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Dihydropyrimidine dehydrogenase (DPD) is a key enzyme in the metabolic catabolism of

chemotherapeutic agent 5-fluorouracil (5FU) and its derivatives, including capecitabine.

Numerous genetic mutations have been identified in the DPD gene locus (DPYD), with a

few key variants having functional consequences on enzymatic activity. Deficiencies in

DPD activity have been shown to cause 5FU-treated cancer patients to experience severe

drug-related toxicities, often requiring extensive medical intervention. We review the per-

formance of assays that assess DPD and DPYD status, with an emphasis on the robustness

for routine clinical applications. None of the current strategies are adequate to mandate

routine DPD testing prior to starting a fluoropyrimidine-based therapy. However, further

research and technological improvements will hopefully allow prospective identification

of potentially toxic patients, in order to reduce the number of patients with severe, life-

threatening side effects to 5FU treatment.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

5-Fluorouracil (5FU) and its prodrug, capecitabine, are

amongst the most commonly used drug therapies for cancers

in the United States. These agents are administered either as

single agent or combination therapy for cancers of the head

and neck, cervix, breast, and gastrointestinal tract. Numerous

serious adverse side effects have been reported with fluoropyr-

imidine treatment, including myelosuppression, cardiac tox-

icity, mucositis, hand-foot syndrome (HFS), and diarrhoea.1,2

More recently, capecitabine has been favoured because of

the convenience of its oral administration. In addition, cape-

citabine is better tolerated by patients, who reported fewer

cases of stomatitis, alopecia, neutropenia, diarrhoea, and nau-
er Ltd. All rights reserved

; fax: +1 919 962 0644.
cLeod).
sea, but more cases of HFS, with capecitabine compared to

5FU.3

Dihydropyrimidine dehydrogenase (DPD) is the initial and

rate-limiting enzyme in the pathway that catabolises the pyr-

imidines such as uracil and thymine. The degradation of uracil

by this process is solely responsible for the endogenous bio-

synthesis of b-alanine, a structural homologue of two inhibi-

tory neurotransmitters, glycine and c-aminobutyric acid

(GABA). Complete DPD deficiency has been reported in paedi-

atric patients presenting with high levels of thymine and uracil

in the urine, blood, and cerebrospinal fluid, and can be accom-

panied by varying levels of neurological abnormalities.4

DPD plays a key role in the catabolic breakdown of fluori-

nated pyrimidines, like 5FU. It has been reported to catabolise
.
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>80% of 5FU administered to cancer patients into fluorinated

b-alanine.5 Incorporation of the remaining 5FU into anabolic

pathways induces anti-tumour and cytotoxic effects, primar-

ily, by inhibition of thymidylate synthase (TS), a necessary en-

zyme for the de novo synthesis of dTMP. 5FU is converted into

5FdUMP and forms a stable complex with TS, limiting further

enzymatic activity and impairing RNA and DNA synthesis

and stability.6,7 Capecitabine is an orally administered inac-

tive prodrug that is converted into 5FU by a three-step process

in situ.8 The key step is catalysed by thymidine phosphorylase

(TP), which is expressed at elevated levels by the liver and

many tumours, allowing capecitabine to be specifically tar-

geted to the site of the cancer, leading to relatively high local

concentrations of 5FU in tumour cells.3,7

For the past 20 years, a causative link between deficiency

in DPD activity and severe toxicity in response to 5FU treat-

ment, including grade 4 symptoms and death, has been

extensively studied. DPYD, the gene encoding DPD, is located

within human chromosomal region 1p22 and is composed of

23 exons encompassing approximately 950 kb.9,10 Over 30 sin-

gle nucleotide polymorphisms (SNPs) and deletion mutations

have been identified within DPYD, although most of these

variants have no functional consequences on enzymatic

activity. Of particular interest is the IVS14 + 1 G > A variant

(DPYD*2A), which has been found in up to 40–50% of people

with partial or complete DPD deficiency.4,11,12 Recent studies

have suggested that epigenetic factors may also influence

DPD activity. Aberrant methylation of the DPYD promoter

was found to cause a partially DPD deficient phenotype.13–15

The issue of DPD deficiency and severe toxicity from 5FU is

of significant importance due to the widespread usage of 5FU.

