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Colorectal cancer (CRC) resistance to fluoropyrimidines and other inhibitors of thymidylate synthase (TS) is a serious clinical problem
often associated with increased intracellular levels of TS. Since the tumour suppressor gene p53, which is mutated in 50% of CRC,
regulates the expression of several genes, it may modulate TS activity, and changes in the status of p53 might be responsible for
chemoresistance. Therefore, this study was aimed to investigate TS levels and sensitivity to TS inhibitors in wild-type (wt) and mutant
(mt) p53 CRC cells, Lovo and WiDr, respectively, transfected with mt and wt p53. Lovo 175X2 cells (transfected with mt p53) were
more resistant to 5-fluorouracil (5-FU; 2-fold), nolatrexed (3-fold), raltitrexed (3-fold) and pemetrexed (10-fold) in comparison with
the wt p53 parental cells Lovo 92. Resistance was associated with an increase in TS protein expression and catalytic activity, which
might be caused by the loss of the inhibitory effect on the activity of TS promoter or by the lack of TS mRNA degradation, as
suggested by the reversal of TS expression to the levels of Lovo 92 cells by adding actinomycin. In contrast, Lovo li cells, characterized
by functionally inactive p53, were 3-13-fold more sensitive to nolatrexed, raltitrexed and pemetrexed, and had a lower TS mRNA,
protein expression and catalytic activity than Lovo 92. However, MDM-2 expression was significantly higher in Lovo li, while no
significant differences were observed in Lovo 175X2 cells with respect to Lovo 92. Finally, mt p53 WiDr transfected with wt p53
were not significantly different from mt p53 WiDr cells with respect to sensitivity to TS inhibitors or TS levels. Altogether, these
results indicate that changes in the status of p53, can differently alter sensitivity to TS inhibitors by affecting TS levels, depending on
activity or cell line, and might explain the lack of clear correlation between mutations in p53 and clinical outcome after chemotherapy
with TS inhibitors.
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Thymidylate synthase (TS) is a key enzyme in the de novo
synthesis of deoxythymidine-50-monophosphate (dTMP; Carreras
and Santi, 1995), an essential precursor for DNA replication.
Therefore, one of the first rational approaches to pharmacological
treatment of colorectal cancer (CRC) was based upon fluoropyr-
imidine inhibitors of this enzyme, such as 5-fluorouracil (5-FU)
(Danenberg et al, 1999; Rose et al, 2002). A major mechanism of
resistance to 5-FU is overexpression of TS (Peters et al, 2002). At
transcriptional level, TS expression is activated by the trans-
cription factor E2F1, which plays a key role in cell cycle
progression (DeGregori et al, 1995), and appears to be inhibited
by the tumour suppressor gene p53 (Lee et al, 1997). In addition,
TS protein functions as an RNA binding protein repressing
the translation of its own mRNA (Chu et al, 1991, 1993), as well

as of that of the oncogene c-myc (Chu et al, 1995) and of p53
(Ju et al, 1999).

The relationship between p53 and TS may be altered by
mutations affecting p53, which occur in approximately 50% of
CRC (Hollstein et al, 1991; Soussi et al, 2006). Mutations in p53
have been related with resistance to chemotherapy (Lowe et al,
1993) and CRC cells with p53 mutated or disrupted through
homologous recombination were less sensitive to 5-FU (O’Connor
et al, 1997; Bunz et al, 1999). However, no clear survival benefit for
wild-type (wt) p53 was observed in our previous study of 5-FU
treated CRC patients (Van Triest et al, 2000), and the presence of
p53 mutations failed to predict which patients would benefit from
5-FU-based adjuvant chemotherapy in large retrospective clinical
trials (Allegra et al, 2003; Russo et al, 2005). Indeed, although
p53 is one of the most widely studied genes in CRC, yet there is no
single guideline in gastrointestinal oncology recommending the
routine analysis of p53 status for the assessment of drug response
(Hoff, 2005).

In the present study, we aimed to clarify the role of p53 as a
possible resistance factor for TS inhibitors. For this purpose, we
used mutant (mt) and wt p53 transfected cell lines to study the
effect of p53 mutations on TS expression and activity levels as wellRevised 10 January 2007; accepted 24 January 2007
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as on sensitivity to TS inhibitors characterized by different
mechanism of action. In particular, human CRC cell lines Lovo
92 and WiDr T and their transfected variants were exposed
to novel antifolate TS inhibitors and 5-FU, whose active metabolite
5-fluoro-20-deoxyuridine-50-monophosphate (FdUMP) competes
with dUMP, and forms a ternary complex with 5,10-methylene-
tetrahydrofolate and TS. The new antifolate TS-inhibitors include
GW1843 and the quinazoline folate analogue raltitrexed, which act
as a direct and specific TS inhibitor. The water-soluble lipophilic
nolatrexed is a direct inhibitor of TS, which does not have
glutamate side chains and can enter the cell by passive diffusion.
The multitargeted antifolate pemetrexed, inhibits a range of
enzymes involved in folate metabolism, including TS, dihydro-
folate reductase (DHFR), human monofunctional glycinamide
ribonucleotide formyltransferase, and aminoimidazole carboxa-
mide ribonucleotide formyltransferase (Rose et al, 2002; Shafran
et al, 2005).

