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Depletion of O%-methylguanine-DNA methyltransferase

by O%-benzylguanine enhances 5-FU cytotoxicity
in colon and oral cancer cell lines
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Abstract. O%-methylguanine-DNA methyltransferase (MGMT)
is a DNA repair enzyme whose expression is controlled by its
promoter methylation. A cell that expresses a low amount of
MGMT is known to be more sensitive to the antiproliferative
effects of alkylating agents. We have previously shown that
the colorectal cancer patients treated with 5-fluorouracil
(5-FU) as adjuvant chemotherapy had a better prognosis
when the tumor revealed hypermethylation in its MGMT
promoter. Therefore, we sought to investigate the relation-
ship between the expression levels of MGMT and the anti-
tumor effect of 5-FU in vitro by using two colon adeno-
carcinoma and four oral cancer cell lines with a variety of
MGMT expression. We also investigated the effects of
MGMT depletion by O%-benzylguanine (O%-BG), a potent
inhibitor of MGMT. The 5-FU treatment uniformly depleted
protein and mRNA expression of MGMT in all cell lines
examined. Cell lines expressing low levels of MGMT were
sensitive to 5-FU. On the other hand, cells expressing high
levels of MGMT were less sensitive to 5-FU. The 5-FU
treatment exhibited a better antiproliferative effect on the
cells expressing high levels of MGMT by the pretreatment of
0%-BG. Depletion of MGMT by O°-BG enhanced the anti-
tumor effect of 5-FU. Assessment of the levels of MGMT
expression in cancer cells and the control of its expression
could contribute to the effective chemotherapy by 5-FU
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especially in patients who previously were considered as
low-responsive individuals whose tumors have high levels of
MGMT.

Introduction

5-Fluorouracil (5-FU) is among the most commonly used
anti-neoplastic agents applied to a variety of malignancies,
including colon and oral cancers. However, not all cancer
cells respond in similar manner to 5-FU treatment. The
catabolic enzymes of 5-FU in tumor tissue, including
thymidylate synthase (TS) and dihydropyrimidine dehydro-
genase (DPD), have been assessed for their effectiveness in
clinical practice, however, this remains controversial (1,2).

O¢-methylguanine-DNA methyltransferase (MGMT) is a
DNA repair enzyme that repairs the adduct at the O%position
of guanine (3-10). Since alkylating agents generate a
complex spectrum of adducts at the O°-position of guanine,
the MGMT levels in a cell are a good marker to assess the
effects of these agents. Several human tumor cell lines with
little or no methyltransferase activity have been shown to be
hypersensitive to the alkylating agents (11-14). Attempts at
reducing MGMT activity in tumors theoretically sensitizes
cells to the O%-alkylating agent (15), and several attempts,
such as the pre-administration of a methylating drug before
administration of the alkylating agent (16) or administration
of MGMT-specific inhibitors (17), have been made to
inactivate MGMT. O°-benzylguanine (O%BG) is a specific
MGMT inhibitor and is used to sensitize chloroethylators or
methylators (17-19). O%-BG treatment has been approved as
a phase I study (20) and is currently being administered in
combination with BCNU, an OS-alkylating agent, for the
treatment of glioblastoma.

We have shown that colorectal cancer (CRC) patients
who receive 5-FU as adjuvant chemotherapy have a better
prognosis when the tumor reveals hypermethylation in its
MGMT promoter (21). These results indicate that CRC cells
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with low MGMT expression could be sensitive to 5-FU
treatment. However, the relationship between MGMT
expression and responsiveness to 5-FU treatment in cancer cell
lines in vitro has not been elucidated. Other than alkylating
agents, a favorable response to the cisplatin treatment has also
been reported among cancer cells with promoter methylation
of MGMT (22). This response could be explained by the
possibility that cisplatin abrogate MGMT activity (23,24). The
relationship, however, between MGMT expression and
responsiveness to 5-FU or other cancer therapeutic agents in
cancer cell lines in vitro is unknown.

In the present study, we examined the relationship between
MGMT expression and responsiveness to 5-FU in vitro using
CRC cell lines (generally expressing high levels of MGMT)
and oral cancer cells (showing a variety of MGMT expression).

