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CHAPTER 11

Diagnostic and therapeutic strategies for fluoropyrimidine 

treatment of patients carrying multiple DPYD variants 
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Abstract 
DPYD genotyping prior to fluoropyrimidine treatment is increasingly implemented in clinical 
care. Without phasing information (i.e. allelic location of variants), current genotype-based 
dosing guidelines cannot be applied to patients carrying multiple DPYD variants. The primary 
aim of this study is to examine diagnostic and therapeutic strategies for fluoropyrimidine 
treatment of patients carrying multiple DPYD variants.
 A case series of patients carrying multiple DPYD variants is presented. Different genotyping 
techniques were used to determine phasing information. Phenotyping was performed by 
DPD enzyme activity measurements. Publicly available databases were queried to explore 
the frequency and phasing of variants of patients carrying multiple DPYD variants. 
 Four out of seven patients carrying multiple DPYD variants received a full dose of 
fluoropyrimidines and experienced severe toxicity. Phasing information could be retrieved 
for four patients. In three patients, variants were located on two different alleles, i.e. in 
trans. Recommended dose reductions based on the phased genotype differed from the 
phenotype-derived dose reductions in three out of four cases. Data from publicly available 
databases show that the frequency of patients carrying multiple DPYD variants is low 
(<0.2%), but higher than the frequency of the commonly tested DPYD*13 variant (0.1%). 
 Patients carrying multiple DPYD variants are at high risk of developing severe toxicity. 
Additional analyses are required to determine the correct dose of fluoropyrimidine 
treatment. In patients carrying multiple DPYD variants, we recommend that a DPD 
phenotyping assay be carried out to determine a safe starting dose.
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Introduction
Fluoropyrimidines (including 5-fluorouracil (5-FU) and capecitabine) are the cornerstone of 
treatment for various types of cancer, and are used by millions of patients worldwide each 
year.1-3 However, up to one-third of treated patients experience severe toxicity (common 
terminology criteria for adverse events (CTC-AE) grade ≥3), such as diarrhea, hand-foot 
syndrome or mucositis upon treatment with fluoropyrimidines.4,5 These adverse events 
can lead to mortality in approximately 1% of patients who experience severe toxicity.4,6 
Dihydropyrimidine dehydrogenase (DPD) is the key enzyme in the metabolism of 5-FU 
and its decreased activity is strongly associated with toxicity.7,8 Variants in DPYD, the gene 
encoding DPD, can lead to decreased DPD enzyme activity.9-12 Prospective DPYD genotyping 
of four main DPYD variants followed by dose reductions in patients carrying any of these four 
DPYD variants is safe, cost-effective and feasible in clinical practice.13-15 These DPYD variants 
are DPYD*2A, rs3918290, c.1905+1G>A, IVS14+1G>A; DPYD*13, rs55886062, c.1679T>G, 
I560S; c.1236G>A/HapB3, rs56038477, E412E; and c.2846A>T, rs67376798, D949V. For 
these four variants, convincing evidence has been provided warranting implementation in 
clinical practice.4,5,12,15-17

 An increasing number of hospitals apply prospective DPYD genotyping when treating 
patients with fluoropyrimidines.18 Individual dosing guidelines for the abovementioned four 
DPYD variants are provided by the Dutch Pharmacogenetics Working Group (DPWG) and 
the Clinical Pharmacogenetics Implementation Consortium (CPIC).19,20 Dosing guidelines 
are based on the expected remaining DPD enzyme activity and can be applied to patients 
who are heterozygous carriers of a single DPYD variant. For homozygous DPYD variant allele 
carriers (two identical variants) and compound heterozygous DPYD variant allele carriers 
(two or more different variants), dosing guidelines are not yet available (or treatment with 
an alternative drug is advised), although safe treatment with low-dose fluoropyrimidines in 
these homozygous DPYD patients was demonstrated by a recent case series.21 
 Patients who carry multiple variants (compound heterozygous) can carry the variants on 
a single allele (in cis) or on different alleles (in trans). In the first case, one functionally 
active allele remains, whereas in the latter case, both alleles are affected, which may result 
in a proportionally decreased enzyme activity (Figure 1). With currently used genotyping 
techniques, the allelic location of variants (phasing) cannot be determined. This uncertainty 
hampers adequate interpretation of the pharmacogenetic test result in compound 
heterozygous patients and makes it impossible to give an appropriate dose recommendation 
based on the genotype alone. Since it is likely that in the future, even more DPYD variants 
will be tested, the probability of finding compound heterozygous DPYD variant allele carriers 
will increase. The aims of this study are to examine diagnostic and therapeutic strategies for 
fluoropyrimidine treatment of patients carrying multiple DPYD variants and the frequency 
and phasing of variants of compound heterozygous DPYD patients in publicly available 
databases. 

