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Abstract
Fluoropyrimidines and irinotecan carry a narrow therapeutic margin, and a minority of patients are genetically unable to clear them. Both vulnerabilitiesare detectable by a pre-treatment blood test. The evidence for acting on the DPYD result is now strong enough that the remaining questions are about the size of the dose reduction rather than whether to test. Objectives: To review the published evidence on DPYD and UGT1A1 genotyping before chemotherapy for advanced colorectal cancer: which variants matter, how much toxicity they confer, what genotype-guided dosing achieves, and where the current dose recommendations fall short. Material and Methods: Narrative review of prospective genotyping studies, pharmacogenetic cohorts, meta-analyses and consensus dosing guidance indexed in PubMed and the major oncology and pharmacology journals. Studies were eligible if they reported the association between a DPYD or UGT1A1 variant and chemotherapy toxicity, or the outcome of genotype-guided dosing, in a defined population. No new patient data were generated; every estimate quoted is one published by the original investigators. Results: Severe fluoropyrimidine toxicity occurs in up to 30 per cent of treated patients. In a prospective study applying genotype-guided dose reduction, the relative risk of severe toxicity in DPYD*2A carriers fell to 1.31 (95% CI 0.63-2.73) from 2.87 (2.14-3.86) in a historical full-dose cohort, and no severe toxicity occurred in c.1679T>G carriers against a historical risk of 4.30 (2.10-8.80). The reduction was not uniformly sufficient: a 50 per cent reduction lowered severe toxicity in c.1905+1G>A carriers from 73 to 18 per cent, while a 25 per cent reduction left residual rates of 39 per cent in c.1236G>A and 47 per cent in c.2846A>T carriers. For irinotecan, UGT1A1*28 homozygosity carried an odds ratio for neutropenia of 4.79 (3.28-7.01) against wild type, and febrile neutropenia occurred in 18.2 per cent of homozygotes against 1.5 per cent of wild-type patients. Conclusion: DPYD genotyping before fluoropyrimidine treatment is supported by prospective evidence and should be routine. The dose reductions currently recommended are adequate for the loss-of-function alleles and demonstrably insufficient for the two reduced-function alleles. UGT1A1 testing
has a weaker evidence base, with a clear toxicity association but limited prospective evidence that upfront dose reduction improves outcome. Abbreviations: DPD – Dihydropyrimidine Dehydrogenase, DPYD – Dihydropyrimidine Dehydrogenase Gene, UGT1A1 – UDP Glucuronosyltransferase 1A1, 5-FU – Fluorouracil, SN-38 – Active Metabolite of Irinotecan, CRC – Colorectal Cancer, RR – Relative Risk, OR – Odds Ratio, CTCAE – Common Terminology Criteria for Adverse Events, CPIC – Clinical Pharmacogenetics Implementation Consortium, DPWG – Dutch Pharmacogenetics Working Group, AUC – Area Under the Concentration Curve.
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Introduction

Fluoropyrimidines and irinotecan remain the backbone of systemic treatment in advanced colorectal cancer, and both are limited by toxicity rather than by efficacy. Severe fluoropyrimidine-related adverse events occur in up to 30 per cent of treated patients, and most of that excess is attributable to reduced activity of dihydropyrimidine dehydrogenase, the enzyme that clears more than 80 per cent of administered fluorouracil [1]. Irinotecan toxicity is similarly concentrated in patients with impaired glucuronidation of its active metabolite [2,3].

What distinguishes these two from most sources of chemotherapy toxicity is that the vulnerability is inherited, dose. The relevant variants in DPYD and UGT1A1 were characterised more than two decades ago [3,4,5], and the question since has been whether pre-treatment genotyping changes outcomes rather than merely predicting them.

For DPYD that question has been answered prospectively [1], and consensus guidance now recommends testing before fluoropyrimidine exposure [6]. For UGT1A1 the position is less settled: the association with neutropenia is robust and reproducible [7,8,9], but evidence that acting on it improves anything is thinner [2].

This review sets out what each variant confers, what genotype-guided dosing has achieved, and where the recommended reductions have proved inadequate.

Material and Methods

Search strategy: PubMed and the archives of the major oncology, clinical pharmacology and pharmacogenetics journals were searched for studies of DPYD and UGT1A1 genotyping in colorectal cancer. Search terms combined DPYD, dihydropyrimidine dehydrogenase, UGT1A1 and glucuronosyltransferase with fluoropyrimidine, fluorouracil, capecitabine, irinotecan, toxicity, neutropenia, genotype-guided dosing and dose reduction. Reference lists of retrieved trials and guidance documents were screened by hand.

Eligibility: Studies were included if they reported an association between a defined DPYD or UGT1A1 variant and chemotherapy toxicity, the outcome of prospective genotype-guided dosing, or consensus dosing recommendations. Studies in mixed tumour types are included where they provide the best available prospective evidence and are identified as such. Pharmacokinetic studies are cited where they explain a clinical observation.

