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ABSTRACT

Background: 5-fluorouracil (5-FU) based chemotherapy is the most common first
line regimen used in gastric and gastroesophageal junction cancer, but development
of severe toxicity is a main concern in the treatment. The present study is aimed to
evaluate a novel pre-treatment assay, known as the 5-FU degradation rate (5-FUDR),
as a predictive factor for 5-FU toxicity.

Methods: Pre-treatment 5-FUDR and gene polymorphisms related to 5-FU
metabolism (DPYDIVS14+1G>A, MTHFRA1298T or C677T, TMYS TSER) were
characterized in gastro-esophageal cancer patients. Association with toxicities was
retrospectively evaluated, using multivariate logistic regression analysis.

Results: 107 gastro-esophageal cancer patients were retrospectively analyzed.
No relation between gene polymorphisms and toxicity were detected, while low (<
5t centile) and high (> 95* centile) 5-FUDRs were associated with development of
grade 3-4 toxicity (OR 11.14, 95% CI 1.09-113.77 and OR 9.63, 95% CI 1.70-54.55,
p = 0.002).

Conclusions: Compared to currently used genetic tests, the pre-treatment 5-FUDR
seems useful in identifying patients at risk of developing toxicity.

Mini-abstract:

5-FUDR is a phenotypic test to pre-emptively classify patients in different
metabolic classes. Patients with poor or ultra-rapid metabolism show significantly
higher probability of developing severe toxicity during 5-FU treatment.

INTRODUCTION

5-Fluorouracil (5-FU) and its pro-drug capecitabine,
alone or in combination with epirubicin, oxaliplatin,
irinotecan, represent the most used chemotherapy
treatments of gastroesophageal cancer, in both the
adjuvant and palliative settings. [1-2]

Despite the benefit of fluoropyrimidine treatment,
the development of severe toxicities often lead to dose
reduction, delaying of administration and therapy
discontinuation. The most common side effects associated
with 5-FU are diarrhea, mucositis, myelosuppression,
hand foot syndrome and rarely cardiac toxicity. [3] Grade
3 or 4 toxicities are reported in about 30% of patients, with
a mortality rate of 0.5 %. [3, 4] The efforts of establishing
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effective tests to identify such toxicities preemptively led
to the development of genotyping or phenotyping methods,
in order to evaluate the efficiency of the individual 5-FU
metabolism.[5, 6]

Inside the cell, 5-FU is transformed by different
enzymes in both active and inactive metabolites. The
balance between inactive metabolites and therapeutic
metabolites is thought to be the basis of the inter-
individual differences in toxicity and efficacy of 5-FU
based treatments.[7]

The dihydropyrimidine dehydrogenase enzyme
(DPD), encoded by the DPYD gene, inactivates about
80% of the administrated 5-FU, by transforming it into
5,6-dihydro-5-fluorouracil. DPYD has been the top
candidate for pharmacogenetic studies on 5-FU toxicity,
as a reduced DPD activity results in an increased half-
life of the drug, and thus an increased risk of toxicity. [5,
8-14] The splice site variant [VS14+1G>A polymorphism
in the DPYD gene (1s3918290; allele A also known as *2A
allele) is the most consistent genetic marker for toxicity.
Unfortunately the low minor allele frequency and the fact
that just about a 50% of the *2A allele carriers actually
develop severe toxicity limit its prediction power. [6] In
a recent published study, conducted on more than 2000
patients, DPYD*2A polymorphic cases were treated with
a 50% reduced dose of fluoropyrimidine. The results
showed a significant reduction of severe toxicity from 73%
to 28% and with 0% toxic deaths in polymorphic allele
carriers. [15] However, considering the low frequency
of DPYD polymorphic allele in general population
[16], this method could lead to the identification of
only about 1% of patients at risk of developing severe
toxicity. DPYD polymorphism is frequently assessed
in patients eligible for 5-FU treatment together with the
C677T and the A1298T polymorphisms in the MTHFR
gene and with the 7SER polymorphism in the TS gene.
In fact,the main mechanism of the 5-FU action consists
of inhibition of thymidylate synthase (TS) through the
active metabolite, fluorodeoxyuridine monophosphate
(FAUMP), which forms an inactive ternary complex with
TS and 5-10-methylenetetrahydrofolate (MTHF). Optimal
inhibition of TS requires an elevated level of MTHEF,
which is regulated by the methylenetetrahydrofolate
reductase enzyme (MTHFR). [7] As a consequence,
polymorphisms affecting TS and MTHFR levels are
presumed to be determinants of 5-FU clinical response,
but indeed their clinical utility is still controversial. [17-
27]

