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Abstract

Purpose Thymidylate synthase (TS) over-expression
is widely accepted as a major molecular mechanism
responsible for 5-fluorouracil (5-FU) and tomudex
(TDX) resistance. In this study, the importance of TS
in 5-FU and TDX resistance was evaluated.

Methods The sensitivity of TS-over-expressing 5-FU
(3) and TDX (3) resistant cell lines to 5-FU and TDX
was analysed. The cross-resistance between 5-FU and
TDX resistant cell lines was determined. The relation-
ship between p53 and NF-kB status and the sensitivity
to 5-FU and TDX was evaluated.

Results Compared to relevant parental sensitive cell
lines, the 5-FU resistant cell lines were highly cross-resis-
tant to TDX (over 20,000-fold). In contrast, over-expres-
sion of TS did not significantly confer 5-FU resistance on
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the TDX resistant cell lines (0.8- to 1.3-fold). Thymidine
(20 uM) rescue induced TDX resistance in TDX sensi-
tive cell lines (over 10,000-fold) but only moderately
influenced 5-FU sensitivity in 5-FU sensitive cell lines
(1.1- to 2.4-fold). Uridine moderately protected one
cancer cell line (RKO) from 5-FU-induced, but not
TDX-induced, cytotoxicity. NF-kB transfected MCF-7
and p53 knockout HCT116 cells were resistant to 5-FU
(4.4- and 2.4-fold, respectively) but not to TDX. TS
protein expression in NF-kB transfected and p53
knockout cell lines was comparable to the relevant
parental cell lines.

Conclusion In some cancer cell lines, TS-indepen-
dent molecular events may play a key role in 5-FU
resistance. Loss of p53 function and NF-xB over-
expression may be involved in TS-independent 5-FU
chemoresistance in some cancer cell lines.

Keywords 5-Fluorouracil - Tomudex -
Thymidylate synthase - Cross-resistance - NF-kappaB

Abbreviations

5-FU S-Fluorouracil

dTMP  Deoxythymidine monophosphate

dTTP Deoxythymidine triphosphate

dUMP  Deoxyuridine monophosphate

dUTP  Deoxyuridine triphosphate

FAdUMP 5-Fluorodeoxyuridine monophosphate

MTT Tetrazolium-based semiautomated
colorimetric

NF-xB  Nuclear factor-kappa B

TdR Thymidine

TDX Tomudex

TS Thymidylate synthase

Urd Uridine
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Introduction

5-Fluorouracil (5-FU) has been effectively used in the
treatment of a broad-spectrum of solid tumours e.g.
colorectal, pancreas, breast, head and neck, gastric
and ovarian cancers [17]. The 5-FU derivative,
5-fluorodeoxyuridine monophosphate (FAUMP), can
compete with deoxyuridine monophosphate (dUMP)
to inhibit thymidylate synthase (TS, EC 2.1.1.45)
activity. TS catalyses the methylation of dUMP to
deoxythymidine monophosphate (dTMP). dTMP is
then metabolized intracellularly to deoxythymidine
triphosphate (dTTP), an essential precursor for DNA
biosynthesis. Inhibition of TS activity will deprive the
de novo dTTP supply and inhibit DNA synthesis [3,
23]. 5-FU can also induce DNA and RNA strand
breaks and apoptosis by direct incorporation of fluo-
rinated nucleotides into DNA and RNA. As with
other anticancer drugs, inherent and acquired resis-
tance is still one of the major obstacles for the success
of 5-FU based chemotherapy. 5-FU sensitivity is
inversely related to the level of TS protein and
enzyme activity in cancer cells and 5-FU resistant
tumours commonly express high levels of TS protein
[5, 9, 31]. High expression of TS protein and/or RNA
in cancer tissue is also a strong indicator for poor
prognosis of 5-FU-based chemotherapy for colorectal
cancer patients [19]. It has been widely thought that
TS is the main molecular mechanism governing 5-FU
sensitivity and targeting TS is a major strategy for
reversing 5-FU chemoresistance.

