduction 

from the full standard dose is recommended according to a guideline update in November 

2018. Before this update, it was recommended for patients with an AS of 1.5 to receive an 

ambiguous 25–50% dose reduction due to the limited evidence for dosing recommendations 

in the setting of decreased function variants. Dose escalation remains a consideration in 

intermediate metabolizers based on clinical judgment and TDM if feasible. With regard to 

normal metabolizers, an AS of 2 indicates a “normal” risk of fluoropyrimidine toxicity that 

does not warrant any preemptive dose adjustment.
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As of April 2020, the European Medicines Agency (EMA) recommends testing for DPD 

deficiency before treatment with intravenous 5-FU, capecitabine, or tegafur. Screening can 

include phenotyping and/or genotyping methods by measuring uracil levels in the plasma 

or testing for DPYD variants.32 The agency’s therapeutic recommendations are consistent 

with relevant clinical guidelines where a reduced starting dose should be considered in 

patients with a partial deficiency and treatment is contraindicated in patients with a known 

complete DPD deficiency. The EMA also recommends TDM of 5-FU in patients receiving 

continuous infusions to improve clinical outcomes. At this time, the European Society 

for Medical Oncology (ESMO) consensus guidelines for the management of patients with 

mCRC consider DPD testing remain as an option rather than a routine recommendation 

before fluoropyrimidine therapy.33

Recent prescribing recommendations made available by the Dutch Pharmacogenetics 

Working Group (DPWG) of the Royal Dutch Association for the Advancement of Pharmacy 

are similar to CPIC guidelines.5 Notable differences in dosage reductions and phenotypic 

translations include: (1) recommendations for tegafur, an oral fluoropyrimidine not available 

in the United States, (2) recommendations for cutaneous routes of 5-FU administration, 

(3) a 50% reduction in the starting dose in patients with an activity score of 1.5, and 

(4) and the recommendation to perform phenotyping in patients with an equivalent AS of 

0.5 due to the unpredictability of enzymatic activity. According to the multidisciplinary 

group, it is recommended to determine DPD activity in these patients with an additional 

phenotyping test then adjust the initial fluoropyrimidine dose based on available data or 

select an alternative agent.5

Gaps in Evidence Base

Randomized controlled trials are rightly considered the gold standard in applying study 

results to practice; however, this type of trial design for DPYD research bears ethical 

concerns (i.e., the risk of drug-induced toxicity in variant carriers given standard doses). 

Insufficient randomized controlled trials may be a contributing factor for the lack of 

endorsement from the FDA and national oncology guidelines. Despite newer evidence from 

studies using historical cohorts, dose escalation trials, and cost analyses support preemptive 

dosing strategies, the current fluoropyrimidine drug labeling does not reflect the results of 

these research efforts. Nonetheless, NCCN guidelines for colon cancer recognize the two 

prospective studies by Henricks and colleagues and Deenen and colleagues, stating that they 

“have shown DPYD genotyping and fluoropyrimidine dose individualization to be feasible 

in clinical practice, improve patient safety, and be cost-effective.”8,14 Ongoing investigations 

will help determine the ideal fluoropyrimidine dose reduction in c.1236G>A and c.2846A>T 

variant carriers while providing more information on DPYD genotyping in more diverse 

populations (ClinicalTrials.gov identifier NCT04300361, NCT04194957).

When considering clinical oncologic outcomes, prospective studies have shown that 

genotype-guided dose reductions do not compromise overall drug exposure and that 5-FU 

concentrations are similar in variant allele carriers receiving reduced dose fluoropyrimidines 

compared with wild-type patients receiving fluoropyrimidines at full dose.13,34
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UGT1A1 and Irinotecan

Metabolism of Irinotecan

Irinotecan is a semisynthetic camptothecin derivative with antitumor activity against 

lung, colon, gastric, and gynecological cancers often given in combination with 

fluoropyrimidine therapy. After intravenous administration, the prodrug enters hepatic 

cells via passive diffusion then undergoes conversion to its active metabolite, 7-ethyl-10-

hydroxycamptothecin (SN-38), via carboxylesterase-mediated hydrolysis (Figure 2). 