The phenotypic tests available for preemptive
evaluation of risk for severe toxicity are generally
less diffused compared to pharmacogenetics, even if
they could be potentially more effective in identifying
patients at risk. However, most of such tests are limited
to detection of DPD activity, not considering possible
alteration in other 5-FU metabolic enzymes and eventually
in 5-FU transporters. [7, 28, 29] To overcome this limit,

we have previously developed a pre-treatment ex-vivo
assay to determine the velocity at which the peripheral
blood mononuclear cells (PBMC) metabolize 5-FU. [30]
This parameter, named individual 5-FU degradation rate
(5-FUDR, expressed as nmol of drug consumed by cells
in a time unit), is performed in intact and viable cells,
thus it the final result of all the enzymatic transformation
of 5-FU, not just the DPD activity. The individual, pre-
treatment 5-FUDR value, was found to be significantly
lower in patients who develop grade 3-4 toxicity.[30]

The Oncology Unit of the Sant’ Andrea Hospital of
Rome adopted the pre-treatment 5-FUDR as a routine test
giving a “toxicity warning” to plan careful monitoring of
patients with a low 5-FUDR value. In general population,
the 5-FUDR is a continuous parameter with a normal
distribution (mean value 1.54 = 0.41 ng 5-FU/ml/10°
cells/min), whereas the mean 5-FUDR value in carriers
of the DPYD *2 allele is 0.81+0.29 ng 5-FU/ml/10° cells/
min. [31] We have recently showed that a significant
reduction of the individual 5-FUDR value is also found
in subject carriers of a DPYD haplotype involving three
polymorphisms apart from the *2. [32] Moreover, SFU-
DR value seems to be related to severe adverse events
in colorectal cancer patients, with a higher toxicity rate
when 5-FU degradation is slowed (5-FUDR <0.85 ng/
ml/10° cells/min) or accelerated ( 5-FUDR > 2.2 ng/ml/10°
cells/min), regardless of the DPYD status. [31] Since low
5-FUDR value was also found in subjects who were non
carriers of defective DPYD alleles, we hypothesized that it
could identify a further fraction of patients who will likely
develop severe 5-FU toxicity.

The present study investigated the association
between individual 5-FUDR, polymorphisms in DPYD,
MTHFR,TSER and toxicity in a population of 107 gastric
and gastro-esophageal junction cancer patients.

PATIENTS AND METHODS

Patients

Patients, with a histological confirmed diagnosis
of gastric and gastro-esophageal junction cancer, who
had been undergoing chemotherapy at the Sant’ Andrea
Hospital of Rome in the period 2009-2012, were enrolled
in this retrospective study.

The inclusion criteria were: patients with measurable
disease, adequate organ function and performance status
of grade 0, 1 or 2 as defined by the Eastern Cooperative
Oncology Group [33]; patients who had undergone 5-FU
based chemotherapy (DCF, EOX, FOLFOX, XELOX,
FOLFIRI); patients who had undergone pre-treatment
assay of 5-FUDR and characterization of polymorphisms
of MTHFR, TSER and DPYD genes. Exclusion
criteria were: relevant diseases within 6 months (i.e.:
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myocardial infarction, lung fibrosis, etc) and 5-FU based
chemotherapy in the past.

Chemotherapy cycles were administered every
2 or 3 weeks according to the scheme. All toxicities
were graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Event version
3 (CTCAE 3.0) and toxicity assessments performed at day
1 of each cycle until the end of treatment. [34]

The study was conducted in accordance with the
Declaration of Helsinki and the protocol was approved by
the institutional ethic committee.