Methods 
In this study, we present seven compound heterozygous DPYD variant allele carriers as clinical 
cases. In addition, we have performed in silico research in publicly available databases.
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Patients
Data and DNA from patient cases carrying multiple DPYD variants were collected. Patients 
were identified either after development of severe toxicity from fluoropyrimidine-containing 
therapy, by additional retrospective genotyping in a clinical trial (clinicaltrials.gov identifier 
NCT00838370),13 or prior to treatment in routine clinical care. The study was reviewed 
and approved by the institutional review board of the Leiden University Medical Center 
(LUMC, G18.15). Patient data from the electronic medical records was handled following 
the codes of proper use and proper conduct in the self-regulatory codes of conduct.22 
Toxicity to fluoropyrimidine-containing therapy was graded by the treating physicians using 
the National Cancer Institute CTC-AE version 4.03,23 and severe fluoropyrimidine-induced 
toxicity was defined as CTC-AE grade ≥3. In some cases, additional patient material to 
determine the phasing of the DPYD variants was collected. In these cases, additional patient 
consent was obtained.

Wild-type

Heterozygous

Homozygous

Compound Heterozygous 
(in trans)

Compound Heterozygous 
(in cis)

Figure 1. Illustration of zygosity and clinical interpretations
A wild-type patient carries no variants, resulting in normal activity alleles (green). A heterozygous 
patient carries one variant, resulting in one reduced or inactive allele (red) and one active allele 
(green). A partly reduced enzyme activity is expected, since there is still one active allele left. For 
homozygous patients, both variants result in a reduced or inactive allele (red). Depending on the 
effect of the variants on the protein, a reduced or absent enzyme activity is expected. Compound 
heterozygous patients can carry variants on different alleles (in trans) or on one allele (in cis), resulting 
in differences in enzyme function, either like that of a heterozygous patient or a homozygous patient. 
Stars represent variants; boxes represent alleles.
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Dihydropyrimidine dehydrogenase enzyme activity measurements 
For all patients, DPD enzyme activity was determined. This could be either prior to treatment 
or retrospectively after the occurrence of severe toxicity. DPD enzyme activity measurement 
in peripheral blood mononuclear cells (PBMCs)24,25 was used as a reference to assess DPD 
activity, and has been used previously to determine dosages in DPYD variant carrying 
patients.21,26 A validated method27 was used, containing radiolabeled thymine as a substrate 
and consisting of high-performance liquid chromatography (HPLC) with online radioisotope 
detection using liquid scintillation counting. Normal values for healthy volunteers are 9.9±2.8 
nmol/(mg*h), for DPD deficient patients are 4.8±1.7 nmol/(mg*h), and reference values 
range from 5.9 to 14 nmol/(mg*h).28 Dose reductions based on DPD enzyme activity were 
performed in a one-to-one ratio, as was previously described by Henricks et al.21 Thereafter, 
toxicity-guided dosing was used. 

Molecular methods for estimation of phasing
In regard to the size of the DPYD gene, the location of the variants, and the material 
available (DNA, RNA) from the patients, three molecular methods to determine the phasing 
of the variants could be used in this study. In four patients, we could execute one or more of 
these methods. These methods are explained and illustrated in the Supplementary Material 
(Figure S1). Details on these techniques have been published elsewhere.29-31 

Frequencies of compound heterozygous DPYD carriers 
To investigate the incidence of compound heterozygous DPYD variant allele carriers (of 
the four genotyped DPYD variants) large databases were queried.32,33 The incidence was 
calculated using minor allele frequencies (MAFs) of each variant identified in the databases 
separately. Since the determined variants are not in the same haplotype, it was assumed 
that the inheritance of these individual DPYD variants is independent. All genotypes from 
the databases were calculated to be in Hardy-Weinberg equilibrium, except for DPYD*2A 
and c.1236G>A for the Exome Aggregation Consortium (ExAC)32 and Genome Aggregation 
Database (gnomAD)33 due to a slight overrepresentation of homozygous cases. The 
calculated frequencies were compared to frequencies from databases in which phasing 
could be determined.