Materials and methods

Cell lines and culture. Human oral cancer cell lines (HSC4,
HSC3, SAS, and Hep2) were obtained from the Cell Resource
Center for Biomedical Research Institute of Development,
Aging, and Cancer, Tohoku University. Human colon cancer
cell lines (LoVo and RPMI-4788) were obtained from ATCC.
All cell lines were maintained in Dulbecco's modified Eagle's
medium (MDEM) (Nissui Pharmaceutical Co. Ltd., Tokyo,
Japan) supplemented with 10% fetal bovine serum (FBS)
(Hyclone Laboratories Inc., UT), 100 units/ml penicillin
(Meiji Seika Ltd., Tokyo, Japan) and 100 pg/ml streptomycin
(Meiji Seika Ltd.) in a CO, incubator (Sanyo Electric Co., Ltd.,
Osaka, Japan) with 95% air plus 5% CO, at 37°C.

Chemicals. N-methyl-N-nitrosourea (MNU) (Nacalai Tosque,
Inc., Kyoto, Japan), N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) (Nacalai Tosque, Inc.), 5-fluorouracil (5-FU)
(Wako Pure Chemical Industries, Ltd. Osaka, Japan), and
O¢-Benzylguanine (O°-BG) (Sigma Chemical Co. St. Louis,
MO) diluted in water were added to the MDEM to the final
concentration indicated in each treatment.

RNA isolation and RT-PCR. Extraction of total cellular RNA
was carried out using Trizol reagent (Invitrogen Corp.,
Carlsbad, CA) according to the manufacturer's instructions.
RNA was reverse-transcribed with Superscript II reverse
transcriptase and oligo dT primers (Invitrogen Corp., Carlsbad,
CA). Amplification of cDNAs was performed under the
following PCR conditions: 7 min at 94°C for 1 cycle; then 26
cycles at 94°C for 30 sec, 59°C for 30 sec, 72°C for 30 sec; and
a final elongation step at 72°C for 10 min. The primers used
for the amplification were: MGMT; sense: 5'-GCCGGCTC
TTCACCATCCCG-3', antisense: 5'-GCTGCAGACCACTC
TGTGGCACG-3', GAPDH; sense: 5'-GAAGGTGAAGG
TCGGAGTC-3', antisense: 5'-CAAAGTTGTCATGGAT
GACC-3' (25). MGMT primers were used to amplify a 211-bp
product spanning the sequence 339-527 from the GenBank
accession number: M29971. The amplified GAPDH fragment
was used as a positive control. The RT-PCR products were
separated by electrophoresis on a 2% agarose gel, stained with
ethidium bromide, and viewed by UV. The intensities of the
bands were quantified using Image J 1.33u (National Institutes
of Health, USA).
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Western blotting. Proteins in cell-free extracts were separated
by electrophoresis in 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS PAGE), and the individual
proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad Laboratories, Hercules, CA) using a
semi-dry electrophoretic transfer apparatus (LKB-Produkter
AB, Bromma, Sweden) at room temperature. The blotted
membranes were blocked for 1 h in TBS-T (containing 0.1%
Tween-20) plus 5% powdered skin milk and then probed for
2 h with mouse anti-MGMT monoclonal antibody MT 3.1
Ab-1 (Neomarkers, Fremont, CA) diluted 1:800 in TBS-T. The
membranes were then washed three times in TBS buffer and
incubated for 1 h with the appropriate secondary antibody
horseradish peroxidase-conjugated AffiniPure goat anti-mouse
IgG (H+L) (ImmunoResearch Laboratories Inc., West Grove,
PA) in TBS-T. Bound antibody was detected using an ECL
plus kit (Amersham Pharmacia Biotech Inc., Little Chalfont,
UK) according to the manufacturer's instructions. The mouse
monoclonal antibody for B-actin, B-actin AC-15-ab6276,
purchased from Abcam Limited (Cambridge, UK) was diluted
1:5000 in TBS-T and was utilized in the same manner. The
intensities of the bands were quantified using Image J 1.33u
(National Institutes of Health).

MNU and 5-FU treatment. Cells (5x10°) were seeded in 5 ml
MDEM in a flask (Nalge Nunc International, Roslilde,
Denmark). Then, 24 h after seeding, the medium was
exchanged for one containing an appropriate drug (MNU or
5-FU), and the flask was immersed in a 37°C water bath
(Taitec, Co., Ltd., Saitama, Japan). Following drug treatment
for 1 h, the cells were rinsed three times with drug-free
medium and their survival rates were determined as described
below.