Tomudex (TDX) is a specific TS inhibitor [23] and
effectively used in the treatment of human tumours
such as colorectal, breast and lung cancers [24, 27].
Although TS over-expression has been widely
accepted as a major mechanism of chemoresistance to
TDX and 5-FU, the relationship between TS levels and
5-FU sensitivity is controversial [15, 26]. It has been
reported that TS inhibitors (TDX and Pemetrexed)
resistant cancer cell lines which over-express TS are
not resistant to 5-FU [7, 25]. High TS expression does
not account for all non-responding tumours in colorec-
tal cancer patients treated with 5-FU [8, 21, 22]. 5-FU
sensitivity is also influenced by expression levels of
dihydropyrimidine dehydrogenase (DPD) [6, 21], the
genetic status of p53 [1, 2], NF-xB [29, 32], DNA
mismatch-repair genes [14] and cell cycle disturbance
[11, 16]. Therefore, the anticancer and resistant mecha-
nisms of 5-FU may be multi-factorial.

Both 5-FU and TDX resistant cancer cells express
high levels of TS protein. If TS over-expression plays a
major role in resistance to both, the specific and direct
TS inhibitor, TDX, and the multi-modal indirect TS
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inhibitor, 5-FU, there should be a strong cross-resis-
tance between 5-FU and TDX. In this study, we analy-
sed TS protein expression levels in a panel of 6 5-FU or
TDX resistant cancer cell lines. The role of TS in the
sensitivities of these cell lines to 5-FU and TDX was
evaluated to elucidate the relative importance of TS
gene over-expression and the de novo thymidylate
pathway in chemoresistance to 5-FU or TDX. Since
p53 loss of function and high NF-«xB activity in cancer
cells are involved in 5-FU resistance, we also tested the
role of p53 knockout and high NF-xB activity in 5-FU
and TDX resistance.

Materials and methods
Cell culture

The 5-FU resistant H630g;, and TDX resistant
H6301px, RKO1px, MCF-71px and relevant parental
cell lines were generously provided by Prof. PG John-
ston (The Queen’s University of Belfast, Department
of Oncology). The 5-FU resistant breast cancer cell
lines (MCF-7gy19 and T47Dxgyy,5) were generated in
our lab by continuously culturing the drug sensitive
parental cell lines (MCF-7y; and T47Dyyp) in
medium containing increasing concentrations of 5-FU
in a stepwise procedure over 2 years. The 5-FU and
TDX resistant and relevant parental cell lines, NF-xB
p50 + p65 transfected MCF-7 and empty vector trans-
fected cell lines (MCF-7,50,565s and MCF-7,.pnas.1,
generated in our lab [29]), and p53 knockout and
parental HCT116 cell lines (HCT116,5;_,_ and
HCT116y; generously provided by Dr. L. Scott,
Beatson Institute for Cancer Research, Glasgow,
UK) were cultured in RPMI 1640 medium or DMEM
(HCT116) supplemented with 10% foetal calf serum,
50 U/ml penicillin, 50 pg/ml streptomycin and appro-
priate concentrations of the selection drugs (TDX:
H630rpx, 1 pM; RKOrpx and MCF-71px, 2 uM; 5-
FU: H630g;, and MCF-7gy0: 10 pM, T47Dgyy s
25 uM; MCF-7,pnasi. and HCT116,55_, 0 G418
500 pg/ml; MCF-7 50,650 G418 500 pg/ml + hygromy-
cin 150 pg/ml). The drug resistant cells were cultured
in drug free medium for 2 weeks before harvesting for
protein extraction and western blotting analysis.

MTT assay

Cytotoxicity of 5-FU and TDX was determined in all
cell lines using the MTT assay. Cells were cultured in
96-well plates (5 x 10°/well) overnight and then
treated with 5-FU or TDX (consistently cultured in
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drug-containing medium for 96 h). After drug treat-
ment, the cells were subjected to MTT analysis as
described previously [18]. The drug exposure and
MTT analysis were carried out in RPMI 1640 or
DMEM (HCT116 cells) medium supplemented with
10% dialysed FCS. To determine the importance of
TS or RNA damage in 5-FU or TDX induced cytotox-
icity, the MTT assay was also carried out in the same
medium supplemented with 20 pM thymidine or
1 mM uridine.

