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Abstract: The application of pharmacogenetics in oncology is part of the routine clinical practice. In particular, genotyping of 
dihydropyrimidine dehydrogenase (DPYD) and UDP-glucuronosyltransferase (UGT1A1) is crucial to manage the treatment of patients 
taking fluoropyrimidines and irinotecan. The unique approach of our laboratory to the pharmacogenetic diagnostic service in oncology 
is to combine two real-time PCR methods, LightSNiP assay (TIB MOLBIOL), and more recently FRET (Fluorescent Resonance 
Energy Transfer) probes technology (Nuclear Laser Medicine), plus TaqMan assay (Thermo Fisher) for the confirmation of the 
presence of variant alleles on DNA from a second extraction. We found that both the FRET and LightSNiP assays, where detection 
occurs by melting curve analysis, offer an advantage over the competing TaqMan technology. Whereas unexpected genetic variants 
may be missed using a mutation-specific TaqMan assay, the information thus obtained can be useful to adjust the therapy in case of 
unexpected post-treatment toxicity. The combination of TaqMan and FRET assays helped us to achieve more accurate genotyping and 
a correct result for the patient. The added value of the DPYD FRET assay is the possibility of detecting, with the same amplification 
profile of the polymorphisms detailed in the guidelines, also the c.2194G>A (*6 rs1801160), cited in the recommendations as a variant 
to be investigated in case of severe toxicity. Regarding the UGT1A1 (TA)n promoter polymorphism (rs3064744), the distinctive and 
positive feature of the FRET assay is to allow clearly identifying all those potential variant alleles, including the (TA)5 and (TA)8 
alleles, that are frequent in African Americans. Our clinical practice emphasizes the importance of not only rapid and easy-to-use 
assays, such as the new FRET ones, but also of accurate and comprehensive genotyping for good pharmacogenetic diagnostic activity. 
Keywords: real-time PCR, melting curve analysis, DPYD, UGT1A1, pharmacogenetics

Introduction
Fluoropyrimidines (5-fluorouracil and its oral pro-drug capecitabine) and irinotecan are anticancer agents widely used to 
treat solid tumors, such as head and neck, gastrointestinal tract, breast and pancreatic cancers. Due to heterogeneity in 
drug response and tolerability, up to one-third of exposed patients are at risk of developing severe, life-threatening 
adverse events, that negatively impact patient safety and quality of life and may compromise drug efficacy.1,2 The 
increased risk of toxicity is due in part to germline variants in the dihydropyrimidine dehydrogenase (DPYD) and uridine 
diphosphate-glucuronosyltransferase isoform 1A1 (UGT1A1) genes, encoding the enzymes responsible for the metabo-
lism of fluoropyrimidines and irinotecan, respectively.3,4 The application of pharmacogenetics in oncology, with 
genotyping of DPYD and UGT1A1, is thus crucial for managing the treatment of patients taking fluoropyrimidines 
and irinotecan and has become part of routine clinical practice, especially over the last few years, with the diffusion of 
recommendations on the application of genetic information to patient care for therapeutic optimization.5–8 Although not 
uniquely, the US Food and Drug Administration and the European Medicines Agency, as well as the major expert groups, 
ie the Clinical Pharmacogenetics Implementation Consortium (CPIC), the Dutch Pharmacogenetics Working Group 
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(DPWG), the Italian Association of Medical Oncology jointly with the Italian Society of Pharmacology, provide 
therapeutic recommendations for these gene-drug associations.9–12 Additionally, in April 2020, the EMA recommended 
DPYD pre-treatment testing in a communication to healthcare professionals.13 Regarding UGT1A1, FDA and EMA do 
not mandate pre-treatment genotyping, but recommend starting dose reductions for patients homozygous for 
UGT1A1*28.14,15 Instead, pre-treatment UGT1A1 genotyping is proposed by the AIOM-SIF indications as an option.16

We describe here the unique approach of our laboratory to the pharmacogenetic diagnostic service in oncology, 
emphasizing the importance of using multiple methods for a more comprehensive genotyping.

Materials and Methods
Patients
This study is based on a retrospective analysis of routine requests for PGx analysis for fluoropyrimidines and irinotecan 
anticancer drugs carried out as day-by-day diagnostic service by the Unit of Clinical Pharmacology at the Luigi Sacco 
University Hospital, Milan, Italy, between 2017 and 2021.

