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Dihydropyrimidine dehydrogenase gene  
variation and severe 5-fluorouracil toxicity:  
a haplotype assessment

The fluoropyrimidines, 5-fluorouracil (5-FU) 
and its prodrug capecitabine, have been the 
mainstay of chemotherapy in the treatment of 
various solid cancers for over 40  years, with 
approximately 2 million patients being treated 
worldwide each year [1]. Whereas genetic factors 
have been suggested to account for part of the 
estimated proportion of the 10–40% of patients 
who develop severe to life-threatening toxic-
ity to 5-FU [2], no genetic predictor of severe 
5-FU toxicity has proven to be reliable enough 
for routine clinical use [3,4]. As a key enzyme 
in the catabolism of 5-FU, dihydropyrimidine 
dehydrogenase (DPD) is the top candidate for 
pharmacogenetic studies on 5-FU toxicity, since 
a reduced DPD activity is thought to result in 
an increased half-life of the drug and thus, an 
increased risk of toxicity [1].

Numerous studies have investigated the DPD 
gene (DPYD) in the context of 5-FU sensitiv-
ity; however, most of them were based on small 
and biased patient samples, focusing exclusively 
on selected gene variants [5] and demonstrating 
conflicting results. Only recently, two large pro-
spective screenings investigated DPYD in a more 
comprehensive manner [6,7]. Interestingly, the 
results of these two studies differ substantially; 

Morel et  al. detected deleterious DPYD 
mutations in 29% of patients with severe 
5-FU-related toxicity [6], whereas the fraction 
of toxicities explained by such DPYD variants 
in the second study [7] was much smaller (8%). 
Therefore, additional studies are needed to 
assess the predictive value of DPYD variation 
in the context of severe 5-FU toxicity. 

Furthermore, previous studies focused exclu-
sively on the coding region of DPYD. However, 
there is growing evidence that intronic muta-
tions can have a significant functional impact, 
such as affecting the regulation of mRNA splic-
ing [8]. For example, the deleterious effect of up 
to 50% of disease-causing mutations has been 
discovered to result from the disruption of the 
splicing code [9]. Moreover, such mutations that 
affect splicing need not be restricted to the well-
defined splice sites, but they can also be located 
within exons or in introns that are close to, or 
far away from, the splice sites [8]. Consequently, 
intronic variation in DPYD may harbor impor-
tant genetic information for the prediction of 
5-FU toxicity.

Unfortunately, studying the complete 
intronic sequences of large genes, such as DPYD, 
is an extremely laborious task in large-scale 
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screenings. However, owing to the extensive 
amount of linkage disequilibrium within a 
gene, haplotype-based analyses might lead to the 
detection of important haplotypes without the 
need for analyzing complete intronic sequences. 

Therefore, the aims of the present study were: 

n	To assess the predictive value of previously 
described DPYD variants with respect to 
5-FU toxicity;

n	To investigate, for the first time, DPYD vari-
ation at the haplotype level in the context of 
5-FU toxicity in a population of cancer 
patients of Caucasian origin. 

To this end, we investigated not only the 
complete coding sequence of DPYD, but also 
the exon-flanking intronic regions, enabling 
the inference of recombination patterns within 
the gene and individual haplotypes, in order 
to gain information regarding the predictive 
value of genetic variation located between the 
investigated regions. 

Materials & methods
�� Patients & sample collection

Between January 2006 and June 2007, a blood 
sample was collected from consenting patients 
who were scheduled for adjuvant or palliative 
5-FU-based chemotherapy. Blood samples were 
collected before or during chemotherapy; patient 
and treatment characteristics, as well as adverse 
drug effects, during the first and second course 
of chemotherapy were assessed by detailed chart 
review according to Swiss law. Adverse effects 
were classified according to the common termi-
nology criteria for adverse events (CTCAE) ver-
sion 3.0 [101]; all toxicities corresponding to grade 
3 and higher were considered severe.

