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Abstract

The identification of genetic factors associated with either responsiveness or resistance to 5-fluorouracil (5-FU) chemotherapy, as
well as genetic factors predisposing patients to the development of severe 5-FU-associated toxicity, is increasingly being recognised

as an important field of study. Dihydropyrimidine dehydrogenase (DPD) is the initial and rate-limiting enzyme in the catabolism of
5-fluorouracil (5-FU). Although the role of tumoral levels as a prognostic factor for clinical responsiviness has not been firmly
established, there is ample evidence that a deficiency of DPD is associated with severe toxicity after the administration of 5-FU.
Patients with a partial DPD deficiency have an increased risk of developing grade IV neutropenia. In addition, the onset of toxicity

occurred twice as fast compared with patients with a normal DPD activity. To date, 39 different mutations and polymorphisms
have been identified in DPYD. The IVS14+1G>A mutation proved to be the most common one and was detected in 24–28% of
all patients suffering from severe 5-FU toxicity. Thus, a deficiency of DPD appears to be an important pharmacogenetic syndrome.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Colorectal cancer is one of the most common fatal
cancer types in elderly men and women [1]. The stan-
dard treatment for locally advanced colon cancer is
surgical resection followed by adjuvant treatment with
5-fluorouracil (5-FU) and leucovorin. For patients suf-
fering from Dukes’ C stage colon cancer, this post-
operative treatment has increased the 3-year overall
survival rate by 12% [2]. Nevertheless, approximately
50% of these patients will die from metastatic disease,
despite surgery and adjuvant chemotherapy. 5-FU, with
or without folinic acid, has also been the favoured
chemotherapy for the treatment of metastatic colorectal
cancer. Although the palliative treatment of advanced
colorectal cancer prolongs the medium survival, when
compared with patients receiving best supportive care
only, long-term survival is rare [3–5]. In metastatic dis-
ease, response rates with fluoropyrimidine-based regi-
mens are approximately 22% with a medium survival of
11 months [6].
A challenging field is the identification of patients

with tumours, before the commencement of treatment,
that are likely to be responsive or resistant to first-line
chemotherapy with 5-FU [7,8]. Patients with an unfa-
vourable clinical or genetic make-up would be candi-
dates for alternative treatment modalities using new
agents with novel mechanisms of action [7]. Similarly,
the identification of patients with an increased risk of
development of severe 5-FU-associated toxicity would
allow either dose-adaptation or the application of new
non-fluoropyrimidine-based chemotherapeutic drugs
[9].
Adverse drug reactions are a major clinical problem

and it has been estimated that, in 1994, they accounted
for over 100 000 deaths in the United States [10]. As
such, adverse drug reactions were the fourth largest
cause of death in the United States after heart diseases,
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cancer and stroke [10]. A meta-analysis involving 1219
patients with colorectal cancer receiving 5-FU, showed
that grade 3 to 4 toxicity was encountered in 31–34% of
the patients, with 0.5% of the patients experiencing
lethal toxicity [11]. It is likely that a significant propor-
tion of these adverse drug reactions are due to geneti-
cally-based differences, between individuals, in the
response to 5-FU. Recent advances in our under-
standing of the metabolism of 5-FU and the key-
enzymes involved in the activation and degradation of
5-FU have led to an increased awareness that the cata-
bolic route of 5-FU plays an important role in the
determination of toxicity as well as the efficacy towards
5-FU [12–14].
In this paper, the pivotal role of dihydropyrimidine

dehydrogenase (DPD) in the metabolism of 5-FU is
described and the pharmacogenetic consequences asso-
ciated with a deficiency of this enzyme.
2. Metabolism of 5-FU

