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Abstract. Trifluorothymidine (TFT) is well known to be 
converted to TFT-monophosphate by thymidine kinase and to 
inhibit thymidylate synthase. In addition, TFT-triphosphate 
(TFT-TP) is also incorporated into DNA, resulting in cytocidal 
effects. However, the precise mechanism of TFT-induced DNA 
damage is still unclear. Therefore, we investigated the modes 
of action of TFT against DNA replication and repair enzymes, 
as compared with those of 5FU and FdUrd. When HeLa cells 
were treated with TFT at a concentration of 1 µM (IC50 value), 
the concentration of TFT in the DNA was calculated as 
62.2±0.9 pmol/1x106 cells for 4 h. On the other hand, following 
treatment of the cells with FdUrd (0.5 µM) and 5FU (10 µM) 
at their IC50 doses, the drug concentrations in the DNA were 
7.53, and 0.17 pmol/1x106 cells for 4 h, respectively. These results 
show the markedly greater degree of incorporation of TFT 
into the DNA of the HeLa cells compared with that of 5FU 
(approximately more than 300-fold for 4 h) or FdUrd (appro-
ximately more than 8-fold for 4 h). The primer extension assay 
demonstrated that TFT-TP was also incorporated into the 
T-sites of the growing DNA strand, however, it competed only 
weakly with thymidine triphosphate. The DNA glycosylase 
assay was performed using commercially available DNA 
glycosylase and fractionated HeLa cell extracts obtained by 
gel filtration. There was no detectable excision of the TFT 
pairing to adenine by uracil DNA glycosylase (UDG), thymine 
DNA glycosylase (TDG), methyl-CpG binding domain 4 
(MBD4) or the fractionated HeLa cell extracts, however, TDG 
and MBD4 were able to excise the TFT pairing to guanine. 
Additional data indicate that small-interfering RNA-mediated 
knockdown of TDG or MBD4 significantly increased the 
resistance to the cytotoxic effects of FdUrd, but not to that of 

TFT. These studies show the greater degree of incorporation 
of TFT into the DNA than that of 5FU or FdUrd, and that such 
a high degree of incorporation of TFT residues into the DNA 
might be related to exhibit potent cytotoxic activity to be 
refractory to cleavage by these DNA glycosylases; thus, the 
DNA-directed cytotoxic effect of the compound is quite 
different from that of 5FU.

Introduction

The antimetabolite 5-fluorouracil (5FU), which is frequently 
used to treat gastric, colorectal, head/neck, breast and other 
cancers, is thought to exert its anti-tumor activity by impairing 
RNA function following its incorporation into the RNA as 
5-fluoro-2'-uridine-5'-triphosphate (FUTP), or by inhibiting 
thymidylate synthase (TS). Although RNA incorporation 
may contribute to its cytotoxicity under certain conditions (1), 
damage to DNA is generally considered to be the principal 
mechanism of tumor cell killing by 5FU. The therapeutic 
importance of direct action of 5FU on the DNA is emphasized 
by a direct correlation of the TS activity with the response 
rate of tumors or cancer cell lines to treatment with 5FU (2). 
TS inhibition deprives the cell of the capacity to synthesize 
dTMP from dUMP and, thereby, elevates the cellular dUTP 
levels at the expense of dTTP. The resulting higher intracellular 
concentrations of dUTP and FdUTP overwhelm dUTPase and 
become available for incorporation into the genome by DNA 
polymerase (3).

Like 5FU and 5-fluoro-2'-deoxyuridine (FdUrd), trifluoro-
thymidine (TFT) is also said to exert its cytocidal action by 
inhibiting TS (4). However, we found that when tumors were 
exposed to high concentrations of TFT for short periods of 
time, the drug was incorporated into the DNA and exerted its 
cytocidal activity by causing DNA fragmentation rather than 
by inhibiting TS (5-7). Based on these observations, TAS-102 
was developed as a novel drug preparation composed of a 
combination of TFT and TPI (an inhibitor of thymidine phos-
phorylase, the enzyme involved in the biodegradation of 
TFT). TPI is expected to reinforce the uptake of TFT by the 
tumor DNA and thereby promote the drug's action against 
cancers that exhibit resistance or low sensitivity to 5FU due to 
high TS expression or induction in the tumor.

