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exposure, tumor response, progression-free survival (PFS), 
overall survival (OS) and chemotherapy-related toxicity 
using appropriate statistical tests.
Results Patients with a low clearance of 5FU were at 
increased risk of neutropenia (P < 0.05) and hand–foot 
syndrome (P = 0.002). DPYD T85C, T1896C and A2846T 
mutant variants were associated with diarrhea (P < 0.05) 
and HFS (P < 0.02), and IVS14+1G>A additionally with 
diarrhea (P < 0.001). The TYMS 2R/3G, 3C/3G or 3G/3G 
promoter variants were associated with worse PFS in the 
CRC (HR = 2.0, P < 0.01) and GEC group (HR = 5.4, 
P < 0.001) and worse OS in the GEC group (HR = 4.7, 
P < 0.001). The GSTP1 A313G mutant variant was associ-
ated with a higher PFS (HR = 0.55, P = 0.001) and OS 
(HR = 0.60, P = 0.002) in the CRC group.
Conclusions Germline polymorphisms of DPYD, TYMS 
and GSTP1 have a significant effect on toxicity and clinical 
outcome in patients receiving capecitabine-based chemo-
therapy for advanced colorectal or gastroesophageal cancer. 

Abstract 
Purpose This work was initiated to extend data on the 
effect of pharmacogenetics and chemotherapy pharmacoki-
netics (PK) on clinical outcome in patients with gastroin-
testinal malignancies.
Methods We assessed 44 gene polymorphisms in 16 
genes (TYMS, MTHFR, GSTP1, GSTM1, GSTT1, DPYD, 
XRCC1, XRCC3, XPD, ERCC1, RECQ1, RAD54L, 
ABCB1, ABCC2, ABCG2 and UGT2B7) in 64 patients 
with metastatic colorectal cancer (CRC) receiving capecit-
abine/oxaliplatin and 76 patients with advanced gastroe-
sophageal cancer (GEC) receiving epirubicin/cisplatin/
capecitabine, respectively. Plasma concentrations of anti-
cancer drugs were measured for up to 24 h, and results were 
submitted to population PK analysis. We calculated the 
association between gene polymorphisms, chemotherapy 
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These data should further be validated in prospective clini-
cal studies.

Keywords Thymidylate synthase · Colorectal cancer · 
Gastroesophageal junction tumors · Capecitabine · 
Pharmacogenetics · Pharmacokinetics

Introduction

Still today, patients with metastatic colorectal (CRC) and 
gastroesophageal cancer (GEC) have a bad prognosis [1]. 
Intravenous 5FU has been partly replaced by its oral prod-
rug capecitabine, that is similarly effective when given in 
combination with oxaliplatin [2] or irinotecan [3] in CRC 
and in combination with epirubicin and either cisplatin 
(ECC) or oxaliplatin (OCC) in GEC [4]. The replacement 
of 5FU by capecitabine avoids potential complications such 
as thromboembolism or disconnection associated with cen-
tral venous catheter implantation [5]. Drug pathway-asso-
ciated gene polymorphisms may affect clinical outcome in 
patients with gastrointestinal malignancies [6, 7]. Polymor-
phic variants of the promoter region of the gene for thymi-
dylate synthase (TYMS) have been suggested to determine 
the cancer cell’s sensitivity toward fluoropyrimidines [8, 
9]. Functional polymorphisms in the methylenetetrahydro-
folate reductase (MTHFR) gene have been associated with 
response to 5FU monotherapy in patients with advanced 
CRC [10]. Dihydropyrimidine dehydrogenase (DPYD) is 
the 5FU rate-limiting catabolic enzyme, and several func-
tional mutations result in increased 5FU exposure and tox-
icity from fluoropyrimidines [11–15]. Resistance to plati-
num compounds may be attributed to mutations within the 
nucleotide excision repair (NER) pathway [16, 17] or to 
mutations of the detoxifying glutathione-S-transferases 
(GST) [6, 18, 19]. This prospective clinical trial studied 
the association between pharmacogenetics, anticancer 
drug pharmacology and clinical outcome in patients with 
advanced gastrointestinal malignancies.