Data extraction and handling: Design, sample size, variants genotyped, dose adjustment applied, toxicity grading system and reported effect estimates with confidence intervals were extracted as published. Variants are named at nucleotide level throughout, because star-allele nomenclature is inconsistently applied across this literature. No pooling or re-analysis was performed and no patient-level data were obtained. Figures 1 to 4 and Tables 1 and 2 reproduce published values only. This is a narrative synthesis and was not registered as a systematic review.

Results

Which DPYD variants matter: Four variants have established functional and clinical validity: the loss-of-function alleles DPYD*2A (c.1905+1G>A) and DPYD*13 (c.1679T>G), and the reduced-function alleles c.2846A>T and c.1236G>A, the last also known as HapB3 [1,6]. Together these occur in roughly 3 to 8 per cent of people of European ancestry, which is high enough that pre-emptive genotyping identifies a substantial at-risk group [6,10]. Many further variants alter enzyme activity in vitro but are too rare to have been characterised clinically [6].

What genotype-guided dosing achieves: The pivotal evidence comes from a prospective study in which patients were genotyped for all four variants before treatment. Heterozygous carriers received an initial dose reduction of 50 per cent for the loss-of-function alleles and 25 per cent for the reduced-function alleles, and wild-type patients received standard dosing. Toxicity was compared against a historical cohort of carriers treated at full dose [1].

The relative risk of severe toxicity fell from 2.87 (95% CI 2.14-3.86) to 1.31 (0.63-2.73) in DPYD*2A carriers, and from 4.30 (2.10-8.80) to no observed severe toxicity in c.1679T>G carriers alone had reduced severe toxicity in carriers from 73 to 28 per cent, close to the 23 per cent seen in non-carriers on full dose [11]. Pharmacokinetic analysis confirmed that reduced-dose carriers achieved drug exposure comparable to non-carriers on standard dose, so the reduction did not amount to undertreatment [1].

[image: Figure 1: Relative risk of severe fluoropyrimidine toxicity under genotype-guided dosing against a historical full-dose cohort [1]]Figure 1: Relative risk of severe fluoropyrimidine toxicity under genotype-guided dosing against a historical full-dose cohort [1]
Where the recommended reduction is not enough: The same study identified an important asymmetry that is easily lost in summary. A 50 per cent reduction in c.1905+1G>A carriers lowered severe toxicity from 73 to 18 per cent, bringing it close to the background rate. But the 25 per cent reduction applied to the reduced-function alleles left severe toxicity at 39 per cent in c.1236G>A carriers and 47 per cent in c.2846A>T carriers, both well above the rate in non-carriers (Figure 2) [1,12].

The relative risks reflect this: 2.00 (1.19-3.34) against a historical 3.11 (2.25-4.28) for c.2846A>T, and 1.69 (1.18-2.42) against 1.72 (1.22-2.42) for c.1236G>A, the latter representing essentially no improvement [1]. Genotyping these patients and reducing the dose by a quarter therefore identifies the risk without adequately mitigating it, and there is a case for a larger initial

[image: Figure 2: Severe toxicity remaining after the prescribed genotype-guided dose reduction, by variant [1,12]]Figure 2: Severe toxicity remaining after the prescribed genotype-guided dose reduction, by variant [1,12]
Study n Gene Principal reported finding

Abigerges et al. 1995 Dose-limiting toxicity of — — [14] irinotecan characterised UGT1A Polymorphism linked to Ando et al. 2000 [7] — 1 irinotecan toxicity UGT1A Febrile neutropenia 18.2% in Kweekel et al. 2008 [2] 218 1 TA7 homozygotes Severe toxicity fell from 73% to Deenen et al. [11] 2,038 DPYD 28% with dose reduction Guided dosing effective for Henricks et al. 2018 [1] 1,103 DPYD loss-of-function alleles only García-Alfonso et al. National consensus on — DPYD 2022 [13] pre-treatment genotyping Table 1: Principal studies reviewed, with the gene examined and the finding as reported by the original investigators The evidence behind the four validated alleles: The clinical validity of the four variants rests on more than the prospective dosing study. An individual patient data meta-analysis established the predictive value of c.1679T>G, c.1236G>A and c.1601G>A for severe fluoropyrimidine toxicity [15], a large capecitabine trial with an accompanying systematic review reached compatible conclusions [16], and an earlier meta-analysis had already established the two best characterised alleles as predictors [17]. Comparative functional analysis in vitro supports the classification of variants into loss- and reduced-function categories [18], and haplotype structure has been shown to modify the apparent effect of two common variants, which explains some inconsistency between earlier association studies [19]. UGT1A1 and irinotecan: Irinotecan is a prodrug whose active metabolite SN-38 is inactivated by glucuronidation, and the UGT1A1*28 allele reduces that capacity [3,7,14]. The clinical consequence is dose-limiting neutropenia and diarrhoea. Pooled across sixteen trials in patients of European ancestry, UGT1A1*28 homozygosity carried an odds ratio for neutropenia of 4.79 (95% CI 3.28-7.01) against wild type, and heterozygosity 1.90 (1.44-2.51) (Figure 3) [8]. An earlier prospective study had established the same relationship between UGT1A1 genotype and severe neutropenia risk [20].