Genotyping

To analyze germinal polymorphisms genomic
DNA was isolated from peripheral blood, by mean
of the X-tractor Gene system (Corbett Life Science,
Australia). The commercial kit for fluoropyrimidine
response (Diatech, Jesi, Italy) was used, according to the
manufacturer’s protocol, to analyze the following splice-
site polymorphisms: IVS14+1G>A in the DPYD gene
and C677T and A1298C SNPs in MTHFR gene. Briefly
by using PCR with specific primers, the region covering
the SNP of interest was amplified. Subsequently it was
sequenced using the Pyrosequencer PyroMark ID system
(Biotage AB and Biosystems, Uppsala, Sweden). PCR
(fluoropyrimidine response - Diatech, Jesi, Italy) was used
also to determine the variable number of tandem repeats
(VNTR; 2R or 3R) in the thymidylate synthase enhancer
region (TSER), visualized onto 2,2% agarose gel.

Determination of the individual 5-FU degradation
rate

The assay for 5-FUDR has been established in
the Sant’Andrea Hospital of Rome as a routine clinical
analysis prior to fluorouracil-based chemotherapies and
is carried out following medical prescription. The test is
performed, as previously reported [30], using a 5-FUDR
assay kit (Eureka srl-Lab Division, Chiravalle, Ancona,
Italy) with a HPLC-MS/MS instrument including an
Agilent 1100 chromatographic system coupled to an API
3200 triple quadrupole (ABSCIEX, Framingham, MA,
USA). Freshly prepared peripheral blood mononuclear
cells (2.5-3.5 x 10° cells) are incubate with a known dose
of 5-FU at 37°C, with shaking Cells aliquots are analyzed
at time 0, 1 h and 2 h. Cells were lysed and centrifuged.
5-FU concentration in the supernatants is quantified by
HPLC-MS/MS and the 5-FUDR is expressed as ng 5-FU/
ml/106 cells/min. [30]

Statistical analysis

STATA software, version 11.0 (StataCorp, College
Station, Tex) was used for statistical analysis Data are
presented as mean + standard deviation (SD). Patients
were categorized by sex, age (<=median age, >median
age), toxicity (grade 0-2, grade3-4), 5-FUDR value.

In a previous published study we analyzed the
continuous variable 5-FUDR on 1010 cancer patients,
before receiving fluoropyrimidine treatment. [31] Patients
were classified into the three following metabolic classes,
according to the values of the 5" and 95" centile as
determined by the normal distribution of 5-FUDR: poor
metabolizers (PM; i.e. < 5% centile, <0.85 ng/ml/10° cells/
min); normal metabolizers (NM; i.e. > 5" centile and
< 95" centile, > 0.85 ng/ml/10° cells/min and < 2.2 ng/
ml/10° cells/min); ultra-rapid metabolizers (UM; i.e. > 95™
centile, > 2.2 ng/ml/10° cells/min).

Chi-squared or Fisher exact test were used to
establish differences between groups, as appropriate.
Logistic regression models were useful for univariate
and multivariate odds ratios (ORs) with associated 95%
confidence intervals (CI) for variables associated with
severe toxicities.

Test for deviation of polymorphisms’ distributions
from the Hardy-Weinberg (HW) equilibrium was
performed using the SNP Stats software. [35]

RESULTS

We analyzed gene polymorphisms related to 5-FU
response and the pretreatment 5-FUDR in 107 gastro-
esophageal cancer patients (71 males, median age 68/69
years; 36 females, median age 64/65 years) Table 1.. Major
adverse events (CTC-grade 3 or 4) were encountered in
29 patients (27.1 %). The distributions of the analyzed
gene polymorphisms (Table 2) were in Hardy-Weinberg
equilibrium. The DPYD *2 allele was detected in just
one heterozygous carrier, corresponding with the 1.28%
frequency reported for the overall Italian population [32],
hence this polymorphism has not been further considered
in the analysis. However, this patient had a 5-FUDR below
the 5" centile (0.58 ng/ml/10° cells/min) and developed
a high grade toxicity. In the total samples analyzed, the
5-FUDR has a mean value of 1.61 + 0.42 ng/ml/10° cells/
min, and is not significantly affected by age, gender,
MTHFR A1298T or C677T polymorphisms nor by the
TSER polymorphism (Table 1).

Table 3 reports the toxicities. Table 4 reports the
distribution of low toxicity (grade 0-2) and severe toxicity
(grade 3-4) among patients’ groups. Whereas neither sex,
age categories, nor MTHFR and TSER genotype affect
the development of higher grade toxicity. The 5-FUDR
value is associated with the development of severe 5-FU
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Table 1: Patients’ characteristics.