CYP3A4 and CYP3A5 simultaneously mediate the oxidation pathway of irinotecan 

to form the inactive metabolites APC (7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-

piperidino] carbonyloxycamptothecin) and NPC (7-ethyl-10-[4-(1-piperidino)-1-amino] 

carbonyloxycamptothecin). Irinotecan uptake and transport is facilitated by drug-

metabolizing enzymes and transporters, which include ABCB1, MRP1 (ABCC1), MRP2 
(ABCC2), and MXR (ABCG2).35

The SN-38 targets topoisomerase I to exert its cytotoxic effects by preventing DNA 

re-ligation of single strand breaks, establishing lethal double-stranded breaks that result 

in irreparable molecular damage and cell apoptosis. Due to the lipophilic nature of 

SN-38, the metabolite undergoes glucuronidation and detoxification by uridine diphosphate-

glucuronosyltransferase isoform 1A1 (UGT1A1) encoded by the UGT1A1 gene in the liver 

and GI tract. The resulting water-soluble conjugated glucuronide, SN-38G, is primarily 

excreted via active transport into bile while ~30% undergoes renal elimination.35 Reduced 

enzymatic activity of UGT1A1 can lead to elevated levels of SN-38 and subsequent 

unconjugated (indirect) bilirubin. The concentration of SN-38 in its corresponding cellular 

location typically corresponds to the toxicities observed. For example, higher rates of 

neutropenia are seen in individuals when increased concentrations of SN-38 are present 

in the plasma and the reversal of SN-38G back into active SN-38 by bacterial beta-

glucuronidases in the intestinal lumen may further contribute to severe diarrhea and mucosal 

damage.35

Genetic Variants Associated with UGT1A1 and Chemotherapy-Related Toxicity

Genetic polymorphisms in the UGT1A1 gene can result in varying levels of UGT1A1 

enzyme activity and severe dose-limiting toxicities in as many as 25% of patients treated 

with irinotecan.36 Although data for over 135 genetic variants of UGT1A1 is available, 

the *28 (rs8175347), *6 (rs4148323), *37 (rs8175347), and *80 (rs887829) alleles are 

commonly associated with reduced enzyme activity, with the two former variants directly 

related to irinotecan toxicity.36,37 Functional variants with clinical relevance are typically 

a result of alterations in protein formation or the number of repeat thy-mine-adenine (TA) 

dinucleotides within the DNA promoter region of the UGT1A1 gene.37

The gene UGT1A1*28 contains seven TA repeats (TA7), differing from the standard six TA 

repeats in the wild-type allele (TA6), and thus is referred to as an indel polymorphism. This 

extra repeat decreases the rate of transcription initiation of the UGT1A1 gene, leading to 

decreased enzyme activity and reduced glucuronidation of bilirubin and irinotecan.36 The 

*28 variant is also a common cause of Gilbert syndrome (a mild condition of reduced 
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hepatic UGT1A1 activity resulting in indirect hyperbilirubinemia) and its more aggressive 

childhood subtype, Crigler-Najjar syndrome.36 Individuals with one copy of the *28 allele 

have a 35% decrease in transcriptional activity, whereas homozygous individuals may 

experience as much as 70%.36 Eight TA repeats occur in the UGT1A1*37 variant (TA8), 

leading to reduced promoter activity of UGT1A1 to levels lower than that of the *28 allele. 

In the *6 variant, an amino acid switch occurs from glycine to argi-nine at position 71 

within the protein coding region, producing a missense mutation and reduced UGT1A1 

enzyme activity. The *80 variant is reported to have uncertain function by itself, but when 

its reported with *28 and *37, due to linkage disequilibrium, its presence results in the 

classification of intermediate or poor metabolizer types.37 The presence of these genetic 

variants associated with reduced enzyme activity results in reduced glucuronidation and 

subsequent hyperbilirubinemia, ultimately pre-disposing individuals to irinotecan toxicity.