MATERIALS AND METHODS

Drugs and chemicals

The TS inhibitors used in this study were provided by the
following persons/institutions: 5-FU by Sigma Chemicals Co.
(St Louis, MO, USA), raltitrexed by Astra-Zeneca Pharmaceuticals
(Macclesfield, UK), pemetrexed by Eli Lilly Inc. (Indianapolis, IN,
USA), GW1843U89 by Glaxo/Wellcome Co. (Research Triangle
Park, NYC, USA) and nolatrexed by Zarix, Limited (King of
Prussia, PA, USA). RNAzol was purchased from Campro Scientific
(Veenendaal, The Netherlands); Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV-RT) from Promega (Madison, WI,
USA); deoxynucleotides (dNTPs), random hexamers and Taq
polymerase from Pharmacia Biotech (Roosendaal, The Nether-
lands). Acrylamide:bis (29 : 1) was purchased from Amresco
research (Solon, Ohio, USA); nitrocellulose membranes, ECL plus
and hyperfilm ECL from Amersham Life Science (Bucks, USA) and
bovine serum albumine (BSA) from Boehringer Mannheim
(Germany). Primary TS (clone 31) and p53 (Ab-2) antibodies
were obtained from Dr GW Aherne (Sutton, UK) and from
Oncogene Research products (Cambridge, MA, USA), respectively.
Horse radish peroxidase conjugated secondary antibodies were
obtained from Amersham Life Science (Bucks, PA, USA). Unless
otherwise specified, all other chemicals were of analytical grade
and commercially available.

Cell lines

The human colon carcinoma cell lines Lovo 92 and WiDr T and
their transfected variants were generously provided by Dr Poupon
(Pocard et al, 1996) and Prof. Takahashi (Tamura et al, 1995).
Lovo 92 (wt p53) and WiDr T (mt p53) are parental cell lines, and
Lovo B2 and WiDr P empty vector plasmid controls. WiDr B is
a cell line derived from WiDr T transfected with wt p53. Lovo
175X2 (mutation at position 175 (Arg-His)) cells are Lovo 92
cells transfected with mt p53. Lovo li is derived from Lovo 92 with
functional inactive p53 but without p53 mutations. Functional
activity of Lovo li was determined as described previously (Flaman
et al, 1995). Briefly, p53 mRNA of Lovo li is reverse-transcribed,
amplified by PCR, and co-transformed into yeast with an ADE2
open-reading frame under the control of a p53-responsive element.
Yeast strains with functionally active p53 express ADE2 and form
white colonies, whereas those with inactive p53 fail to express
ADE2. Consequently, they form red colonies. The yeast strain
transformed with p53 mRNA from Lovo 92 formed 15% of red
colonies and those of Lovo li, 40%. Identification of p53 mutations
was performed after sequencing of p53 exons 2– 9 and exon 11.
Therefore, all exons were separately amplified using PCR (primers

available on request) as described previously by Sidransky et al
(1991) and modified by Van Houten et al (2000).

All cell lines were cultured at 371C in a 5% CO2 humidified
atmosphere in RPMI (Flow Laboratories, Irvine, Scotland)
supplemented with 10% FCS (GIBCO, Paisley, UK). Medium of
the transfected cell lines was supplemented for selection with G418
(500mg ml�1). All cell lines were growing exponentially as
monolayers during the course of all experiments. Cells used for
determination of TS expression by PCR, for TS protein expression
by western blotting and for TS catalytic and FdUMP binding assays
were harvested, frozen as cell pellets in liquid nitrogen and stored
at �801C until use.

Growth inhibition experiments

To evaluate the anti-proliferative effects of 5-FU, pemetrexed,
raltitrexed, GW1843U89 and nolatrexed, we used an MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay,
which produced similar results as a clonogenic assay (Ferreira
et al, 2001). Lovo and WiDr cells (10 000 cells well�1) were exposed
to various concentrations of TS inhibitors ranging from 10�5 to
10�11

M for 72 h. Thereafter, medium was removed and cells were
incubated for 3 h at 371C in 50 ml MTT (final concentration:
0.42 mg ml�1). Formazan crystals were dissolved in 150 ml of
dimethylsulfoxide and the optical density was measured at 540 nm.
IC50 values were defined as the concentrations that correspond to a
reduction of cellular growth by 50% when compared to values of
untreated control cells.

Analysis of TS, DHFR and MDM-2, mRNA expression

RNA was extracted from 5� 106 cells by the RNAzol method
and reversed transcribed by M-MLV-RT and random hexamers
as described by the manufacturer. TS mRNA expression in all cell
lines was studied by competitive template PCR (CT-PCR), using
competitive templates designed for b-actin and TS dissolved in
standardized dilutions (10�12/10�14, 10�13/10�15, 10�14/10�16

M,
respectively). cDNA samples were amplified in a MJ Research
PTC-2000 apparatus (Biozym, Landgraaf, the Netherlands) with
1 min steps of denaturation at 941C, primer annealing at 581C and
elongation at 721C for 35 cycles starting with a hot start at 941C.
PCR products were separated by 130 Volt electrophoresis for 2 h
on 2% agarose gels containing 0.1 mg ml�1 ethidium bromide.
The intensity of the native target (NT) and template bands
was quantified by digital image analysis using Molecular Analist
(Biorad, Veenendaal, the Netherlands). Concentrations of NT
molecules of TS and b-actin in the cDNA samples were calculated
by the ratio of NT/CT after amplification and the molarity of the
CT mixture used, as described previously (Rots et al, 2000).