Exome Aggregation Consortium and Genome Aggregation Database 
Both the ExAC32 and gnomAD33 databases collect exome sequencing data and aggregate the 
data for public use. The ExAC dataset (v.0.3.1) contains sequenced data of 60,706 unrelated 
individuals. The gnomAD dataset (v.2.0) contains sequenced data of 123,136 exomes and 
15,496 genomes from unrelated individuals. In ExAC, 2,791 DPYD variants, and in gnomAD, 
2,190 DPYD variants were found. MAFs of DPYD variants from these databases reflect those 
of the population due to the large group size in the databases. Since both ExAC and gnomAD 
do not contain individual matched or phased data, it is not possible to search for compound 
heterozygous patients in these databases.
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Phasing in compound heterozygous DPYD carriers 
Three databases were used to identify compound heterozygous DPYD variant allele carriers 
and determine the phasing, i.e. allelic location, of variants. 

Genome of the Netherlands Datasets 
The Genome of the Netherlands (GoNL) trio datasets contain information of related fathers, 
mothers, and children, and phasing information is therefore available. Datasets were 
previously processed and phased using trio-aware variant calling.34 After the exclusion of 
children, phased variant call format (VCF) files for 496 subjects (fathers and mothers) were 
obtained from the GoNL repository. The toolset Bedtools (v2) was used to extract all variants 
found in the DPYD locus (chr1:97,543,300─98,386,615). Next, for all individuals, the carrier 
status of DPYD*2A, DPYD*13, c.1236G>A and c.2846A>T was examined. Individuals who 
carry at least one of the four actionable DPYD variants were identified and, using a custom 
Python script,35 the phasing of variants was assessed for individuals with multiple variants. 

1000 Genomes Database 
The 1000 Genomes Project is the largest publicly available catalogue of human variation and 
genotyped phased data. It originally ran from 2008 until 2015, and thereafter it was maintained 
and expanded by the IGSR (International Genome Sample Resource).36 On 27 October 2016, 
phased data of the DPYD gene (chr1: 97,543,300─98,386,615) was downloaded from the 
1000 Genomes ftp server (phase 3; GRCh37; chr1: 97,543,300─98,386,615) using Tabix 
(v1.1).37 The statistical program R (v3.2.5)38 was used to select the genotypes at four DPYD 
risk alleles in unrelated individuals of Caucasian descent. 

Exome Trios Leiden University Medical Centre Database 
This diagnostic database of the clinical genetics department of LUMC contains 433 complete 
exome trios (father, mother, and child). The exome was enriched by the Agilent sureselect 
v5 kit and sequenced using various Illumina (San Diego, CA, USA) sequencers (Hiseq 2000, 
2500, 4000, Nextseq). Carrier status of the abovementioned DPYD variants was established 
by querying the trio VCF files. We also investigated all samples with sufficient coverage of 
this region to obtain a reliable frequency estimate. In the case of trios, only parents were 
taken into account. 

Results
Patient cases and clinical implications
Details of the demographics and clinical characteristics of the seven cases are described 
in the Supplementary Material (patient cases). All patients received treatment with 
fluoropyrimidines and were identified as compound heterozygous DPYD variant allele 
carriers, either prior to the start of treatment or retrospectively. Table 1 shows an overview 
of the cases. Table 2 shows all genotype and phenotype results. With additional genetic 
testing phasing could be determined in four out of seven patients. In three patients, the 
variants were located in trans and one patient carried the variants in cis. With the phasing 
information available, it is possible to calculate a dose recommendation using publicly 
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available pharmacogenetic dosing guidelines.19,20 For example, patient 1 carried DPYD*2A 
and c.1236G>A in trans. The gene activity values range from inactive (0) to fully active (1). 
DPYD*2A and c.1236G>A/HapB3 have values of 0 and 0.5, respectively. As this patient 
carries the variants in trans, each allele contains one variant and no fully functional allele 
remains. Therefore, the cumulated gene activity score (GAS) is 0.5. The GAS can be used to 
determine dose recommendations according to the genotype, as was previously described.12 
The GAS ranges from 0 to 2, and a score of 0.5 corresponds to a dose recommendation of 
25%. The DPD enzyme activity of patient 1 was 0.9 nmol/(mg*h). This was divided by the 
mean of the reference value (9.9), which results in a theoretical DPD activity of 9%. For each 
patient for whom phasing details were known, the GAS was determined and compared to 
the theoretical DPD activity. Dose recommendations according to the GAS (genotype) and 
theoretical DPD activity (phenotype) were divergent in almost all cases, as shown in Table 2. 