The final study population consisted of 
111  patients (40 women and 71 men). This 
included the first 98 patients and all additional 
nine patients who showed severe 5-FU-related 
toxicity in a prospective group of 183 patients, 
as well as four additional patients with known 
severe 5-FU-related toxicity. All patients from 
the prospective group were treated at the 
Bern University Hospital and the four addi-
tional patients with severe 5-FU toxicity were 
treated in hospitals from the same region. All 
patients suffered from solid malignant tumors, 
including 66 patients with colorectal cancer, 
29 patients with other gastrointestinal tumors 
and 16 patients with nongastrointestinal tumors. 
The median age of the patients was 63 years, 
ranging from 32 to 89 years of age. A total of 
26 patients received 5-FU as monotherapy or 

in combination with folinic acid; 38 patients 
received 5-FU plus folinic acid and oxaliplatin 
(FOLFOX); nine  patients were treated with 
5-FU, folinic acid and irinotecan (FOLFIRI); 
13  patients received 5-FU plus a platinum-
based compound (e.g., cisplatin or carbopla-
tin); 13 patients were treated with capecitabine 
alone; 12 patients received other 5-FU-based 
chemotherapy regimens (e.g., 5-FU with epi-
rubicin and cyclophosphamide). For some 
patients, these regimens were further combined 
with targeted therapies using monoclonal anti
bodies (e.g., bevacizumab and matuzumab). A 
total of 33 patients had previously received 5-FU 
as a first-line treatment, whereas the remaining 
78 patients were 5-FU naive. 

�� Sequencing analysis 
Genomic DNA was extracted from ethylenedi-
aminetetraacetic acid (EDTA) blood samples 
using the BioRobot EZ1 (Qiagen [Hilden, 
Germany]) and the EZ1 DNA Blood 350 µl Kit 
(Qiagen). The 23 exons and flanking intronic 
regions of DPYD were amplified either separately 
or in multiplex reactions [10] using the primers 
and mixes given online in Supplementary Table 1. 
PCR reactions were performed following stan-
dard protocols (given in the Supplementary material) 
using either the Multiplex PCR Kit (Qiagen; 
exons 2–23) or the GC-rich PCR system 
(Roche Applied Science [Basel, Switzerland]; 
exon 1). All PCR products were purified using 
the QIAquick PCR Purification Kit (Qiagen), 
and were sequenced using one of the same 
primers as used for PCR amplification, the 
BigDye® Terminator v3.1 Cycle Sequencing 
Kit (Applied Biosystems [ABI; CA, USA]) and 
an ABI Prism 3130xl Genetic Analyzer (ABI). 
Sequences were initially obtained in only one 
direction; ambiguous sequences or sequences of 
inferior quality were subsequently confirmed by 
sequencing both strands (Supplementary Table 1). On 
average, 47% of the analyzed DNA fragments 
were sequenced in both directions. Comparisons 
of the obtained sequences with the reference 
sequence (NM_000110) were performed using 
the software SeqScape v2.6 (ABI).

�� Statistical analyses
Deviations of genotype frequencies from the 
Hardy–Weinberg equilibrium were assessed for 
all polymorphic loci using the exact test imple-
mented in the program Arlequin v3.11 [11]. The 
standardized linkage disequilibrium coefficients 
(D´ [12]) between pairs of loci were estimated 
using Hill’s maximum likelihood method [13]; 



www.futuremedicine.com 933future science group

DPYD variation & severe 5-FU toxicity Research Article

significance of genotypic disequilibrium was 
assessed using the log-likelihood ratio (G) 
test, which is implemented in the software 
Genepop version 4.0 [14] with the default set-
tings. Individual haplotypes were estimated 
using the  Excoffier–Laval–Balding  (ELB) algo-
rithm, implemented in Arlequin with the recom-
mended settings [15]. Associations of single gene 
variants and haplotypes with severe 5-FU tox-
icity were assessed by performing Fisher’s exact 
tests using unadjusted p-values and a threshold 
of p < 0.05 for statistical significance. In order 
to get an estimate of the chance of a false-pos-
itive discovery, the false discovery rate (FDR) 
was calculated for the frequency comparisons 
between patients with and without 5-FU toxicity 
in the different haplotype blocks according to 
Benjamini et al. [16]. Odds ratios with 95% CIs 
were calculated for significant associations of 
haplotypes with 5-FU toxicity, where applicable. 

Results
�� 5-FU-related toxicities

In the prospective group of 98 cancer patients 
treated with fluoropyrimidine-based chemo-
therapy, 11 (11%) experienced severe toxic 
side effects. Of the 24 patients with severe side 
effects, two experienced lethal toxicity (grade 5), 
four patients had grade 4 toxicity and 18 patients 
demonstrated grade 3 toxicity (Table 1). The most 
frequently observed toxicities were hematologic 
(leukopenia including neutropenic fever and 
anemia, thrombocytopenia) and gastrointestinal 
(oral and intestinal mucositis, diarrhea, nau-
sea and vomiting). Dermatologic toxicities 
(hand–foot syndrome, hair loss and dry skin) 
were observed only rarely (Table 1). For seven of 
21 patients with nonlethal severe 5-FU toxicity, 
treatment was discontinued because of the toxic-
ity; treatment was continued with a reduced dose 
for five patients; treatment was continued using 
the same dose for five patients and four patients 
only experienced severe 5-FU toxicity during 
their last scheduled cycle of chemotherapy. For 

one patient with severe 5-FU toxicty, no infor-
mation concerning any further continuation of 
treatment was available.