Methods

Patient population and study treatment

This prospective study was carried out at the Netherlands 
Cancer Institute (Amsterdam, The Netherlands) (Table 1). 
Main eligibility criteria include patients with metastatic 
CRC or GEC, receiving palliative first-line chemotherapy 
with 3-weekly capecitabine 1000 mg/m2 b.i.d. for 2 out of 
3 weeks and oxaliplatin 130 mg/m2 day 1 or ECC (continu-
ous capecitabine 625 mg/m2 b.i.d., cisplatin 60 mg/m2 day 
1, epirubicin 50 mg/m2 day 1), respectively. Treatment was 

given until disease progression, intolerable toxicity or with-
drawal of patient consent, whatever occurred first. Weekly 
hematology and 6-weekly radiological assessments were 
performed, and treatment response was assessed according 
to RECIST version 1.0. Patients had adequate bone marrow 
and organ function. All patients provided written informed 
consent. Treatment-related toxicity was graded according 
to the common toxicity criteria version 3.

Genotyping of candidate germline mutations

Germline mutations were analyzed from peripheral blood: 
DPYD c.85T>C (rs1801265), c.496A>G (rs2297595), 
c.1601G>A (rs1801158), c.1627A>G (rs1801159), c.1679T>G 
(rs55886062), c.T1896C (rs17376848), c.1905+1G>A 
(rs3918290), c.2846A>T (rs67376798), ABCC2 c.–24C>T 

Table 1  Patient demographics and clinical characteristics

CRC colorectal cancer, GEC gastroesophageal cancer, ECOG Eastern 
Cooperative Oncology Group, PS performance status

Demographic and clinical 
characteristic

CRC (n = 64) GEC (n = 76)

No. of patients No. of patients

Tumor subentity

Colosigmoidal 41 (64 %) – –

Rectal 23 (36 %) – –

Gastroesophageal junction – – 58 (76.3 %)

Gastric – – 18 (23.7 %)

Gender

Male 41 (64.1 %) 57 (75 %)

Female 23 (35.9 %) 19 (25 %)

Age (years)

Median 58.4 57.2

Range 31.7–72.8 35–75.3

>65 18 (28.1 %) 16 (21.1 %)

ECOG PS

0 39 (60.9 %) 38 (50 %)

1 25 (39.1 %) 38 (50 %)

Liver metastases

Yes 35 (54.7 %) 19 (25 %)

No 29 (45.3 %) 57 (75 %)

Radiological response

Complete response – – 5 (6.6 %)

Partial response 19 (29.7 %) 31 (40.8 %)

Stable disease 25 (39.1 %) 35 (46 %)

Progressive disease 11 (17.1 %) 4 (5.3 %)

Not evaluable 9 (14.1 %) 1 (1.3 %)

Previous cancer treatment

Primary tumor surgery 35 (54.7 %) 10 (13.2 %)

Perioperative chemotherapy 19 (29.7 %) 7 (9.2 %)

Preoperative radiotherapy 18 (28.1 %) 6 (7.9 %)
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(rs717620), c.1249C>A (rs2273697), c.2366C>T (rs1059762), 
c.4488C>T (rs8187707), GSTT1*0 (deletion), GSTM1*0 
(deletion), GSTP1 c.313A>G (rs1695), TYMS 28 bp VNTR 
(2R/3R), 3R C>G, TYMS 3′-UTR 6 bp-deletion, MTHFR 
c.677C>T (rs1801133), ERCC1 c.118C>T (rs11615), ERCC2 
c.312G>A (rs1799793), c.751A>C (rs13181), XRCC1 
c.399A>G (rs25487), ABCG2 c.34G>A(rs2231137), c.421C 
>A (rs2231142), c.1465T>C, c.1768A>T, ABCB1 c.1236C>T 
(rs1128503), c.2650C>T (rs9282563), c.2677G>T/A 
(rs2032582), c.3320A>C (rs55852620), c.3435C>T 
(rs1045642), UGT2B7 c.–161T>C (rs7668258), c.–
138G>A (rs73823859), c.–125T>C (rs7668282), c.211G>T 
(rs12233719), c.801T>A (rs7438284), c.802C>T (rs7439366), 
c.1059C>G (rs4292394), c.1062C>T (rs4348159), XRCC3 
c.241C>T (rs861539), RECQ1 c.159A>C, RAD54L 
c.157C>T (rs1048771). Location of each specific polymor-
phism as well as the primers used for gene amplification is out-
lined in the supplementary article files. TYMS high-expression 
genotype was defined as the presence of at least one 3G allele 
(2R/3G, 3C/3G or 3G/3G). DNA amplification was performed 
in a PTC-200 Thermocycler (MJ Research, Waltham, Mass). 
DNA sequencing was performed using the BigDye Terminator 
Cycle Sequencing Ready Reaction Kit on an ABI Prism 3100 