Table 1. Characteristics of patient cases
Shown per patient are primary tumor, treatment, capecitabine dose, executed assays (genotype, 
dihydropyrimidine dehydrogenase (DPD) enzyme activity, and additional assays) information. 
Additional assays are droplet digital PCR, PacBio sequencing (Menlo Park, CA, USA), or an in-house 
developed technique. For the executed assays it is shown whether these were executed prior to 
treatment (P) or retrospectively (R).

Patient # Primary 
Tumor

Treatment Capecitabine dose Executed assays

1                  BC CAP 1,000 mg/m2/bid Genotyping (R), DPD activity (R), in-house 
technique (R), droplet digital PCR (R)

2                 BC CAP 800 mg bid (50%) Genotyping (P), DPD activity (R), in-house 
technique(R)

3 CRC CAP+OX 900 mg bid (50%)a Genotyping (P), DPD activity (P), PacBio (R)

4                     BC CAP 1,500 mg bid Genotyping (R), DPD activity (Rb)

5 CRC CAP+RT 800 mg bid (50%) Genotyping (P+Rc), DPD activity (Rd), PacBio (R)

6 CRC CAP+OX 1,000 mg/m2/bid Genotyping (R), DPD activity (R)

7 CRC CAP+OX+ 
BEV

1,000 mg/m2/bid Genotyping (R), DPD activity (R)

a Increased to 70% in the second cycle;
b During hospital admission;
c DPYD*2A was prospectively identified, c.2846A>T was retrospectively identified;
d During treatment.
Abbreviations: BC: breast cancer; CRC: colorectal cancer; CAP: capecitabine; RT: radiotherapy; OX: 
oxaliplatin; BEV: bevacizumab; bid: bis in die/twice a day.
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Table 2. Dose advice for compound heterozygous DPYD variant allele carriers
Shown per patient are DPYD variants, phasing of the DPYD variants, GAS, retrospective DPWG dosing 
advice based on phasing, DPD enzyme activity, and percentage of DPD enzyme activity considered 
for dose advice. According to the DPWG guidelines 19 a gene activity score can be given to compound 
heterozygous patients when phasing is known. Fully functional/reduced functionality: gene activity 
score of 1.5; fully functional/inactive: gene activity score of 1; reduced functionality/reduced 
functionality: gene activity score of 1; reduced functionality/inactive: gene activity score of 0.5; 
inactive/inactive: gene activity score of 0. 

Patient # DPYD variants Phasing GAS12 DPWG dose 
advice
(% of regular 
dose)

DPD activity 
(nmol/(mg*h))

Percentage of 
DPD activitya

1                  DPYD*2A + c.1236G>A in trans 0.5 25% 0.9 9%

2                 DPYD*2A + c.2846A>T in trans 0.5 25% 6.0 60%

3 c.1236G>A + c.2846A>T in trans 1 50% 4.5 45%

4                     DPYD*2A + c.2846A>T unknown X X 0.11 1%

5 DPYD*2A + c.2846A>T in cis 1 50% 7.2 72%

6 DPYD*2A + c.1236G>A unknown X X 3.8  38%

7 DPYD*2A + c.1236G>A unknown X X 1.6 16%
a The reference DPD activity ranges from 5.9-14 nmol/(mg*h) 28, and therefore the percentage of DPD 
activity can be calculated using the average of the reference (9.9 nmol/(mg*h)). This percentage could 
be used as a percentage of the regular dose.
Abbreviations: DPD: dihydropyrimidine dehydrogenase; GAS: gene activity score; DPWG: Dutch 
Pharmacogenetic Working Group; X: could not be determined.

Preventing toxicity
Three of the seven case patients were identified as carriers of one or more DPYD variants 
prior to the start of therapy. For one patient, the DPD enzyme activity was determined prior 
to the start of therapy. Based on their genotype or phenotype, these three patients received 
initially reduced fluoropyrimidine dosages of 50%. They experienced limited and reversible 
toxicity (CTC-AE grades 0─2). The dose of one patient was increased to 70% in the second 
treatment cycle, after which CTC-AE grade 3 toxicity occurred. 
 Four of the seven case patients received a full dose, since their genotype was unknown 
prior to the start of therapy. These patients all experienced severe toxicity (CTC-AE grades 
3─5), and three of them were admitted to the hospital for seven to 14 days. An overview of 
cases, including the toxicity, is shown in Table 3.