Cell survival assay for 5-FU and MNU. Cell survival was
assayed by measuring the colony-forming ability of the cells
in triplicate. Only colonies containing >50 cells were counted.
After treatment with drugs, the cells were dispersed with
trypsin, seeded at adequate concentrations, and incubated at
37°C in a CO, incubator. Surviving cells were fixed in 10%
formaldehyde and stained with 10% Giemsa stain solution.
Cell-survival rates were corrected for the seeding efficacy of
untreated controls.

O°-BG treatment and an alteration of 5-FU sensitivity.
Alteration of the chemosensitivity for each condition was
evaluated using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrasodium bromide] assay. The MTT assay was
carried out using an MTT cell growth kit (Chemicon Inter-
national, Inc. Temecula, CA) according to the manufacturer's
instructions. For O%-BG-treated groups, 1x10° cells incubated
in the medium containing 75 uM of O%BG for 4 days were
rinsed three times with fresh medium, and the cells were then
seeded into 96-well plates. Eight replicate wells/per assay
condition were seeded at a density of 1.5x10* cells in 0.1 ml
of medium containing the appropriate amount of O%-BG
(37.5 or 75 uM). As O°%BG-untreated control groups, cells
were also seeded into 96-well plates at the same density in
medium without O%-BG. Cells were incubated for 24 h at 37°C.
Stock solutions of 5-FU were prepared by dissolving the drug
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Figure 1. Effects of 5-FU treatment on the expression of MGMT in colon and oral cell lines. (a) MGMT protein expression was assessed in colon and oral
cancer cell lines by Western blot analysis. Equal amounts of extracted protein from the cell lines were loaded onto a 10% SDS-PAGE gel and electrophoresed.
Proteins were electroblotted onto a PVDF membrane that was probed with monoclonal antibody MT 3.1 specific for human MGMT. (b) Effects of 5-FU
treatment on the expression of MGMT mRNA and protein in the cell lines. For the 5-FU-treated groups, 1x10° cells were incubated in the medium containing
200 uM of 5-FU for 38 h. The protein and mRNA expressions of MGMT were measured by Western blotting or RT-PCR. (c) Intensities of the bands were
quantified by the proportion of MGMT versus B-actin or GAPDH with Image J 1.33u (National Institutes of Health). The relative band intensity represents the
intensity of 5-FU treated sample/5-FU non-treated control sample. Black columns represent cells with no 5-FU treatment. White columns represent cells
treated with 5-FU. The significance of the differences was tested by the Student's t-test: p<0.05. Each column is the average of three measurements; bars, SD.
The band intensities in groups treated with 5-FU were significantly different from those without 5-FU.

at a concentration of 10 mM in distilled water no more than 2 h
prior to use in an experiment; final concentrations were
obtained by diluting the stock solution directly into the
tissue-culture medium. Cells were incubated with several
concentrations of 5-FU ranging from 100-800 M for an
additional 38 h. At the end of the 5-FU exposure, 10 pl of MTT
(5 mg/ml) was added to each well for 4 h at 37°C to allow the
MTT to form formazan crystals by reacting with metabolically
active cells. Next, 100 ul of color development solution
(isopropanol with 0.04 N HCI) was added to each well.
Within an hour, the absorbance of each well was measured in
a microplate reader (Corona microplate leader MTP-120,
Corona Electric Co., Ltd., Japan) with a test wavelength of
570 nm. The percentage of cell-growth inhibition was
calculated by comparison of the absorbance reading from
treated versus untreated control cells. Each experimental
condition consisted of >5 wells.

Statistical analysis. Statistical analysis was conducted with
JMP 5.0.1 J software (SAS Institute Inc. Cary, NC). We used
the Student's t-test for comparisons between the values. A
significant difference was defined as p<0.05.