RKOpx
2.33+£0.33

0.8
8276.5

0.0034 £+ 0.0004 28.14 £2.94

RKOyr

Western blot analysis

9723 +£23.19 2.77+1.29

T47Dpys s
36.4
>50

>25000.0

Cells (80% confluence) grown in 75 cm? flasks were
washed in ice-cold PBS and lysed in 500 ul RIPA
buffer. The lysate was centrifuged for 5 min in a micro-
fuge and the supernatants retained. The protein
(200 pg/cell line) was electrophoresed through a 10%
SDS-PAGE and transferred to a PVDF membrane
(Millipore, Watford, UK) using an electrophoretic
transfer chamber (Millipore, Watford, UK). The blots
were blocked for nonspecific binding by incubating the
membranes for 1 h in TBS-T with 5% non-fat milk,
which was also used to dilute primary (TS, monoclonal,
Calbiochem, Nottingham, UK, 1:250; NF-kB p50 and
p635, rabbit polyclonal, Santa Cruz, CA, USA, 1:250;
p53, Pharmingen, CA, USA, 1:250) and HRP-conju-
gated monoclonal secondary (Amersham, Little Chal-
font, UK, 1:5,000) antibodies. The signal was detected
using ECL Western blotting detection kit (Amersham,
Little Chalfont, UK).

0.002 + 0.0003

T47Dyp

>50
>29411.7

H630,px
43872 £433 2984140 2.67+0.57
0.8

115.5
>29411.7

H630g,

0.0017 £ 0.0005 >50

H630y,1

Results

TS protein over-expression and resistance
to TS inhibitors

MCF-71px
>20833.3

1.3
>50

Compared to the sensitive parental cells, the drug-
induced 5-FU and TDX resistant cell lines were 36- to
115-fold and 8,276- to >29,411-fold resistant to 5-FU or
TDX, respectively (Table 1). TS protein expression
was detected by western blotting analysis. High expres-
sion of TS protein was detected in all drug resistant
cancer cell lines, with low or undetectable TS protein
in the sensitive parental lines (Fig. 1).

To investigate the relative importance of TS over-
expression in the resistance of cancer cells to 5-FU
and TDX, the TDX- and 5-FU-induced resistant can-
cer cell lines were also treated with 5-FU or TDX,
respectively. The resistance of 5-FU-induced resistant
cell lines to TDX was comparable to that of TDX
resistant cell lines (>20,000-fold, Table 1). In contrast,

14998 +£22.19 444 +£0.16 3.80+0.24

MCF-Tgy10
45

>50
>20833.3

0.0024 + 0.0002

3.33 £0.17

MCF-Ty 1

Resistant fold the 1C5 ratio of resistant cell line/sensitive cell line, 7dR thymidine, Urd uridine

Table 1 The cytotoxicity of 5-FU and TDX in cancer cell lines

The ICs figure is mean from three replicates = SD

Resistant fold
Resistant fold

ICs (WM)
TDX

5-FU
ICs (WM)
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Fig.1 5-FU and TDX resistant cancer cell lines express high lev-
els of TS protein. TS protein expression was analysed by western
blot in drug (5-FU and TDX) sensitive and resistant cell lines.
Tub tubulin, used as a loading control

there was no significant difference between the
chemo-sensitivity of TDX-induced TDX resistant and
the paired sensitive cell lines to 5-FU (0.6- to 1.3-fold,
Table 1).

Thymidine protects cancer cells from TDX-induced
but not from 5-FU-induced cytotoxicity

To further determine the importance of TS in 5-FU
and TDX chemoresistance, we tested the protective
effect of thymidine on 5-FU- and TDX-induced cyto-
toxicity in the drug sensitive cell lines. Supplementa-
tion of the cultured cells with exogenous thymidine
allows TS-independent synthesis of thymidylate for
DNA synthesis and repair, thereby bypassing the
cytotoxic effects of TS inhibition. As shown in
Table 2, supplementation of cultured sensitive paren-
tal cells with 20 pM thymidine completely prevents
TDX-induced cytotoxicity (14,705- to 31,250-fold
resistance), with ICs, values comparable to that
observed in TDX resistant lines. In contrast, thymi-
dine only conferred at the most a very moderate res-
cuing effect (1.1- to 2.4-fold) from 5-FU-induced cell
death (Table 2).

