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f Fondazione Fiorgen, Sesto Fiorentino, Italy

Received 9 March 2005; received in revised form 23 June 2005; accepted 27 June 2005
Abstract

Thymidylate synthase (TS) intratumoural expression may be a prognostic marker and predict outcome of 5-fluorouracil (5-
FU)-based chemotherapy in colorectal cancer patients. The TS gene promoter enhancer region contains two different polymor-
phisms which can influence TS mRNA transcriptional and translational efficiency: a polymorphic tandem repeat sequence (2 or
3 repeats; 2R and 3R) and a single nucleotide polymorphism (SNP), G > C, within the second repeat of the 3R alleles. We stud-
ied the relationship between tumoural TS mRNA expression levels and TS gene polymorphisms in the colonic mucosa of 48
colorectal cancer patients. The 3R/3R genotype was characterised by higher TS mRNA levels in the tumour than the 2R/
2R–2R/3R genotypes (P = 0.071). Regarding the relationship with the SNP polymorphism, a statistically significant difference
in TS gene expression between the 3RG/3RG genotype and 2R/2R–2R/3RC–2R/3RG genotype subset was observed
(P = 0.017). No statistically significant correlation was observed between experimental data and baseline clinical-pathological
characteristics as well as clinical outcome in the relatively small patient series investigated. This is the first study reporting
an association between the TS intra-repeat SNP and gene expression levels in colorectal cancer patients. These results suggest
that in 3R/3R patients, the G > C polymorphism may be an important factor in determining TS mRNA expression levels, and
warrant further investigation of the role of TS promoter polymorphisms as predictors of sensitivity to 5-FU-based chemother-
apy in larger case series.
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1. Introduction

Thymidylate synthase (TS) is a key enzyme in the de

novo synthesis of deoxythymidine monophosphate
(dTMP), an essential precursor of DNA, which catalyses
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the methylation of deoxyuridine monophosphate to
dTMP [1]. The critical role of TS in nucleotide metabo-
lism has made it an important target of a variety
of chemotherapeutic agents including 5-fluorouracil
(5-FU), 5-FU prodrugs such as capecitabine, and novel
folate-based TS inhibitors such as raltitrexed and
pemetrexed, which are used in the treatment of colorectal
and other solid tumours [2].

Resistance to fluoropyrimidines and other TS inhibi-
tors may occur through a variety of mechanisms includ-
ing elevated intracellular TS levels resulting from
increases in TS transcription [3] and translation [4].

In colorectal cancer patients TS intratumoural
expression may predict the sensitivity to 5-FU and other
TS inhibitor-based chemotherapy [5,6], and may also be
an important prognostic marker [7]. High TS expression
in early stage colorectal cancer patients seems to predict
poorer overall survival in both chemotherapy-treated
and untreated patients following surgery [7]. Also, met-
astatic colorectal cancer patients with high TS levels are
unlikely to respond to infusional treatment with 5-FU,
whereas patients with low levels of this enzyme have
higher than average response rates [8,9].

Two different polymorphisms have been described in
the TS gene promoter region. The first one is repre-
sented by a variation in the number of a 28-base pair
tandemly repeated sequence [10]. Although there have
been reports of more than three repeats within certain
populations, the vast majority of TS alleles harbour
either a double- or a triple repeat, creating genotypes de-
fined as 2R/2R, 2R/3R, and 3R/3R, respectively. This
polymorphism modulates TS gene expression [4,10]
and translational efficiency [11], as shown by the obser-
vation that TS genes with the 3R allele have greater
expression activity than those with the 2R sequence in
a transient expression assay in cancer cells [10].

Recently, a single nucleotide polymorphism (SNP),
G > C, involving the twelfth nucleotide of the second re-
peat of the 3R alleles, has been described. The two al-
leles are defined as 3RG and 3RC, respectively. The
3RC allele can abolish the increased transcriptional
activity of the 3R variant in vitro, by altering a transcrip-
tion factor-binding site [12].

Increased expression of the TS gene [13] and/or of the
TS protein in gastrointestinal cancer [14] is associated
with the TS 3R allele. Patients with gastrointestinal can-
cer (mainly colorectal), who were homozygous for the
3R variant were found to have higher average tumour
levels of TS mRNA [13] or TS protein [14] and were less
likely to respond to 5-FU treatment compared with 2R/
2R homozygotes and 2R/3R heterozygotes in the meta-
static [13,15], neoadjuvant [16] and adjuvant settings
[17].