Additional analysis of TS and DHFR expression in the Lovo
variants was performed by real-time PCR with the Applied
Biosystems 7500HT sequence detection system (Applied Bio-
systems, Foster City, CA). Forward (F) and reverse (R) primers
and probes (P) were designed with Primer Express 2.0 (Applied
Biosystems) on the basis of TS and DHFR gene sequence obtained
from the GeneBank. PCR reactions were performed in triplicate
using 5 ml of cDNA, 12.5 ml of TaqMan Universal PCR Master Mix,
2.5ml of probe and 2.5 ml of forward and reverse primers in a final
volume of 25 ml (Giovannetti et al, 2005).

Analysis of MDM-2 expression was performed by SYBR GREEN
real-time PCR with the LightCycler Instrument (Roche
Applied Science, Mannheim, Germany), as described previously
(Slack et al, 2005).

Amplifications were normalized to b-actin, after that prelimin-
ary experiments carried out with dilutions of cDNA obtained from
Quantitative PCR Human Reference Total RNA (Stratagene,
La Jolla, CA, USA) demonstrated that the efficiencies of
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amplification of all targets and reference (b-actin) genes are
approximately equal.

Western blot analysis of TS and p53

Frozen pellets of Lovo and WiDr variants were lysed and 25 mg
total protein from each cell line was loaded and separated on a 10%
SDS– PAGE gel (acrylamide:bis¼ 29 : 1) followed by blotting onto
nitrocellulose membrane. The nitrocellulose membrane was
preincubated at room temperature in blocking buffer (0.5% milk
powder, 0.5% BSA in TBS-T (10 mM Tris–HCl, pH 8.0, 0.15 M

NaCl, 0.05% Tween-20)) to prevent aspecific antibody binding.
After 1 h, the primary TS (1 : 500) and p53 (1 : 100) antibodies were
added and incubated overnight at room temperature (RT). After 3
washing steps of 30 min in TBS-T, the blots were incubated for 1 h
at RT with anti-rabbit (for TS) and anti-mouse (for p53) horse-
radish peroxidase labelled secondary antibodies (Peters et al,
2000). Detection of antibody binding was measured using
enhanced chemoluminescence (ECL plus). Densitometric analysis
of the images captured on the VersaDoc 3000 instrument (Bio-Rad,
Hertfordshire UK) was performed with the Kontron Analysis
Image software (Kontron Electronik, Munich, Germany).

FdUMP binding and TS catalytic activity

Cell pellets of Lovo and WiDr variants (20� 106 cells ml�1) were
dissolved in an ice-cold 200 mM Tris-HCl buffer (pH 7.4) contain-
ing 20 mM b-mercaptoethanol, 100 mM NaF and 15 mM CMP. After
sonification (3� 5 s with intervals of 10 s) and centrifugation
(14 000 g for 15 min at 41C) the enzyme-containing suspension
was split in several parts. Fifty ml was used for determination
of the protein content according to Bradford assay. The remaining
volume was used for the FdUMP binding and TS catalytic assay
previously described by Van Triest et al (1999).

Evaluation of modulation of TS expression

To test whether the modulation of TS expression and activity could
depend on different TS regulation, Lovo 92 and Lovo175X2
exponentially growing cells were incubated in 10% FCS-RPMI
supplemented with the transcriptional inhibitor actinomycin
(Sigma), used at a non-toxic concentration of 5 mg ml�1. After
4 h, cells were harvested and used for analysis of TS expression by
PCR and Western blot, as described above.

Statistical analysis

Potential differences between the parental Lovo and WiDr cells and
their transfectant variants for the various parameters were
evaluated using the two-tailed unpaired Student’s t-test. Changes
were considered significantly different when Po0.05.

RESULTS

Sensitivity to TS inhibitors

To study a potential effect of p53 mutations on the sensitivity to TS
inhibitors, we performed growth inhibition experiments in several
previously transfected cells. However, as shown in Table 1, no
significant differences in doubling times were observed between
the Lovo and WiDr variants, varying from 34.5 to 46.5 h. For the
empty vector plasmid control Lovo B2 and the parental cell
line Lovo 92 no significant differences (P40.05) were observed in
sensitivity for 5-FU (1.9 vs 1.7 mM), nolatrexed (4.6 vs 5.1 mM),
raltitrexed (21.3 –30.7 nM), pemetrexed (325.0– 417.0 nM) and
GW1843 (2.4–5.5 nM), although Lovo B2 tended to be more
sensitive to all the antifolates. Lovo 175X2 (transfected with mt
p53) were more resistant compared to the wt p53 parental cell line
Lovo 92 (Po0.05); 2-fold to 5-FU, 3-fold to nolatrexed, 3-fold to
raltitrexed and 10-fold to pemetrexed. In contrast, the inactive
status of p53 in Lovo li reduced IC50 values of nolatrexed,
raltitrexed, pemetrexed and GW1843 by 3-fold, 5-fold, 4-fold and
13-fold, respectively, compared with the parental cell line.

WiDr T (mt p53) and WiDr B (transfected with wt p53) cells did
not differ with respect to sensitivity to TS inhibitors (Table 1).
Similar IC50 values of 5-FU (7.6–11.5 mM), nolatrexed (1.8–2.7 mM),
raltitrexed (3.7–4.7 nM), pemetrexed (23.5 –25.4 nM) and GW1843
(0.7– 1.1 nM) were found in WiDr T, WiDr P and WiDr B
(P40.05).

mRNA expression of TS, DHFR and MDM-2 in wt
and mt p53 control and transfected cells

In order to determine whether p53 induced changes in TS and
DHFR that would be responsible for differences in sensitivity we
determined the mRNA expression of these factors potentially
affecting efficacy of 5-FU and antifolates using both a CT and a
real-time PCR.