Results

5-FU treatment depletes the level of MGMT in colon and oral
cancer cell lines. MGMT activity is closely correlated with
the spontaneous MGMT protein expression detected by the
immuno-reactive method, including Western blot analysis or
immunohistochemical study (26,27). We studied the MGMT
protein expression status of two CRC and four oral cancer cell
lines by Western blotting. A high level of MGMT expression
was observed in 2 of the CRC cell lines (LoVo and RPMI-
4788) and 2 of the oral cancer cell lines (HSC4 and HSC3).
On the other hand, low expression levels were observed in 2
of the oral cancer cell lines (SAS and Hep2) (Fig. 1a). To
examine the alteration of MGMT expression by the 5-FU
treatment, we assessed the protein and mRNA expression
levels by Western blotting and RT-PCR after treating the cell
lines with 5-FU in vitro. 5-FU treatment uniformly reduced
MGMT protein content in all the cell lines examined (Fig. 1b).
The RT-PCR results, however, revealed that the mRNA content
was slightly degraded by the 5-FU treatment in all cell lines.
These results suggested that the MGMT depletion was
primarily a post-translational consequence of 5-FU treatment.
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Figure 2. Sensitivity to anticancer agents in oral cancer cell lines. (a) Cellular sensitivity to alkylating agent MNU. (b) Cellular sensitivity to 5-FU. The
significance of the differences was tested by the Student's t-test. Each point is the average of three independent experiments, each performed in triplicate; bars,
SD. HSC4, «; HSC3, a; SAS, 11; Hep2, A.

a
Non- 06- Non- 06- Non- 06- Non- 06- Non- 06- Non- 06-
treated BG treated BG treated BG treated BG treated BG treated BG
MGMT e - —— oy .

B-actin e w— — —— - — - S N Ay
HSC4 HSC3 SAS Hep2 LoVo RPMI4788

Western
blotting

120 100
< = B
100 s ]
el 2 60
g _
L =
0
- o 06- 06- o 06- 06- . 06- 06-
L ) N N N )
I NEpe. Was Npa ™ g Nops Mpg
0 HSC4 HSC3 SAS Hep2 LoVo RPMI4788

0 10 50 100
MNNG concentrations (¢ M)

Figure 3. Effects of O°-BG in cancer cell lines. To examine whether MGMT depletion enhances the anti-tumor effect of 5-FU, we evaluated the combined
effects of 5-FU and MGMT inhibitor O%BG on cell growth. For the O%-BG-treated groups, cells were exposed to 75 yuM O°BG for 4 days. First, we
confirmed whether our O%-BG protocol was effective in depleting MGMT protein and in restoring the cellular sensitivity to the alkylating agent. (a) Western
blot analysis of MGMT protein before and after O%-BG treatment. (b) The restoration of MNNG sensitivity by O%-BG in HSC4 cells. The significance of the
differences was tested by the Student's t-test: p<0.05. Each point is the average of more than five wells; bars, SD. (c) The cytotoxicity for O°-BG in cell lines.
Each column is the average of more than five wells; bars, SD. Black columns represent cells with no O%-BG treatment. White columns represent cells treated

with O%-BG.

Antiproliferative effects of treatment with the alkylating agent  expression were subsequently treated with anti-tumor agents.
MNU and 5-FU. To observe the cellular response to the anti-  Fig. 2 shows the results obtained following treatment of the
tumor agents, four oral cancer cells with a variety of MGMT  cell lines with varying concentrations of the alkylating agent
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Figure 4. Effects of O°-BG on cellular sensitivities with 5-FU treatment. To determine whether MGMT depletion may enhance the anti-tumor effect of 5-FU,
we evaluated the combined effects of 5-FU and MGMT inhibitor O%BG on cell growth. The closed symbols represent the survival of 5-FU single-treated
groups, while the open symbols represent the survival of O°-BG/5-FU combined-treated groups. Each point is the average of more than five wells; bars, SD.
The cell-survival rates in groups treated with 5-FU together with O%BG were significantly different (p<0.05) from those without O%-BG by the Student's t-test,

except for the asterisk-added groups.

MNU or the non-alkylating agent 5-FU. Two of the four cell
lines expressing relatively large amounts of MGMT protein
(HSC4 and HSC3) appeared to be resistant to the lethal effects
of MNU, depending on the concentrations used (Fig. 2a). In
contrast, growth of the cell lines expressing low levels of
MGMT protein (SAS and Hep2) was inhibited in a dose-
dependent manner by MNU (p<0.05, Fig. 2a). Although, the
different response to the alkylating agent was thought to
depend on the MGMT expression status, it was surprising to
find that the responsiveness of the four cell lines to the 5-FU
was exactly the same as that to MNU (Fig. 2b). MGMT low-
expressing cell lines (Hep2 and SAS) were sensitive to 5-FU,
just as to MNU, in a dose-dependent manner. In contrast, the
cell lines expressing a large amount of MGMT (HSC4 and
HSC3) were not inhibited in their proliferation by the treatment
with 5-FU (p<0.05, Fig. 2b).