In order to exert its cytotoxic effect against cancer,
5-FU must first be anabolised to the nucleotide level
(Fig. 1). Fluoropyrimidine nucleotides exert their cyto-
toxic effects through different mechanisms [15,16]. 5-FU
is extensively incorporated into both nuclear and cyto-
plasmic RNA species. The incorporation of 5-fluorour-
idine 50-triphosphate (FUTP) into RNA is accompanied
by profound effects on the synthesis, stability, proces-
sing and methylation of RNA [15,16]. To some extent,
5-fluoro-20-deoxyuridine 50-triphosphate (FdUTP) can
be incorporated into DNA leading to the inhibition of
DNA elongation and to DNA fragmentation [15–18]. In
addition to the incorporation of 5-FU into RNA and
DNA, it has also been demonstrated that metabolites of
5-FU can produce alterations of the cellular membrane
[19,20]. This phenomenon is probably attributable to
FUDP-hexoses which may alter the structure of mem-
branes by impairing the biosynthesis of glycoproteins.
The relative importance of these membrane effects has
not been studied thoroughly and their contribution to
toxicity remains unclear. However, the most important
anti-tumour effect of 5-FU can be ascribed to the inhi-
bition of thymidylate synthase (TS) by FdUMP [21–24].
TS is a crucial enzyme for the de novo synthesis of thy-
midylate (dTMP) which is needed for the synthesis of
DNA. This enzyme is responsible for the methylation of
20-deoxyuridine 50-monophosphate (dUMP) into thymi-
dine 50-monophosphate (dTMP) with the concomitant
oxidation of N5,N10-methylenetetrahydrofolate to dihy-
drofolate. The relative contribution of RNA-directed
and DNA-directed mechanisms of cytotoxicity of 5-FU
depends on both the concentration of 5-FU and the
duration of exposure. It has been suggested that short-
term exposure to high concentrations of 5-FU induce
RNA-directed 5-FU toxicity, whereas longer exposures
to lower concentrations favour DNA-directed effects [25].
Today, a number of prodrugs have been developed

from 5-FU such as capecitabine. Capecitabine is an
Fig. 1. The anabolism and catabolism of 5-fluorouracil (5-FU). TS, thymidylate synthase.
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orally-administered fluoropyrimidine carbamate which
is preferentially converted to 5-FU within the tumour
site [26]. Capecitabine and its intermediate metabolites
are not cytotoxic themselves, but instead become effec-
tive after the conversion to 5-FU.
Opposing the activation of 5-FU to the level of fluor-

opyrimidine nucleotides are the enzymes of the pyr-
imidine degradation pathway. DPD catalyses the
conversion of 5-FU to fluoro-5,6-dihydrouracil (FUH2)
which is the initial and rate-limiting step in the catabo-
lism of 5-FU. FUH2 can be further degraded to fluoro-
b-ureidopropionate (FUPA) and subsequently to
fluoro-b-alanine (FBAL) by dihydropyrimidinase and
b-ureidopropionase, respectively.
3. DPD activity and the levels of 5-FU

Although the cytotoxic effects of 5-FU are probably
directly mediated via the anabolic pathways, the cata-
bolic route plays a significant role as more than 80% of
the administered 5-FU is catabolised by DPD [27]
(Fig. 1). The activity of DPD can be detected in a vari-
ety of tissues, although the liver is the main organ
responsible for the catabolism of 5-FU [28,29]. Patients
with a severe impairment of the liver function might be
prone to the development of severe toxicity due to a
decreased capacity to catabolise 5-FU [30,31]. Since the
activity of DPD in normal liver correlates well with that
of peripheral blood mononuclear cells (PBM cells), the
latter have been used as a surrogate for total body DPD
activity [32]. The role of DPD, as an important factor in
regulating the availability of 5-FU, was demonstrated in
initial studies by Harris and colleagues, who observed a
profound circadian rhythm in the activity of DPD [33].
The DPD activity was shown to be inversely related to
the plasma concentrations of 5-FU in patients treated
with continuous infusion of 5-FU [33]. Although there
is ample evidence that the activity and mRNA levels of
DPD in rodents follow a circadian rhythm [34], the
presence of such a circadian rhythm in man is much
debated as subsequent studies in both healthy volun-
teers and cancer patients failed to demonstrate the pre-
sence of a clear circadian rhythm in the DPD activity
[35,36], mRNA [37] and 5-FU levels [38].
For DPD activities within the normal range, conflict-