The base excision repair pathway is conserved from bacteria 
to humans, and is initiated by DNA glycosylases. In the first 
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step of this pathway, DNA glycosylases remove the structurally 
altered base from the DNA backbone by the associated 
N-glycosylase activity. The resulting apurinic/apyrimidinic 
(AP) site is then incised by the AP lyase activity of the DNA 
glycosylases via the β-elimination (or δ-elimination) of the 
3' phosphodiester bond. Further processing of this repair 
intermediate by the sequential action of AP endonuclease, 
DNA polymerase and ligase restores the DNA. 5FU is a 
substrate for UNG, SMUG1 (8), TDG (9), and MBD4 (10) 
among the human DNA glycosylases, and at least some of 
these proteins may be expected to address the 5FU/G and 
5FU/A base pairs also in vivo.

In this study, we investigated the modes of action of TFT 
against DNA replication and DNA repair enzymes as compared 
with those of 5FU and FdUrd.

Materials and methods

Oligonucleotides. Oligonucleotide-containing TFT was 
synthesized enzymatically as described previously (11). Other 
oligonucleotides (gel-purified grade) were purchased from 
Sigma-Aldrich (Tokyo, Japan).

Cell culture and whole-cell extract of HeLa cells. The HeLa 
cell line was purchased from Dai-Nippon Pharmaceutical Co., 
Ltd. (Osaka, Japan). Whole-cell extracts were prepared according 
to the method reported by Manley et al (12).

DNA incorporation of TFT, dThd, 5FU, and FdUrd in HeLa 
cells. Incorporation of various deoxyribonucleosides into the 
DNA were measured in the acid-insoluble fraction, as described 
previously (5).

Primer extension assay. The DNA primer extension assay 
(13) was performed using the following oligomers: DNA(1), 
*5'[32P]-GACTAGTCTGCATGCC-3'; DNA(2), 5'-CATG 
CAACGTACGTAGGCATGCAGACTAGTC-3'. In order to 
assess the ability of a primer to extend past a TFT lesion in 
the template, the following oligomers were prepared: DNA(3), 
*5[32P]'-CATGCAACGTA-3'; DNA(4), 5'-GACTAGTCTGCAT 
GCCXACGTACGTTGCATG-3' where X is either normal T 
or TFT.

DNA glycosylase assay. The DNA glycosylase assay (14) was 
performed using commercially available Methanobacterium 
thermoautotrophicum thymine DNA glycosylase and E. coli 
uracil-N-glycosylase (Trevigen Inc., MD, USA), and the following 
oligomers: DNA(4), *5'-GACTAGTCTGCATGCCXACGT 
ACGTTGCATG-3' where X is U, T, TFT, 5-bromodeoxyuridine 
(BrU) or 5FU; DNA(2), 5'-CATGCAACGTACGTAGGCATGC 
AGACTAGTC-3'; DNA(5), 5'-CATGCAACGTACGTGGGCA 
TGCAGACTAGTC-3'.

Preparation of MBD4-depleted or TDG-depleted whole-cell 
extract of HeLa cells by immunoprecipitation. Immuno-
precipitation of MBD4 or TDG was performed using magnetic 
Dynabeads protein G (Dynal Biotech GmbH, Hamburg, 
Germany) loaded with rabbit anti-MBD4 (A301-634A, Bethyl 
Lab., Inc., TX, USA) or rabbit anti-TDG (BS2053, Bioworld 
Technology, Inc., MN, USA) antibodies, respectively.

Analysis of fractionated whole-cell extracts of HeLa cells 
obtained by gel filtration on Superdex 75. In order to fractionate 
the whole-cell extracts of HeLa cells, the HPLC system, Model 
LC-10 AD (Shimadzu, Kyoto, Japan), and automated fraction 
collector, Model FC-203 (Gilson Inc., WI, USA), were utilized. 
Gel filtration was carried out using the Superdex 75 column 
(10/300 GL, GE Healthcare, AZ, USA).