The gene UGT1A1*28 is the most common variant allele with a frequency of 42–45% 

in African Americans, 26–31% in individuals of European ancestry, and 9–16% in Asian 

populations (Table 3).36,37 The UGT1A1*6 variant is common in Asian populations and 

rarely found in European and African populations. With a frequency of 15–30% in Chinese, 

Korean, and Japanese populations, the presence of this variant in homozygous individuals 

(UGT1A1*6/*6) has been reported to serve as a predictor of severe toxicity within this 

patient population.36 The UGT1A1*37 is found almost exclusively in populations of African 

origins (2–7%), whereas the *80 variant occurs frequently in both African and European 

populations (30–45%).37

Variability in UGT1A1 activity was first discovered in 1998 by Ratain and colleagues, 

who later went on to lead a phase I trial in 2002 that correlated the presence of genetic 

variants to evident levels of toxicity.38,39 Since then, the development of severe side effects 

after treatment with irinotecan has been extensively studied with the *28 and *6 alleles 

(Table 4).40–48 A 2007 meta-analysis by Hoskins et al.40 evaluated the association between 

UGT1A1*28 and irinotecan-related toxicity, finding that the risk of severe neutropenia was 

dependent on the dose of irinotecan administered in homozygous individuals. The authors 

advised genotyping for the *28 allele in patients receiving irinotecan at doses of 250 mg/m2 

or higher to mitigate the increased risk of drug-induced hematological toxicity. A subsequent 

2010 meta-analysis by Hu and colleagues reported that the genotype was also associated 

with an increased risk of neutropenia at medium doses of 150–250 mg/m2 (relative risk 

[RR] = 2.0, p < 0.01) as well as low doses (< 150 mg/m2; RR = 2.4, p < 0.01).41 Although 

there has been mixed data regarding the development of severe diarrhea and the *28 allele, a 

2017 meta-analysis by Liu and colleagues evaluating 58 studies in patients with GI and lung 

cancers determined that patients with heterozygous or homozygous genotypes had a greater 

prevalence of diarrhea when compared with wild-type patients (odds ratio [OR] = 2.18, p < 

0.001).45

A number of genotype-guided irinotecan dose escalation studies have been conducted over 

the past decade. In a 2010 study by Toffoli and colleagues, it was demonstrated that higher 

doses of irinotecan in UGT1A1 wild-type (370 mg/m2 in *1/*1 genotype) and heterozygous 

individuals (310 mg/m2 in*1/*28 genotype) could safely be administered with infusional 

5-FU every two weeks (FOLFIRI regimen) for mCRC compared with the standard dose 
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of irinotecan 180 mg/m2.42 In 2017, Toffoli and colleagues evaluated irinotecan doses 

in patients treated with FOLFIRI plus bevacizumab, finding that slightly lower doses of 

310 and 260 mg/m2 were tolerated in wild-type and heterozygous patients, respectively, 

although these were still higher than the standard dose.44 When considering patients with 

a homozygous genotype (*28/*28), a prospective dose-finding study by Marcuello and 

colleagues initiated these individuals on a biweekly dose of irinotecan 90 mg/m2 for a 

maximally tolerated dose of 130 mg/m2, which is an ~30% reduction in the standard 

dose.43 The authors also noted a poor overall tumor response rate of 13% in homozygous 

individuals, compared with rates of 60% in wild-type and 39% in heterozygous patients 

(p = 0.049), although these findings were primarily exploratory.43 The findings of these 

early-phase trials affirmed that higher than standard doses can be safely administered to 

UGT1A1*1/*1 and *1/*28 patients with colorectal cancer receiving FOLFIRI, leading to a 

recent multicenter randomized phase II trial by P aez and colleagues,46 which found that 

wild-type patients treated with a 300 mg/m2 dose of irinotecan and heterozygous patients 

treated with a 260 mg/m2 dose compared with those treated with standard dose yielded 

higher overall tumor response rates (67.5% vs 43.6%, p = 0.001). Significant differences in 

neutropenia, diarrhea, or asthenia were not evident between the groups.