DNA analyzer (Applied Biosystems). For sequence alignment, 
the SEQSCAPE bioinformatics software package (version 2.1; 
Applied Biosystems) was used. SNPs with a missing call rate 
≥5 % were excluded. Negative controls were included in each 
analysis. The investigators performing genetic analyses (V.D.D. 
and P.H.M.S.) were blinded to patient characteristics and clini-
cal outcome. Specific mutations and respective primers used 
are outlined in the supplementary article files (Figs. 1, 2). 

Chemotherapy pharmacokinetic analysis

Blood sampling for all chemotherapy drugs was performed 
on day 1 of the first treatment cycle and up to 24 h after 
the start of treatment. Chemotherapy drugs were measured 
using validated flameless atomic absorption spectrometry 
[20] and high-performance liquid chromatography (HPLC) 
[21, 22], respectively. Population pharmacokinetics (PK) 
analysis of the concentration–time data of chemotherapy 
drugs and metabolites was performed using the nonlin-
ear mixed-effect modeling program (NONMEM) version 
7.2 (ICON Development Solutions, Hanover, USA). Log-
transformed plasma concentrations were used together with 
NONMEM’s first-order conditional estimation method 

Fig. 1  Kaplan–Meier estimates 
of progression-free survival 
(PFS) (left panels) and overall 
survival (OS) (right panels) for 
patients with advanced-stage 
colorectal cancer (top panels) 
and advanced gastroesopha-
geal cancer (bottom panels) 
according to the thymidylate 
synthase (TYMS) high and 
low genotype, as defined in the 
“Methods” section
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with interaction. Concentration–time data of oxaliplatin 
and cisplatin were described using a linear two-compart-
ment model, while a linear five-compartment model was 
used for epirubicin/epirubicinol and for capecitabine and 
metabolites [23]. Proportional error models were used for 
interindividual and residual unexplained drug variability. 
Model selection was based on data fit, precision of param-
eter estimates and goodness-of-fit plots.

Statistical analysis

The primary objective was to assess the quantitative effect 
of these 44 gene polymorphisms in 16 drug pathway-asso-
ciated genes on progression-free survival (PFS), and sec-
ondary objectives were to assess the quantitative effect of 
the same gene polymorphisms on chemotherapy toxicity, 
objective response rate (ORR) and overall survival (OS) 
and to assess the relationship between chemotherapy clear-
ance, toxicity and clinical outcome (ORR, PFS, OS). The 
association between demographics, chemotherapy expo-
sure, pharmacogenetics and clinical outcome was explored 
using the method of Kaplan–Meier (PFS, OS) and logistic 
regression (radiological response). Multivariate cox propor-
tional hazards models were used to determine the predictive 
value of chemotherapy exposure and pharmacogenetics, 
correcting for prognostic factors (performance score, age, 
gender). Association between demographics (age, gender, 
performance score), organ function (creatinine clearance, 

bilirubin), pharmacogenetics, chemotherapy exposure and 
toxicity was explored using Fisher’s exact tests (for binary 
variables) and Wilcoxon-type tests for trend (for ordinal 
variables with three levels). All tests of significance were 
two-sided; P < 0.05 was considered significant. No cor-
rection for multiple testing was applied, and the results of 
the present study should be considered hypothesis generat-
ing. Statistical analyses were performed using STATA 11.0 
(STATA Corp, College Station, Texas, USA).