ing results have been published as to whether a corre-
lation exists between the DPD activity and the clearance
of 5-FU [30,39–41]. However, compelling results have
recently shown that patients with a partial or complete
DPD deficiency have a reduced capacity to degrade 5-
FU and are at risk of developing severe 5-FU-associated
toxicity. In a patient with a partial deficiency of DPD,
due to heterozygosity for the IVS14+1G>A mutation,
the clearance of 5-FU was 2.5 times lower and the area
under the curve (AUC) of 5-FU (24.1 mg.h.l�1) was 2.5
times higher, compared with controls [42]. Furthermore,
a clinical pharmacological study of a patient with a
complete deficiency of DPD demonstrated minimal cat-
abolism of 5-FU, with a 10-fold longer half-life of 5-FU
compared with patients with a normal DPD activity
[43]. The important role of DPD in the metabolism of
5-FU was also highlighted by the observation of a lethal
drug interaction between 5-FU and the antiviral agent
sorivudine (1-b-d-arabinofuranosyl-(E)-5-(2-bromo-
vinyl) uracil [44,45]. Sorivudine is catabolised in the gut
flora to (E)-5-(2-bromovinyl) uracil which is a powerful
inhibitor of DPD, resulting in a prolonged systemic
exposure to 5-FU [44,45].
4. DPD and the efficacy of 5-FU

It was shown that a modest correlation exists between
the DPD activity in PBM cells and colorectal tumours
[46]. However, the use of PBM cells as a surrogate for
monitoring the DPD activity in tumour cells is ham-
pered by the fact that the DPD activity in colorectal
tumours proved to be highly variable, the variability of
which could not be explained by the DPD activity in
PBM cells [46]. In line with this observation is the fact
that no correlation was observed between the DPD
activity in PBM cells and the response to 5-FU-based
chemotherapy [47,48].
The analysis of more than 60 human cancer cell lines

demonstrated that a highly significant inverse corre-
lation exists between both the DPD mRNA expression
and DPD activity with the 5-FU response [49,50]. In
addition, it was shown that human tumour xenografts
expressing low levels of DPD mRNA and DPD activity
showed a significantly better response to 5-FU than
tumours with a high DPD mRNA level and DPD
activity [51]. Furthermore, the overexpression of DPD
in a number of different cell types conferred resistance
towards 5-FU [52]. These studies suggested that the
intra-tumoral levels of DPD may be an important
prognostic factor for the response to 5-FU. However,
conflicting results have been reported in clinical studies
evaluating the prognostic value of the mRNA, protein
and activity levels of DPD with respect to the response
and outcome of patients to 5-FU-based chemotherapy
(Table 1).
The identification of DPD as a prognostic factor for

response to 5-FU may have been hampered by the large
variation which has been reported in the mRNA [53–
57], protein [58] and activity levels [46,53,55,56,59,60] of
DPD in tumour biopsies. Furthermore, a number of
studies have indicated that there is no strong link
between the mRNA levels of DPD and the protein or
activity of DPD [34,53,55,56,61–63]. These studies sug-
gest, therefore, that the activity of DPD is not only
regulated at the transcriptional and translational levels,
A.B.P. van Kuilenburg / European Journal of Cancer 40 (2004) 939–950 941



but also at the post-transcriptional level. Previously, it
has been shown that the activity of DPD decreased with
an increase in the growth rate of hepatomas and that
the decreased DPD activity in hepatoma cells and
regenerating liver appears to be specific for neoplastic
cell growth [64,65]. In addition, it has been shown that
both the activity of DPD, as well as its mRNA expres-
sion, is reduced in colorectal tumour cells when com-
pared with normal mucosa cells [46,53,56,66]. The
reduced levels of DPD in colorectal tumours might thus
provide an explanation for the lack of a clear corre-
lation between the levels of DPD in tumours and the
clinical response of patients treated with 5-FU.
Although the role of tumoral DPD levels as a prog-
nostic factor for the efficacy of 5-FU-based chemo-
therapy has not been demonstrated unambiguously, the
combination of the expression of DPD with that of TS,
thymidine phosphorylase and orotate phosphoribosyl-
transferase, which are three other crucial enzymes in the
metabolism of 5-FU, appears to be a promising approach
[23,67,68].
5. DPD deficiency and 5-FU toxicity