A larger synthesis of 30 studies covering 4,471 patients reported the same direction of effect for both neutropenia and diarrhoea across additive, dominant and recessive models [9]. In a colorectal-specific cohort of 218 patients receiving irinotecan, febrile neutropenia occurred in 18.2 per cent of TA7 homozygotes on combination therapy against 6.5 per cent of heterozygotes and 1.5 per cent of wild-type patients (Figure 4) [2].

Two findings from that cohort temper the enthusiasm. Response rates did not differ by genotype, so the allele predicts harm rather than benefit. And homozygotes did not in practice receive lower doses or more frequent reductions than other genotypes, which suggests that knowing the genotype had not translated into prescribing behaviour [2].

[image: Figure 3: Pooled odds ratio for irinotecan-induced neutropenia by UGT1A1 genotype against wild type [8]]Figure 3: Pooled odds ratio for irinotecan-induced neutropenia by UGT1A1 genotype against wild type [8]
[image: Figure 4: Febrile neutropenia by UGT1A1 genotype in 218 patients with metastatic colorectal cancer [2]]Figure 4: Febrile neutropenia by UGT1A1 genotype in 218 patients with metastatic colorectal cancer [2]
Variant Effect Recommended action and its adequacy

DPYD*2A Loss of 50% reduction; toxicity 73% to 18% (c.1905+1G>A) function [1,11] DPYD*13 Loss of 50% reduction; no severe toxicity (c.1679T>G) function observed [1] Reduced DPYD c.2846A>T 25% reduction; residual toxicity 47% [1] function Reduced DPYD c.1236G>A 25% reduction; residual toxicity 39% [1] function UGT1A1*28 Reduced glucu Association robust; prospective dosing homozygous ronidation evidence limited [2,8,9]

Table 2: The clinically validated variants, what each confers and whether the recommended dose adjustment is sufficient[image: Table 2: The clinically validated variants, what each confers and whether the recommended dose adjustment is sufficient]
The case for DPYD genotyping before fluoropyrimidine treatment is settled in a way that little else in pharmacogenomics is. The evidence is prospective, the intervention is a dose adjustment rather than a change of drug, pharmacokinetic data confirm that carriers on reduced doses achieve comparable exposure, and survival is not compromised [1,11]. Consensus guidance and national recommendations have followed [6,13].

The more interesting finding is the one that qualifies it. The 25 per cent reduction applied to c.2846A>T and c.1236G>A carriers left roughly two fifths of them still experiencing severe toxicity [1]. For c.1236G>A the relative risk under guided dosing, 1.69, was statistically indistinguishable from the historical figure of 1.72, for that group. Reporting a genotyping programme as successful on aggregate obscures a subgroup in which it is not.

Two genes at different stages of evidence

UGT1A1 illustrates the gap between association and utility. The link between the *28 allele and neutropenia is among the most reproducible in oncology pharmacogenetics, with a fourfold odds ratio in homozygotes pooled across trials [8,9] and consistent findings in colorectal cohorts [2,7]. What is missing is the equivalent of the DPYD prospective study: a trial in which upfront reduction in high-risk genotypes is shown to reduce toxicity without loss of efficacy.

The observation that homozygotes in routine practice did not receive lower doses despite a known genotype [2] points at the deeper implementation problem. A test result that does not change prescribing changes nothing, and the barrier there is not evidence but workflow.

Study limitations

The limitations belong to the underlying literature. The pivotal DPYD study compared genotype-guided dosing against a historical cohort derived from a published meta-analysis rather than a concurrent randomised control group, which leaves open the influence of changes in supportive care over time [1]. Its population included several tumour types rather than colorectal cancer alone [1,11]. Variant frequencies and therefore the yield of testing differ substantially by ancestry, and the four validated alleles were characterised principally in European populations, so performance elsewhere is uncertain [6,10]. UGT1A1 meta-analyses pool studies using different irinotecan doses and combination regimens, and toxicity risk is dose-dependent [8,9,14]. Toxicity grading criteria changed across the period covered by the included studies.

Two gaps deserve naming. No randomised trial has compared a larger initial reduction against the current 25 per cent in reduced-function allele carriers, which is the question the prospective data most clearly raise [1,12]. And no study reviewed here reports whether phenotypic testing of enzyme activity adds to genotyping in patients who prove intolerant despite a wild-type result.

Conclusion

Pre-treatment DPYD genotyping is one of the few pharmacogenomic interventions supported by prospective evidence that it reduces harm, and it should be routine before fluoropyrimidine exposure in advanced colorectal cancer. The recommended reductions are adequate for the two loss-of-function alleles and demonstrably inadequate for the two reduced-function alleles, where between 39 and 47 per cent of carriers still experienced severe toxicity. UGT1A1*28 has a robust and reproducible association with irinotecan neutropenia, with a fourfold increase in homozygotes, but lacks the prospective dosing evidence that would make testing actionable in the same way. Reporting variant-specific rather than aggregate outcomes is what would move both forward.
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