Results

Patient characteristics are outlined in Table 1. Patients in 
both groups received a median of six chemotherapy cycles. 
Cisplatin was changed to carboplatin in three patients for 
renal dysfunction and in one patient for sensory polyneu-
ropathy. In the CRC group, median follow-up was 5 years 
and 4 months, median PFS 7.9 months and median OS 
15.1 months. In the GEC group, median follow-up was 
4 years and 8 months, median PFS 6.1 months and median 
OS 9.3 months.

Chemotherapy pharmacokinetics

Men had a 11 % higher CLOX compared with women 
(P = 0.008), and CCL was correlated with platinum clear-
ance (P = 0.01). GSTP1 c.313G homozygous mutants 

Fig. 2  Kaplan–Meier estimates of progression-free survival (PFS) 
(left panel) and overall survival (OS) (right panel) for patients with 
advanced-stage colorectal cancer according to the glutathione-

S-transferase P1 genotype (HOM homozygous mutant, WT wild type, 
HET heterozygous mutant)
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had a 44 % higher clearance for epirubicin (CLEPI) 
(P = 0.008) and ABCB1 c.3435T mutants a 21 % higher 
CLEPI (P < 10−4). There was a positive association between 
body surface area and corrected clearance for capecitabine 
(CLCAP/F) (P = 0.03), and XRCC1 c.399G mutants had 
a 21 % lower CLCAP/F (P = 0.006). The single DPYD 
c.1905+1G>A mutant patient with advanced distal esoph-
ageal carcinoma had a 66 % lower CL5FU/F, and XRCC1 
c.399G mutants had a 42 % higher CL5FU/F. Population PK 
models were supported by goodness-of-fit plots, relative 
standard errors and visual predictive checks.

Genetic, pharmacological and clinical predictors of toxicity

Polymorphic genotypes did not deviate significantly from 
Hardy–Weinberg equilibrium, although the power to detect 
potential deviations is low in this dataset. Major genotypes 
versus fluoropyrimidine-associated toxicity are outlined in 
Table 2. The full table of functional, non-silent genotypes 
with a minor allele frequency of ≥5 % and fluoropyrimidine-
associated toxicity can be found in the supplementary article 
files. The single carrier of a mutant DPYD c.1905+1G>A 
allele experienced diarrhea CTC grade 3, resulting in hospi-
talization 10 days after starting ECC chemotherapy. After a 
50 % dose reduction of capecitabine, the patient received six 
cycles of ECC without further complications. Patients expe-
riencing chemotherapy-associated neutropenia had a lower 
CL5FU/F compared with patients with no neutropenia in 
patients with CRC (32.0 vs. 45.2 L/h, P = 0.005) and GEC 
(34.2 vs. 41.5 L/h, P = 0.04). Patients experiencing diar-
rhea had a nonsignificantly lower CL5FU/F in the CTC group 
(40.4 vs. 45.3 L/h), and patients experiencing HFS had a 
significantly lower CL5FU/F in the GEC group (30.9 vs. 42.4 
L/h, P = 0.002). Two patients in the GEC group experienced 
heart failure with decreased left ventricular ejection fraction. 
None of the patients had an impaired elimination of epiru-
bicin (81.6 and 79.1 L/h as compared with the population 
average of 77.4 L/h). Both patients discontinued epirubicin 
and fully recovered from heart dysfunction.

Genetic, pharmacological and clinical predictors of clinical 
outcome

The association between gene polymorphisms and clini-
cal outcome is outlined in Table 3. The full table of func-
tional, non-silent genotypes with a minor allele frequency 
of ≥5 % and clinical outcome can be found in the supple-
mentary article files.