Meta-analysis of over 1200 patients suggested that more than

30% of patients treated with 5FU experience severe drug-re-

lated toxicity.16 The frequency of low DPD enzymatic activity,

indicating partial DPD deficiency, in the general population

was initially estimated at between 3% and 5%,17,18 although

additional studies have shown significant variability among

different ethnic subpopulations. Phenotypic and genotypic

analyses of Asian (Japanese, Taiwanese, Korean),10,11,19–21

Southwest Asian (Indian, Pakistani, Sri Lankan),22,23 African

(Egyptian, Kenyan, Ghanian),22,24 European Caucasian (Brit-

ish, Dutch, French, German, Portuguese)25–27 and American

(Caucasian and African-American)10,28,29 populations found

partial DPD deficiency to occur at varying rates. For instance,

a cohort of 114 Korean subjects was found to have a higher

mean value for DPD activity than previously published Cauca-

sian populations.19 In contrast, a study population of African-

Americans, especially female African-Americans, had signifi-

cantly lower mean DPD activity and higher prevalence of par-

tial DPD deficiency than a control Caucasian group.29

Interpretation of these studies has been complicated by the

fact that there is not a current consensus definition of defi-

ciency. Initial studies used the lower 95th percentile as an

arbitrary cut-off point. Other groups have suggested using

the lower 70th percentile of DPD activity from a normal pop-

ulation as a threshold level, which would put nearly 14% of

the general population at risk for developing 5FU-related tox-

icity.12 Most patients have no symptoms of partial DPD defi-

ciency and are unaware of their condition prior to 5FU

treatment and the subsequent development of adverse side
effects. This raises the question: What is the clinical utility

of screening all cancer patients for DPD deficiency before

starting on a 5FU or capecitabine treatment regimen?
2. The clinical assays

A number of screening methods have been developed for

assessing DPD activity. The most common test, used as a

benchmark to compare the quality of newer assays, involves

the ex vivo incubation of a patient’s peripheral blood mononu-

clear cells (PBMCs) with radiolabelled 5FU and measuring the

resulting rate of catabolite formation by high-performance li-

quid chromatography (HPLC).30,31 Although levels are highest

in the liver, activity in PBMCs was found to be strongly corre-

lated to liver DPD activity, and PBMCs are often used because

they are easier to access.32 Still, this assay is limited by a cum-

bersome sample preparation process and is complicated to

perform. Thus, the number of patients who can be tested by

this method is limited.

Real-time quantitative PCR of DPD mRNA has been sug-

gested as an alternative method of measuring DPD enzymatic

activity. Quantitative PCR has the advantage of being less

complicated than the radiolabelling assay and relatively

high-throughput. Yet, it remains unclear whether the quanti-

fication of cellular DPYD mRNA expression accurately repre-

sents the level of DPD enzyme activity, with several reports

offering conflicting data.28,33–36 Of particular concern is the

detection of patients with DPD deficiency, where the molecu-

lar basis may result from RNA splicing, non-synonymous

variants that do not change expression level, or post-genome

variables (e.g. drug interactions or dietary intake).

A recent report, using a small number of patients, sug-

gested measuring plasma levels of fluoro-b-alanine (FBAL),

the final metabolite of 5FU in the catabolic pathway, by HPLC

to assess DPD enzyme activity.37 Decreased levels of FBAL

were significantly correlated with reduced DPD activity, as

measured by radio-assay. However, this assay requires the

administration of at least a test dose of a fluoropyrimidine.

Further research needs to be performed to confirm the clinical

utility of this technique.