Number of patients %

Male 71 66.36

Sex Female 36 36.64
Age category * < median 56 52.34
>median 51 47.66

Site of primary Gastro-oesophageal junction 11 10.28
Gastric 96 89.72

Stage Locally advanced 49 45.79
Metastatic 58 54.20

5-FU based 59 55.14

Type of treatment Capecitabine based 10 9.35
Monotherapy 38 35.51

*for males 68/69yrs; for females 64/65yrs.
Table 2: 5-FUDR descriptive statistics by demographic and genetic characteristics

(N=107).
Total 5-FUDR "
N % (mean%SD) P
Sex
males 71 166.36 |1.60+0.43
females 36 |33.64 |1.63+0.42 0.762
Age category**
<=median 56 (5234 | S04
>median 51 |47.66 | ) 0.458
MTHFR A1298C 1.630.47
AA 47 |44.34
1.62+0.39
AC 54 150.94 133+0.13
CcC 5 1472 ) ) 0.306
MTHFR C677T
cC 28 |26.17 |1.53+0.40
CT 53 149.53 [ 1.65+0.39
TT 26 |24.30 | 1.61+0.51 0.458
TMYS TSER
2R2R 28 |26.42 |1.70+0.34
2R3R 50 |47.17 [ 1.57+0.47
3R3R 28 126.42 |1.59+0.41 0.431

**Chi squared test or Fisher exact test; **for males 68/69yrs; for females 64/65yrs.

toxicities. In particular, a significant increase (p=0.002)
in the proportion of severe toxicities has been detected in
both the patients’ group with a 5-FUDR poor metabolizers
and for the patients’ group with a 5-FUDR ultra-rapid
metabolizers The ORs adjusted for age and sex were
11.14 (95%CI 1.09-113.77) for the low 5-FU metabolizers
and 9.63 (95%CI 1.70-54.55) for the ultra-rapid 5-FU
metabolizers.

DISCUSSION

Due to the narrow therapeutic range of
fluoropyrimidines, the ratio of the effective dose to toxic
dose is small [36] and the risk of developing severe
toxicity, with a small percentage of lethal events [3, 4],
is a main concern for patients and oncologists. Despite
the improvement led by the advent of pharmacogenetic
screening for DPYD, the proportion of pre-emptive
identification of patients at high risk of severe (grade

G3-4) 5-FU toxicity is still inadequate. Against a 30%
of grade 3-4 toxicities [3, 4], the DPYD polymorphisms
identify about 1-3% of patients at risk, because of the low
frequencies of specific alleles in the general population.[6,
32] Thus, we investigated the potential of the phenotypic
test 5-FUDR to increase the detection of “high risk”
patients prior to 5-FU administration, in order to plan
careful monitoring of toxic effects and better manage the
anti-cancer therapy.

Along with the normal distribution of the S-FUDR
value, two cut-off values associated with a significant
higher risk for the onset of grade 3-4 toxicity were
identified: the 5™and the 95"centiles (0.85 and 2.2 ng/
ml/10° cells/min, respectively). [31] In fact, in the
analyzed cohort, subjects with a poor 5-FU metabolism
present an 11.14 OR (95%CI 1.09-113.77) for grade
3-4 toxicity. The underlying toxicity mechanism in poor
5-FU metabolizers could be explained by decreased drug
clearance, as also suggested by the association between
low 5-FUDR values and the presence of defective DPYD
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Table 3: Toxicities