�� DPYD variation in 
111 cancer patients
A total of 36 sequence variants were detected, 
all of which were SNPs, except for a T-insertion 
in intron 13 (IVS13+75insT; Supplementary 

Table 2). The variable sites included nine cod-
ing SNPs (seven nonsynonymous and two 
synonymous mutations). With the exception 
of the c.3025A>C (Thr1009Pro) mutation, 
all observed coding mutations have previously 
been described in the literature [6,17]. Of the 
27 noncoding variations, only ten have been 
described previously. Rare allele frequencies of 
the observed sequence variants ranged from 0.45 
to 42.30% (Supplementary Table 2) with 17 poly
morphisms, including three coding variants, 
demonstrate frequencies of 5% or more. Only 
one polymorphism demonstrated a significant 
deviation from Hardy–Weinberg equilibrium 
(IVS18–39G>A; p = 0.01) and this was owing 
to a slight excess of homozygotes. 

�� Severe 5-FU toxicity & individual 
DPYD variants
Our analysis revealed no association between 
the occurrence of severe toxicity following 
fluoropyrimidine treatment and any of the pre-
viously described deleterious DPYD variants 
(Table 2). In the 24 investigated patients with 
severe 5-FU-related toxicity, only four nonsyn-
onymous DPYD mutations were observed, all 
of which were also observed at similar frequen-
cies in patients without severe toxic side effects 
(Table 2). Furthermore, four functional DPYD 
variants were observed exclusively in patients 
without severe adverse reactions, including 
IVS14+1G>A and c.1679T>G  –  two muta-
tions that were previously associated with 5-FU 
toxicity [6]. On the other hand, four intronic 
variants (IVS3–123G>C, IVS5+18G>A, 

Table 1. Number of investigated cancer patients who experienced toxic  
side effects.

Toxicity type Toxicity grade

5 4 3 2 0–1

Hematologic 2 1 12 18 78

Mucositis, stomatitis, diarrhea - 2 8 6 95

Nausea, vomiting - 1 5 4 101

Dermatologic - - 2 6 103

Infection 2 4 - - 105

All (%) 2 (2) 4 (4) 18 (16) 19 (17) 68 (61)
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IVS6+139G>A and IVS9–51T>G) and one 
synonymous mutation in exon 11 (c.1236G>A) 
were observed at significantly higher frequencies 
in patients experiencing severe 5-FU toxicity 
(Supplementary Table 2). 

�� Haplotype analysis
Linkage disequilibrium (LD) in DPYD was 
estimated using the 17 most frequent poly
morphisms (rare allele frequency ≥ 0.05). A clear 
pattern of linkage blocks was revealed (Figure 1), 
which is in good agreement with data from the 
HapMap project (HapMap release 21a, January 
2007 [102]). Therefore, for the inference of indi-
vidual haplotypes, the gene was partitioned 
into six haplotype blocks (A–F) according to 
the observed LD pattern and the HapMap data 
(Figure 1 & Supplementary Table 3). 

A total of 43 different haplotypes were 
identified across the six haplotype blocks, 14 
of which were observed at frequencies of 5% 
or more (Supplementary Table  3). No significant 
differences in haplotype frequencies were 
observed between patients with and with-
out severe 5-FU-related toxicity in haplotype 
blocks A, C, D, E and F (p > 0.27; Supplementary 

Table 3). In haplotype block B, haplotype fre-
quencies differed significantly between the 
two groups (p = 0.0199; FDR: 0.12) with two 
haplotypes (B3 and B6; indicated in bold in 
Table 3) being significantly over-represented in 
patients with severe toxic side effects (p = 0.013, 
odds ratio: 6.63, 95% CI: 1.52–28.82; and 
p  =  0.046, odds ratio: not defined, respec-
tively). All polymorphisms that were found 
to be associated with severe 5-FU toxicity in 
the locus-by-locus analysis (Supplementary Table 2) 
were located within this haplotype block, and 
four of them were combined in haplotype B3 