More promising alternate assays involve measuring uracil

levels to determine DPD activity, prior to starting on a 5FU or

capecitabine therapeutic regimen. Partial DPD deficiency im-

pairs the metabolic breakdown of uracil, causing a build up

of uracil that can be detected in plasma or urine samples by

HPLC. Several recent studies found that elevated levels of ura-

cil in plasma were significantly associated with impaired

clearance of 5FU and development of 5FU-related toxicity.36,38

Similarly, a ratio comparison of 5,6-dihydrouracil to uracil

(UH2/U), measured prior to 5FU treatment, could also be sig-

nificantly correlated with later development of adverse side

effects.38,39 Additionally, for particularly low values, the

UH2/U ratio was associated with decreased 5FU clearance

rates.36,40 This method has been further streamlined, cutting

the assay time in half and reducing the cost, in an effort to

make it available for routine clinical use.41

Recently, a new test for uracil catabolism was devel-

oped.42 Subjects ingested an aqueous solution of 2-13C-ura-

cil, and exhaled levels of 13CO2 and 12CO2 were measured
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using infrared spectrophotometry. This study, as well as

several follow up studies, demonstrated that reduced levels

of exhaled 13CO2 were strongly correlated to partial or com-

plete DPD deficiency, as measured by the radiolabelling en-

zyme assay.23,29 The breath test was non-invasive and

rapid, giving accurate results of DPD activity within an

hour of consuming the 2-13C-uracil solution. The 13CO2 ex-

haled breath samples that were collected into sealed bags

were reported to be stable for up to 210 days, so the time

needed for transport from the clinic to a laboratory testing

facility should not be limiting. The analysis method used

for measuring 2-13C-uracil is the same as is used for sev-

eral commonly performed tests, including the H. pylori

breath test. However, the general usage of this method is

restricted by the limited availability of the substrate, since

2-13C-uracil is not available worldwide, yet. Other problems

with screening for DPD deficiency utilising uracil-based

methods exist. Inter-assay variability remains a problem,

particularly if the tests are done by different laboratory

facilities, a necessary consequence of widespread patient

testing. Likewise, it has been difficult to define standar-

dised threshold values for separating normal patients from

those with DPD deficiency.

Other techniques for predicting partial DPD deficiency uti-

lise genomics-based approaches. Several groups have re-

ported using the WAVETM DNA Fragment Analysis System,

developed by Transgenomic, connected to a denaturing HPLC

(DHPLC) for the detection of DNA mutations in DPYD.43–45 PCR

amplified exons of a patient’s DPYD gene were allowed to du-

plex with wild-type DNA fragments, and heteroduplexes were

separated from homoduplexes using DHPLC. Using optimised

conditions in pilot studies, two groups reported no false pos-

itives or false negatives, which would give both sensitivity

and specificity of 1.00 for the assay.43,45 With this system

whole exons can be screened, without the need to have

previously identified the mutation, at reasonably low cost.

Standard reference peaks can be established using PCR-gener-

ated homoduplexes, minimising the inter-assay variability.

However, the method is relatively slow, taking up to 12.5 h

per patient to screen the entire DPYD gene, which could limit

the utility of this technique for clinical laboratory applica-

tions. Also, the method will identify any genetic change in

the evaluated sequence, with the majority being of unclear

clinical consequence.

Pyrosequencing, a procedure that sequences targeted mi-

cro-domains containing putative mutations, has been used
Table 1 – Analytical performance of DPYD genetic testing to p

Study n

Raida et al.26 25 Patients with severe toxicity

van Kuilenburg et al.48 60 Patients with severe toxicity

van Kuilenburg et al.49 37 Patients with severe toxicity

Salguiero et al.27 73 Consecutive patients, 8 with severe toxicit

Morel et al.47 44 Patients with severe toxicity

Largillier et al.50 105 Consecutive patients, 16 with severe toxic

Ciccolini et al.39 80 Patients with severe toxicity

Boisdron-Celle et al.36 252 Patients, 15 with severe toxicity

PPV, positive predictive value; NPV, negative predictive value. N.D., not d
in multiple studies to investigate SNPs and nucleotide dele-

tions in DPYD.36,38,46,47 This method is able to rapidly screen

a large number of individual samples. As with the other tests,

there are drawbacks to pyrosequencing. The assay can only

be used to analyse previously identified mutations, and most

mutations have to be sequenced separately. Screening of each

of the more than 30 known DPYD mutations would be a

lengthy process for every patient. However, because some of

the mutations have no effect on DPD enzyme activity, and

others are found at very low frequencies, pyrosequencing

could be made efficient enough for widespread clinical use

by concentrating on screening patients for the most com-

monly found functional SNPs.