Uridine rescued 5-FU-induced cytotoxicity in some
cancer cell lines but not TDX-induced cytotoxicity

The 5-FU derivative, FUTP, can incorporate into and
damage RNA, thereby inhibiting pre-mRNA splicing,
polyadenylation of mRNA, processing of pre-rRNA,
post-transcriptional modification of tRNA and assem-
bly and activity of snRNA/protein complexes. To
determine the importance of this mechanism in 5-FU-
induced cytotoxicity, analysis was carried out with sup-
plementation of an excess concentration (1 mM) of
exogenous uridine in the culture medium. Uridine sup-
plementation conferred a relatively high rescuing effect
on 5-FU-induced cytotoxicity in RKOy cells (7.9-
fold) but only offered moderate or no protection in the
other cell lines (0.8- to 1.9-fold, Table 2). Uridine had
no significant rescuing effect on TDX-induced cytotox-
icity (0.9- to 1.6-fold, Table 2).

NF-xB over-expression and p53 mediate 5-FU, but not
TDX, resistance

It has been reported that p53 mutations and NF-xB
over-expression can confer 5-FU resistance in human
cancer cells [2, 32]. In this study, we tested 5-FU and
TDX cytotoxicity in p53 knockout HCT116 colon can-
cer and NF-xB p50 + p65 transfected MCF-7 breast
cancer cell lines. The NF-xB transfected -cells
expressed high levels of NF-kB p50 and p65 proteins
(Fig. 2a), and had high NF-kB DNA binding and tran-
scriptional activity (data not shown). No p53 protein
was detected in the p53 knockout cells (Fig. 2b). Com-
pared with relevant parental cells, NF-kB transfection
and p53 knockout induced 4.4- and 2.4-fold resistance
to 5-FU, respectively but neither molecular alteration
induced resistance to TDX (Table 3). TS protein levels
were comparable between the parental and NF-xB
transfected or p53 knockout lines (Fig.2c). These

Table 2 The rescuing effect of thymidine or uridine on the cytotoxicity of 5-FU and TDX in sensitive cell lines

MCF-7yw¢ T47Dyr H630y RKOy HCT116yy
ICy
5-FU + TdR 3.86 + 0.007 6.31 £1.04 4.36 £ 0.56 5.77 +£1.23 1.94 +£0.14
5-FU + Urd 4.05 +0.75 2.76 +0.12 7.37 +£1.85 21.78 +2.35 2.73+0.12
TDX + TdR >50 >50 >50 >50 >50
TDX + Urd 0.0034 + 0.0002 0.0018 4 0.0008 0.0025 + 0.0001 0.0056 + 0.0006 0.0018 £ 0.0008
Rescue fold
5-FU + TdR 1.2 2.3 1.1 2.4 0.6
5-FU + Urd 1.2 1.0 1.9 7.9 0.8
TDX + TdR >20833.3 >25000 >29411.7 >14705.9 >31250.0
TDX + Urd 14 0.9 1.5 1.6 1.1

The drug sensitive cell lines were treated with 5-FU or TDX and rescued with thimidine (TdR, 20 uM) or uridine (Urd, 1 mM). The ICy,
value is the mean from three replicates & SD. Rescue fold: the ICs, of drug in combination with thymidine or uridine/drug without

thymidine or uridine
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Fig.2 Western blotting analysis of the expression status of NF-xB
p50 and p65 (a), p53 (b) and TS (c¢) proteins in NF-kB transfected
and p53 knockout cell lines. Tub tubulin, used as a loading control

results indicate that in some cancer cell lines, 5-FU
resistance conferred by NF-kB over-expression or loss
of p53 protein is TS-independent.

Discussion

Both 5-FU and TDX are TS inhibitors. TS is over-
expressed in 5-FU and TDX resistant cancer cell lines.
To determine the relative importance of TS in acquired
5-FU and TDX resistance, we tested the cross-resis-
tance of six 5-FU or TDX resistant cell lines to each TS
inhibitor. 5-FU resistant cells were highly cross-resis-
tant to TDX. The level of resistance to TDX in the
cells whose resistance was induced by 5-FU exposure
was comparable to that observed in the cell lines with
resistance induced by TDX exposure. In contrast,
although both TDX and 5-FU resistant cell lines
expressed high levels of TS protein, the TDX resistant
cell lines were not significantly resistant to 5-FU
(Table 1).