G1-2 toxicity G1-2 toxicity G3-4 toxicity G3-4 toxicity
(N) (%/107 pts) (N) (%/107 pts)
Hematological 16 14.95 20 18.69
Gastrointestinal 23 21.50 8 7.48
HFS 1 0.93 0.93
Other 15 14.02 2 1.87
Table 4: Distribution of grade 0-2 and grade 3-4 toxicities according to demographics, genetics and 5-FUDR
Total Toxicity Toxicity
Grade 0-2 | Grade 3-4 p OR (95% CI)* OR (95% CI)**
N % N % N %
Sex
males 71 |66.36 |53 |74.65 |18 |25.35 1 1
females 36 |33.64 |25 |169.44 |11 |30.55 |0.567 [1.30 (0.53-3.15) 1.28 (0.50-3.32)
Age category*** |
<=median 56 |52.34 |42 |75 14 |25 1
>median 51 |47566 |36 [70.59 [15 |29.41 |0.608 | 125 (0-53-294) |4 47 (0.58-3.71)
MTHFR A1298C |
AA 47 14434 136 |76.60 |11 |23.40
AC 54 |50.94 38 |7037 |16 [29.63 e gggg:g%g -
CC 5 472 |4 |80 1 20 0.736 | ™ ) )
MTHFR C677T 1
CcC 28 126.17 |19 |167.86 |9 |32.14
CT 53 12953 [40 [75.47 [13 |24.53 069 Eggiéggg -
TT 26 |24.30 |19 |73.08 |7 2692 |0.764 |~ i
TMYS TSER
2R2R 28 126.42 |20 |71.43 |8 |28.57 1
2R3R 50 |47.17 |36 |72 14 |28 0.97 (0.35-2.71) -
3R3R 28 12642 |21 |75 7 |25 0.947 10.83 (0.25-2.73)
5-FUDR
<5th centile 1 1
>5th<95th 4 (374 1 425 I3 |75 10.71 (1.06-| 11.14 (1.09-
. 96 |89.72 |75 |78.13 |21 |21.88
>95th centile 7 1634 |27 12857 5 [7143 [0.002 108.41) 113.77)
: : : : 8.93 (1.62-49.35) |9.63 (1.70-54.55)

*Crude odds ratio; **Odds ratio adjusted for age and gender; ***for males 68/69yrs; for females 64/65yrs.
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Figure 1: 5-Fluorouracil metabolism.
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alleles [5, 7, 9, 17], namely the *2A allele and the Hap?7
haplotype [32]. However, this previous work showed
that subjects who are carriers of normal DPYD alleles
(concerning 15 analyzed SNPs) can anyway have a poor
5-FUDR. The present results support the hypothesis that,
regardless the DPYD genotype, the 5-FUDR is a predictor
of toxicities related to fluorouracil-based chemotherapies,
and a parameter reflecting the overall fluoropyrimidine
metabolism.

Interestingly, we also found an association between
ultra-rapid (5-FUDR > 95" centile) 5-FU metabolism
(9.63 OR, 95%CI 1.70-54.55) with grade 3-4 toxicity.
Theoretically, a high 5-FUDR could be due to an increased
activity of the inactivating enzymes DPD, leading to a
decline in the drug percentage transformed into active
metabolites. However, a similar fast metabolism could
derive by an increased activity of the 5-FU activating
enzymes, leading to a raise in the concentration of
therapeutic molecules. (Figure 1). Indeed, it has been
demonstrated that the sensitivity to 5-FU is affected by
polymorphisms in the orotate phosphoribosyltransferase
gene (OPRT, transforming 5-FU in 5-fluorouridine
monophosphate) and, in cancer tissues, by the level of
activity of the OPRT enzyme and by the OPRT/DPD
activities ratio. [37-40]

Since increased concentration of active metabolites
could affect response as well as toxicity of the 5-FU
treatment, it could be speculated that ultra-rapid 5-FU
metabolizers could also have a different prognosis
compared to non-ultrarapid metabolizers. This hypothesis
is currently under investigation.

A limitation of our study is the enrollment of
patients treated with combination therapy, even though
to date the studies of associations between DPYD
polymorphisms and 5-FU toxicities were based on 5-FU
based chemotherapy instead of only 5-FU monotherapy.

Furthermore, in clinical practice only a few
percentage of patients are treated with monotherapy
so it’s not easy to understand clear which toxicities
depends on 5 -fluorouracil or on other drugs. However we
presented at ESMO 2015 our results of patients treated
with capecitabine monotherapy and it was confirmed the
association between 5-FUDR classes and toxicity. [41]

The poor and ultra-rapid 5-FU metabolizer classes
include by definition a 10% (< 5" centile and > 95%
centile) of the overall population. Thus, if used as a
predictive factor, it has the potentiality to sensibly increase
the identification of “at risk” patients, compared to
pharmacogenetic testing. In the analyzed cohort of gastro-
esophageal cancer patients, the S-FUDR test classified 11
out of 107 subjects as patients with a consistent risk to
develop grade 3-4 toxicity, of which 7 (63.6%) actually
developed severe toxicity. The proportion of patients
who developed severe toxicity identified preemptively by
the 5-FUDR tests is 24.1% (7/29), a significant progress
compared to the low percentage of toxicity potentially

identifiable by the commonly used DPYD polymorphisms.