In contrast to the questionable role of tumoral DPD
levels as a prognostic factor of the efficacy of 5-FU-
based chemotherapy, there is ample evidence to suggest
that a systemic low DPD activity is associated with an
increased risk of development of severe 5-FU-associated
toxicity. 5-FU has a relatively narrow therapeutic index
and a strong correlation has been described between
exposure to 5-FU and both haematological and gastro-
intestinal toxicity [69]. Despite the many different treat-
ment schedules that exist for 5-FU, comparable AUC
thresholds (24–30 mg.h.l�1) have been observed for the
onset of severe toxicity [69]. Thus, in the case of a defi-
ciency of DPD, profound alterations in the metabolism
of 5-FU can be expected with an increased likelihood of
developing severe toxicity [42,43]. In two small pro-
spective studies, it was shown that 5-FU-related side-
effects occurred more frequently in patients with a low
DPD activity in PBM cells compared with patients with
a normal DPD activity [48,70].
To date, a number of patients with a (partial) DPD

deficiency have been reported as suffering from severe
(lethal) toxicity after the administration of 5-FU [71–
84]. Based on these experiences, a threshold limit for the
DPD activity (70% of the mean DPD activity of a con-
trol population) has been proposed for patients at risk
[83]. The importance of a DPD deficiency in the aetiol-
ogy of unexpected severe 5-FU toxicity has been
demonstrated by the fact that in 39–61% of the cases, a
decreased DPD activity could be detected in PBM cells
[76,80,83,84]. The DPD activity in controls and obligate
heterozygotes follows a Normal or Gaussian distribu-
tion, with the mean DPD activity in individuals hetero-
zygous for a mutation in DPYD being 48% of that
observed in controls [39,80,85]. Using a threshold level
of less then 70% of the mean of a control population,
14% of the population would be at risk of developing
severe 5-FU-related toxicity [80]. Furthermore, a cut-off
value for the DPD activity of 70% allows the identifi-
cation of heterozygotes with a probability of 90% [80].
With respect to toxicity, it has been reported that the

overall toxicity was twice as high in patients with a
profound DPD deficiency (<45% of the mean DPD
activity of a control population) when compared with
patients with a moderate DPD deficiency (between 45%
and 70% of the mean DPD activity of a control popu-
lation) [83]. However, in another study, no differences
were observed between patients with a low DPD activity
and patients with a normal DPD activity in haematolo-
gical, gastrointestinal, flu-like symptoms or other types
of toxicities, with the exception of grade IV neutropenia
(Table 2). Patients with a partial DPD deficiency proved
to have a 3.4-fold higher risk of developing grade IV
neutropenia than patients with a normal DPD activity
[80]. Furthermore, in patients with a low DPD activity,
the onset of toxicity occurred, on average, twice as fast
compared with patients with a normal DPD activity
[76]. To date, conflicting results exist as to whether the
activity of DPD might be influenced by gender
Table 1

DPD expression in tumours and efficacy of 5-FU-based chemotherapy
Cancer
 Patients
 DPD

parameter
Prognostic

factor
[References]
Colorectal
 37
 mRNA
 Yes
 [67]
33
 mRNA
 Yes
 [23]
142
 mRNA
 No
 [111]
309
 mRNA
 No
 [57]
100
 Protein
 No
 [58]
103
 Activity
 No
 [112]
Head and neck
 46
 Activity
 Yes
 [59]
72
 Activity
 No
 [60]
Gastric
 42
 Activity
 Yes
 [113]
14
 Activity
 Yes
 [114]
41
 Activity
 No
 [115]
55
 Protein
 No
 [116]
41
 Protein
 No
 [117]
93
 Protein
 No
 [118]
14
 mRNA
 No
 [114]
41
 mRNA
 No
 [115]
Non-small

cell lung
66
 Protein
 Yes
 [119]
Ovarian
 85
 mRNA
 No
 [120]
Breast
 119
 Protein
 Yes
 [121]
Oral squamous

cell carcinoma
22
 mRNA
 Yes
 [122]
27
 Protein
 Yes
 [123]
Bladder
 53
 Activity
 Yes
 [124]
DPD, dihydropyrimidine dehydrogenase; 5-FU, 5-fluorouracil.
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[39,66,85,86]. It has been reported that the DPD activ-
ity, as well as the clearance of 5-FU is, on average, 15%
lower in women than in men [39,86]. This would be in
line with the fact that women experience greater toxicity
than men do, after receiving 5-FU-based chemotherapy
[87]. However, the suggestion that women are particu-
larly prone to a DPD deficiency in addition is question-
able [80,83,84].
6. Structural organisation of DPD