Western blot analysis. Western blot analysis was performed 
using anti-MBD4 or anti-TDG as described in the section of 
immunoprecipitation in Materials and methods.

shRNA. shRNA constructs against TDG (cat. no. TG316755) 
and MBD4 (cat. no. TG311558) in pGFP-V-RS vectors were 
obtained from Origene Technologies Inc. (MD, USA). The HeLa 
cells in 6-well dishes were transfected with Lipofectamine 2000 
(Invitrogen, CA, USA) along with 0.5 µg pGFP-V-RS vector 
inserted with shRNA against TDG or MBD4; cells transfected 
with shRNA against a target not present in mammalian cells 
were used as the control. Stable clones were generated in 
accordance with the manufacturer's recommendations.

Cell sensitivity assays. Cell viability of the HeLa cells and of 
the TDG- or MBD4-knockdown cells were measured using 
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).

Results

Incorporation of TFT, 5FU and FdUrd into the cellular DNA. 
Incorporation of several 5'-substituted pyrimidine nucleosides 
into the DNA was measured (Table I). Each drug was added at 
the IC50 values determined by MTT assay (data not shown). 
The uptake of TFT by DNA was calculated as 29.51 for 2 h 
and 62.22 for 4 h (pmol/1x106 cells). Although the percent 
TFT incorporation into the DNA was 39-46% relative to that 
of thymidine (dThd), it was much more than that of 5FU [0.13 
for 2 h and 0.17 for 4 h (pmol/1x106 cell)] and FdUrd [5.51 for 
2 h and 7.53 for 4 h (pmol/1x106 cells)].

Effect of TFT on DNA polymerase α. The ability of DNA 
polymerase α (polα) to extend the primer was then evaluated 
in the absence and presence of TFT-TP (Fig. 1). When both 
dTTP and TFT-TP were omitted from the reaction mixture 
(Fig. 1A, lane 1), no extension of the primer was observed, 
since the next position was a T-site (17-mer). When various 
concentrations of TFT-TP were included in the T-minus reaction, 
polα was able to use the nucleotide analogue as an alternate 
substrate for incorporation into the T-site. Furthermore, the 
enzyme stopped at the T-site (17, 21, 25, 26, 30-mer). These 
results suggest that TFT incorporation was associated with a 
pause in the progression of polymerization and that it impaired 
the polymerization process at the sites of its incorporation. In 
a complete reaction mixture that contained 30 µM of each 
dNTP, polα extended the primers to 31-mer (Fig. 1, 4N 
conditions-TFT-TP 0 µM).

When increasing concentrations of TFT-TP were included 
in the 4N reactions, TFT did not obviously compete with 
dTTP as a substrate for polα to become incorporated into the 
T-sites of the elongating strands, even at the concentration of 
100 µM (Fig. 1, 4N conditions-TFT-TP 0-100 µM).
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Activity of the primer to extend past a TFT lesion in the 
template. When dATP was deleted from the reaction mixture 
(Fig. 1B, lanes 1-3 and 7-9), the DNA elongation stopped at 
one nucleotide before the X site of the DNA(4), indicated by 
the arrow (13-mer). While dATP was added to the reaction 
mixture (Fig. 1B, lanes 4-6, 10-12), synthesis on the template 
containing TFT and on the control template resulted in 
essentially complete elongation of the primer to the full length 
of the template strand by the final time-point.

Excision activity by uracil DNA glycosylase and thymine DNA 
glycosylase. The DNA glycosylase assay was carried out using 
commercially available Escherichia coli uracil-DNA glycosylase 
(e-UNG) and Methanobacterium thermoautotrophicum 
mismatch thymine-DNA glycosylase (m-TDG), as shown in 
Fig. 2. The e-UNG excised the U/A, U/G, 5FU/A, and 5FU/G 
base pairs, while the TFT/A and TFT/G base pairs could not 
be excised by this enzyme (Fig. 2A). On the other hand, although 
m-TDG was not be able to excise the TFT/A base pair, just 
like e-UNG, the enzyme were able to excise the TFT/G base 
pair (Fig. 2B).

Separation and analysis by gel filtration through Superdex 75 
of whole-cell extract of HeLa cells and the MBD4- and TDG- 
depleted extracts. In order to analyze the cleavage activity of 
a HeLa cell extract, analytical gel filtration was performed 

Table I. Incorporation of 5'-substituted pyrimidine nucleosides 
into DNA.