By analysing the G > C SNP within the 28-bp tandem
repeat sequence of the TS gene, Kawakami and col-
leagues [18], demonstrated that colorectal cancer pa-
tients with TS genotypes, classified as high expression
type (2R/3RG, 3RG/3RC and 3RG/3RG), did not ben-
efit from postoperative adjuvant therapy with oral
fluoropyrimidines, while patients with TS genotypes
classified as low expression type (2R/2R, 2R/3RC and
3RC/3RC) survived longer if treated postoperatively
with oral fluoropyrimidines as compared to untreated
controls. The SNP located within the promoter region
of the TS gene was also found to be associated with re-
sponse to 5-FU-based chemotherapy and survival in pa-
tients treated for metastatic colorectal cancer [19].
However, no studies on the association between this
TS intra-repeat SNP and gene expression levels in colo-
rectal cancer patients have been published so far.

The purpose of the present study was to analyse the
relationship between tumour TS gene expression levels
and the two above described TS polymorphisms in nor-
mal colonic mucosa from colorectal cancer patients at
various stages of disease who were undergoing surgery
and post-operative 5-FU-based chemotherapy.
2. Materials and methods

2.1. Tissue sampling

Primary tumour and corresponding colonic mucosa
explants obtained from colorectal patients at surgery
were frozen in liquid nitrogen until molecular analysis.
Immediately after resection, the tumour sample was
divided into two equal portions after washing and re-
moval of necrotic tissues. One portion was fresh frozen
in liquid nitrogen until the time of RNA extraction, and
the other portion was embedded in paraffin to confirm
histologically that it did not contain significant contam-
ination by normal tissues, necrotic tissues, and
lymphocytes.

2.2. Relative quantitative analysis of TS gene expression

by reverse transcription and real time PCR (RT-PCR)

assay

Total RNA was extracted by a standard protocol
based on the guanidine thiocyanate-phenol/chloroform
extraction method [20]. Semiquantitative analysis of
TS mRNA was performed using the LightCycler TS
mRNA Quantification KitPlus (Roche Diagnostics
S.p.A. Roche Applied Science, Monza, Italy) following
a two-step procedure. In the first step, cDNA was re-
verse transcribed from 100 ng of total RNA using
AMV reverse transcriptase and TS and glucose-6-phos-
phate dehydrogenase (G6PDH, reference gene) specific
primers. In the second step, a 111 bp fragment of TS

cDNA was amplified by PCR in a LightCycler appara-
tus (Roche Diagnostics S.p.A. Roche Applied Science,
Monza, Italy) using specific primers. The TS amplicon
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was detected by fluorescence with a specific pair of
hybridisation probes (fluorescence resonance energy
transfer, FRET). The reference gene G6PDH was ampli-
fied using the same cDNA preparation but in a separate
PCR reaction tube. A calibrator RNA was included
in the kit for relative quantification. TS PCR amplifica-
tion products were quantitatively analysed as follows:
the amount of target TS was calculated as a ratio of
the amount of target (T) gene to the amount of reference
R gene (G6PDH). Then the ratio of target to reference
(T:R) of the sample was divided by T:R of the calibrator
to compensate for run-to-run differences. Analysis was
performed using a dedicated quantification software
(The LightCycler Relative Quantification Software,
Roche Diagnostics S.p.A. Roche Applied Science, Mon-
za, Italy).

2.3. Analysis of the TS promoter enhancer region

polymorphisms

Genomic DNA extraction was performed by a stan-
dard phenol/chloroform method. DNA was amplified
by PCR using the following primers: forward 5 0-
GTGGCTCCTGCGTTTCCCCC, reverse 5 0-CTCCG-
AGCCGGCCACAGG. PCR analysis was performed
in a total volume of 30 ll containing 200 ng DNA,
1.25 mM MgCl2, 2 mM deoxynucleotide triphosphates,
3 ll of dimethyl sulfoxide (DMSO), 40 pmol of each pri-
mer and 1.25 U of Taq polymerase. After 35 cycles of
amplification (denaturation at 95 �C for 30 s, annealing
at 63 �C for 30 s and elongation at 72 �C for 30 s), PCR
products were electrophoresed onto a 2.5% agarose gel.
Products of 213 base pairs (2R/2R), 241 base pairs (3R/
3R), or both of these products (2R/3R), depending on
the TS genotype, were observed. Fifteen microliters of
the amplification products from samples showing the
presence of the 3R allele were subsequently digested
with the restriction enzyme HaeIII, which allows recog-
nition of the intra-repeat G/C SNP. Digested PCR
products were electrophoresed onto 15% non-denatur-
ing polyacrylamide gels. HaeIII digestion yielded several
lower molecular weight bands, with a 94-base pairs band
specific for the C allele.