Cellular sensitivities in response to 5-FU treatment in com-
bination with O5-BG. To examine whether the depletion of
MGMT expression may enhance the chemotherapeutic effect
of 5-FU in the treatment of cancer patients, we evaluated the
combined effect of 5-FU and an MGMT inhibitor, O°-
benzylguanine (O%-BG), on cell growth. For the O%-BG-treated
groups, cells were treated with 75 uM O°-BG for 4 days. The
levels of MGMT protein were then examined. Depletion of
MGMT proteins were observed in all cell lines treated with

0°%-BG (Fig. 3a). Next, the cells were washed and seeded into
96-well plates with a medium containing the appropriate
amount of O%-BG (37.5 or 75 uM). After incubation for 24 h,
the cells were exposed to 5-FU in several concentrations for
an additional 38 h. To confirm that our O%BG combined
protocol was an effective means of restoring cellular sensitivity
to the alkylating agent, the HSC4 cell line showing resistance
to the alkylating agent was treated with our combined regimen
with an alkylating agent MNNG (Fig. 3b). Significant
enhancement of cellular sensitivity to the MNNG was
observed. To exclude the cytotoxicity of the solitary admini-
stration of O%-BG, cell survival from a single treatment of
0°%BG was evaluated (Fig. 3c). Given that the cell survival in
the O%-BG-treated groups was always >80% compared to the
untreated groups, the cytotoxicity of O%BG was confirmed as
minimum. Growth inhibition was observed in every cell line
examined in a dose-dependent manner after 5-FU treatment
for 38 h within a concentration range from 100-800 xM.
Treatment with 5-FU in combination with O%-BG revealed
enhanced anti-tumor effects compared with the results obtained
with 5-FU treatment alone (Fig. 4). The survival rates of the
cells treated with O®-BG and 5-FU significantly decreased
compared with those treated with 5-FU alone, except for the
points indicated by asterisks (p<0.05). Among the four MGMT-
expressed cell lines (HSC4, HSC3, LoVo, and RPMI-4788),
O%-BG especially enhanced the cytotoxicities of HSC3 and
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RPMI-4788 to 5-FU. Two 5-FU-sensitive cell lines with low
expression of MGMT (SAS and Hep2) also increased their
sensitivity to the cytocidal effects of 5-FU under the O®-BG/ 5-
FU combined regimen.

Discussion

To our knowledge, this is the first study to examine the
relationship between the levels of MGMT expression in
cancer cells and the anticancer effects of 5-FU in vitro. Several
studies have indicated that catabolic enzymes of 5-FU in tumor
cells are critical factors in the 5-FU effect against cancer
cells (1,2). Among the enzymes involved in 5-FU catabolism,
TS and DPD are considered to be most important for the 5-FU
effect. Since several attempts have been made to predict the
effectiveness of the 5-FU by assessing these enzyme activities,
the correlation between the effectiveness of 5-FU treatment
and these enzyme activities remains controversial (28,29). On
the other hand, the mismatch repair (MMR) system is involved
in the effectiveness of 5-FU. Carethers et al have demonstrated
that colon cancer cell lines deficient in MMR activity (loss of
hMLHT) are significantly more tolerant of the 5-FU effect
than the MMR-proficient HCT116+chr3 cells established by
chromosomal transfer (30). Accordingly, 5-FU responsiveness
might be more complex than has been thought.

MGMT is one of the DNA repair enzymes that rapidly
repair adducts at the O°-position of guanine and that act with
the MMR system. Although its expression is known to
modulate the effectiveness of the alkylating agents or cisplatin
(11-14,22), almost no study has focused on the relationship
between MGMT activity and the 5-FU effect on cells. We
have previously shown that CRC patients who are treated
with 5-FU as adjuvant chemotherapy have a better prognosis
when the tumor reveals hypermethylation in its MGMT
promoter (21). Therefore, we sought to investigate whether a
cell expressing low levels of MGMT is more sensitive to 5-FU
in vitro by using colon adenocarcinoma cell lines, which
commonly express high levels of MGMT, and human oral
cancer cell lines, which show a variety of MGMT expression.