(IVS5+18G>A, IVS6+139G>A, IVS9–51T>G 
and c.1236G>A). Of the seven patients carry-
ing this haplotype, four developed severe 5-FU 
toxicity (57%) and the only homozygous carrier 
experienced lethal 5-FU toxicity. In addition, 
the frequency of haplotype B3 appeared to be 
positively correlated with increasing toxicity 
grade (Supplementary Figure  1). Surprisingly, the 
haplotype is comprised of a synonymous SNP 
in exon 11 (c.1236G>A) and three intronic 
polymorphisms (IVS5+18G>A, IVS6+139G>A 
and IVS9–51T>G), and it does not contain any 
nonsynonymous or splice-site mutations. The 
other haplotype associated with severe 5-FU 
toxicity, haplotype B6, was observed twice, 
exclusively in patients experiencing severe toxic-
ity (Table 3) and contains only one intronic vari-
ant position (IVS3–123G>C). Interestingly, 
one of the two carriers of this haplotype expe-
rienced lethal 5-FU toxicity. In addition, three 
other haplotypes were observed only once, and 
exclusively in patients with severe 5-FU toxic-
ity, in other haplotype blocks (haplotypes B14, 
C7 and E9; Supplementary Table 3).

Discussion
This study presents the first comprehensive 
analysis of DPYD at the haplotype level in the 
context of severe toxic side effects following 
fluoropyrimidine administration in a patient 
sample of Caucasian origin. Sequencing of, on 
average, 160 base pairs of additional intronic 
sequence per exon more than doubled the 
number of detected polymorphic positions 
with allele frequencies 5% or more compared 
with earlier studies [17,18], enabling the estima-
tion of LD and haplotype blocks within the 
gene. Using this approach, a novel haplotype 
was found to be over-represented in patients 

Table 2. Observed nonsynonymous and splice-site mutations in DPYD in patients with and without 
5-FU toxicity and p-value of association test.

Exon Mutation Effect Rare allele frequencies Genotype frequencies p-value

Total
(N = 222)

Grade ≥ 3
(N = 48)

Grade 0–2
(N = 174)

Grade ≥ 3 Grade 0–2

NHET NHOM NHET NHOM

2 c.85T>C Cys29Arg 0.221 0.25 0.213 10 1 27 5 0.56

6 c.496A>G Met166Val 0.09 0.125 0.08 6 – 12 1 0.39

13 c.1601G>A Ser534Asn 0.023 0.021 0.023 1 – 4 – 1.00

13 c.1627A>G Ile543Val 0.203 0.146 0.218 7 – 32 3 0.32

13 c.1679T>G Ile560Ser 0.005 – 0.006 – – 1 – 1.00

14 IVS14+1G>A del exon 14 0.005 – 0.006 – – 1 – 1.00

18 c.2194G>A Val732Ile 0.041 – 0.052 – – 9 – 0.21

23 c.3025A>C Thr1009Pro 0.005 – 0.006 – – 1 – 1.00
N

HET
: Number of heterozygous carriers; N

HOM
: Number of homozygous carriers.
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with severe 5-FU toxicity, although previ-
ously reported associations of 5-FU toxicity 
with known deleterious mutations could not 
be confirmed. 

Interestingly, this haplotype, B3 (Table 3), was 
comprised of four polymorphisms that have no 
direct effect on the amino acid sequence of 
DPD. Of the variant positions contained in this 
haplotype, only the synonymous c.1236G>A 
substitution in exon 11 has been observed in 
other studies [7,17], whereas the intronic regions 
containing the other three polymorphisms were 
not investigated in these studies. Consequently, 
it is not known if these other patients were, in 
fact, carriers of the same haplotype. Therefore, 
functional consequences of this haplotype are 
currently unknown and are being investigated. 
In this context, it is also important to note that 
such functional consequences need not neces-
sarily be caused by one of the four observed 
SNPs in this haplotype. As haplotype  B3 
encompasses a large genomic region ranging 
from the end of intron 3 to the beginning of 
intron 11, a causative variant may be located 

anywhere within this region. In addition, the 
association of haplotype B3 was detected on the 
background of various chemotherapy regimens; 
therefore, the data should be interpreted with 
caution and requires replication in additional 
larger patient samples. On the other hand, such 
background variation will most likely reduce 
the power to detect genetic effects, and thus, 
our results may indicate a robust association of 
a particular haplotype with 5-FU toxicity.

In addition, haplotype B6 (two observations) 
and three other haplotypes (single observations) 
were detected exclusively in patients with severe 
toxicity. Of course, these rare observations 
require further investigation in larger patient 
samples in order to distinguish true associa-
tions from spurious ones. However, among these 
haplotypes, C7 may be of particular interest 
since it contains a T-insertion polymorphism in a 
homopolymer run of eight T residues in proxim-
ity to the exon 13 splice site. Interestingly, several 
studies have demonstrated that changes in the 
length of such intronic poly(T) sequences can 
have a profound effect on mRNA splicing [19,20]. 
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Haplotype B6 is also an interesting candidate 
for further studies, since one of the two carriers 
experienced lethal 5-FU toxicity. 