2.4. Statistical analysis

Relationships between TS mRNA expression and
genotypes were analysed on the following subsets of pa-
tients: two subgroups selected on the basis of TS mRNA
high or low expression (cut off = median value); two
subgroups selected on the basis of repeat length allele
combinations: 3R/3R genotypes (n = 16), and 2R/2R–
2R/3R genotypes (n = 32); and three subgroups ob-
tained from additional investigation of the intra-repeat
SNP: 2R/2R–2R/3RC–2R/3RG (n = 31), 3RG/3RG
(n = 6) and 3RG/3RC genotypes (n = 7).
The Wilcoxon RankSum test was used to assess the
correlation between TS gene expression and the TS tan-
dem repeat polymorphism, and the Kruskal–Wallis test
to assess the correlation between TS gene expression
and TS SNP genotypes.

The correlation of TS gene expression with clinical
and pathologic characteristics was analysed using the
Spearman test (age), the Wilcoxon RankSum test (sex
and histotype) and the Kruskal–Wallis test (tumour site,
stage and grading).

The correlation between the different TS polymor-
phisms and the clinical and pathological characteristics
was analysed using the Fisher exact test for sex, grading,
tumour site, histotype and stage parameters and the
Kruskal–Wallis test for age.

Overall and disease-free survival in every subset of
patients were estimated by the Kaplan–Meier method
and compared using the log-rank test.

Analyses were carried out using the Stata Corp. 2001
Stata Statistical Software, Release 7.0 College Station,
TX, Stata Corporation. P values <0.05 were considered
significant.
3. Results

The case series of 48 colorectal cancer patients was
comprised of 20 females and 28 males; their median
age was 60 years, ranging between 23 and 76. The site
of the primary tumour was right colon in 8 cases, left co-
lon in 20 cases, transverse in 4, and rectum in 16 cases;
primary tumour stage was Dukes� B in 22 patients, C in
20, D in 6. The histotype was adenocarcinoma in 45
cases and mucinous in 3; the grading was G2 in 41 pa-
tients, G3 in 4 and not determined in 3 patients. All pa-
tients received fluoropyrimidine-based chemotherapy
postoperatively: in 42 cases as adjuvant and in 6 as pal-
liation (Table 1).

The median time interval between surgery and post-
operative treatment was 35 days, ranging between 22
and 87 days in the adjuvant setting (n = 42). The same
parameter for the 6 patients with synchronous metasta-
ses was 36.5 days (range 25–48 days).

Disease recurrence occurred in 10 out of 42 com-
pletely resected patients; the median time between sur-
gery and this event was 14 months (range 4–32). The
median follow-up for the 32 disease-free patients was
88.5 months (range 17+;114+).

A marked interindividual variation in TS mRNA
expression in the 48 colorectal cancer samples was ob-
served: TS/G6PDH ratios varied between 0 and 10.72
(>100 fold) with a median value of 1.52. This value
was also used to discriminate between patients with high
and low TS mRNA expression in the two subpopula-
tions of patients receiving adjuvant or palliative chemo-
therapy after surgery.



Table 1
Main clinical and pathological characteristics of colorectal cancer
patients

No. of patients 48

Age (years)
<60 22
P60 26

Sex
M 28
F 20

Site of primary tumours
Right colon 8
Transverse colon 4
Left colon 20
Rectum 16

Dukes� stage
B 22
C 20
D 6

Histotype
Adenocarcinoma 45
Mucinous 3

Grading
G2 41
G3 4
ND 3

Type of 5-FU-based chemotherapy
Adjuvant 42
Palliative 6

ND, not determined.
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The genotype frequencies of the TS tandem repeat
polymorphism in colonic mucosa were 18.7% (2R/2R),
47.9% (2R/3R) and 33.3% (3R/3R).

A trend for increased TS gene expression in patients
with the 3R/3R genotype versus those with the 2R/2R–
2R/3R genotypes was noted (the median TS/G6PDH

ratio was 2.22 for 3R/3R and 1.36 for 2R/2R–2R/3R
patients; P = 0.071) (Fig. 1, panel a).