Mammalian DPD appears to be relatively conserved
throughout evolution and the high sequence identities
(>92%) between human DPD and that of other mam-
mals, such as bovine and pig, suggest that very similar
reaction mechanisms and three-dimensional structures
exist in these species [88]. The crystal structure of pig
DPD revealed that the native enzyme is a homodimer of
2�111 kDa and each subunit of 1025 amino acids car-
ries one flavin-adenine dinucleotide (FAD), one flavin
mononucleotide (FMN) and four [4Fe-4S] clusters [88].
Each subunit appears to be arranged in a highly mod-
ular way with five distinctive domains, each carrying a
subset of the prosthetic groups. Domain I (residues 27–
172) contains two [4Fe-4S] clusters. Domain II (residues
173–286, 442–524) and domain III (residues 287–441)
bind FAD and reduced nicotinamide-adenine dinucleo-
tide (NADPH), respectively. Domain IV (525–847)
contains FMN and the uracil/thymine binding site.
Finally, the remaining two [4Fe-4S] clusters are bound
to the core of the C-terminal domain V (residues 1–26
and 848–1025) [88]. The availability of the three-dimen-
sional structure of DPD now permits the fascinating
possibility to study the structural consequences of
mutations in the DPD gene of patients with a DPD
deficiency [88,89].
7. DPD mutations and polymorphisms

The human DPD gene (DPYD) is present as a single
copy gene on chromosome 1p22 and consists of 23
exons [90,91]. A physical map indicates that DPYD is at
least 950 kb in length with 3 kb of coding sequence and
an average intron size of approximately 43 kb [91]. To
date, 39 different mutations and polymorphisms have
been identified in DPYD including 1 splice-site muta-
tion, 5 frameshift mutations, 2 nonsense mutations, 23
mutations/polymorphisms and 8 intronic mutations
[73,74,76,81,89,92–94]. The vast majority of these
mutations have been detected in patients with a com-
plete deficiency of DPD, which was accompanied by a
wide variety in clinical presentation [89,92,93]. Fig. 2
shows that the mutations in the coding region of DPYD
are not evenly distributed over the 23 exons of DPYD
and 81% of all mutations were confined to exons 2–14,
representing only 61% of the coding sequence. Typical
hotspots proved to be exon 2, 6 and 13 in which 4
mutations/polymorphisms have been identified. The
distribution of the mutations along the five distinctive
domains that can be identified in DPD shows a slightly
higher frequency of mutations in domain I (1.1%) and
V (1.1%) compared with domain II (0.8%), domain III
(0.9%) and domain IV (0.8%).
Table 2

Clinical aspects of patients suffering from severe 5-FU toxicity
na
 Total

group
DPD470%
 DPD>70%
 [Ref.]
Grade IV

Neutropenia
54
 46%
 58%
 29%
 [80]
25
 72%
 n.d.
 n.d.
 [78]
53
 n.d.
 58%
 n.d.
 [83]
Time to onset

of toxicity

(days, mean�SD)
37
 13.9�12.3
 10.0�7.6
 19.1�15.3
 [76]
Females
 54
 65%
 61%
 71%
 [80]
53
 57%
 79%
 44%
 [83]
103
 45%
 n.d.
 n.d.
 [84]
n.d., not determined.
a Number of patients investigated. The percentages concern the

number of individuals suffering from grade IV neutropenia in each

group or being female.
Fig. 2. Organisation of the DPD gene (DPYD). DPYD consists of 23 exons with an open reading frame of 3075 bp. The various colours represent

the five different domains: green for domain I (N-terminal Fe-S clusters), yellow for domain II (FAD binding), orange for domain III (NADPH

binding), red for domain IV (FMN/pyrimidine binding) and blue for domain V (C-terminal Fe-S clusters). The different mutations and poly-

morphisms identified in patients with a partial or complete deficiency of DPD are indicated, numbers correspond to the cDNA position.
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8. DPD genotype in patients with severe 5-FU toxicity