3. The clinical case for DPD screening

Importantly, genetic mutation in DPYD does not always

translate into severe 5FU toxicity. Seven patients heterozy-

gous for the 2846A > T SNP were recently described.36 Five

of the seven patients developed severe, grade III or IV toxic-

ities shortly after beginning the 5FU regimen. One patient

had only mild, grade I toxicity after 5FU administration,

leading to a reduction in dosage and no further toxicity.

The other patient reported no toxicity to 5FU treatment.

The possibility of getting false positive genetic testing re-

sults, causing an unnecessary reduction in chemotherapy

dosage for a patient, is a risk that must be balanced with

the benefit of identifying patients who will be harmed by

the treatment regimen.

Many reports have studied the correlation between spe-

cific DPYD mutations or DPD activity measures and the devel-

opment of grade 3 or 4 adverse side effects (see Table 1).

Within a group of 25 German cancer patients experiencing se-

vere toxicity, six patients (24%) were found to carry the DPY-

D*2A mutation, with one individual being homozygous.26

Three of the patients with mutations died as a result of treat-

ment. A similar study of 60 Dutch cancer patients with grade

3 or 4 toxicity found that 17 patients (28%) were carriers of the

IVS14 + 1 G > A variant, one of whom was homozygous.48 In a

separate report from the Netherlands, 59% (22/37) of cancer

patients with severe toxicity on a 5FU regimen were found

to have partial DPD deficiency, as determined by the radioiso-

tope assay.49 Fourteen of these patients with reduced DPD

activity were genotyped, and eight (57%) were found to have

DPYD mutations, including six with the IVS14 + 1 G > A SNP

and one with the 2846 A > T SNP. Similar results were found
redict fluoropyrimidine toxicity

Type Sensitivity Specificity PPV NPV

Case only 24% N.D. N.D. N.D.

Case only 28% N.D. N.D. N.D.

Case only 57.1% N.D. N.D. N.D.

y Cohort 25% 100% 100% 92%

Case only 31% 98% 62% 94%

ity Cohort 6.3% 100% 100% 85.6%

Case only 71.3% N.D. N.D. N.D.

Cohort 83% 82% 70% N.D.

eterminable.
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in a small study of three patients who died after treatment

with 5FU in the United States.44 Genomic sequencing deter-

mined that two of the individuals were heterozygous for both

the IVS14 + 1 G > A and 2846 A > T SNPs, while the third also

had a distinct complex heterozygous genotype for DPYD. In

Portugal, a cohort of 73 cancer patients being treated with

5FU was analysed.27 Of the eight patients who developed

early grade 3 or 4 toxicity, two had mutations in the DPD gene

– one IVS14 + 1 G > A mutation and one 1845 G > T mutation.

More recently, a large prospective study was performed in

France with 487 patients, 44 of whom suffered a severely toxic

reaction to 5FU.47 A combination of 3 SNPs (IVS14 + 1 G > A,

2846 A > T and 1679 T > G) was examined, and it was deter-

mined that the presence of any of these SNPs significantly in-

creased the patient’s risk of developing severe 5FU toxicity by

about 4-fold. Six of ten patients with the IVS14 + 1 G > A SNP

developed grade 3 or 4 toxicity, but two of the four non-toxic

individuals received a lower initial dosage of 5FU. Likewise, 6/

10 individuals carrying the 2846 A > T mutation and 1/1 with

the 1679 T > G SNP experienced grade 3 or 4 adverse side ef-

fects. In a cohort of 105 breast cancer patients being treated

with capecitabine, a single individual was found to carry the

IVS14 + 1 G > A mutation; she experienced lethal toxicity in

response to treatment.50

Fewer reports have been published using the alternative

methods to predict toxicity caused by partial DPD deficiency.