Several studies within Asian populations have demonstrated that UGT1A1*6 can be used as 

a predictor of irinotecan-induced toxicity. Significant rates of severe neutropenia have been 

observed in the variant carriers compared with wild-type patients. A 2014, a meta-analysis 

by Cheng and colleagues evaluating associations between the variant and severe toxicity in 

Asian patients, reported the *6 polymorphisms could be used as potential biomarkers, as 

both heterozygous patients (OR = 1.98, p < 0.001) and homozygous patients (OR = 4.44, p 

< 0.001) had an increased risk of severe neutropenia, whereas severe diarrhea was only of 

significance in homozygous individuals (OR = 3.51, p = 0.007).47 In 2017, a meta-analysis 

by Zhang and colleagues48 assessed the association between the *6 allele and toxicity in 

Chinese, Japanese, Korean, and Thai populations, confirming that variant carriers were at an 

increased risk of irinotecan-induced neutropenia (p < 0.001). The authors also stated higher 

rates of irinotecan-induced grade 3–4 neutropenia were seen in heterozygous patients with 

lung (p = 0.019) and other cancers (excluding colorectal, gastric, and small cell lung; p = 

0.001) while noting significant associations among homozygous individuals with colorectal 

cancer (p = 0.014), gastric cancer (p = 0.009), and other tumor types (excluding lung; 

p = 0.036).48 Higher rates of severe neutropenia also correlated to geographic region, as 

significant associations were seen among Chinese (OR = 1.73, p = 0.004) and Japanese (OR 

= 4.03, p < 0.001) populations.48 The authors concluded that further well-designed studies 

with the inclusion of more ethnic groups are needed to validate the currently established 

risks.

Genotype-Guided Prescribing

Given the prospective and retrospective evidence of irinotecan-induced toxicity based 

on UGT1A1 genotype, the FDA revised its drug labeling for irinotecan, acknowledging 

the increased risk of hematologic toxicity in *28 allele carriers.39,49–51 To counteract 

the increased risk of neutropenia, a reduction of irinotecan by at least one dose level 

(~20–40% reduction in the starting dose) is recommended for UGT1A1*28 homozygous 
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individuals. For liposomal formulations of irinotecan, the recommended starting dose is 50 

mg/m2. Subsequent dose modifications for both drug preparations can be considered on an 

individual patient basis. Therapeutic guidelines from the DPWG recommend an initial dose 

reduction of 30% for poor metabolizers with subsequent dose escalation guided by patient 

tolerance and neutrophil counts.52 At this time, neither the FDA nor DPWG recommend 

dose modifications for intermediate metabolizers (i.e., *1/*28) receiving treatment with 

irinotecan or therapeutic adjustments based on other UGT1A1 variant alleles.

Gaps in Evidence Base

An analysis by Gold and colleagues,53 showed that preemptive UGT1A1*28 PGx testing in 

patients with mCRC cost less and yielded slightly improved quality-adjusted life expectancy. 

In this modeling study, if a 25% dose reduction was performed in homozygous individuals 

(11% of the study population), it was estimated that 84.5 cases of severe neutropenia would 

have been avoided per 10,000 patients, saving US $2.7 million in treatment costs.53 Whereas 

the study showed that preemptive testing reduced costs with an estimated average saving 

of US $272 per patient, the authors emphasized that further studies are needed to evaluate 

the efficacy of reduced dose irinotecan in homozygous individuals to prevent compromising 

tumor outcomes.