The CT-PCR analysis showed that TS expression was 3-fold
higher in Lovo 92 cells (average TS/b-actin ratio of 1.7� 10�2),
compared to WiDr T (0.3� 10�2), while expression levels in all the
WiDr variants were comparable (with values ranging from 0.3 to
0.5� 10�2). Similarly, no significant differences were found
between Lovo 92 and Lovo B2, while TS expression was 1.5-fold
higher in Lovo 175X2 in comparison to Lovo 92 cells. In contrast,
Lovo li cells were characterized by a significantly reduced mRNA
expression of TS (0.4� 10�2), compared to the parental cells. Real-
time PCR analysis confirmed that Lovo li cells were characterized
by a significantly reduced mRNA expression of TS compared to
Lovo 92 cells (TS/b-actin ratio of 0.77970.030 vs 0.88070.032,
Po0.05). Moreover, TS mRNA expression was significantly
higher in Lovo 175X2 (1.04170.024) compared to Lovo 92 cells
(Figure 1). In contrast, no significant differences were observed in
DHFR mRNA expression levels in Lovo 92, Lovo 175X2 and Lovo
li cells (Figure 1).

Table 1 IC50 values of TS inhibitors and doubling times in p53 colon cancer cell lines

P53 status Doubling time (hrs) 5-FU (lM) Nolatrexed (lM) Raltitrexed (nM) Pemetrexed (nM) GW1843 (nM)

Lovo 92 wt p53; parental 34.573.4 1.7370.15 5.1570.85 30.770.7 417.0783.0 5.571.5
Lovo B2 Plasmid control 44.774.0 1.8770.58 4.5770.72 21.377.2 325.07104.1 2.470.8
Lovo 175X2 Transfected with mt p53 46.575.5 3.2570.25* 19.0071.00* 100.071.0* 3912.07138.9* 5.370.3
Lovo li Functional inactive p53 41.774.2 2.1070.40 2.1070.10* 5.770.7* 72.5712.5* 0.870.3
WiDr T mt p53; parental 36.773.7 9.3371.76 2.3070.48 4.070.4 23.374.4 0.870.1
WiDr P Plasmid control 42.072.9 11.5073.05 1.8070.10 4.771.2 23.571.5 1.170.2
WiDr B Transfected with wt p53 41.473.9 7.0072.00 2.7070.51 3.770.4 25.574.1 0.770.2

Growth inhibition was determined as described in the Materials and Methods section. IC50 values are given as mean values (in nM or mM)7standard error of the mean (s.e.m.) of
at least three experiments. Significant differences (Po0.05) between parental lines (Lovo 92 and WiDr T) and transfected cell lines are indicated with *. Nolatrexed data have
already been published and are included for comparison purposes (Backus et al, 2003).
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Analysis of MDM-2 gene expression status revealed that Lovo
li cells were characterized by significantly higher expression of
MDM-2 mRNA with respect to Lovo 92 cells (MDM-2/b-actin ratio
of 0.97370.007 vs 0.76070.022, Po0.05), while no significant
differences were detected in Lovo 175X2 cells.

Protein expression of TS and p53

Stable transfection of wt and mt p53 was checked by analysis of the
p53 protein expression using western blot analysis (Figure 2). As
expected, p53 expression was low in wt p53 cell lines Lovo 92 and
Lovo B2, while up-regulation was found in the mt p53 transfectants
Lovo 175X2. Hardly any p53 expression was detected in the p53
inactive cell line Lovo li. WiDr variants expressed high levels of
p53 and WiDr B presented a higher expression of p53 than WiDr
T, as detected by densitometric analysis. Western blotting also
illustrated that the p53 status was associated with changes in the
protein expression of TS. Low TS expression was detected in Lovo
92 and Lovo B2 cells, whereas an increase was found in Lovo
175X2. No TS expression was detectable in Lovo li. Low TS
expression was found in WiDr T, WiDr P and WiDr B.

FdUMP binding and TS catalytic activity

Changes in TS protein expression were accompanied with
differences in the number of FdUMP binding sites (Figure 3A)
and TS catalytic activity (Figure 3B). Lovo li had significantly less
FdUMP binding sites compared with Lovo 92, Lovo B2 and Lovo
175X2 cells. In addition, the catalytic activity of TS was about
2-fold lower in Lovo li compared with the parent cell line, while TS
activity was about 1.5 higher in Lovo 175X2 (Po0.05). The number
of FdUMP binding sites was comparable in all WiDr variants, as
well as the TS catalytic activity.

Modulation of TS expression by inhibition of transcription

To determine whether the increased TS expression in Lovo 175X2
cells was caused by modulation of transcriptional activity, cells

were treated with actinomycin, using conditions widely employed
to study inhibition of transcription. TS mRNA expression and
protein expression were compared to that observed in the parental
cell line Lovo 92. PCR analysis demonstrated that actinomycin
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significantly reduced mRNA TS expression in Lovo 175X2 cells,
while a slight decrease of mRNA TS was observed in Lovo 92 cells
(Figure 4A), suggesting that TS mRNA degrades at a faster rate in
Lovo 175X2 cells as compared to Lovo 92 cells. These results were
consistent with those of Figure 4B, showing that TS protein levels
were minimally modulated in Lovo 92 cells, whereas TS levels were
significantly reduced by actinomycin in Lovo 175X2 cells.