Patients with metastatic colorectal cancer

Carriers of the TYMS high-expression genotype had a 
significantly worse PFS (HR = 2.03, P = 0.006) and a 

nonsignificantly worse OS (HR = 1.48, P = 0.14). GSTP1 
c.313G mutant carriers had a significantly improved tumor 
response (47.2 vs. 10.5 %, P = 0.006), improved PFS 
(HR = 0.61 for GSTP1 c.313G mutants, HR = 0.24 for 
GSTP1 c.313G homozygous mutants, P < 0.001) and OS 
(HR = 0.70 for GSTP1 c.313G mutants, HR = 0.23 for 
GSTP1 c.313G homozygous mutants, P < 0.001). When 
correcting for known prognostic factors, the TYMS high-
expression genotype predicted for worse OS (HR = 1.70, 
P = 0.08), and the GSTP1 c.313G homozygous mutant 
genotype predicted for improved OS (HR 0.56, P = 0.001).

Patients with metastatic gastroesophageal cancer

Carriers of the TYMS high-expression genotype had a 
significantly worse PFS (HR = 5.43, P < 0.001) and OS 
(HR = 4.74, P < 0.001). Carriers of the GSTP1 c.313G 
mutant allele had a nonsignificantly improved tumor 
response (P = 0.07), and this was mainly driven by GSTP1 
c.313G homozygous mutant carriers who had a high tumor 
response of 77.8 %. Carriers of the ERCC2 c.751C mutant 
allele had a nonsignificantly improved tumor response, 
with ERCC2 c.751A>C wild type, heterozygous and 
homozygous mutant carriers having response rates of 36.3, 
51.0 and 75.0 %, respectively (P = 0.10). When correcting 
for known prognostic factors, the TYMS high-expression 
genotype predicted for worse OS (HR = 5.44, P < 0.001).

Discussion

This is one of very few studies [24, 25] to combine the 
analysis of drug pathway-associated germline polymor-
phisms and anticancer drug PK in patients with advanced 
gastrointestinal malignancies. Drug pathway-associated 
candidate genes harboring established and mostly functional 
polymorphic variants were included in the present study, 
so that any association between mutant variants and study 
endpoints (toxicity, clinical outcome) should be plausible 
from a biological viewpoint. Carriers of the TYMS high-
expression genotype had a worse clinical outcome, and this 
was independent of chemotherapy exposure, in particu-
lar capecitabine. These findings may suggest that capecit-
abine dose escalation or adaptation is unlikely to improve 
clinical outcome, as chemotherapy response is primarily 
driven by tumor chemosensitivity rather than chemother-
apy exposure. The functional relevance of the TYMS pro-
moter genetics has first been shown by Kawakami et al. 
[26], who later found a higher survival in carriers of the 
low-expression compared with the high-expression TYMS 
genotype in early-stage CRC [27]. A higher treatment 
response to capecitabine has been found in patients with 
advanced CRC carrying the TYMS double-repeat variant 
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[28, 29]. In the study by Pullarkat et al. [29], carriers of 
the TYMS double-repeat variant had a median survival of 
16.2 months compared with 8.3 months in patients with 
one triple-variant allele and 8.5 months in patients with two 
triple-variant alleles. Goekkurt et al. [30] found carriers of 
the low-expression TYMS genotype to have a nonsignifi-
cantly higher survival compared with carriers of the high-
expression genotype (10.2 vs. 6.0 months) when receiving 
5FU/cisplatin for advanced gastric cancer. The favorable 
effect of the TYMS low-expression genotype was confirmed 
in patients with early-stage gastric cancer receiving adju-
vant 5FU [31] and in patients with advanced gastric cancer 
receiving 5FU/cisplatin [7]. For GSTP1, previous studies in 
patients with advanced colorectal cancer receiving 5-fluoro-
uracil and oxaliplatin showed carriers of the mutant GSTP1-
105 G/G genotype to have a higher risk of grade 3 neuro-
toxicity compared with carriers of GSTP1-105 A/G and 
GSTP1-105 A/A genotypes [6, 18]. The GSTP1 c.313A>G 
mutant variant is suggested to result in a reduced enzymatic 
activity of GSTP1 and consequential reduced detoxifica-
tion of the platinum salts, resulting in an increased risk of 
neurotoxicity, but also improved clinical outcome. Similar 
to Chen and colleagues, we found an improved outcome in 
patients with advanced colorectal cancer who were carriers 
of the mutant GSTP1 c.313A>G allele, with respect to both 
PFS and OS. We did not find such a correlation between the 
mutant GSTP1 c.A105G allele and neurotoxicity, although 
there was a statistical trend for more neurotoxicity in the 
group of gastroesophageal cancer patients when carrying the 
mutant GSTP1-105 G/G genotype (44 vs. 19 %, P = 0.09). 
Finally, a meta-analysis by Ye et al. [32] studied the effect 
of GSTP1 c.313A>G on clinical outcome in a total of 275 
patients with advanced CRC. While homozygous carriers of 
the mutant GSTP1 c.313A>G allele had a 37 % improve-
ment of the risk of tumor progression (HR = 0.63, 95 % CI 
0.35–1.14), this difference was not statistically significant 
[32].