Considering that the 5S-FUDR assay is a low-cost test
(about 10 € per sample), it requires non-invasive sampling
methods, and test results are available in one working day,
it appears suitable and cost-effective for implementation
in the routine pre-treatment panel of clinical evaluations.

Despite the limitations of the presented
retrospective study, we observed appealing results. So,
as future perspective, we highlight the importance of
conducting prospective studies on larger sample size, on
a homogeneous population in order to evaluate S-FUDR
impact on outcomes and with pharmacokinetics analysis
on fluorouracil metabolites plasma concentration. More
data on others cancer types, treated with fluoropyrimidine,
are also auspicated.

CONCLUSIONS

Compared to the available pharmacogenomic
screening, the pre-treatment evaluation of 5-FUDR
increases considerably the proportion of identified gastro-
esophageal cancer patients at high risk for severe 5-FU
toxicity, such as in colorectal cancer patients’ cohort
preemptively.

ETHICAL STANDARDS

All procedures followed were in accordance with
the ethical standards of the responsible committee on
human experimentation (institutional and national) and
with the Helsinki Declaration of 1964 and later versions.
Informed consent was obtained from all patients for being
included in the study.

CONFLICTS OF INTEREST

The authors declare that they have no conflict of
interest.

REFERENCES

1. Ku GY, Ilson DH. Chemotherapeutic options for
gastroesophageal junction tumors. Semin Radiat Oncol.
2013;23:24-30.

2. Ilson DH. Cancer of the gastroesophageal junction: Current
therapy options. Curr Treat Options Oncol. 2006;7:410-23.

3. Schwartzberg LS, Vogel WH, Campen CJ. Methotrexate
and Fluorouracil Toxicities: A Collaborative Practice
Approach to Prevention and Treatment. The ASCO Post
2014;5

4. Meta-Analysis Group in Cancer, Lévy E, Piedbois P, Buyse
M, Pignon JP, Rougier P, et al.. Toxicity of fluorouracil
in patients with advancedcolorectal cancer: effect of
administration schedule and prognostic factors. J Clin
Oncol. 1998;16 :3537-41.

www.impactjournals.com/oncotarget

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

Van Staveren MC, Guchelaar HJ, van Kuilenburg AB,
Gelderblom H, Maring JG. Evaluation of predictive tests for
screening for dihydropyrimidine dehydrogenase deficiency.
Pharmacogenomics J. 2013;13:389-95.

Schwab M, Zanger UM, Marx C, Schaeffeler E, Klein K,
Dippon J, et al. Role of genetic and nongenetic factors for
fluorouracil treatment-related severe toxicity: a prospective
clinical trial by the German 5-FU Toxicity Study Group. J
Clin Oncol. 2008;26:2131-8.

Longley DB, Harkin DP, Johnston PG. 5-fluorouracil:
mechanisms of action and clinical strategies. Nat Rev
Cancer. 2003;3:330-8.

Harris BE, Carpenter JT, Diasio RB. Severe 5-fluorouracil
toxicity secondary to dihydropyrimidine dehydrogenase
deficiency. A potentially more common pharmacogenetic
syndrome. Cancer. 1991;68:499-501.

Lyss, A P, Lilenbaum, RC, Harries BE, Diasio RB.
Severe 5-fluorouracil toxicity in a patient with decreased
dihydropyrimidine dehydrogenase activity. Cancer Invest.
1993;11 :239-40.

Leung HW, Chan AL. Association and prediction of
severe S-fluorouracil toxicity with dihydropyrimidine
dehydrogenase gene polymorphisms: A meta-analysis.
Biomed Rep. 2015; 3:879-883.

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

Toffoli G, Giodini L, Buonadonna A, Berretta M, De
Paoli A, Scalone S, et al. Clinical validity of a DPYD-
based pharmacogenetic test to predict severe toxicity to
fluoropyrimidines. Int J Cancer. 2015;137:2971-80.