DISCUSSION

This study demonstrates that changes in the status of p53 due to
mutations or inactivity can alter sensitivity to TS inhibitors such
as 5-FU and antifolates. Sensitive p53 inactive Lovo cells had low

levels of TS whereas high TS levels were found in resistant mt p53
cells. However, transfection of wt p53 in mt p53 cells had no effect
on TS levels and hence, also on sensitivity.

Mutations in the tumour suppressor gene p53 have been related
with chemoresistance (Lowe et al, 1993) and mt p53 cells in the
NCI cell line panel were less sensitive to 5-FU (O’Connor et al,
1997). In addition, in a panel of 14 colon cancer cell lines we
observed that cells with a p53 mutation were more resistant to
5-FU and raltitrexed (Peters et al, 2002). In the present study, Lovo
cells transfection with mt p53 increased TS mRNA and protein
expression and activity which were associated with a decreased
sensitivity to 5-FU and antifolates compared to the wt parental cell
line Lovo 92. The increase in TS levels might be caused by the loss
of the inhibitory effect of wt p53 on the promoter activity of TS as
demonstrated by Lee et al (1997) suggesting that in Lovo 175X2
cells mt p53 interferes with the function of wt p53 in a dominant
negative fashion (Fearon and Vogelstein, 1990). In the present
study, the addition of the transcriptional inhibitor actinomycin in
Lovo 175X2 cells caused a significant greater reduction of TS
expression with respect to Lovo 92 cells, suggesting the occurrence
of different rates of TS mRNA degradation.

On the other hand, sensitivity to 5-FU and antifolates in the CRC
cells used in this study was not correlated with DHFR mRNA
expression, whose levels were unchanged in Lovo 92, Lovo 175X2
and Lovo li cells. Similarly, resistance to the antifolates is probably
not caused by the reduced folate carrier (RFC) and folylpoly-
glutamate synthetase (FPGS), both important for the activity of
raltitrexed and pemetrexed (Peters and Jansen, 1996), because
for nolatrexed, which is a RFC and FPGS independent specific TS
inhibitor, IC50 values were also increased. In contrast to the mt
p53 Lovo 175X2, functionally inactive p53 in Lovo li increased
sensitivity to TS inhibitors, which was associated with a decrease
in TS mRNA, protein and activity levels. Because we did not find
p53 mutations in the analysed exons of Lovo li, we can only
hypothesize that other mechanisms may be involved in the
modulation of p53 activity in these cells. The effect of p53
suppressor gene can be influenced by modifications in the gene
itself, but also by post-transcriptional modifications such as
phosphorylation and changes in physical conformation, or by
interaction with other cellular proteins, such as MDM-2 oncogene
protein (Hupp et al, 1992; Finlay, 1993) Therefore, we studied
MDM-2 gene expression and we showed that Lovo li cells were
characterized by significantly higher expression of MDM-2.
Previous studies demonstrated that MDM-2 overexpression can
block the p53-mediated transactivation, depriving p53 gene of
antineoplastic activity (Lev Bar-Or et al, 2000), and the use of anti-
sense MDM-2 had a co-operative growth-inhibitory effect with
different classes of cytotoxic drugs in colon cancer cells (Tortora
et al, 2000). However, Lovo 175X2 cells had MDM-2 expression
values similar to Lovo 92 cells, and several studies demonstrated
that oncoviral proteins, such as adenovirus El B protein and
human papilloma virus E6 protein (Lane and Benchimol, 1990) as
well as altered phosphorylation pattern (Satyamoorthy et al, 2000),
nuclear exclusion and sequestration in the cytoplasm can also
affect the normal function of p53 (Moll et al, 1992).

These results might also explain why immunohistochemistry of
p53 is not always associated with survival benefit in colorectal
cancer patients treated with 5-FU based chemotherapy (Van Triest
et al, 2000), although the lack of relationship with clinical outcome
may also be related to the discrepancy between p53 immunostain-
ing and mutation analysis (Momand et al, 1992). Immunostaining
for p53 is positive for up-regulated p53, but it may or may not
reflect a mutated status of the protein (Lenz et al, 1998; Kressner
et al, 1999).

A large number of important genetic determinants have been
identified thus far in tumours but only a few of them (TS and
dihydropyrimidine dehydrogenase) have been tested prospectively
(Smorenburg et al, 2006). The prognostic value of specific tumour

TS

�-Actin

Lovo 92 Lovo 175 × 2

C
on

tro
l

+ 
Ac

tin
om

yc
in

 

C
on

tro
l

+ 
Ac

tin
om

yc
in

 

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10
Control

Actinomycin

*

T
S

 m
R

N
A

 e
xp

re
ss

io
n 

(r
at

io
 w

ith
 �

-a
ct

in
)

Lovo 92 Lovo 175 × 2

Lovo 92 Lovo 175 × 2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
Control
Actinomycin