Frequencies of compound heterozygous DPYD carriers without phasing information
The ExAC and gnomAD databases revealed an average MAF for DPYD*2A, DPYD*13, 
c.1236G>A, and c.2846A>T of 0.55%, 0.03%, 1.43%, and 0.27%, respectively. MAFs for ExAC 
and gnomAD separately are summarized in Table 4. The probability of identifying a compound 
heterozygous DPYD patient for two variants according to these databases was ≤0.008%, 
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as was calculated using frequencies of combinations of DPYD variants. Results for each 
combination of DPYD variants are shown in Table 5. With several million fluoropyrimidine 
users each year, thousands of patients worldwide are compound heterozygous for a subset 
of these four DPYD variants.

Table 3. Toxicity profiles of compound heterozygous DPYD variant allele carriers
Shown per patient are DPYD variants, fluoropyrimidine dose as a percentage of the regular dose, and 
experienced toxicity with this dose. All patients retrospectively identified as DPYD variants carrier 
received full doses and experienced severe (CTC-AE ≥3) toxicity. All patients prospectively identified 
as DPYD variant(s) carrier received dose reductions and experienced a maximum of CTC-AE grade 2 
toxicity with the initial dose. 

Patient # DPYD variants Dose (% of regular dose) Toxicity (maximal CTC grade)

1                  DPYD*2A + c.1236G>A 100% 4

2                 DPYD*2A + c.2846A>T 50% 1─2

3 c.1236G>A + c.2846A>T 50%  70% 0 (on 50% dose)  3 (on 70% dose)

4                     DPYD*2A + c.2846A>T 100% 5

5 DPYD*2A + c.2846A>T 50% 0

6 DPYD*2A + c.1236G>A 100% 4 

7 DPYD*2A + c.1236G>A 100% 3

Abbreviations: CTC-AE: common terminology criteria for adverse events.