A number of studies have been reported, demonstrat-
ing the presence of a mutant DPYD allele in patients
suffering from severe toxicity after the administration of
5-FU (71–82). In these patients, 14 mutations have been
identified including (a) 1 splice site mutation
(IVS14+1G>A); (b) 2 nonsense mutations (R21X,
E386X); (c) 6 missense mutations (M166V, M182K,
V335L, I560S, A777S and D949V) and 5 polymorph-
isms (C29R, R21Q, S534N, I543V, V732I) (Fig. 3).
The G to A mutation in the invariant GT splice donor

site [IVS14+1G>A] leads to the skipping of exon 14
immediately upstream of the mutated splice donor site
in the process of DPD pre-mRNA splicing. As a result,
the mature DPD mRNA lacks a 165 nucleotide (nt)
segment encoding the amino acids 581–635 [95]. The
nonsense mutations 61C>T (R21X) and 1156G>T
(E386X) create a translation stop codon leading to pre-
mature termination of translation before the FAD and
uracil/thymine binding sites and thus to a non-func-
tional protein without any residual activity. The analy-
sis of the crystal structure of pig DPD suggested that the
point mutation I560S would most likely destabilise the
DPD protein, whereas the amino acid exchanges D949V
and V335L interfered directly with cofactor binding or
electron transport [88,89]. To date, it is not yet known
whether the M166V, M182K and A777S mutations
affect the protein conformation and/or the binding of
various cofactors.
It has been suggested that the C29R mutation might

be a common polymorphism as homozygosity for this
mutation was noted in two individuals with almost
normal DPD activity [74]. This observation appears to
be supported by analysis of the DPD protein structure,
indicating that the C29R mutation would not introduce
major changes in protein configuration or the binding of
the various cofactors and substrates. Expression of the
R21Q mutation in Escherichia coli resulted in the for-
mation of a mutant protein with normal activity [73].
Previously, it has been shown that the mutations
observed at codons 543 (allele frequency 28%), 732
(allele frequency 5.8%) and 534 (allele frequency 0.8%)
are common polymorphisms and are not associated
with a low DPD activity [96].
Analysis of the prevalence of the various mutations

reported in cancer patients suffering from severe 5-FU-
associated toxicity showed that the G to A point muta-
tion in the invariant splice donor site is the most com-
mon one (Fig. 3). Homozygosity for the IVS14+1G>A
mutation was observed in 3 patients and 26 patients
were heterozygous for the IVS14+1G>A mutation,
with a lethal toxicity occurring in 4 patients [77,78].
9. Prevalence of the IVS14+1G>A mutation

To date, a number of assays have been described for
the detection of the IVS14+1G>A mutation [71,77,78,
95,97,98]. Recently, a restriction fragment length poly-
morphism (RFLP) procedure has been developed for
the detection of the IVS14+1G>A mutation which
allows large numbers of individuals to be screened on a
routine basis [77]. Using this genotyping test, it has been
shown that there is a relatively high frequency of the
mutated allele in the normal Dutch population, with
a frequency of 1.8% of heterozygotes [77]. Using
the Hardy-Weinberg equilibrium and a frequency of
Fig. 3. Mutations and polymorphisms in DPYD of patients suffering from severe 5-FU-associated toxicity. The various colours represent the five

different domains: green for domain I (N-terminal Fe-S clusters), yellow for domain II (FAD binding), orange for domain III (NADPH binding),

red for domain IV (FMN/pyrimidine binding) and blue for domain V (C-terminal Fe-S clusters). Each symbol represents a patient homozygous (*)