		  Incubation (h)
		  -----------------------------------------------------------
Drug	 Concentration	 pmol/1x106 cells
	 µM	 2	 4

dThd	 1	 77.48±0.97a	 134.86±-7.75
TFT	 1	 29.51±0.99	   62.22±0.91
5FU	 10	   0.13±0.01	     0.17±0.03
FdUrd	 0.5	   5.51±3.00	     7.53±0.28

The radioactivity incorporated into the acid-insoluble material was 
determined as described in Materials and methods. aMean of n=4 and 
SD.

Figure 1. Action of TFT on DNA primer extension in vitro. (A) DNA elongation 
by DNA polymerase α was estimated with the 5'-32P-labeled primer/template 
[primer; DNA(1), template; DNA(2), as described in Materials and methods]. 
T-reactions contained 30 µM each of dATP, dCTP, dGTP, without dTTP. 4N 
reactions contained 30 µM each of dATP, dCTP, dGTP, and dTTP. (B) 
Activities of the primers to produce extension past a TFT lesion in the template 
were estimated. DNA elongation by DNA polymerase α was estimated with the 
5'-32P-labeled primer/template [primer; DNA(3), template; DNA(4) (X = dTTP 
or TFT-TP)] with or without dATP (30 µM). All reactions, except for the 
case of dATP, contained 30 µM each of dCTP, dGTP, and dTTP.

Figure 2. Cleavage of oligonucleotides containing several 5-substituted 
pyrimidine nucleotide residues by uracil DNA glycosylase (A) or thymine 
DNA glycosylase (B). Lanes 1-5 show cleavage of a double-stranded oligo-
nucleotide with several 5-substituted pyrimidine nucleotide residues paired 
to adenine, and lanes 6-10 show the same sequence with the analogues 
paired to guanine.
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Figure 3. Cleavage of oligonucleotides containing 5-fluorodeoxyuridine-monophosphate and TFT-monophosphate residues by whole-cell extracts of HeLa 
cells obtained through gel filtration. Whole-cell extracts of HeLa cells were prepared as described in Materials and methods and the extracts were loaded on 
a Superdex 75 column (1.0x30 cm) at a flow rate of 0.3 ml/min. Fractions were collected from the void volume (No. 1) to the column volume (No. 15) at 2 min/
tube. Each of the fractions was reacted with 5FU/A (lanes 1-15) or 5FU/G (lanes 16-30) containing oligonucleotides at 37˚C for 2 h (A). Each of the fractions 
was also reacted with TFT/A (lanes 1-15) or TFT/G (lanes 16-30) containing oligonucleotides at 37˚C for 2 h (B) or 10 h (C). 
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(Fig. 3). DNA glycosylase in the fractionated cell extracts was 
identified by the molecular weight, and immunoprecipitation 
(Fig. 3D-F). When a double-stranded oligomer containing 
5FU/A or 5FU/G base pairs were reacted with the fractionated 
HeLa cell extracts for 2 h at room temperature, excision activities 
for the 5FU/A base pair were observed in the UDG-fraction 
(No. 7-10) and SMUG1-fraction (No. 8-11), and for the 5FU/G 
base pair were observed in MBD4-fraction (No. 1-4), TDG- 
fraction (No. 6-8), UDG-fraction (No. 7-10), and SMUG1-fraction 
(No. 8-11) (Fig. 3A). These results seemed similar to the 
previously reported properties of the DNA glycosylases for 
double-stranded oligomers containing 5FU (8-10).

Figure 3 (continued). Western blot analysis of whole-cell extracts of HeLa cells depleted of TDG or MBD4 by immunoprecipitation methods are indicated (D). 
Whole-cell extracts of HeLa cells depleted of TDG (E) or MBD4 (F) were loaded on gel filtration columns. Each fraction was reacted at 37˚C for 10 h. 
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Under the same condition, when a double-stranded oligomer 
containing a TFT/A or TFT/G base pair was reacted with 
each of the fractionated HeLa cell extracts, no excision 
activity was observed (Fig. 3B). However, when the incubation 
times were prolonged from 2 to 10 h at room temperature, 
excision activities were detected in the MBD4-fraction and 
TDG-fraction (Fig. 3C). These results indicate that MBD4 
and TDG were able to recognize and excise TFT paired to 
guanine in double-stranded DNA, although this activity was 
weaker than that of 5FU. This was further confirmed by an 
experiment using MBD4-depleted or TDG-depleted whole-
cell extracts of HeLa cells using an immunoprecipitation 
method. When a TDG-depleted HeLa cell extract was 
loaded through the gel filtration column, excision activities 
were observed in one major peak only; the fraction 5-8 peak 
disappeared (Fig. 3E). On the contrary, when the experiment 
was performed using an MBD4-depleted HeLa whole-cell 
extracts, the fraction 1-4 peak disappeared (Fig. 3F).