SNP analysis was performed in 44 colonic mucosa
samples, due to unavailability of DNA from 4 samples
for further analysis. The frequency of each TS SNP
genotype was 20.5% (2R/2R), 27.3% (2R/3RG), 22.7
(2R/3RC), 13.6% (3RG/3RG), and 15.9% (3RG/3RC).
We compared the subgroup including the 2R/2R, 2R/
3RC, and 2R/3RG genotypes (n = 31) with the sub-
groups comprised of the 3RG/3RG (n = 6) or of the
3RG/3RC (n = 7) genotypes. We observed a statistically
significant difference in TS gene expression levels only
between the first (2R/2R, 2R/3RC, and 2R/3RG geno-
types) and the second subgroup (3RG/3RG genotype)
(median TS/G6PDH ratios 1.42 and 5.27, respectively)
(P = 0.017) (Fig. 1, panel b). Median TS mRNA expres-
sion value in the third subgroup (3RG/3RC patients)
was not substantially different from that observed in
the first subgroup (median TS/G6PDH ratios 2.01 and
1.42, respectively, P = 0.55) (Fig. 1, panel b).
Analysis of the correlations between experimental
data (TS mRNA expression and promoter polymor-
phisms) and baseline clinical and pathological character-
istics showed no statistically significant differences (data
not shown).

Relationships between clinical outcome (disease recur-
rence and death) and TS gene expression or genotype for
the 42 patients undergoing radical surgery followed by
adjuvant chemotherapy are reported in Table 2.

The other 6 patients with synchronous metastases (5
at hepatic level, one at peritoneal level) that persisted
after surgery belonged to the same group of genotypes
(3 patients 2R/2R; 1 patient 2R/3RG; 2 patients 2R/
3RC) and 5 out of 6 presented low levels of TS gene
expression. Due to the limited number of patients and
the non-homogeneous distribution, it was not possible
to evaluate the predictive role of experimental parame-
ters in this disease setting.

Three disease stabilisation and 3 disease progression
were observed. Two patients, undergoing curative sur-
gery after chemotherapy became disease-free; one of
these relapsed at 25 months, the other was disease-free
at the time of analysis (49 months). The median time
to progression was 3 months (range 2–25).

The median overall survival time was not achieved in
patients undergoing radical surgery (n = 42) nor in the
entire case series (n = 48) with a median follow-up of
94 months. This parameter was instead 14 months in
the 6 patients with metastatic disease at surgery.

The overall survival in our entire case series (n = 48)
and in that of cases with completely resected tumours
(n = 42) was similar in patients with TS mRNA levels
lower than the median value and in those with higher lev-
els. Disease-free survival (DFS) was also similar in
patients with completely resected tumours and high TS

expression compared with patients having lowTS expres-
sion (P = ns). No consistent differences in OS and DFS
were observed among patients with 2R/2R and 2R/3R
or 3R/3R genotypes and among 2R/2R–2R/3RC–2R/
3RG and 3RG/3RG or 3RG/3RC genotypes (Fig. 2).
4. Discussion

The tandem repeat length polymorphism of the TS 5 0

regulatory region has been shown to influence TS
expression levels [4,10,14], and its predictive value for
treatment outcome has been demonstrated following
the finding that colorectal cancer patients with one or
two 2R alleles benefit from 5-FU-based chemotherapy
to a greater extent than those with two copies of the
3R allele [13,15–17].

Our results show that in normal colonic mucosa the
3R/3R genotype patient subset displays increased TS
mRNA levels compared to the 2R/2R–2R/3R subset with
a trend to statistical significance (P = 0.071). However, 6
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Fig. 1. Relationship between TS mRNA expression and TS polymorphisms: (a) tandem repeat length polymorphism in 48 patients: 3R/3R genotype
vs. 2R/2R and 2R/3R genotypes (P = 0.071); (b) single nucleotide polymorphism (SNP) analysis in 44 patients: subgroup 1 (TS genotypes 2R/2R–
2R/3RC–2R/3RG) vs. subgroup 2 (3RG/3RG genotype) vs. subgroup 3 (3RG/3RC genotype). A statistically significant difference (P = 0.017) was
observed when comparing subgroup 1 with subgroup 2.
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out of 16 patients (37.5%)with 3R/3Rgenotypes had aTS
expression level lower than or just above themedian value
of the 2R/2R–2R/3R subset. Our results are in agreement
with those of other authors who observed lowTS levels in
a subset of patients with the 3R/3R genotype [13].

This phenomenon may be due to the presence of a
single G > C base change within the second repeat in
the 3R genotype. This SNP has been shown to alter a
critical residue in the upstream stimulatory factors
(USF) E-box consensus element that abolishes the bind-
ing of USF regulatory proteins [12].

Indeed, analysis of the G > C SNP in our case series
demonstrates that 3 out of 6 low TS expressing patients
with a 3R/3R genotype had the G > C base change in the
second tandem repeat unit of the TS gene. In two of the
remaining patients SNP analysis was not performed, and
in one patient a 3RG/3RG genotype was detected. These
findings provide evidence for a relationship between the
G > C SNP and TS expression levels, confirming its
importance for the regulation of TS transcription.