*

T
S

 p
ro

te
in

 e
xp

re
ss

io
n 

by
 d

en
si

ty
 a

na
ly

si
s 

of
 im

m
un

ob
lo

ts
 (

ra
tio

 w
ith

 �
-a

ct
in

)
A

B

C

Figure 4 Changes in TS mRNA and protein expression after treatment
with actinomycin in parental wt p53 (Lovo 92) and transfected mt p53
(Lovo 175X2) colon cancer cells. Analysis of (A) mRNA and (B) protein
expression were performed with real time with quantitative PCR and
Western blot, respectively. (C) Representative plot of Western blot
analyses performed as described in the Material and Methods. Significant
differences (Po0.05) between control and treated cells are indicated with *.
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markers may have been limited up to now by the (1) the small
number of patients screened and marked variability in analytical
methodology (Van Triest et al, 2000) and lack of quality controls
among different studies due to the difficulties in obtaining suitable
tissue samples; and (2) the lack of prospective trials and studies
primarily designed to detect specific correlations between gene
abnormalities and drug activity (Peters et al, 2004). The tumour
suppressor gene p53 represents a sound example of the proble-
matic link between the choice of reference methodology and the
determination of clinical utility. This gene may be analysed by
different methods, including sequencing, fluorescence in situ
hybridisation and immunohistochemistry, which may show
different results, and, even for a single type of analysis, the
specific methodological procedure and the interpretation criteria
may be subjected to considerable variability (Hoff, 2005; Van
Triest et al, 2000; Soussi et al, 2006). A large number of articles
show a variable role of p53, possibly depending on tumour type
and the type of treatment. It has been suggested that p53 gene
mutation is a significant and independent predictor of poor
prognosis in CRC (Russo et al, 2005), but we lack validation in
prospective clinical trials as a marker for the assessment of
prognosis in CRC patients (Hoff, 2005). Similarly, because of the
lack of preclinical studies to evaluate correlations between gene
abnormalities and the cytotoxic effect of the most commonly used
anticancer drugs, there is no single guideline recommending the
analysis of p53 status to predict response to specific drugs.

In this study we showed that mutations in p53 have differential
effects on sensitivity to TS inhibitors, which may influence
response and survival after chemotherapy with TS inhibitors. In

addition, inactive p53 cells with low p53 expression also have an
effect on TS and possibly on clinical outcome. However, in
agreement with several studies which demonstrated that p53
mutants were refractory to reactivation to the wt p53 pheno-
type (Kern et al, 1992; Sigal and Rotter, 2000), transfection of
wt p53 in the mt p53 cell line WiDr had no effect on sensitivity
to TS inhibitors and TS activity, suggesting that the function
of p53 could not be restored after transfection of wt p53 in mt
p53 cells.

Therefore, these results indicate that changes in the status of p53
due to mutations or functional inactivity change the sensitivity to
TS inhibitors by altering the expression and activity of TS. The
increase and decrease in sensitivity to TS inhibitors in vitro might
explain why no clear correlation was found in clinical studies
between mutations in p53 and clinical outcome. In conclusion, p53
is an important tumour suppressor gene that deserves additional
investigation as a marker of therapeutic activity in CRC, and
results obtained in the present study suggest that analysis of the
exact status of p53 (e.g. wt or mt and functionally active or not)
could be useful to predict clinical outcome after chemotherapy
with TS inhibitors.

ACKNOWLEDGEMENTS

This study was supported by a grant from the Dutch Cancer
Society (VU 96-1240). We thank Professor R Takahashi (Depart-
ment of Pathology and Tumour Biology, Kyoto University, Japan)
for providing the WiDr variants.

REFERENCES

Allegra CJ, Paik S, Colangelo LH, Parr AL, Kirsch I, Kim G, Klein P,
Johnston PG, Wolmark N, Wieand HS (2003) Prognostic value of
thymidylate synthase, Ki-67. and p53 in patients with Dukes’ B
and C colon cancer: A National Cancer Institute-National Surgical
Adjuvant Breast and Bowel Project collaborative study. J Clin Oncol 21:
241 – 250

Backus HHJ, Wouters D, Ferreira CG, van Houten VMM, Brakenhoff RH,
Pinedo HM, Peters GJ (2003) Thymidylate synthase inhibition triggers
apoptosis via caspases-8 and -9 in both wild-type and mutant p53 colon
cancer cell lines. Eur J Cancer 39: 1310 – 1317

Bunz F, Hwang PM, Torrance C, Waldman T, Zhang Y, Dillehay L, Williams
J, Lengauer C, Kinzler KW, Vogelstein B (1999) Disruption of p53 in
human cancer cells alters the responses to therapeutic agents. J Clin
Invest 104: 263 – 269

Carreras CW, Santi DV (1995) The catalytic mechanism and structure of
thymidylate synthase. Ann Rev Biochem 64: 721 – 762

Chu E, Koeller DM, Casey JL, Drake JC, Chabner BA, Elwood PC, Zinn S,
Allegra CJ (1991) Autoregulation of human thymidylate synthase
messenger RNA translation by thymidylate synthase. Proc Natl Acad
Sci USA 88: 8977 – 8981

Chu E, Takechi T, Jones KL, Voeller DM, Copur SM, Maley GF, Maley F,
Segal S, Allegra CJ (1995) Thymidylate synthase binds to c-myc RNA in
human colon cancer cells and in vitro. Mol Cell Biol 15: 179 – 185

Chu E, Voeller D, Koeller DM, Drake JC, Takimoto CH, Maley GF, Maley F,
Allegra CJ (1993) Identification of an RNA binding site for human
thymidylate synthase. Proc Natl Acad Sci USA 90: 517 – 521

Danenberg PV, Malli H, Swenson S (1999) Thymidylate synthase inhibitors.
Semin Oncol 26: 621 – 631

DeGregori J, Kowalik T, Nevins JR (1995) Cellular targets for activation by
the E2F1 transcription factor include DNA synthesis- and G1/S-
regulatory genes. Mol Cell Biol 15: 4215 – 4224

Fearon ER, Vogelstein B (1990) A genetic model for colorectal tumorigen-
esis. Cell 61: 759 – 767