Lee AM, Shi Q, Pavey E, Alberts SR, Sargent DJ, Sinicrope
FA, et al. DPYD variants as predictors of 5-fluorouracil
toxicity in adjuvant colon cancer treatment (NCCTG
NO0147). J Natl Cancer Inst. 2014;106.

Rosmarin D, Palles C, Pagnamenta A, Kaur K, Pita G,
Martin M, 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;64:111-120.

Deenen MJ, Meulendijks D, Cats A, Sechterberger
MK, Severens JL, Boot H, et al. Upfronf genotyping of
DPYD*2° to individualize fluoropyrimidine therapy: a
safety and cost analysis. J Clin Oncol. 2016;34:227-34.
Seck K, Riemer S, Kates R, Ullrich T, Lutz V, Harbeck N, et
al. Analysis of the DPYD gene implicated in 5-fluorouracil
catabolism in a cohort of Caucasian individuals. Clin
Cancer Res. 2005;11 :5886-92.

Marcuello E, Altes A, Menoyo A, Rio ED, Baiget M.
Methylenetetrahydrofolate reductase gene polymorphisms:
genomic predictors of clinical response to fluoropyrimidine-

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

based chemotherapy? Cancer Chemother Pharmacol.
2006;57:835-40.

Sharma R, Hoskins JM, Rivory LP, Zucknick M,
London R, Liddle C, et al. Thymidylate Synthase and
Methylenetetrahydrofolate Reductase Gene Polymorphisms
and Toxicity to Capecitabine in Advanced Colorectal
Cancer Patients. Clin Cancer Res. 2008;14:817-25.

Jakobsen A, Nielsen JN, Gyldenkerne N, Lindeberg J.
Thymidylate synthase and methylenetetrahydrofolate
reductase gene polymorphism in normal tissue as predictors
of fluorouracil sensitivity. J Clin Oncol 2005;23:1365-9.

Etienne-Grimaldi M-C, Francoual M, Formento JL, Milano
G. Methylenetetrahydrofolate reductase (MTHFR) variants
and fluorouracil-based treatments in colorectal cancer.

Pharmacogenomics. 2007;8 :1561-6.

Loganayagam A, Arenas Hernandez M, Corrigan A,
Fairbanks L, Lewis CM, Harper P, et al. Pharmacogenetic
variants in the DYPD, TYMS, CDA and MTHFR genes are
clinically significant predictors of fluoropyrimidine toxicity.
Br J Cancer. 2013; 108 : 2505-2515.

Loganayagam A, Arenas Hernandez M, Corrigan A,
Fairbanks L, Lewis CM, Harper P, et al. Pharmacogenetic
variants in the DYPD, TYMS, CDA and MTHFR genes are
clinically significant predictors of fluoropyrimidine toxicity.
Br J Cancer. 2013; 108 : 2505-2515.

Rosmarin D, Palles C, Church D, Domingo E, Jones
A, Jonhstone et al. Genetic markers of toxicity from
capecitabine and other fluorouracil-based regimens:
investigation in the QUASAR?2 study, systematic review,
and meta-analysis. J Clin Oncol. 2014; 32 : 1031-1039.

Afzal S, Gusella M, Vainer B, Vogel UB, Andersen JT,
Broedbaek K, et al. Combinations of polymorphisms
in genes involved in the 5-Fluorouracil metabolism
pathway are associated with gastrointestinal toxicity in
chemotherapy-treated colorectal cancer patients. Clin
Cancer Res. 2011;17:3822-3829.

Huang K, Shen Y, Zhang F, Wang S, Wei X. Evaluation of
effects of thymidylate synthase and excision repair cross-
complementing 1 polymorphism on chemotherapy outcome
in patients with gastrointestinal tumors using peripheral
venous blood. Oncol Lett. 2016;11:3477-3482.

Wu NC, Su SM, Lin TJ, Chin J, Hou CF, Yang JY, et al.
Methylenetetrahydrofolate reductase C677T and A1298C
polymorphisms and fluorouracil-based treatment in Taiwan
colorectal cancer. Anticancer Drugs. 2015;26:888-93.