The PGx testing panel, based on guidelines published by the CPIC, in collaboration with The Pharmacogenomics 
Knowledge Base (PharmGKB), as well as regulatory administrations such as FDA and EMA, includes the variants 
c.1905+1G>A (*2A rs3918290), c.1129–5923C>G (rs75017182), c.1679T>G (*13 rs55886062), c.2846A>T 
(rs67376798), c.2194G>A (*6 rs1801160), c.496A>G (rs2297595) for the DPYD gene and the UGT1A1*28 allele 
(rs3064744) for the UGT1A1 gene.

Ethic Statement
This retrospective research was conducted on data collected for clinical purposes. All data used in the study were 
previously anonymized, according to the requirements set by Italian Data Protection Code (leg. decree 196/2003) and by 
the General authorizations issued by the Data Protection Authority. Approval by Ethics Committee was unnecessary 
because, under Italian law, such an approval is required only in the hypothesis of prospective clinical trials on medical 
products for clinical use (art. 6 and art. 9, leg. decree 211/2003). The study complies with the Declaration of Helsinki; 
a written informed consent for genetic testing and publication of clinical data for research purposes was provided.

Genotyping
Genomic DNA was isolated from peripheral blood cells using an automatic DNA extraction system (EZ1 Advanced 
XL System, Qiagen) according to the manufacturer’s instructions. DNA concentration and purity were evaluated by 
absorbance methodology using NanoDrop 1000 Spectrophotometer V3.7 (Thermo Fisher Scientific). The detection of 
the polymorphisms was performed by Real-Time PCR methods. From 2021, for the fluoropyrimidines PGx analysis, 
five SNPs (single nucleotide polymorphisms) of the DPYD gene are genotyped with the DPYD Real-Time CE-IVD 
kit (Nuclear Laser Medicine, NLM), based on the FRET (Fluorescent Resonance Energy Transfer) probe technology; 
the DPYD c.496A>G (rs2297595) is genotyped with LightSNiP assay (TIB MOLBIOL). In the previous years, the 
four polymorphisms of the CPIC guidelines were detected by Multi-SNiP DPYD kit (TIB MOLBIOL) and the other 
two (c.2194G>A and c.496A>G) with LightSNiP assay (TIB MOLBIOL). The presence of variant alleles is 
confirmed on DNA from a second extraction with TaqMan Assays® (Thermo Fisher Scientific). From 2021 also 
UGT1A1*28 (rs3064744) genotyping for the irinotecan PGx analysis is performed with the UGT1A1 Real Time 
(FRET) CE-IVD kit (NLM) and the homozygosity for the variant allele is confirmed with LightSNiP assay (TIB 
MOLBIOL). Any discrepancies between the different methods were resolved with Sanger sequencing performed by 
an external service.

Genotyping performance was estimated through the use, in each analysis, of known-genotype internal quality controls 
and through participation, once a year, to an External Quality Assessment program, testing the genes and related variants 
included in our panel.17
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Statistical Considerations
The data analyzer used was the management software linked to the Information System Laboratory (DNLab-NoemaLife) 
that collects, processes and archives the results.

All genotypes were tested for Hardy– Weinberg equilibrium using χ2 test.

Results
Between 2017 and 2021, we carried out 2413 fluoropyrimidines and 1076 irinotecan pharmacogenetic analyses, the 
increase being due to a growing consciousness of the clinical utility of these tests (Figure 1).

Allele frequencies were similar to the ones reported for Caucasians on the NCBI SNP database (dbSNP) and the 
genotype distributions were in Hardy-Weinberg equilibrium (p > 0.05).

DPYD Analysis
Of the 2413 requests collected, 915 had at least one mutated allele (about 38%). Taking into account the four variants of 
the CPIC guidelines (c.1905+1G>A or *2A, c.1129–5923C>G, c.1679T>G or *13, c.2846A>T), 99 subjects were 
heterozygous for one of those (4.1%) and 1 was homozygous for the c.2846A>T (0.04%). So about 4% of our population 
had an intermediate phenotype, that is a partial DPD deficiency. Furthermore, regarding the c.496A>G and the 
c.2194G>A polymorphisms, we found 776 heterozygous subjects (32.1%) and 39 homozygous subjects (1.6%); in 
particular 19.6% were heterozygous and 1.1% were homozygous for the c.496, 12.5% were heterozygous and 0.5% were 
homozygous for the c.2194. About 2% of the subjects were compound heterozygous for the c.496 and the c.2194.