To further evaluate the role of TS in TDX and 5-FU
resistance, we added exogenous thymidine into the cul-
ture medium. As shown in Table 2, the drug sensitive
cancer cell lines became highly resistant to TDX in the
presence of thymidine. In contrast, thymidine did not
introduce a significant rescuing effect on 5-FU cytotox-
icity in these cell lines. These data are in agreement
with a previous study demonstrating MCF-7 and RKO
cells are not rescued from 5-FU cytotoxicity by thymi-
dine [7]. Our data indicate that high TS protein over-
expression and maintenance of cellular dTMP levels
play an important, if not exclusive, role in acquired
TDX resistance. In contrast, acquired 5-FU resistance
appears to be multi-factorial, with TS-dependent main-
tenance of cellular dTMP levels playing at the most, a
relatively minor role in these human cancer cells.

In a meta-analysis derived from over 3,000 colorec-
tal cancer patients received a variety of adjuvant or
advanced disease treatments, it was shown that overall
survival of colorectal cancer patients with tumours
expressing high levels of TS protein is significantly
poorer, although the association was moderate [19].
Therefore, the expression levels of TS in tumour tissue
may be a prognostic biomarker for patients receiving
5-FU based chemotherapy. However, gene expression
profiling data [13] and the data in this report indicate
that predictive markers such as TS, may not necessarily
represent molecules critical to the acquisition or main-
tenance of the phenotype under investigation. TS pro-
tein over-expression may be a predictive marker for
response to 5-FU without playing a significant biologi-
cal role in acquired 5-FU resistance.

Uridine inhibits incorporation of 5-FU metabolites
into RNA and rescues colorectal cells from 5-FU-
induced cytotoxicity [7, 20]. RNA mediated cytotoxic
effects of 5-FU is p53-dependent in colon epithelia [20]
and it may play a role in acquired 5-FU resistance [10,
12]. It has also been reported that uridine can prevent
apoptosis in response to 5-FU in normal but not
tumour tissues [4, 20]. Our data demonstrated that only
RKO cells were protected from 5-FU induced cytotox-
icity by the addition of uridine, indicating that 5-FU
kills RKO cells, at least partially, via an RNA-medi-
ated mechanism. However, uridine conferred no sig-
nificant protection on breast cancer (MCF-7, T47D) or

Table 3 1Cs, of 5-FU and TDX to NF-xB transfected MCF-7, p53 knockout HCT116 and relevant parental cell lines

MCF-7,pxasi MCF-7 50,65 HCT116y; HCT116,55_,_
5-FU (uM) 5124032 22374535 3.47 +0.16 822402
TDX (uM) 0.0029 = 0.0009 0.0018 = 0.0004 0.0016 = 0.0001 0.0017 = 0.0001

Data represent the mean ICs, from three replicates &= SD
TdR thymidine, Urd uridine
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the other colorectal cancer (H630 and HCT116) cell
lines. Therefore, the RNA-mediated 5-FU induced cell
death may not be the major mechanism of action of 5-
FU in human cancer cell lines.

p53 is a tumour suppressor gene whose genetic sta-
tus plays a key role in resistance of cancer cells to some
anticancer drugs including 5-FU [2]. Over-expression
and high DNA binding activity of the transcription fac-
tor NF-kB has been identified in TS inhibitor (5-FU
and TDX) resistant cell lines [28] and blocking the NF-
kB pathway sensitizes cancer cells to 5-FU in vitro [30,
32]. NF-xB transfection induces 5-FU resistance in can-
cer cells (Table 3, [29]). Both p53 knockout and NF-xB
transfected cells expressed comparable levels of TS
protein to their control parental lines. In vitro cytotox-
icity analysis demonstrated 5-FU resistance was
induced by p53 knockout (2.4-fold) and NF-kB trans-
fection (4.4-fold). In contrast, neither p53 knockout
nor NF-kB transfection induced resistance to TDX.
These data indicate that in these cell lines p53 mutation
and NF-xkB over-expression are TS-independent
molecular events involved in acquired 5-FU resistance.
Although NF-kB is involved in 5-FU resistance, the
precise molecular mechanisms and the down stream
molecular pathways are still not fully elucidated. The
resistant levels induced by either of p53 knockout
(2.4-fold) or NF-kB over-expression (4.4-fold) were
much lower than the acquired resistance induced by 5-
FU exposure (36- to 115-fold). This suggests that p53
and NF-kxB independent mechanisms may be primarily
responsible for acquired 5-FU resistance in the resis-
tant cancer cell lines evaluated in this study.
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