Whereas the risk of irinotecan-associated adverse events is greater in patients with 

UGT1A1 variants due to increased systemic exposure to irinotecan and SN-38, previous 

genotype-guided dosing strategies were conducted during a time when higher doses (> 180 

mg/m2) were commonly studied. Although many of these approaches aimed to demonstrate 

that increasing irinotecan dose by genotype confers improved response and/or survival 

compared with the standard dose, the prescribing of these increased doses has not been 

widely utilized in practice, thus limiting the relevance of genotype-based toxicity results. 

Implementation of UGT1A1 genotyping has been slow partly due to this lack of consensus 

in correlating optimal dosage adjustments with doses used in current clinical practice. 

Given that applicable genotype-adjusted irinotecan doses may improve tumor response as 

recently evidenced by Catenacci and colleagues, it is anticipated that the results from 

additional and ongoing studies (ClinicalTrials.gov identifier NCT02138617, NCT01643499, 

and NCT01639326) will help accelerate UGT1A1 testing uptake into routine practice.54

Implementation of Pharmacogenetics into Clinical Practice

The accumulation of evidence linking genotypes with drug response and toxicity as well as 

the availability of evidence-based consensus guidelines and interdisciplinary stakeholder 

support are driving the implementation of PGx testing into practice. As an important 

member of the health care team, pharmacists can work with other health system leaders, 

such as physicians, laboratory professionals, and genetic counselors to develop protocols to 

implement PGx testing. In addition, pharmacists are well suited to operationalize efforts, 

including the ordering of PGx tests and the reporting and interpretation of test results, to 

guide optimal drug selection and dosing (Figure 3).55
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Assay Availability

Seamless integration of PGx into patient care involves appropriate oversight of genetic 

testing within the laboratory workspace. Tests can be performed using send-out commercial 

test kits (if available) or through in-house laboratory developed tests that have met validation 

and accreditation standards per CLIA regulations set by the Center for Medicaid and 

Medicare Services. The practice of routine PGx testing is often challenged by laboratory 

turnaround times (TATs) of results. TATs can vary from days to weeks depending on 

the test (i.e., single-gene vs multigene panel) and testing technology (i.e., genotyping vs 

sequencing).

Given that longer TATs are a barrier to the implementation of these tests in clinical practice, 

studies evaluating the clinical utility of PGx testing have reported that implementation 

is more practical when PGx results are returned within an acceptable time frame. The 

study protocol by Henricks and colleagues required a TAT of 7 days at most for treating 

physicians receiving preemptive genotyping results performed at in-house laboratories.8 A 

quality improvement initiative by Kasi and colleagues,56 showed that point-of-care send-out 

panels of PGx results were returned within 3 to 5 days (mean = 3.19 ± 1.69 days). DPYD 
and UGT1A1 assays should aim to provide results within 3 to 7 days to account for 

the variability in obtaining chemotherapy prior authorizations from health insurance plans 

and other clinical workflow logistics. Results should also contain standardized and easily 

interpretable information to ensure its utility among providers at the time of prescribing.

Integrating Pharmacogenetic Results into the Electronic Health Record

The ordering and storage of PGx test results into the electronic health record (EHR) 

to assist clinicians in clinical decision making further drives test utility. Electronic 

health record (EHR) terminologies and standards, such as Health Level Seven (HL7), 

Logical Observation Identifiers Names and Codes (LOINC), Systematized Nomenclature 

of Medicine (SNOMED), and Fast Healthcare Interoperability Resources (FHIR), support 

the discrete transfer of PGx results from the laboratory to the EHR. When paired with 

individual patient data, appropriate clinical decision support (CDS) can overcome the 

longstanding barrier of applying PGx test results to patient care. EHR integration of PGx has 

largely been developed by health care systems themselves, with past experiences noting that 

CDS elements of user interface design should include simple drug dose recommendations 

with adverse event implications, the significance and priority levels of applicable 

recommendations, and references to literature supporting the recommendations.57,58 More 

than 100 drugs contain genomic information in their FDA-approved product labeling and 

24 clinical guidelines for 19 genes with therapeutic recommendations for over 50 drugs 

are available from the CPIC. As additional guidelines and clinically relevant drug-gene 

associations are discovered, incorporating adaptable CDS within the EHR will enable 

clinicians to manage and utilize new PGx evidence to the patient’s benefit.