Frequencies of compound heterozygous DPYD carriers with phasing information
In the GoNL database, genetic data from 496 subjects (fathers and mothers only) was 
reviewed. One subject was found who carried two DPYD variants. This subject was a carrier 
of the DPYD c.1236G>A and DPYD c.2846A>T variants, both of which were located on a 
single allele (in cis). Based upon the data in GoNL, the probability of having compound 
heterozygosity of the four DPYD variants is <0.2%. 
 In the 1000 Genomes database, data of 2,513 individuals was available. After the 
selection of unique, unrelated individuals, 407 individuals remained. One subject was found 
who carried two DPYD variants. This subject was a carrier of DPYD c.1236G>A and DPYD 
c.2846A>T, both of which were located on different alleles (in trans). Based upon the data 
in 1000 Genomes, the probability of having compound heterozygosity of the four DPYD 
variants is <0.3%.
 In the LUMC clinical genetics database (exome trios LUMC), the analysis was restricted 
to the children, since this would allow phasing. None of the 433 children carried more than 
one DPYD variant, thus compound heterozygosity in this database is <0.2%. 
Despite the low frequency, compound heterozygous patients were identified in all databases 
except the LUMC clinical genetics database. However, the low frequency did not allow to 
determine the probability of in cis or in trans phasing of variants in a patient. 
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Discussion
Prospective genotyping of DPYD variants followed by individual dose adjustments is 
increasingly applied as the standard of care for patients starting fluoropyrimidine therapy. 
Standard dose reductions from CPIC and DPWG guidelines cannot be applied in patients 
who carry more than one DPYD variant, as the phasing of the variants is unknown. Despite 
the low population frequency of <0.2%, the absolute number of identified compound 
heterozygous patients will increase as the number of genotyped patients increases and the 
panel of tested variants is expanded. To the best of our knowledge, this is the first study 
that describes a case series of compound heterozygous DPYD variant allele carriers and 
investigates diagnostic and therapeutic strategies for these patients. 
 Our study shows the clinical need for further information on the genotype, as four 
patients were identified as compound heterozygous carriers retrospectively and all of them 
experienced severe toxicity. These compound heterozygous DPYD variant allele carriers 
have an increased risk of developing severe fluoropyrimidine-induced toxicity if dosages are 
not adequately adjusted. Previously, compound heterozygous patients have been described 
with severe or even lethal side effects after fluoropyrimidine treatment.39,40 Three patients 
in this study were prospectively identified as compound heterozygous carriers, received 
initial dose reductions, and developed only mild toxicities. 
 Out of the four patients for whom we were able to retrieve phasing information, three 
were in trans and one was in cis orientation. Data from publicly available databases also 
showed that both in cis and in trans orientations exist. However, the recently updated CPIC 
guidelines on DPYD assumes in trans phasing for compound heterozygous patients.20 The 
DPWG guidelines do not mention phasing; however, the dosing recommendations of the 
DPWG use the GAS, a score based on the activity of individual alleles.19 This implies the need 
for phasing information. The assumption of in trans phasing could result in the underdosing 
of patients with variants phased in cis, and thus exemplifies the need for the determination 
of the phasing of variants.
 In this study, we looked at different diagnostic strategies to determine the phasing of DPYD 
variants in compound heterozygous patients. In four patients, the phasing of DPYD variants 
could be determined using one of three different molecular methods. These methods are in 
the early phases of development, not routinely available, quite expensive, and not always 
conclusive. For two of these techniques, patient RNA is used, which degrades quickly after 
the blood draw unless specifically designed blood tubes are used. Compound heterozygous 
patients are rare, yet here we describe seven patients heterozygous for multiple DPYD 
variants. A limitation of our study is that most patients were identified retrospectively and in 
different institutions. Because of this, not enough of or not the right material was available 
for analysis, thus not all genotyping techniques could be executed in each patient. For two 
samples, tests failed or produced inconclusive results (data not shown). For this reason, 
a formal comparison of their suitability to identify phasing was not possible. However, 
of the three explored molecular methods, PacBio sequencing seems most promising. 
While phasing improved the prediction of DPD enzyme activity, patients with identical 
combinations of DPYD variants and identical phasing showed considerable differences in 
DPD enzyme activity, which could potentially limit the added value of the determination of 
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the phasing of DPYD variants. However, larger numbers of compound heterozygous DPYD 
variant allele carriers would be necessary to draw a firm conclusion.
 The measurement of DPD enzyme activity in PBMCs was used as a reference to assess 
DPD activity. The method is well-established, commonly available, and shows limited intra- 
and interpatient variability.27 However, recently, differences in intrapatient variability in DPD 
enzyme activity related to circadian rhythm were shown,41 which can result in the under- or 
overestimation of DPD enzyme activity. In this study, we present one patient with extremely 
low DPD enzyme activity, which could possibly be influenced by the presence of severe 
neutropenia, as DPD activity is normally measured in mononuclear cells. Therefore, DPD 
enzyme activity can differ depending on the clinical condition of the patient, and should 
thus be measured prior to treatment.
 A major question is whether genotyping or phenotyping is the best method to determine 
DPD activity to guide fluoropyrimidine dosing in patients carrying multiple DPYD variants. 
Despite the low population frequency, we present seven patients carrying multiple DPYD 
variants, of which three received initially reduced fluoropyrimidine dosages. However, 
based on these data, it is not possible to determine if a dose recommendation based on 
phased genetic information or DPD enzyme activity measured in PBMCs is safer. In three 
out of four cases, differences were observed between the theoretically calculated DPD 
activity using genotyping or phenotyping. These differences would result in different dosing 
recommendations. For example, there is a considerable interpatient variability in DPD 
enzyme activity in carriers of the DPYD variant c.1236G>A/HapB3.12 Due to this variability, 
genetic dose recommendations are categorized (e.g. 25 or 50%) on the average of the 
phenotypes. This categorization could explain the observed dosing differences derived from 
genotyping and phenotyping. Other variants of DPYD currently not routinely tested for or 
variants in other genes, e.g. MIR27A,42 might also be involved in reducing DPD activity or 
explaining fluoropyrimidine-induced toxicity. DPD enzyme activity measurements are well-
established, and additional molecular methods to resolve phasing are still in early phases 
of development. Therefore, in our opinion, the current therapeutic strategy for compound 
heterozygous DPYD variant allele carriers should be to determine initial dose reductions 
based on a DPD phenotyping test, for example by measuring enzyme activity in PBMCs. 
Dosing could be adjusted by the treating physician in subsequent cycles based on observed 
severe toxicity (or lack thereof). 

Conclusions
In conclusion, patients carrying multiple DPYD variants are at high risk of developing severe 
toxicity. Additional analyses are required to determine the correct dose of fluoropyrimidine 
treatment. In patients carrying multiple DPYD variants, we recommend that a DPD 
phenotyping assay be carried out to determine a safe starting dose. The dose could be 
titrated in subsequent cycles based on observed toxicity. 