On the other hand, previously reported 
associations of 5-FU toxicity with known 
deleterious mutations could not be con-
firmed in this study. In contrast to our find-
ings, Morel et al. detected strong associations 
between two DPYD mutations (IVS14+1G>A 
and c.2846A>T) and severe 5-FU toxicity in 
a much larger patient sample of similar het-
erogeneity with respect to the chemotherapy 
regimen and tumor type as investigated in the 
present study [6]. To assess the probability of 
this lack of association occurring as a result 
of the smaller sample size, we calculated the 
statistical power to detect an association in 
the magnitude, as observed in [6], for the two 
mutations in our sample [103]. The estimated 
power was 83%, indicating that the differences 
between the two studies are unlikely to be 
attributable to random sampling error. In addi-
tion, this calculation is likely to represent an 
underestimation of the true power to detect an 
existing association, since in the present study 
the complete coding sequence was screened in 
contrast to only a few selected SNPs analyzed 
in the aforementioned screening. Therefore, 
our results add to the number of studies with 
strongly differing results with respect to known 
deleterious DPYD mutations (Table 4).

Interestingly, when considering the varying 
geographic origins of the participants in differ-
ent studies (Table 4), the disagreement between 
different screenings may point towards regional 
differences in the frequencies of particular 
mutations, even within Caucasian subjects, 
as this is also the case for rare disease-causing 
mutations [21]. Therefore, the effectiveness of a 
pretherapeutic screening tests for these DPYD 
variants may differ depending on the geographic 
and ethnic origin of the target population. The 
discrepancies between different studies are most 
evident for the IVS14+1G>A splice-site muta-
tion, where the observed frequencies in patients 
with severe toxicity range from 0 to 28% (Table 4). 
Interestingly, both studies that detected this 
mutation at very low frequencies were carried 
out in Southern France, whereas it was observed 
at higher frequencies in studies with patients 
originating from Northern Europe, suggesting 
that a frequency gradient of this mutation exists 
throughout Europe. Although the investigated 
5‑FU treatment regimens differed between some 
of these studies (Table 4), which may also partly 
account for the differing results, it is worth Ta
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noting that findings from studies with similar 
heterogeneity with respect to chemotherapy 
regimen ([6,22,23], this study) also demonstrate 
remarkable frequency differences. The find-
ings for the c.2846A>T substitution are similar. 
Morel et al. [6] observed this mutation at a rela-
tively moderate carrier frequency (2%) whereas 
it was not observed in our screening and detected 
only five-times in 656 patients [7], again, indicat-
ing the frequency differences of this mutation 
between different study populations. 

Furthermore, the c.1679T>G substitution, 
which has consistently been reported to be asso-
ciated with low DPD activity and severe 5-FU 
toxicity [6,24,25], was observed here, for the first 
time, in a patient without severe 5-FU toxic-
ity. Various studies, including our own, have 
thus now demonstrated that not all carriers of a 
specific deleterious gene variant develop severe 
5-FU toxicity [6,7]. Moreover, a recent study [7] 
revealed a sex-dependent effect of IVS14+1G>A; 
male carriers of the mutation had a high risk 
of toxicity, whereas this risk was not signifi-
cantly elevated for female carriers. In agree-
ment with these findings, the only observed 
carrier of IVS14+1G>A in our study who did 
not experience severe side effects was, indeed, 
female. Therefore, to determine the value of 
genetic screening for these mutations prior to 
fluoropyrimidine treatment, not only the sen-
sitivity, but also the specificity, of such tests 
needs to be assessed in more detail. However, 

for haplotype B3, which was observed at a higher 
frequency in patients with severe 5-FU toxicity 
in our study, there is no indication of such a 
sex-dependent effect, as two of the four carriers 
with severe adverse side effects were female and 
two were male. In the three carriers who did not 
experience 5-FU toxicity, two were male and one 
was female.

Recently, hypermethylation of the DPYD 
promoter region has been proposed as an alter-
native mechanism for DPD deficiency and thus, 
as a cause of severe 5-FU toxicity in patients 
where no inactivating DPYD mutation has 
been discovered [26]. However, no other study 
has so far been able to reproduce these promis-
ing findings [7], and in addition, in a subsample 
of patients from the study presented here, no 
evidence for DPYD promoter methlyation was 
found [27].