Stakeholder Engagement

Clinical providers are a key stakeholder group that can propel the successful adoption 

of preemptive PGx testing strategies. Identifying a physician champion is critical in 

implementation to advocate for significant drug-gene pairs and the dissemination of 
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evidence among prescribers.59 To increase awareness and garner further support, assessment 

of provider perceptions toward PGx dosing strategies and preparedness to use test results 

in practice can aid in identifying barriers and facilitating successful implementation.60 

Cultivating support from institutional leadership and the formation of a multidisciplinary 

oversight committee are also essential in obtaining participation from all end users of 

clinical PGx services.

Provider Education

Providing a baseline understanding of PGx through clinician education is necessary to 

support test utility while addressing potential deficits in knowledge. Point-of-care education 

via appropriately designed CDS alerts is a favorable teaching method in disseminating new 

information, especially when linked to clinical guidelines and primary literature.57 Ongoing 

educational programs using evidence-based guidelines and data must be implemented to 

keep content current, accurate, and relevant in the context of clinical care. Modifying 

provider behavior is a multifaceted approach, but offering educational resources is vital in 

the successful implementation of clinical PGx.

Role of Pharmacists

Pharmacists are the medication experts and have long been tailoring medications based 

on patient-specific characteristics, such as kidney and liver function; incorporation of 

genetic information in therapeutic decision making falls within the domain of their 

pharmacy training. The profession has prepared pharmacists to apply PGx in practice by 

developing required didactic and experiential course offerings within pharmacy curricula 

for students. Advanced PGx training opportunities are now available with the establishment 

of residencies and fellowships, certificate programs, and continuing education courses. The 

need for clinical pharmacist input in research and implementation efforts has also been 

recognized by professional societies and other health care providers, allowing pharmacists 

to further demonstrate their value in the health system.61,62 Pre- and post-implementations 

efforts led by pharmacists in a pilot project at the University of Florida assessing genotype-

guided antiplatelet therapy found that successful implementation required expertise in 

pharmacy informatics (for CDS development in the EHR), medication safety, medication-

use policies and processes, and educational strategy development.61 With a deep-rooted 

background in pharmacology and medication management, pharmacists can build upon their 

clinical services and help execute PGx efforts as the medical community works toward fully 

embracing its clinical implementation.

Future Directions

Current Limitations to Testing

As PGx testing gains traction as a new clinical standard, test costs and reimbursement 

consistently remain as barriers to implementation. Given that the cost of testing largely 

depends on the genotype panel and health insurance coverage, controversy remains as to if 

and when a test should be ordered and reimbursed by the payor.63 Although PGx testing 

is a once-in-a-lifetime test and genotype-guided dosing strategies have shown to be less of 

an overall economic burden when compared with drug-related adverse event management 
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costs, payors are still resistant to reimburse testing. Moreover, a study assessing PGx testing 

among private insurers found that test coverage policies were not readily accessible on 

company websites and that reimbursement largely varied according to the listed gene-drug 

pair, with only about 40% of known pairs covered in the policies.64 Recently, however, 

the Centers for Medicare and Medicaid Services (CMS) have posted a Local Coverage 

Determination (LCD) to cover PGx testing, including panel testing, to be effective in the 

summer of 2020.65

Uncertainty in health insurer coverage can cause providers to wholly refrain from ordering 

PGx tests to prevent delays in patient care. Moreover, providers are increasingly aware 

of the development of potential health disparities if patients opt to undergo testing using 

out-of-pocket expenses. From the patient perspective, while many acknowledge the value 

of PGx testing, most would only undergo testing if completely reimbursed from payors.66 

Because PGx results have anticipated lifetime benefits, which will likely yield greater 

cost-savings in the future, insurers can help manifest PGx testing into practice by supporting 

test reimbursement. It is expected that pharmacoeconomic evaluations that demonstrate the 

benefit of PGx testing to prevent expensive hospitalizations related to drug toxicities will 

eventually convince payors to cover PGx tests.