A patient of Spanish descent who experienced lethal toxicity

in response to 5FU treatment was found to have an abnor-

mally high baseline level of plasma uracil and a low plasma

UH2/U ratio.38 Additional genetic testing demonstrated that

the patient carried a novel DPYD 464 T > A SNP. From a cohort

of 615 French patients treated with 5FU or capecitabine, 80

were identified who developed grade 3 or 4 toxicity.39 Fifty-se-

ven of the 80 patients (71%) demonstrated a UH2/U ratio lower

than the cut-off value determined from the reference popula-

tion. However, none of the 80 patients experiencing toxicity

carried the IVS14 + 1 G > A SNP. Similarly, a patient treated

with capecitabine and oxaliplatin, who developed severe

grade 4 toxicities, did not carry the IVS14 + 1 G > A mutation

but demonstrated a depressed UH2/U ratio.51 A combination

of methods – starting with pyrosequencing and plasma uracil

levels measurement, followed by determination of the UH2/U

ratio to verify the results – in a retrospective study of a cohort

of 252 French Caucasian patients was shown to achieve 0.83

sensitivity and 0.84 specificity.36 Using this combination of as-

says, the authors reported that 98.8% of patients who experi-

enced grade 3 or 4 toxicities could have been identified prior

to beginning 5FU treatment.

Overall, the analysis of DPYD*2A, alone or in combination

with other common variants 2846 A > T and 1679 T > G, gave a

sensitivity of 6.3–83% (median 30%) and a specificity of 82–

100% (median 99%). Only 2 studies provided enough data to

assess DPD enzyme activity; both had a sensitivity of 60%.

More valuable indicators of the utility of a particular assay

are the positive predictive value (PPV) and the negative predic-

tive value (NPV), which ranged from 62% to 100% (median

85%) and 85.6% to 94% (median 92%), respectively, for the ge-

netic analyses.

While the genomics and plasma uracil quantitation ap-

proaches to screening for 5FU-induced toxicity are promis-
ing, the uracil breath test appears to be fast, effective,

and non-invasive. As an indirect, but functional, measure

of DPD activity it holds great potential as a viable clinical

tool. Currently, there have been no published reports on

the efficacy of this assay for identifying patients experi-

encing severe toxicity, conducted either prospectively or

retrospectively. Its current usage is limited by reagent avail-

ability, and the cost for performing the assay is unclear.

However, the demonstrated long-term stability of 13CO2

and consistency of assay results indicates that this assay

could have great benefits for future cancer patients by iden-

tifying those individuals who would be at risk for develop-

ing severe 5FU-related toxicities prior to starting the

treatment regimen.

Clearly, the goal of clinical testing for DPD genetic

mutation or enzymatic deficiency is to identify patients

who will develop severe adverse reactions to 5FU or cape-

citabine prior to drug administration, while minimising

the number of patients who are mischaracterised and,

thus, receive an unnecessarily altered dosage. However,

the detection of ‘at risk’ patients must be the priority, from

both a humanitarian and an economic viewpoint. Thus,

developing assays with moderately good PPV (i.e. >70%),

but very high NPV (i.e. >90%) is critical. Currently, several

recently published reports approach these standards.27,36,47

It is imperative to comprehensively recognise all patients

who are potentially toxic, so they can receive a lower ini-

tial dosage of chemotherapeutic drug, and thus, avoid the

toxic side effects. The improper dosing of patients who

are misidentified as potentially toxic can be corrected dur-

ing follow-up rounds of chemotherapy by escalation of

dose in patients not experiencing toxicity. Oncologists

and patients must be able to have confidence that the pa-

tients will not experience severe toxicity to 5FU or capecit-

abine given test results that indicate that the patient is not

DPD deficient.

4. Conclusions

Fluoropyrimidines remain a staple of chemotherapeutic can-

cer medicine, nearly 50 years after the discovery of 5FU.

Although advancements in treatment have been made, most

notably the development of rationally designed 5FU deriva-

tives, like capecitabine or uracil and tegafur, many patients

still experience severe adverse side effects from the drugs.

In the absence of new, better alternative chemotherapies,

screening patients for conditions that would predispose them

to being unable to tolerate 5FU, such as DPD deficiency, re-

mains the best solution for improving patient outcomes. Still,

with the currently available clinical laboratory assays, it is not

yet possible to screen cancer patients with a high level of pre-

dictive accuracy. However, as an understanding of the molec-

ular basis of 5FU-related toxicity continues to improve, and

the techniques for assessing DPD deficiency are further re-

fined, there is hope that screening will become practicable

in the future.
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