Compound heterozygous DPYD variant allele carriers

289

11

References
1. Scrip’s Cancer Chemotherapy Report. Scrip world pharmaceutical news London: PJB Publications 

Ltd. 2002.
2. Walko CM, Lindley C. Capecitabine: a review. Clin Ther. 2005;27(1):23-44.
3. Malet-Martino M, Martino R. Clinical studies of three oral prodrugs of 5-fluorouracil (capecitabine, 

UFT, S-1): a review. Oncologist. 2002;7(4):288-323.
4. Rosmarin D, Palles C, Pagnamenta A, et al. A candidate gene study of capecitabine-related toxicity 

in colorectal cancer identifies new toxicity variants at DPYD and a putative role for ENOSF1 rather 
than TYMS. Gut. 2015;64(1):111-120.

5. Terrazzino S, Cargnin S, Del Re M, Danesi R, Canonico PL, Genazzani AA. DPYD IVS14+1G>A and 
2846A>T genotyping for the prediction of severe fluoropyrimidine-related toxicity: a meta-
analysis. Pharmacogenomics. 2013;14(11):1255-1272.

6. Saltz LB, Niedzwiecki D, Hollis D, et al. Irinotecan fluorouracil plus leucovorin is not superior to 
fluorouracil plus leucovorin alone as adjuvant treatment for stage III colon cancer: results of 
CALGB 89803. J Clin Oncol. 2007;25(23):3456-3461.

7. van Kuilenburg AB. Dihydropyrimidine dehydrogenase and the efficacy and toxicity of 
5-fluorouracil. Eur J Cancer. 2004;40(7):939-950.

8. Gonzalez FJ, Fernandez-Salguero P. Diagnostic analysis, clinical importance and molecular basis 
of dihydropyrimidine dehydrogenase deficiency. Trends Pharmacol Sci. 1995;16(10):325-327.

9. van Kuilenburg ABP, Meijer J, Maurer D, et al. Severe fluoropyrimidine toxicity due to novel and 
rare DPYD missense mutations, deletion and genomic amplification affecting DPD activity and 
mRNA splicing. Biochim Biophys Acta. 2017;1863(3):721-730.

10. Meulendijks D, Henricks LM, van Kuilenburg AB, et al. Patients homozygous for DPYD c.1129-
5923C>G/haplotype B3 have partial DPD deficiency and require a dose reduction when treated 
with fluoropyrimidines. Cancer Chemother Pharmacol. 2016;78(4):875-880.

11. Offer SM, Fossum CC, Wegner NJ, Stuflesser AJ, Butterfield GL, Diasio RB. Comparative functional 
analysis of DPYD variants of potential clinical relevance to dihydropyrimidine dehydrogenase 
activity. Cancer Res. 2014;74(9):2545-2554.

12. Henricks LM, Lunenburg CATC, Meulendijks D, et al. Translating DPYD genotype into DPD 
phenotype: using the DPYD gene activity score. Pharmacogenomics. 2015;16(11):1277-1286.

13. Deenen MJ, Meulendijks D, Cats A, et al. Upfront Genotyping of DPYD*2A to Individualize 
Fluoropyrimidine Therapy: A Safety and Cost Analysis. J Clin Oncol. 2016;34(3):227-234.

14. Lunenburg CATC, van Staveren MC, Gelderblom H, Guchelaar HJ, Swen JJ. Evaluation of clinical 
implementation of prospective DPYD genotyping in 5-fluorouracil- or capecitabine-treated 
patients. Pharmacogenomics. 2016;17(7):721-729.

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

16. Lunenburg CATC, Henricks LM, Guchelaar HJ, et al. Prospective DPYD genotyping to reduce the 
risk of fluoropyrimidine-induced severe toxicity: Ready for prime time. Eur J Cancer. 2016;54:40-
48.



Chapter 11

290

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

18. MO. Dutch Association for Medical Oncology. “Result survey screening for DPD deficiency”. 
Dutch Medical Oncology Journal. 2016;19(6):12-15.

19. KNMP. Royal Dutch Society for the Advancement of Pharmacy. Fluorouracil/Capecitabine 
DPD gene activity score and guidelines. [Website]. 2015; https://kennisbank.knmp.nl/article/
farmacogenetica/2552-4893-4894.html. Accessed 05 May 2017.

20. Amstutz U, Henricks LM, Offer SM, et al. Clinical Pharmacogenetics Implementation Consortium 
(CPIC) Guideline for Dihydropyrimidine Dehydrogenase Genotype and Fluoropyrimidine Dosing: 
2017 Update. Clin Pharmacol Ther. 2018;103(2):210-216.

21. Henricks LM, Kienhuis E, de Man FM, et al. Treatment algorithm for homozygous or compound 
heterozygous DPYD variant allele carriers with low dose capecitabine. JCO Precis Oncol. 2017.