In the FRET assay, as in the LightSNiP one, the SNPs are detected by melting curve analysis, which allows a clear 
discrimination between normal allele and homozygous/heterozygous variants. Also unusual genotypes, ie with variants other 
than the ones known, were identified thanks to the analysis of specific melting profiles. We report here some cases. One example 
refers to a variation near to the c.1679T>G: as shown in Figure 2, the melting profile of the sample B.M. was apparently 
heterozygous for the variant c.1679T>G, but a TaqMan assay on second extraction did not confirm the presence of the searched 
polymorphism. Then, Sanger sequencing was performed to understand this discrepancy and the sequence showed a T > 
G substitution four bases before the position of c.1679. This variation, reported in dbSNP with rs1648179549, is the 
c.1676T>G and its clinical significance to date is unknown.18 Another example is related to a quite frequent variant close to 
the DPYD*2A: in this case the analysis of the known polymorphism showed an abnormal melting profile, as you can see in 
Figure 3, the peak is rounder than the wild-type one and had a melting temperature slightly anticipated. A TaqMan assay for the 
DPYD*2A did not detect the near variant. A LightSNiP assay confirmed the presence of the c.1896T>C (rs17376848) in 
heterozygosity.19 There was not a TaqMan assay for this SNP, due to its location. It is assigned a normal function by CPIC, but 
conflicting evidence has been reported.20 In the last case, c.496A>G genotyping showed the presence of a heterozygous melting 
profile different from that of the control (Figure 4). A TaqMan assay on second extraction gave a heterozygous profile, not 
completely overlapping that of the heterozygous control, as if the binding efficiency of the probe on the alternative allele were 
reduced in this sample. Sanger sequencing was necessary to define the right genotype and showed the presence of another 
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Figure 1 Number of requests in the period 2017–2021.
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polymorphism in addition to the c.496, one base after it, also in heterozygosity. This is a rare variant identified by the rs763061658 
and it is a T>C substitution at position 497 (p.Met166Thr), its clinical significance to date is unknown.21

UGT1A1 Analysis
Of the 1076 requests collected, 649 had at least one mutated allele (about 60%). The heterozygosis of the UGT1A1*28 
allele was found in 510 subjects (47.4%), whereas 139 subjects were homozygous (13%).

All variant alleles of the UGT1A1 (TA)n polymorphism (rs3064744), with 5 (UGT1A1*36), 6 (UGT1A1*1), 7 
(UGT1A1*28) or 8 (UGT1A1*37) repeats were detected unambiguously with the UGT1A1 Real Time (FRET) kit, 
because each of them has a distinctive melting curve, as shown in the chromatogram (Figure 5).

We found 6 subjects heterozygous for the *36 allele (0.6%; 5 of them were *28/*36) and 3 subjects heterozygous for 
the *37 allele (0.3%; all of them were *28/*37).

A

Allele G

Allele T

CTRL HET^

CTRL WT§

CTRL HET^Sample B.M.*

B C

Figure 2 (A) The pink square line represents the melting profile of the sample B.M. (Tm allele 1: 52°C; Tm allele 2: 58.5°C). The melting profile of the heterozygous control 
is represented by the light-blue solid line (Tm allele T: 58.5°C; Tm allele G: 51°C) and the melting profile of the wild-type (WT) control is represented by the pink solid line 
(Tm allele T: 58.5°C). (B) TaqMan assay on second extraction detects only the reference allele T in the sample B.M.*, as in the control WT§; the heterozygous control^ has 
both alleles. (C) The sequence shows a T>G substitution (red rectangle) four bases before the position of c.1679, indicated by the row.
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Discussion
The increase in the number of requests for pharmacogenetic testing, since the introduction in 2020 of a clear indication 
on when to perform them,13 confirms the usefulness of pharmacogenetics in the management of anticancer therapy. The 
choice of the most appropriate technology for accurate genotyping is crucial in clinical and scientific perspective.

We found that both FRET assay and LightSNiP assay, where the detection occurs by melting curve analysis, offer an 
advantage over competing TaqMan technology. Unexpected genetic variants may be missed using a mutation-specific 
TaqMan assay and any mismatch under the probe may reduce its binding efficiency, as shown by our results. It may be 
useful to know that a variant exists, even if it is not included in the guidelines or if it is a new variant of unknown 
significance; such an information would not be used to change therapy pre-emptively, rather to adjust it in case of 
unexpected post-treatment toxicity. The combination of the two methods we propose is helpful in that respect; in one of 
the cases we described a TaqMan assay helped us to understand that the variant detected by FRET assay was not the one 
searched, c.1679T>G, but another variant close to it, the characterization of which was only possible by direct 
sequencing. For small to medium-sized laboratories such as ours and for routine pharmacogenetic diagnostic activity 
looking for variants of well-known clinical significance, undoubtedly the best compromise is the use of a highly sensitive 
and rapid genotyping method such as real-time PCR with melting curve analysis, to be then combined with TaqMan 
assay and direct sequencing, if necessary, for more comprehensive genotyping and a correct result to the patient. Next- 
generation sequencing (NGS) technologies, which are emerging as a more comprehensive and time- and cost-effective 
approach in pharmacogenetics, represent an alternative strategy for optimizing treatment.22 Targeted sequencing panels 
of known pharmacogenes are being developed as pre-emptive profiling, in a new model of personalized medicine.23 