Three DPYD variants have consistently been associ-
ated with toxicity from fluoropyrimidines, i.e., DYPD 
c.1679T>G (DPYD*13, rs55886062) [13, 14, 33], 
c.1905+1G>A (IVS14+1G>A, DPYD*2A, rs3918290) 
[13–15] and c.2846A>T (rs67376798) [13, 14]. Despite 
the low population frequencies of these polymorphic vari-
ants, associations with capecitabine-related toxicity were 
found for DPYD c.85T>C, c.1896T>C, c.1905+1G>A 
and c.2846A>T in the present study. A single patient with 
advanced distal esophageal carcinoma was heterozygous 
mutant for DPYD c.1905+1G>A, and this patient suffered 
from grade 3 diarrhea in the first cycle of capecitabine. 
The effect of DPYD polymorphic variants on the catabo-
lism of fluoropyrimidines and treatment-related toxicity 
has resulted in clinical practice guidelines for DPYD gen-
otype-guided dosing of fluoropyrimidines, recommending 

substantial dose reductions in heterozygous carriers of one 
of these 3 DPYD risk mutations [34]. A 50 % dose reduc-
tion in carriers of the IVS14+1G>A allele and a 25 % 
reduction in carriers of the c.2846A>T variant allele are 
suggested to be adequate according to a Dutch study includ-
ing 546 patients with advanced CRC receiving capecit-
abine-based chemotherapy [11]. This is in close consen-
sus with what was found in the present study, with a 66 % 
reduction of CL5FU/F in the single DPYD c.1905+1G>A 
mutant patient. A creatinine clearance <88 ml/min (lowest 
tertile) was associated with an increased risk of experienc-
ing capecitabine-related HFS in the present study, suggest-
ing that these patients may already be at risk to experience 
capecitabine-related toxicity. This is further supported 
by previous work of Hénin and colleagues who found a 
quasi-linear relationship between creatinine clearance and 
the risk of HFS, with the risk of HFS increasing by 7 % 
(95 % CI 2–11 %) for each 10 ml/min decrease in creati-
nine clearance [35].

The present study is mainly limited by its low power, 
why results of this study should be considered hypoth-
esis generating. To encounter this inherent weakness, we 
selected only drug pathway-associated candidate genes har-
boring established and mostly functional polymorphic vari-
ants with a higher a priori likelihood for being associated 
with clinical endpoints as defined in this study.

In conclusion, germline polymorphisms of DPYD, TYMS 
and GSTP1 have a significant effect on toxicity and clinical 
outcome in patients receiving capecitabine-based chemother-
apy for advanced colorectal or gastroesophageal cancer. Phar-
macogenetic profiling is attractive, as it provides clinically 
relevant information from a single blood sample, is invariant 
over time, overcomes tumor heterogeneity and informs indi-
vidual anticancer treatment in patients with advanced gastro-
intestinal malignancies. These findings may ultimately lead to 
an improved understanding of host–tumor interactions under-
lying cancer progression and treatment response and should 
further be validated in prospective clinical studies.
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