Ongoing Collection of Clinical Utility Data

A growing amount of pharmacokinetic and retrospective data show promising results 

for preemptive DPYD and UGT1A1 testing with recent prospective data demonstrating 

their clinical validity in known variant carriers. Although there is literature supporting 

the clinical utility of DPYD and UGT1A1 testing, ongoing collection of these data 

will help drive policymakers and clinical providers translate this knowledge into routine 

clinical care. This type of evidence includes information from cost-effectiveness studies, 

implementation studies, and the number of patients needed to genotype to prevent one 

chemotherapy-related adverse event. Moreover, it is also important to recognize ongoing 

health disparities to implement programs to advance health equity among different ancestry 

groups. Given the greater prevalence of certain variants in different ancestry groups, such 

as the DPYD c.557A>G variant in the African ancestry population and UGT1A1*6 in the 

Asian population, further studies are needed to evaluate how these variants impact drug 

response in these diverse populations.67

Long-term data regarding tumor outcomes, such as progression-free survival (PFS) and 

overall survival (OS) are also of high interest as the limited data about the impact of PGx 

variants on survival has understandably limited the enthusiasm for preemptive PGx testing. 

There is also a concern that patients who carry a variant allele may never develop severe 

toxicity, and these individuals may end up being underdosed. For many of these reasons, 

it may be worth analyzing quality of life as an end point in clinical trials, particularly in 

the palliative (non-curative) setting. Favorable oncologic outcomes from prospective studies 

would certainly allow for wider acceptance of PGx testing in the health care community.
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Additional Factors for Adverse Drug Reactions

When determining the optimal dose for any drug, utilizing genetic information is one 

piece of the puzzle among a variety of other patient-specific characteristics. These include 

physiological considerations (i.e., body weight and organ function) and environmental 

factors, such as concomitant medications, lifestyle habits, and smoking status. Patient or 

family history of intolerance of similar chemotherapy agents may also prompt prescribers 

to perform initial dose reductions as a precautionary measure. Because pharmacists are 

well versed in using laboratory parameters to optimize drug dosing, PGx test results should 

ultimately be treated as another pharmacokinetic/pharmacodynamic value during clinical 

assessment.

Exploratory Biomarkers

Many exploratory PGx markers in GI cancer treatment have emerged alongside the 

growing DPYD and UGT1A1 evidence base. These markers include variants in the 

thymidylate synthase (TYMS) and 5,10-methylenetetrahydrofolate reductase (MTHFR) 

genes for predicting toxicity with fluoropyrimidines and CYP3A4 with irinotecan. Genetic 

polymorphisms in TYMS are associated with drug resistance and lower survival, however, 

data predicting drug toxicity are not as robust as that of DPYD.68 Variants in MTHFR, 

a vital enzyme in intracellular folate metabolism and DNA synthesis, are associated with 

decreased enzyme activity, indirectly increasing the cytotoxic effects of fluoropyrimidines.68 

A recent study by Pellicer and colleagues reported that MTHFR rs1801133 is significantly 

associated with the delayed administration of chemotherapy due to toxicity.69 Although the 

results of this study reportedly revived an interest of exploring MTHFR’s role in predicting 

fluoropyrimidine toxicity, validated evidence is not available to support testing of these 

markers in clinical practice at this time. Additionally, genetic variations of CYP3A4 (i.e., 

CYP3A4*2, CYP3A4*10, and CYP3A4*17) may play a role in the oxidation of SN-38 to 

form inactive metabolites and contribute to irinotecan toxicity but significant correlations 

have not yet been observed between these genotypes, total drug clearance, and symptom 

frequency.70 Currently, there are no accepted guidelines for managing patients with the 

aforementioned PGx variants until more evidence demonstrates their clinical relevance to 

therapy.