Ferreira CG, Span SW, Peters GJ, Kruyt FAE, Giaccone G (2001)
Chemotherapy triggers apoptosis in a caspase-8-dependent and mito-
chondria-controlled manner in the non-small-cell lung cancer cell line
NCI-H460. Cancer Res 60: 7133 – 7144

Finlay CA (1993) The mdm-2 oncogene can overcome wild-type p53
suppression of transformed cell growth. Mol Cell Biol 13: 301 – 306

Flaman JM, Frebourg T, Moreau V, Charbonnier F, Martin C, Chappuis P,
Sappino AP, Limacher JM, Bron L, Benhattar J, Tada M, van Meir EG,
Estreicher A, Iggo RD (1995) A simple p53 functional assay for screening
cell lines, blood and tumors. Proc Natl Acad Sci USA 92: 3936 – 3967

Giovannetti E, Mey V, Nannizzi S, Pasqualetti G, Marini L, Del Tacca M,
Danesi R (2005) Cellular and pharmacogenetics foundation of synergistic
interaction of pemetrexed and gemcitabine in human non-small-cell lung
cancer cells. Mol Pharmacol 68: 110 – 118

Hoff PM (2005) Is there a role for routine p53 testing in colorectal cancer?
J Clin Oncol 23: 7395 – 7396

Hollstein M, Sidransky D, Vogelstein B, Harris CC (1991) P53 mutations in
human cancers. Science 253: 49 – 53

Hupp TR, Meek DW, Midgley CA, Lane DP (1992) Regulation of the
specific DNA binding function of P53. Cell 71: 875 – 886

Ju J, Pedersen-Lane J, Chu E (1999) Regulation of p53 expression by
thymidylate synthase. Proc Natl Acad Sci USA 96: 3769 – 3774

Kern SE, Pietenpol JA, Thiagalingam S, Seymour A, Kinzler KW, Vogelstein
B (1992) Oncogenic forms of p53 inhibit p53-regulated gene expression.
Science 256: 827 – 830

Kressner U, Inganas M, Byding S, Blikstad I, Pahlman L, Glimelius B,
Lindmark G (1999) Prognostic value of p53 genetic changes in colorectal
cancer. J Clin Oncol 17: 593 – 599

Lane DP, Benchimol B (1990) p53: oncogene or anti-oncogene? Genes Dev
4: 1 – 8

Lee Y, Chen Y, Chang LS, Johnson LF (1997) Inhibition of mouse
thymidylate synthase promoter activity by the wild-type p53 tumor
suppressor protein. Exp Cell Res 234: 270 – 276

Lenz HJ, Hayashi K, Salonga D, Danenberg KD, Danenberg PV, Metzger R,
Banerjee D, Bertino JR, Groshen S, Leichman LP, Leichman CG (1998)
p53 point mutations and thymidylate synthase messenger RNA levels in
disseminated colorectal cancer: an analysis of response and survival. Clin
Cancer Res 4: 1243 – 1250

Lev Bar-Or R, Maya R, Segel LA, Alon U, Levine AJ, Oren M (2000)
Generation of oscillations by the p53-mdm2 feedback loop: a theoretical
and experimental study. Proc Natl Acad Sci USA 97: 11250 – 11255

The effect of p53 status on TS

E Giovannetti et al

774

British Journal of Cancer (2007) 96(5), 769 – 775 & 2007 Cancer Research UK

T
ra

n
sla

tio
n

a
l

T
h

e
ra

p
e
u

tic
s



Lowe SW, Ruley HE, Jacks T, Housman DE (1993) P53-dependent
apoptosis modulates the cytotoxicity of anticancer agents. Cell 74:
957 – 967

Moll UM, Riou G, Levine AJ (1992) Two distinct mechanisms alter p53 in
breast cancer; mutation and nuclear exclusion. Proc Nad Acad Sci USA
89: 7262 – 7266

Momand J, Zambetti GP, Olson DC, George D, Levine AJ (1992) The mdm-2
oncogene product forms a complex with the p53 protein and inhibits
p53-mediated transactivation. Cell 69: 1237 – 1245

O’Connor PM, Jackman J, Bae I, Myers TG, Fan S, Mutoh M, Scudiero DA,
Monks A, Sausville EA, Weinstein JN, Friend SS, Fornace AJ, Kohn KW
(1997) Characterization of the p53 tumor suppressor pathway in cell
lines of the National Cancer Institute anticancer drug screen and
correlations with the growth-inhibitory potency of 123 anticancer agents.
Cancer Res 57: 4285 – 4300

Peters GJ, Backus HHJ, Freemantle S, van Triest B, Codacci-Pisanelli G, van
der Wilt CL, Smid K, Lunec J, Calvert AH, Marsh S, McLeod HL,
Bloemena E, Meijer S, Jansen G, Van Groeningen CJ, Pinedo HM (2002)
Induction of thymidylate synthase as a 5-fluorouracil resistance
mechanism. Biochim Biophys Acta 1587: 194 – 205

Peters GJ, Jansen G (1996) Principles of antineoplastic drug development
and pharmacology. Resistance to Antimetabolites. Chapter 28. In
Schilsky RL, Milano GA and Ratain MJ (eds) pp 543 – 585. New York:
Marcel Dekker

Peters GJ, Smorenburg CH, Van Groeningen CJ (2004) Prospective
clinical trials using a pharmacogenetic/pharmacogenomic approach.
J Chemother 16(Suppl 4): 25 – 30