or heterozygous (*) for the indicated mutation. Known polymorphisms are written in italic.
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heterozygotes of 1.8%, one can estimate the number
of individuals, homozygous for the G!A mutation, to
be 1.2 in 10 000. Screening of individuals of six other
nationalities has demonstrated the presence of the
IVS14+1G>A mutation in the German, Finnish,
Turkish and Taiwanese populations whereas, this
mutation has not been detected in Japanese and Afri-
can-American populations (Table 3). Furthermore, the
IVS14+1G>A mutation has also been detected in
paediatric patients with a complete DPD deficiency
from Denmark and Sweden [92]. Thus, there appears to
be some kind of homogeneity for the IVS14+1G>A
mutation in Northern Europe [92].
Screening for the presence of the IVS14+1G>A

mutation in DPYD of patients suffering from grade 3 or
4 5-FU-associated toxicity showed that 24–28% of all
patients were heterozygous or homozygous for the
IVS14+1G>A mutation (Table 4) [78,82]. Surpris-
ingly, Collie-Duguid and colleagues could not identify
the IVS14+1G>A mutation in 23 patients with a
reduced DPD activity [74]. In contrast, we demon-
strated that the common splice site mutation was almost
completely confined to the group of patients with a
decreased DPD activity and 44% of these patients were
carriers for this mutation. The IVS14+1G>A muta-
tion could be detected in only 1 out of 24 (4%) patients
with a normal DPD activity. The DPD activity of this
patient proved to be just above the upper threshold level
indicative of patients at risk [82]. Thus, these results
clearly demonstrate that carriers of the IVS14+1G>A
mutation are at risk of developing severe toxicity after
the administration of 5-FU.
10. Screening for a DPD deficiency

In this review, it has been shown that a (partial) DPD
deficiency plays an important role in the aetiology of
severe 5-FU toxicity. Therefore, should the analysis of
the DPD activity or screening for the presence of
mutations be routinely carried out prior to the com-
mencement of the 5-FU treatment? To date, a number
of high-throughput procedures such as pyrosequencing
[99] and denaturing high-performance liquid chromato-
graphy [100–102] have been developed to detect clini-
cally relevant polymorphisms and mutations in DPYD.
However, through sequencing the coding region of the
DPD gene it appeared that at least 57% (8 of 14) of the
patients with a reduced phenotype have a molecular
basis for their deficient phenotype [76]. Thus, screening
for coding mutations alone cannot unambiguously
identify patients at risk. Currently, sensitive and highly
accurate assays have been developed to measure the
activity of DPD [103]. Although measuring the activity
of DPD may be the ‘method of choice’, this type of
analysis is less suitable for the screening of large samples
on a routine basis. It has also been suggested that the
5,6-dihydrouracil/uracil ratio in the plasma of tumour
patients reflects the activity of DPD and that this ratio
is a prognostic factor for the toxicity of 5-FU-based
chemotherapy [104]. It remains to be established whe-
ther the indicated threshold level of the 5,6-dihydrour-
acil/uracil ratio, indicative of an increased risk of
toxicity, is also valid for other 5-FU regimens. Control-
ling the AUC of 5-FU seems an attractive approach, as
a clear relationship has been demonstrated between the
plasma levels of 5-FU and toxicity, in addition to response
[40,42,69]. However, high inter- and intrapatient varia-
tions have been observed in the 5-FU plasma levels
during continuous infusion [38]. In contrast, screening
for the common splice-site mutation IVS14+1G>A is
relatively easy and significantly cheaper.
To date, no large prospective studies have been per-

formed to evaluate the role of a DPD deficiency and the
onset of severe 5-FU toxicity. Nevertheless, one can
estimate the probability that the presence of the
IVS14+1G>A mutation would be accompanied by
severe grade 3–4 toxicity by applying Bayes’ theorem
[105,106]. According to this theorem, the probability of
toxicity given the presence of the IVS14+1G>A
mutation can be calculated according to Eq. 1:
Table 3

Prevalence of IVS14+1G>A in different populations
Population
 na
 Allele

frequency (%)
[Ref.]
Dutch
 2714
 0.91
 [77]
German
 1702
 0.47
 [78]
500
 1.2
 [98]
Turkish
 400
 0.75
 [125]
Finnish
 180
 1.1
 [91]
90
 2.2
 [71]
Taiwanese
 262
 0.0
 [91]
72
 2.7
 [71]
Japanese
 100
 0.0
 [91]
214
 0.0
 [94]
African-Americans
 210
 0.0
 [91]
a Number of alleles analysed.
Table 4