Conclusion

In the era of precision medicine, DPYD testing in patients before the initiation of 

fluoropyrimidine therapy to mitigate the risk of severe chemotherapy-related adverse events 

should be considered if optimal clinical and laboratory workflows are in place. In situations 

where individual DPYD pharmacogenetic testing may not be feasible, including the gene on 

a panel of matched germline genotyping alongside somatic tumor genetic testing in patients 

with tumor types treated with fluoropyrimidine agents could also be considered, as recently 

proposed by Hertz and Sahai.71 As more robust data from well-powered randomized 

controlled clinical trials become available through ongoing and future trials, it is anticipated 

that these results will be incorporated into clinical guideline recommendations and help 

drive reimbursement from payors. With the appropriate resources and support, pharmacists 
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will be vital in leveraging their pharmacology knowledge and clinical skills to implement 

PGx testing in the clinic.
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Figure 1. Fluoropyrimidine metabolism.
Capecitabine is an oral prodrug that undergoes conversion to 5-fluorouracil via a three-

step enzymatic cascade. After metabolism to fluorodeoxyuridine and fluorodeoxyuridine 

monophosphate, a stable complex with thymidylate synthase is formed to inhibit 

deoxythymidine monophosphate production. A downstream depletion of deoxyribonucleic 

acid (DNA) synthesis occurs, leading to cytotoxicity. Catabolism is mediated 

by dihydrofluorouracil via dihydropyrimidine dehydrogenase. 5′dFCR: 5′-deoxy-5-

fluorocytidine; 5-FU = fluorouracil; CDA = cytidine deaminase; CES = carboxylesterase; 

DHFU = dihydrofluorouracil; DPD = dihydropyrimidine dehydrogenase (encoded by 

DPYD); dTMP = deoxythymidine monophosphate; dUMP = deoxyuridine monophosphate; 

FdUMP = fluorodeoxyuridine monophosphate; FUDR = fluorodeoxyuridine; TP = 

thymidine phosphorylase; TS = thymidylate synthase (encoded by TYMS).
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Figure 2. Irinotecan metabolism.
Irinotecan is a prodrug that undergoes conversion to its active metabolite, 7-ethyl-10-

hydroxycamptothecin (SN-38), via carboxylesterase (CES)-mediated hydrolysis. CYP3A4/

CYP3A5 oxidize SN-38 into inactive APC and NPC. SN-38 targets topoisomerase I 

to cause apoptosis. Detoxification occurs via uridine diphosphate-glucuronosyltransferase 

isoform 1A1 (UGT1A1). As the resulting glucuronide, SN-38G, is primarily excreted 

into bile, bacterial beta-glucuronidases can re-activate the metabolite. CES = 

carboxylesterases; NPC = 7-ethyl-10-[4-(1-piperidino)-1-amino] carbonyloxycamptothecin; 

APC = 7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-piperidino] carbonyloxycamptothecin; 

ABCB1, ABCC2, ABCG2 = ABC dATP-binding cassette transporters; SN-38 = 7-ethyl-10-

hydroxycamptothecin; SN-38G = glucuronidated SN-38; TOP1 = DNA Topoisomerase 

I; UGT1A1 = uridine-diphosphoglucuronate glucuronosyltransferase 1A1 (encoded by 

UGT1A1).
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Figure 3. Considerations for clinical implementation of DPYD and UGT1A1 genotyping.
CDS = clinical decision support; CLIA = Clinical Laboratory Improvement Amendments; 

CPOE = computerized physician order entry; GI = gastrointestinal; LDT = laboratory 

developed test; PGx = pharmacogenetic; QI = quality improvement.
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