Conclusion
In summary, the above findings question the 
value of pretreatment screening for isolated 
DPYD variants for the prediction of 5-FU toxic-
ity, since the frequencies of these variants appear 
to vary substantially among different patient 
populations. Thus, more screenings of large pro-
spective patient samples are needed to determine 
the true predictive potential of specific DPYD 
gene variants. Furthermore, a combined investi-
gation of DPYD with other genes involved in the 
metabolism or mechanism of action of 5-FU, 

Table 4. Predictive potential of known functional DPYD variants across different studies.

Study Mutations 
investigated

IVS14+1 
FCARRIER (%)

IVS14+1 
FTOX (%)

All 
variants 
FTOX (%)

Associated 
variant 
positions 
(cDNA)

NTOX NNOT Patients’ 
region 
of origin

Treatment 
regimens 
investigated

Ref.

van 
Kuilenberg 
et al. 

IVS14+1 1.8 28 28 IVS14+1 60 – Netherlands Unknown [22]

Morel et al. 22 selected 
SNPs

2.2 14 29.5 IVS14+1, 
c.2846, 
c.1679

44 443 Northern 
France

5-FU, 5-FU-P, FOLFIRI, 
FOLFOX, FEC

[6]

Schwab et al. 8 selected 
SNPs

1.9 5.5 8.2 IVS14+1, 
c.2846

54* 206* Germany 5-FU [7]

Collie-
Duguid et al.

10 exons – 0 7.1 c.1679 14 1 Unknown Unknown [24]

Magne et al. IVS14+1 – 2.2 2.2 – 93 – Southern 
France

5-FU, 5-FU-P, FOLFIRI, 
FOLFOX, FEC

[23]

Ciccolini 
et al.

IVS14+1 – 0 0 – 80 – Southern 
France

5-FU, 5-FU-P, FOLFIRI, 
FOLFOX, CAPE

[28]

Amstutz 
et al.

Coding region 0.9 0 0 – 24 87 Switzerland 5-FU, 5-FU-P, FOLFIRI, 
FOLFOX, CAPE

This 
study

*Minimum number of patients genotyped, some SNPs were analyzed in more patients. 
5-FU: 5-fluorouracil; CAPE: Capecitabine; F

CARRIER
: Carrier frequency; FEC: 5-FU, epirubicin and cyclophosphamide; FOLFIRI: 5-FU, folinic acid and irinotecan;  

FOLFOX: 5-FU, folinic acid and oxaliplatin; F
TOX

: Frequency in patients with toxicity; N: Number of patients; N
TOX

: Number of patients with severe 5-FU toxicity; 
N

NOT
: Number of patients without severe 5-FU toxicity; P: Platinum-based compound.
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and other drugs administered in combination 
therapies, may result in an improved prediction 
of toxicity from these chemotherapies. Finally, 
the haplotype-based approach used in this study 
identified new candidates located outside the 
coding sequence and well-defined splice sites of 
DPYD, which may be of value for the prediciton 
of 5-FU toxicty. Thus, our results indicate that 
further studies of noncoding polymorphisms 
with potential regulatory effects could lead to 
the discovery of other, as yet uncharacterized, 
DPYD variants associated with 5-FU toxicity, 
and thus, to a more comprehensive insight into 
fluoropyrimidine pharmacogenetics. 
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Executive summary

Dihydropyrimidine dehydrogenase & 5-fluorouracil toxicity
�� Genetic variation in the dihydropyrimidine dehydrogenase gene (DPYD), encoding for the key enzyme of 5‑fluorouracil (5-FU) 

catabolism, is thought to be important for drug response and toxicity; however, no genetic predictor has so far proven to be reliable 
enough for routine clinical use.

�� This study investigates the complete coding region of DPYD and presents the first analysis at the haplotype level in the context of severe 
5-FU toxicity.

Severe 5-FU toxicity & individual DPYD variants
�� Previously associated DPYD variants (IVS14+1G>A, c.2846A>T and c.1679T>G) did not predict severe 5-FU toxicity in any of the 

investigated patients.
�� An increased frequency of the IVS14+1G>A mutation in patients with 5-FU toxicity in Northern Europe compared with study 

populations from Southern Europe suggests that geographic differences exist in the frequencies of particular deleterious DPYD 
mutations. 