5-FU toxicity and the prevalence of the IVS14+1G>A mutation
IVS14+1G>A
 Total

group
DPD470%
 DPD>70%
 [Ref.]
Patients (n=60)
 [82]
Heterozygotes
 16 (27%)
 15 (42%)
 1 (4%)
Homozygotes
 1 (2%)
 1 (3%)
 0
Patients (n=25)
 [78]
Heterozygotes
 5 (20%)
 n.d.
 n.d.
Homozygotes
 1 (4%)
 n.d.
 n.d.
n.d., not determined.
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Pr Tox;Mutð Þ ¼
Pr Mut;Toxð Þ � Pr Toxð Þ

Pr Mut;Toxð Þ � Pr Toxð Þ þ Pr Mut;noToxð Þ � Pr noToxð Þ
ð1Þ
The estimated probability Pr(Mut, Tox) of observing the

IVS14+1G>A mutation in patients with severe grade 3–4

toxicity has been shown to be 28% [82]. A recent meta-

analysis showed that the overall probability Pr(Tox) of

observing severe 5-FU-associated toxicity was 31% [11].

Assuming that the probability of detecting the

IVS14+1G>A mutation in patients without toxicity is

identical to the prevalence of this mutation in the normal

population (1.8%, Ref. [77]), the probability Pr(Tox, Mut)

of severe 5-FU toxicity in case the IVS14+1G>A muta-

tion is detected is 87%. In the event that all patients with

the IVS14+1G>A mutation would be excluded from

therapy with 5-FU, the frequency of toxicity would be

reduced from 31% to 25% if screening for this mutation

was carried out. Since patients suffering from severe toxi-

city require extensive and expensive medical care, a reduc-

tion in the number of patients with toxicity by 6% would

have profoud implications.
11. Alternative treatment modalities

Patients with a deficiency of DPD might be selected
for alternative treatment modalities containing novel
non-fluoropyrimidine compounds. Irinotecan, oxalipla-
tin and raltitrexed have been shown to possess anti-
neoplastic activity in colorectal cancer and these agents
have been safely applied in the treatment of a patient
suffering from a partial DPD deficiency [9]. An inter-
esting option to explore might be the application of
UFT (tegafur, uracil in a molar ratio of 1:4) in patients
with a (partial) deficiency of DPD. After oral adminis-
tration, 5-FU is slowly released from tegafur in the liver.
A DPD-deficient state is achieved by the inclusion of
uracil which is a reversible inhibitor of DPD and thus
prevents the rapid degradation of 5-FU. A favourable
efficacy and toxicity pattern has been observed for UFT
treatment in colorectal cancer patients [107].
12. Concluding remarks

The identification of genetic factors leading to an
increased risk of developing severe 5-FU-associated
toxicity in patients is increasingly being recognised as an
important field of study. Recently, it has been shown
that the C677T polymorphism in the methylenetetra-
hydrofolate reductase gene might be responsible for the
severe toxicity observed in some breast cancer patients
receiving adjuvant treatment with cyclophosphamide,
methotrexate and 5-FU [108]. In addition, it has been
suggested that a polymorphism in the enhancer region
of the TS gene promoter and a partial deficiency of
dihydropyrimidinase are associated with toxicity
towards 5-FU [109,110]. Although the precise role of
DPD as a prognostic factor in the efficacy of 5-FU still
has to be fully established, there is now ample evidence
to suggest that patients with a (partial) DPD deficiency
are prone to the development of severe 5-FU-associated
toxicity. The common use of 5-FU in the treatment of
cancer patients, the severe 5-FU-related toxicities in
patients with a low activity of DPD in addition to the
apparently high prevalence of the IVS14+1G>A
mutation, thus warrants the analysis of the DPD activ-
ity in PBM cells and screening for the IVS14+1G>A
mutation in cancer patients prior to the administration
of 5-FU.
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