A high-throughput approach is more suited to large-volume laboratories, with specific instruments and supportive 
bioinformatics tools. Furthermore, the real challenge of sequencing strategies, which do not allow a widespread 
implementation in the routine clinical practice, is the management of rare variants, variants of unknown clinical 
significance (VUS), and the insufficient coverage of some complex regions.22

The added value of the DPYD Real Time (FRET) CE-IVD kit is the possibility of detection, with the same 
amplification profile, also of the c.2194G>A, not yet included in the CPIC guidelines, but cited in recommendations 
as a variant to be investigated in case of severe toxicity, after the start of treatment. We also analyze the more frequent 
c.496A>G that, especially in cases of homozygosity for the alternative allele or in combination with other variants, seems 
to increase the risk of developing toxicity. Some studies in the literature state this24–27 and we also have evidence in 
support, as shown by the results on the patient with the double heterozygosity for the c.496 and the close c.497, an 80- 
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Figure 3 (A) DPYD*2A genotyping: the pink circle line represents an abnormal melting profile of that sample, compared to the others with GG genotype (wild-type 
samples, represented by single blue peaks). The double blue peak represents the heterozygous control (Tm allele G: 50.5°C; Tm allele A: 56.5°C). (B) The melting profile of 
the sample A.R.* confirms the presence of the variant close to the DPYD*2A, c.1896T>C in heterozygosity (the double green peaks, one of the sample A.R. and the other 
one of the heterozygous control, are completely overlapped; Tm allele T: 62.2°C and Tm allele C: 68.2°C). The wild-type control^ is represented by the single red peak (Tm 
allele T: 62.2°C).
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year-old man diagnosed with rectal cancer, whose treatment with capecitabine concomitant to radiotherapy was stopped 
due to pancytopenia. Pharmacogenetic testing was performed one year later, at the onset of a second stomach cancer, 
given the previous toxicity, and indeed the result can at least partially account for this adverse event. This was not the 
only case we encountered in our clinical practice; another representative one was of a 64-year-old patient diagnosed with 
low-grade intestinal adenocarcinoma, who underwent the test because he developed an unexpected severe haematological 
toxicity (neutropenia and thrombocytopenia of grade 4) after the first cycle of adjuvant chemotherapy with capecitabine 
at 70% of the standard dose and he was GG homozygous for the 496 variant.

The positive distinctive feature of the UGT1A1 Real Time (FRET) CE-IVD kit is that it allows identification of all 
the potential variant alleles of the (TA)n polymorphism (rs3064744) in the gene promoter. This testing could have 
a double value, namely maximizing treatment efficacy by increasing the dose in patients with low-risk genotypes 
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Figure 4 (A) The star line represents the melting profile of the sample C.L. (Tm allele 1: 53.2°C; Tm allele 2: 62.8°C). Instead, the solid line represents the double peak of 
the c.496A>G heterozygous control (Tm allele G: 58°C; Tm allele A: 63.3°C). (B) TaqMan assay on second extraction shows an amplification plot (red dash line) in-between 
the wild-type (blue solid line) and heterozygous (red solid line) controls. The green solid line represents the mutated control. (C) The sequence shows a T>C substitution 
(red rectangle) one base after the position of c.496A>G, indicated by the row, also in heterozygosity.
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(UGT1A1*1/*1, *1/*28)28–30 and reducing the risk of irinotecan toxicity in patients with high-risk genotypes 
(UGT1A1*28/*28).12,14–16,31 There is a need for unambiguous results, particularly for this polymorphism, because 
several technologies are inappropriate for use in obtaining specific genotypes.32 It is true that the (TA)5 and (TA)8 
alleles are more frequent in African Americans, but with the current racial admixture this should not be overlooked. 
Moreover, until now, therapeutic recommendations for other genotypes than UGT1A1*28/*28 were not established, but 
one of the reasons may be the lack of data on *36 and *37 alleles.

In conclusion, our clinical practice emphasizes the importance of not only rapid and easy-to-use assays, such as the new FRET 
ones, but also accurate and comprehensive genotyping for good pharmacogenetic diagnostic activity. Our combined approach has 
proved itself successful for this purpose. Based on our experience, we safely recommend the use of multiple approaches, in line 
with good genetic practice, to both confirm the presence of clinically relevant variants and resolve any unexpected results.
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