Cytotoxicity of TFT and FdUrd-treated HeLa cells in the 
presence of different protein levels of TDG and MBD4. 
Western blot analysis of TDG and MBD4. Since it was still 
unclear as to whether the enzymatic activities of TDG and 
MBD4 might contribute to the cytotoxicity of TFT and FdUrd, 
a MTT assay of cells treated with TFT or FdUrd was performed 
using small-interfering RNA-mediated knockdown of TDG or 
MBD4. Fig. 4A and B indicates that the results of Western 
blotting of the cells treated with non-silencing shRNA or 
shRNA targeting TDG or MBD4, respectively.

shRNA knockdown of HeLa cell TDG and MBD4 decreases the 
sensitivity of these cells to the effects of FdUrd. At first, we 
investigated whether knockdown of TDG or MBD4 might lead 
to a decrease in the sensitivity of the cells to FdUrd (Fig. 4C). 
The results of these experiments showed that knockdown of 
both TDG and MBD4 led to a significant increase in the 
resistance to the cytotoxic effects of FdUrd. The IC50 value 
increased by >3-fold for the cells with shRNA-mediated 
knockdown of TDG [2.11 µM (95% CI, 1.72-2.50)] or MBD4 
[1.57 µM (95% CI, 1.00-2.14)] as compared with that for the 
cells treated with non-silencing shRNA [0.45 µM (95% CI, 
0.21-1.05)]. These present data on the sensitivity to FdUrd are 
consistent with previous reports (15-17).

shRNA knockdown of HeLa TDG and MBD4 did not decrease 
the sensitivity of these cells to the effects of TFT. Under the same 
conditions, the sensitivity of the TDG- and MBD4-depleted 
HeLa cells to TFT was also determined (Fig. 4D). The results, 
shown in Fig. 4D, revealed no significant difference in the 
sensitivity to TFT between the wild-type HeLa cells and the 
TDG- or MBD4-depleted cells. The IC50 value was 1.15 µM 
(95% CI, 0.95-1.36) for the TDG-depleted HeLa cells, 1.40 µM 
(95% CI, 0.55-3.35) for the MBD4-depleted HeLa cells, and 
1.47 µM (95% CI, 1.25-1.71) for the wild-type HeLa cells.

Discussion

Trifluorothymidine (TFT) was first synthesized by Heidelberger 
et al, in 1964 (18), they had already shown that TFT, similar 
to the case of 5-fluoro-2'-deoxyuridine (FdUrd), is incorporated 

Figure 4. Cytotoxicity of TDG- or MBD4-depleted HeLa cells treated with 
FdUrd or TFT. Western blot analysis was performed for non-silencing shRNA 
HeLa cells (control), TDG-targeted knockdown HeLa cells (TDG-depleted) 
(A), and MBD4-targeted knockdown HeLa cells (MBD4-depleted) (B) at the 
0 and 72 h time-points. The results of MTT assays of the control (●), TDG-
depleted (◼), and MBD4-depleted (△) HeLa cells treated with FdUrd (C) or 
TFT (D) are indicated. Points are mean of n=6, and bars are SE.

  B

  C

  D
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into the cellular DNA to prevent cell division, in contrast to 
thymidine, 5-bromodeoxyuridine and 5-iododeoxyuridine, 
which support cell division (19). Comparison of the IC50 
values of several nucleosides against HeLa cells revealed 
that the uptake of TFT into the cellular DNA [62.22 for 4 h 
(pmol/1x106 cells)] was significantly greater than that of 5FU 
[0.17 for 4 h (pmol/1x106 cells)] or FdUrd [7.53 for 4 h (pmol/1 
x106 cells)], as described in Table Ι. These results suggest that 
TFT may have more direct effects on the cellular DNA than 
5FU or FdUrd.