DPYD haplotype analysis
�� Sequencing of exon-flanking intronic regions led to the discovery of novel frequent intronic polymorphisms, enabling the inference of 

linkage disequilibrium across the entire gene, haplotype blocks and individual DPYD haplotypes.
�� A haplotype comprised of three intronic and one synonymous mutation was found to be associated with severe 5‑FU toxicity and several 

rare haplotypes were observed exclusively in patients with severe side effects.
�� Haplotype analysis may lead to the discovery of new potentially important genetic variation located outside the coding region that may 

affect gene regulation or splicing and thus may be of functional importance.
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Supplementary Table 1. PCR primer mixes, amplified fragment sizes and percentage of sequences obtained in 
both directions (second strand) per exon.

Exon PCR mix Forward primer (5’–3’) Reverse primer (5’–3’) Amplicon 
size (bp)

Second 
strand 
(%) 

1 Single AATGCAGTTGCCCCTCAAACA TCTTCAGTCACTGACATTCAGAGGA 825 70

2 Single TGGGAGACTAAGGTGGGAGGAT CATTGTGTCATTAGGCAAAACAATT 691 48

3 A ATGAATGCTACCCAATTAAAGTGGT TGAGGCTTAACATTTATGCAGCTTC 411 73

4 A CCCAAGAGGAGTGCCAAAGAT AAACAAAAAACAATGAACCTGGATT 482 95

5 A ATGTTTGTCGTAATTTGGCTGTTTAA TCCTTTTTGTAGCTAAGCTGCTGA 410 93

6 B TTAGCCATAACTCCTCATCTACTTGACA ATAAATATTGCTTCAAGCCAACTGC 581 51

7 B TCAATAAGAATGTAGATGTCCTCATGC TTCTGCTTCTGCCTGATGTAGC 391 7

8 Single TGCATTTAGCCCTTAATAGAACATGT TTTCTTCCTAGAGATTCTCACTGGTG 575 41

9 Single GATGTTTTCCTCTAAGAATGACATTATTTC CTTGAAGCAATTTTTCATGATGTAGTT 456 22

10 B GGAATAAAACTGTCTTTCAATGAAGCA TGTCTGAATTAGAAAAGAAACAATTATGTG 499 58

11 C GGTGTAAAGAAAAAGCTGCATATTGAC TTAATGTTCTTTTCAATACTTGCCACTT 524 41

12 Single ACAGTTGTTTGAATCCCTGGAAC CCTGGCCCAATTTTTAATCAACTA 513 100

13 Single TCATACTGCCTTTGAAATTAAAAGGC GACAGAAAGGAAGGAAAGAAACTAAAGAT 609 62

14 A CAAAAATGTGAGAAGGGACCTCA TCTATGCATCAGCAAAGCAACTG 410 59

15 D GCCCCAAATGTCATCCAGTG CAAGGGACCGCTTTTATAGAATAAA 476 30

16 D CCTCACAAGATAGCTGTGATGCA TTCAGCTTCCCTCATTTTCGA 411 6

17 D AGCTCATTGTCAAGTTGGATTTGTC GCATGAGTCCAGGTGTAAATCTCCT 423 16

18 C TGAAGAACTTTGAGGAGAAGACATGTT AATAGAATTTGTGCAAGACCTTATCTTG 484 18

19 C TTTGTCCAGTGACGCTGTCATC GGTTCGTAAGCCCTCAACAGGA 464 28

20 D CCCCATCTCCAGACGGCTAC GAAATCACATCCAGGAGGCAC 448 22

21 C CGGAACCTGATACCGAGAAGAC TTTTCACCATGGACAGATGTTTTTA 477 14

22 C TTGTATAAAAACAGGAAAATGCTGAGTG CCATATTATAAGGGTGACAGGACAGAA 400 55

23 B TCCTCTGTCAGCTCAACTGTTGC GAACATCCAATTAACTGCCACAC 591 40

PCR reactions were performed using 
GeneAmp  9700 Thermal Cyclers (Applied 
Biosystems [ABI, CA, USA]). Exons 2–23 were 
amplified using the Multiplex PCR kit (Qiagen 
[Hilden, Germany]) following the Q-Solution 
protocol given by the manufacturer (Qiagen, 
Multiplex PCR Handbook 07/2004) with 
35 amplification cycles, an annealing tempera-
ture of 58°C and a total reaction volume of 25 µl 
containing approximately 200 ng of genomic 
DNA. For the amplification of exon 1, the 

GC-rich PCR system (Roche Applied Science 
[Basel, Switzerland]) was used with an initial 
denaturation step of 3 min at 96°C followed by 
45 cycles of 30 s at 96°C, 30 s at 60°C and 45 s 
at 72°C, and a final extension step of 10 min at 
72°C. A reaction volume of 25 µl contained 1 µl 
of genomic DNA, 10 pmol of each primer, 0.5 µl 
of PCR Nucleotide Mix (Promega [WI, USA]), 
5 µl of GC-rich resolution solution, 12.5 pmol 
of additional MgCl

2
, 5 µl of GC-rich reaction 

buffer and 0.5 µl of GC-rich enzyme mix.