Peters GJ, Van Triest B, Backus HHJ, Kuiper CM, van der Wilt CL, Pinedo
HM (2000) Molecular downstream events and induction of thymidylate
synthase in mutant and wild-type p53 colon cancer cell lines after
treatment with 5-fluorouracil and the thymidylate synthase inhibitor
Raltitrexed. Eur J Cancer 36: 916 – 924

Pocard M, Chevillard S, Villaudy J, Poupon MF, Dutrillaux B, Remvikos Y
(1996) Different p53 mutations produce distinct effects on the ability of
colon carcinoma cells to become blocked at the G1/S boundary after
irradiation. Oncogene 12: 875 – 882

Rose MG, Farrell MP, Schmitz JC (2002) Thymidylate synthase: a critical
target for cancer chemotherapy. Clin Colorectal Cancer 1: 220 – 229

Rots MG, Willey JC, Jansen G, Van Zantwijk CH, Noordhuis P, DeMuth JP,
Kuiper E, Veerman AJP, Pieters R, Peters GJ (2000) mRNA expression
levels of methotrexate resistance-related proteins in childhood leukemia
as determined by a standardized competitive template-based RT-PCR
method. Leukemia 14: 2166 – 2175

Russo A, Bazan V, Iacopetta B, Kerr D, Soussi T, Gebbia N, TP53-CRC
Collaborative Study Group (2005) The TP53 colorectal cancer interna-
tional collaborative study on the prognostic and predictive significance
of p53 mutation: influence of tumor site, type of mutation, and adjuvant
treatment. J Clin Oncol 23: 7518 – 7528

Satyamoorthy K, Chehab NH, Waterman MJ, Lien MC, El-Deiry WS,
Herlyn M, Halazonetis TD (2000) Aberrant regulation and function of
wild-type p53 in radioresistant melanoma cells. Cell Growth Differ 11:
467 – 474

Shafran A, Ifergan I, Bram E, Jansen G, Kathmann I, Peters GJ, Robey RW,
Bates SE, Assaraf YG (2005) ABCG2 harboring the Gly482 mutation
confers high-level resistance to various hydrophilic antifolates. Cancer
Res 65: 8414 – 8422

Sidransky D, Von Eschenbach A, Tsai YC, Jones P, Summerhayes I,
Marshall F, Paul M, Green P, Hamilton SR, Frost P, Vogelstein B (1991)
Identification of p53 gene mutations in bladder cancers and urine
samples. Science 252: 706 – 709

Sigal A, Rotter V (2000) Oncogenic mutations of the p53 tumor
suppressor: the demons of the guardian of the genome. Cancer Res 60:
6788 – 6793

Slack A, Chen Z, Tonelli R, Pule M, Hunt L, Pession A, Shohet JM (2005)
The p53 regulatory gene MDM2 is a direct transcriptional target of
MYCN in neuroblastoma. Proc Natl Acad Sci USA 102: 731 – 736

Smorenburg CH, Peters GJ, van Groeningen CJ, Noordhuis P, Smid K, van
Riel AM, Dercksen W, Pinedo HM, Giaccone G (2006) Phase II study
of tailored chemotherapy for advanced colorectal cancer with either
5-fluouracil and leucovorin or oxaliplatin and irinotecan based on the
expression of thymidylate synthase and dihydropyrimidine dehydrogen-
ase. Ann Oncol 17: 35 – 42

Soussi T, Ishioka C, Claustres M, Beroud C (2006) Locus-specific mutation
databases: pitfalls and good practice based on the p53 experience. Nat
Rev Cancer 6: 83 – 90

Tamura T, Aoyama N, Saya H, Haga H, Futami S, Miyamoto M, Koh T,
Ariyasu T, Tachi M, Kasuga M, Takahashi R (1995) Induction of Fas-
mediated apoptosis in p53-transfected human colon carcinoma cells.
Oncogene 11: 1939 – 1946

Tortora G, Caputo R, Damiano V, Bianco R, Chen J, Agrawal S, Bianco AR,
Ciardiello F (2000) A novel MDM2 anti-sense oligonucleotide has anti-
tumor activity and potentiates cytotoxic drugs acting by different
mechanisms in human colon cancer. Int J Cancer 88: 804 – 809

Van Houten VM, Tabor MP, van den Brekel MW, Denkers F, Wishaupt RG,
Kummer JA, Snow GB, Brakenhoff RH (2000) Molecular assays for
the diagnosis of minimal residual head-and-neck cancer: methods,
reliability, pitfalls, and solutions. Clin Cancer Res 6: 3803 – 3816

Van Triest B, Pinedo HM, Giaccone G, Peters GJ (2000) Downstream
molecular determinants of response to 5-fluorouracil and antifolate
synthase inhibitors. Ann Oncol 11: 385 – 391

Van Triest B, Pinedo HM, Van Hensbergen Y, Smid K, Telleman F,
Schoenmakers PS, Van der Wilt CL, Van Laar JAM, Noordhuis P, Jansen
G, Peters GJ (1999) Thymidylate synthase levels as the main predictive
parameter for sensitivity to 5-fluorouracil, but not for folate-based
thymidylate synthase inhibitors, in 13 non-selected colon cancer cell
lines. Clin Cancer Res 5: 643 – 654

The effect of p53 status on TS

E Giovannetti et al

775

British Journal of Cancer (2007) 96(5), 769 – 775& 2007 Cancer Research UK

T
ra

n
sl

a
ti

o
n

a
l

T
h

e
ra

p
e
u

ti
c
s