Despite the limited number of patients, our results
suggest that in 3R/3R patients the G > C polymorphism
plays an important role in determining TS mRNA
expression levels and that combined evaluation of this
SNP and of the TS gene tandem repeat sequence poly-
morphism may provide more effective prediction of sen-
sitivity to 5-FU-based chemotherapy.

Avoiding contamination of tumour samples by nor-
mal tissues may be critical when quantitatively assessing
TS gene expression that is significantly higher in



Table 2
Thymidylate synthase (TS) gene expression, TS genotypes and clinical outcome in completely resected patients

No. of patients No. of recurrence Time to progression No. of deaths Time to death

Median (mo.) Range (mo.) Median (mo.) Range (mo.)

Low expression 19 5 (26.3%) 16 6–32 4 (21.0%) 52 28–86
High expression 23 5 (21.7%) 12 4-26 5 (21.7%) 27 13–86

Total 42 10 (23.8%) 9 (21.4%)

2R/2R, 2R/3R 26 7 (26.9%) 17 4–32 6 (23.1%) 42.5 13–86
3R/3R 16 3 (18.7%) 12 11–16 3 (18.7%) 39 28–46

Total 42 10 (23.8%) 9 (21.4%)

2R/2R, 2R/3RG, 2R/3RC 25 7 (28.0%) 17 4–32 6 (24.0%) 42.5 13–86
3RG/3RG 6 1 (16.6%) 12 NA 1 (16.6%) 39 NA
3RG/3RC 7 1 (14.3%) 11 NA 1 (14.3%) 12 NA

Total 38a 9 (23.7%) 8 (21.0%)

NA, not applicable.
a Single nucleotide polymorphism (SNP) analysis was performed in 38 patients, due to unavailability of DNA from 4 samples for further analysis.
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tumours than in normal adjacent tissues [21,22]. For this
purpose, previous studies on quantitative analysis of TS
gene expression in surgical explants and biopsies have
relied on histological confirmation of specimen nature
and composition [23,24]. Our study is in keeping with
this approach. The meta-analysis by Popat and col-
leagues [7] has provided accepted evidence of the predic-
tive/prognostic role of TS gene expression obtained by
this methodology.

In our series, one patient with a 3RG/3RG genotype
had a low TS expression level whereas 4 patients with
2R/2R (n = 2), 2R/3RC (n = 1) and 3RG/3RC (n = 1)
genotypes had high TS expression. This finding could
be due to the influence of additional cis genetic variants
involved in the control of TS transcriptional activity.
For instance, a novel polymorphism that may play an
important modulatory role in TS regulation has been re-
cently discovered by searching the public Expressed Se-
quence Tag database [25]. This is represented by a
deletion of 6 base pairs starting at position 1494 of the
3 0UTR, which has been shown to be associated with
mRNA instability and decreased intratumoural TS

mRNA levels [26]. A recently published paper [27] chal-
lenges, however, the observation by Mandola and
colleagues [26] showing that while the association be-
tween the tandem repeat polymorphism in the 5 0 UTR
of the TS gene and mRNA expression is confirmed,
no relationship is seen between the polymorphism in
the 3 0 UTR and expression of the same gene. The latter
evidences support the complexity of events that regulate
TS activity and the necessity of a multifactorial ap-
proach to predict TS expression.

In our study, correlations between experimental data
and baseline clinical and pathological characteristics of
patients were not statistically significant. In addition,
TS mRNA expression or TS gene polymorphisms were
not correlated with survival. Our findings are in keeping
with those obtained in larger case series showing no cor-
relation between survival and TS levels [7,28,29] or tan-
dem repeat polymorphism [30] in the adjuvant [7,28,30]
or advanced disease setting [7,29]. However, other stud-
ies have shown a significant relationship between TS

mRNA levels [7,9,24] or tandem repeat polymorphism
[13,17,31] or G > C SNP [19] in the 5 0 UTR of the TS

gene and survival.
The prevalence of patients in early disease stage (i.e.,

Dukes� stage B 45.8%) in our study may be responsible
for the low number of disease recurrences and deaths
observed. Also, adjuvant 5-FU-based therapy per-
formed in the vast majority (87.5%) of patients may
have contributed to prolong survival of patients whose
tumours express high TS levels while failing to do so
in patients whose tumours express low TS levels as re-
ported in some studies [32,33]. These factors, along with
the relatively low number of patients, may have contrib-
uted to the observed lack of outcome differences in our
study, even upon long-term follow-up (94 months).

In conclusion, the polymorphisms investigated in this
study are factors that may help in the prediction of TS
activity at the individual level and, if confirmed through
analysis of larger case series, may be useful predictors of
the clinical response to 5-FU.
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