Supplementary Material: PCR amplification protocols
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Supplementary Table 2. DPYD variants, allele and genotype frequencies in patients with and without severe 
5-FU toxicity, and p-value of association test.

Exon/
intron

Mutation Effect Allele frequencies Grade ≥ 3 Grade 0–2 p-value

Grade ≥ 3 
(24)

Grade 0–2 
(87)

Total 
(111)

NHET NHOM NHET NHOM

5’-UTR -243G>A – 0.063 0.046 0.05 3 – 8 – 0.707

2 c.85T>C Cys29Arg 0.25 0.213 0.221 10 1 27 5 0.562

3 IVS3–123G>C* – 0.042 – 0.009 2 – – – 0.046

5 IVS5+18G>A* – 0.104 0.017 0.036 3 1 3 – 0.013

6 c.496A>G Met166Val 0.125 0.08 0.09 6 – 12 1 0.392

6 IVS6+139G>A* – 0.229 0.092 0.122 9 1 10 3 0.022

7 IVS7–118A>G* – 0.146 0.092 0.104 7 – 14 1 0.289

7 IVS7–78A>G* – – 0.006 0.005 – – 1 – 1.000

7 IVS7–78A>C* – – 0.006 0.005 – – 1 – 1.000

9 IVS9+134T>G* – 0.125 0.115 0.117 6 – 18 1 0.804

9 IVS9–85A>C* – – 0.006 0.005 – – 1 – 1.000

9 IVS9–51T>G* – 0.104 0.017 0.036 3 1 3 – 0.013

10 IVS10+77G>A* – – 0.006 0.005 – – 1 – 1.000

10 IVS10–15T>C – 0.125 0.109 0.113 6 – 17 1 0.797

11 c.1236G>A Glu412Glu 0.104 0.017 0.036 3 1 3 – 0.013

13 c.1601G>A Ser534Asn 0.021 0.023 0.023 1 – 4 – 1.000

13 c.1627A>G Ile543Val 0.146 0.218 0.203 7 – 32 3 0.316

13 c.1679T>G Ile560Ser – 0.006 0.005 – – 1 – 1.000

13 IVS13+39C>T – 0.146 0.213 0.198 7 – 33 2 0.413

13 IVS13+40G>A – 0.375 0.437 0.423 8 5 38 19 0.511

13 IVS13+75insT* – 0.021 – 0.005 1 – – – 0.216

14 c.1896T>C Phe632Phe 0.021 0.023 0.023 1 – 4 – 1.000

14 IVS14+1G>A del exon 14 – 0.006 0.005 – – 1 – 1.000

14 IVS14+17A>G* – – 0.006 0.005 – – 1 – 1.000

14 IVS14–123C>A – 0.125 0.247 0.221 6 – 35 4 0.079

15 IVS15+75A>G – 0.125 0.247 0.221 6 – 35 4 0.079

16 IVS16+101T>C* – 0.125 0.259 0.23 6 – 35 5 0.054

16 IVS16+145T>C* – – 0.063 0.05 – – 9 1 0.127

16 IVS16–37T>C* – – 0.006 0.005 – – 1 – 1.000

18 c.2194G>A Val732Ile – 0.052 0.041 – – 9 – 0.211

18 IVS18+100C>A* – 0.042 0.029 0.032 2 – 5 – 0.646

18 IVS18+145C>T* – 0.021 – 0.005 1 – – – 0.216

18 IVS18–39G>A – 0.125 0.121 0.122 2 2 15 3 1.000

22 IVS22–115C>T* – – 0.011 0.009 – – 2 – 1.000

22 IVS22–69G>A – 0.188 0.138 0.149 9 – 22 1 0.370

22 IVS22–58G>C – 0.188 0.115 0.131 9 – 18 1 0.225

23 c.3025A>C* Thr1009Pro – 0.006 0.005 – – 1 – 1.000
*Novel mutations. 
5-FU: 5-fluorouracil; N

HET
: Number of heterozygous carriers; N

HOM
: Number of homozygous carriers.
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Supplementary Figure 1. Distribution of haplotype B3 frequency according to toxicity 
grade. Numbers of patients in each toxicity group are given.