We investigated the effect of TFT triphosphate (TFT-TP) 
against DNA polymerase α (Fig. 2). In an experiment conducted 
by the addition of increasing concentrations of TFT-TP in 4N 
reactions, no competitive inhibition by TFT-TP of elongation 
induced by dTTP was observed, even at the maximal concen-
tration of 100 µM. Therefore, DNA polymerases are probably 
not the major targets, because, as indicated above, TFT-TP 
competed weakly with dTTP in producing direct inhibition of 
DNA polymerases. Since TFT inhibits TS, reduction of the 
cellular dTTP may potentiate the incorporation of TFT into 
the cellular DNA. Massive incorporation of TFT into the 
DNA may, however, account for the potent inhibitory activity 
of TFT on the DNA synthesis in whole cells.

It has been argued that the therapeutic effects of TS inhibition 
are based on the fragmentation of genomic DNA as a result of 
massive uracil excision by the replication-associated uracil 
DNA glycosylase, which connected with futile cycles of base 
excision repair (BER) (20). Although TFT also has an inhibitory 
effect against TS, it is nearly impossible to explain by its BER 
futile cycling model, which dUTP/dTTP imbalance gives rise 
to the misincorporation of dUMP during DNA replication, 
because TFT-TP itself is incorporated into the DNA to a much 
greater extent than 5FU and FdUrd (Table Ι).

Cells deficient in the TDG (15) and MBD4 (a.k.a. MED1) 
(16,17) DNA glycosylases have been reported to be resistant 
to 5FU. These observation would appear to contradict the 
hypothesis that 5FU incorporated in the DNA is toxic. However, 
Kunz et al (15) reported that excision of DNA-incorporated 
5FU by TDG generates persistent DNA strand breaks, delays 
S-phase progression, and activates DNA damage signaling. 
Therefore, a deficiency of TDG may also result in an impaired 
cell death response, leading to the observed resistance of the 
cells to 5FU exposure. On the other hand, a deficiency of MBD4 
may also result in an impaired mismatch repair-dependent 
cell death response, leading to the observed resistance of 
the cells to 5FU exposure (16,17). These present data on the 
sensitivity to FdUrd are consistent with those reported 
previously (Fig. 4C). On the contrary, there was no significant 
difference in the sensitivity to TFT between wild-type HeLa 
cells and TDG- or MBD4-depleted HeLa cells (Fig. 4D).

First, almost all of the TFT is incorporated into the T-sites 
(T/A, not T/G base pair) of the cellular DNA. The primer 
extension assays demonstrated that TFT-TP has a Km value 
very similar to that of dTTP (data not shown), and that adenine 
is incorporated precisely into the TFT lesion in the template 
(Fig. 1B). In this case, TFT incorporated into the DNA may be 
removed by other repair pathways than BER, because TFT 
induces DNA fragmentation (7), and arrest of the G2/M-phase 
of the cell cycle (21,22).

Second, although misincorporated TFT paired to guanine 
in the DNA may be removed by TDG and MBD4, its repair is 
not mediated with mechanism of cancer cell death by TFT 
unlike 5FU and FdUrd (15-17). The substitution of a thymidine 
residue for a TFT residue causes a slight decrease in the DNA 
duplex stability (23), although DNA double helices are still 
formed that adopt the B-form conformation (24). Thus, cell 
death on cancer cells may be executed by differential mechanisms 
between TFT and 5FU.

In conclusion, TFT is incorporated to a significantly greater 
degree into the DNA than either 5FU or FdUrd, however, it 
completed only weakly with thymidine triphosphate. The 
DNA glycosylase assay indicated that there was no detect-
able excision of TFT paired to adenine by any of the uracil 
DNA glycosylases (UDG), thymine DNA glycosylase 
(TDG), methyl-CpG binding domain 4 (MBD4), and fractions 
of HeLa cell extracts, while TDG and MBD4 were able to 
excise TFT paired to guanine. However, small-interfering 
RNA-mediated knockdown of TDG or MBD4 did not 
significantly increase the cellular resistance to the cytotoxic 
effects of TFT. Therefore, these data suggest that the inhibitory 
effects of TFT on DNA replication and repair enzymes are 
apparently distinct from those of 5FU and FdUrd. Such anti-
metabolites with novel mechanisms of action could complement 
current chemotherapeutic agents for the treatment of human 
cancers, especially by suppressing the appearance of drug 
resistance.
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