Yhim HY, Cho SH, Kim SY, Cho IS, Lee KT, Lee WS,
et al. Prognostic implications of thymidylate synthase gene
polymorphisms in patients with advanced small bowel
adenocarcinoma treated with first-line fluoropyrimidine-
based chemotherapy. Oncol Rep. 2015;34:155-64.

Rumiato E, Boldrin E, Amadori A, Saggioro D. DMET

(Drug-Metabolizing  Enzymes and  Transporters)
microarray analysis of colorectal cancer patients with

severe 5-fluorouracil-induced toxicity. Cancer Chemother

WWW

.impactjournals.com/oncotarget

Oncotarget



29.

30.

31.

32.

33.

34.

35.

Pharmacol. 2013;72:483-8.

Magdy T, Arlanov R, Winter S, Lang T, Klein K,
Toyoda Y, et al. ABCC11/MRPS8 polymorphisms affect
5-fluorouracil-induced toxicity and hepatic
expression.. Pharmacogenomics. 2013;14:1433-48.

Lostia AM, Lionetto L, Ialongo C, Gentile G, Viterbo
A, Malaguti P, et al. A liquid chromatography-tandem

severe

mass spectrometry method for the determination of
5-Fluorouracil degradation rate by intact peripheral blood
mononuclear cells. Ther Drug Monit. 2009;31:482-8.

Mazzuca F, Borro M, Botticelli A, Mazzotti E, Marchetti
L, Gentile G , et al. Pre-treatment evaluation of
5-fluorouracil degradation rate: association of poor and
ultra-rapid metabolism with severe toxicity in a colorectal
cancer patients cohort. Oncotarget. 2016. doi: 10.18632/
oncotarget.7991.

Gentile G, Botticelli A, Lionetto L, Mazzuca F, Simmaco
M, Marchetti P, et al.Genotype-phenotype correlations in
S-fluorouracil metabolism: a candidate DPYD haplotype to
improve toxicity prediction. Pharmacogenomics J. 2015.
doi: 10.1038/tpj.2015.56.
http://ecog-acrin.org/resources/ecog-performance-
statusAccessed September 22nd 2015

Trotti A, Colevas AD, Setser A, Rusch V, Jaques D, Budach
V, et al. CTCAE v3.0: development of a comprehensive
grading system for the adverse effects of cancer treatment.
Semin Radiat Oncol. 2003;13:176-81.

Solé X, Guino E, Valls J, Iniesta R, Moreno V. SNPStats:
a web tool for the analysis of association studies.
Bioinformatics. 2006;22:1928-9.

36.

37.

38.

39.

40.

41.

Rich TA, Shepard RC, Mosley ST. Four decades of
continuing innovation with fluorouracil: Current and future
approaches to fluorouracil chemoradiation therapy. J Clin
Oncol. 2004;22:2214-32.

Tsunoda A, Nakao K, Watanabe M, Matsui N, Ooyama A,
Kusano M. Associations of various gene polymorphisms
with toxicity in colorectal cancer patients receiving oral
uracil and tegafur plus leucovorin: a prospective study. Ann
Oncol. 2011;22:355-61.

Furuse H, Hirano Y, Harada M, Ming LH, Aoki T, Kurita
Y, et al. Significance of 5-fluorouracil-related enzyme
activities in predicting sensitivity to S5-fluorouracil in
bladder carcinoma. Anticancer Res. 2009;29 :1001-8.
Ochiai T, Umeki M, Miyake H, lida T, Okumura M, Ohno
K, et al. Impact of 5-fluorouracil metabolizing enzymes on
chemotherapy in patients with resectable colorectal cancer.
Oncol Rep. 2014;32 :887-92.

Sakamoto E, Nagase H, Kobunai T, Oie S, Oka T,
Fukushima M, et al. Orate phosphoribosyltrasferase
expression level in tumors is a potential determinant of the
efficacy of S-fluorouracil. Biochem Biophys Res Commun.
2007;363:216-22.

Botticelli A, Mazzuca F, Borro M, Mazzotti E, Maddalena
C, Gentile G, Lionetto M, Simmaco P, Marchetti P.
2171 Effect of degradation rate of 5-FU and genetic
polymorphisms of DPYD, TSER and MTHFR on toxicity
of capecitabine in colorectal cancer. Eur J Cancer 2015;
51:S390.

www.impactjournals.com/oncotarget

Oncotarget