22. Federa. Federation of Dutch Medical Scientific Societies.  www.federa.org.
23. NCI. National Cancer Institute: Common Terminology Criteria for Adverse Events v4.03.  https://

evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03_2010-06-14_QuickReference_8.5x11.pdf, 5 May 2017.
24. Meulendijks D, Cats A, Beijnen JH, Schellens JH. Improving safety of fluoropyrimidine 

chemotherapy by individualizing treatment based on dihydropyrimidine dehydrogenase activity 
- Ready for clinical practice? Cancer Treat Rev. 2016;50:23-34.

25. van Staveren MC, van Kuilenburg ABP, Guchelaar HJ, et al. Evaluation of an oral uracil loading 
test to identify DPD-deficient patients using a limited sampling strategy. Br  J  Clin  Pharmacol. 
2016;81(3):553-561.

26. Henricks LM, Siemerink EJM, Rosing H, et al. Capecitabine-based treatment of a patient with a 
novel DPYD genotype and complete dihydropyrimidine dehydrogenase deficiency. Int J Cancer. 
2018;142(2):424-430.

27. Van Kuilenburg ABP, Van Lenthe H, Tromp A, Veltman PC, Van Gennip AH. Pitfalls in the diagnosis 
of patients with a partial dihydropyrimidine dehydrogenase deficiency. Clin Chem. 2000;46(1):9-
17.

28. Van Kuilenburg ABP, Meinsma R, Zoetekouw L, Van Gennip AH. Increased risk of grade IV 
neutropenia after administration of 5-fluorouracil due to a dihydropyrimidine dehydrogenase 
deficiency: high prevalence of the IVS14+1g>a mutation. Int J Cancer. 2002;101(3):253-258.

29. Regan JF, Kamitaki N, Legler T, et al. A rapid molecular approach for chromosomal phasing. PloS 
one. 2015;10(3):e0118270.

30. Buermans HP, Vossen RH, Anvar SY, et al. Flexible and Scalable Full-Length CYP2D6 Long Amplicon 
PacBio Sequencing. Hum Mutat. 2017;38(3):310-316.

31. van der Straaten T, Swen J, Baak-Pablo R, Guchelaar HJ. Use of plasmid-derived external quality 
control samples in pharmacogenetic testing. Pharmacogenomics. 2008;9(9):1261-1266.

32. ExAC. Exome Aggregation Consortium. ExAC Browser (Beta). 2016; http://exac.broadinstitute.
org/ Accessed 13/12/2017.

33. gnomAD. genome Aggregation Database. gnomAD browser (Beta). 2017; http://gnomad.
broadinstitute.org/. Accessed 14th July 2017.



Compound heterozygous DPYD variant allele carriers

291

11

34. Francioli L, Menelaou A, Pulit S, et al. Genome of the Netherlands Consortium. Whole-genome 
sequence variation, population structure and demographic history of the Dutch population. Nat 
Genet. 2014;46(8):818-825.

35. Python. Python Software Foundation©. 2001; https://www.python.org/.
36. IGSR. The International Genome Sample Resource. 2008; http://www.internationalgenome.org/ 

Accessed 29th June 2017.
37. Li H. Tabix: fast retrieval of sequence features from generic TAB-delimited files. Bioinformatics. 

2011;27(5):718-719.
38. R. Core Team. R: A Language and Environment for Statistical Computing. 2018; https://www.R-

project.org.
39. Toffoli G, Giodini L, Buonadonna A, et al. Clinical validity of a DPYD-based pharmacogenetic test 

to predict severe toxicity to fluoropyrimidines. Int J Cancer. 2015;137(12):2971-2980.
40. Johnson MR, Wang K, Diasio RB. Profound dihydropyrimidine dehydrogenase deficiency resulting 

from a novel compound heterozygote genotype. Clin Cancer Res. 2002;8(3):768-774.
41. Jacobs BAW, Deenen MJ, Pluim D, et al. Pronounced between-subject and circadian variability 

in thymidylate synthase and dihydropyrimidine dehydrogenase enzyme activity in human 
volunteers. Br J Clin Pharmacol. 2016;82(3):706-716.

42. Meulendijks D, Henricks LM, Amstutz U, et al. Rs895819 in MIR27A improves the predictive value 
of DPYD variants to identify patients at risk of severe fluoropyrimidine-associated toxicity. Int J 
Cancer. 2016;138(11):2752-2761.