In this study, we found that after 5-FU treatment, the
protein content of MGMT was markedly reduced, while the
MGMT mRNA content was preserved in all cell lines
examined. To our knowledge, this is the first study demon-
strating MGMT protein depletion in response to treatment
with 5-FU in cancer cell lines, depletion that is thought to be
caused by a post-translational modification. Bibby et al have
reported that molecular combination of 5-FU and alkylating
agent 2-chloroethyl-1-nitrosourea (CNU) results in a significant
growth retardation of BCNU-resistant murine colon cancer
and human breast cancer xenografts in mice in vivo (15). These
anti-tumor effects are potentiated by the addition of O°-
benzylguanine (BG), a pseudo-substrate of MGMT. We also
took into account in this study that the up-regulation of the
CNU effect by 5-FU might have been achieved by the
depletion of MGMT caused by 5-FU.

The mechanism involved in the depletion of MGMT
protein by 5-FU is unknown. Since metabolites of 5-FU
cause both RNA- and DNA-directed cytotoxicities (31), 5-FU
may also generate DNA adducts (such as O°-alkylating DNA
adducts generated by alkylating agents), and MGMT is
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consumed in the process. It remains to be determined in
future attempts whether or not 5-FU generates such adducts.
We examined whether the depletion of MGMT causes a
cytocidal effect on cancer cells. The cancer cells that showed
reduced or no expression of MGMT and were sensitive to
alkylating agent (i.e. SAS and Hep2) were also sensitive to
5-FU treatment. Cells with high levels of MGMT (i.e. HSC4
and HSC3) were not sensitive to 5-FU. MGMT depletion by
O%-BG, pseudosubstrate of MGMT (17-19), potentiated the
anti-tumor effect of 5-FU. Since MGMT activity has been
recognized as an important marker of sensitivity to alkylating
agents, many attempts have been made to deplete MGMT by
using the specific inhibitor O%BG to enhance the anti-tumor
effects of alkylating agents (17). In our study, O°%-BG
depleted the MGMT protein content and restored sensitivity
to 5-FU and to the alkylating agent, MNNG. Single
administration of O%BG to the cells has been reported as
non-toxic (32). Although pretreatment of cancer cells by O°-
BG showed minimal cytocidal effect in our study, our co-
incubation time of 5-FU and O%-BG in our protocol was
slightly longer compared to other studies. Nevertheless, we
found that the O%-BG/5-FU combined regimen produced
supra-additive cytocidal effects in all cells examined. An
enhancement of 5-FU sensitivity was achieved even in cells
with quite a low MGMT expression (SAS and Hep2). Our
results demonstrate that MGMT activity is one of the causes
of 5-FU resistance, which provides the first evidence for an
essential involvement of MGMT in 5-FU-induced cellular
toxicity. As such, depletion of MGMT in cancer cells could
become an important therapeutic target for sensitizing cells to
5-FU treatment.

In summary, MGMT depletion uniformly occurs in
response to 5-FU in colon and oral cancer cell lines,
irrespective of the original expression levels of MGMT. The
levels of MGMT expression were related to the sensitivity to
5-FU, and an enhancement of the anti-tumor effect of 5-FU
was observed in response to MGMT depletion. Our current
in vitro findings in addition to our previous clinical studies
propose important clinical applications related to the
enhancement of 5-FU anti-tumor effect for colorectal cancer
and other malignancies with promoter hypermethylation of
MGMT by controlling the levels of MGMT in the tumor.

Acknowledgements

We are most grateful to Professor Shoji Kawasaki for his
generous support for making this collaboration possible. This
study was supported by Grant-in-Aid (15591277, 16791240,
17791458) for Scientific Research from the Ministry of
Education, Science, Sports and Culture of Japan.

References

1. Beck A, Etienne MC, Cheradame S, Fischel JL, Formento P,
Renee N and Milano G: A role for dihydropyrimidine dehydro-
genase and thymidylate synthase in tumour sensitivity to
fluorouracil. Eur J Cancer 30: A1517-A1522, 1994.

2. Salonga D, Danenberg KD, Johnson M, Metzger R, Groshen S,
Tsao-Wei DD, Lenz HJ, Leichman CG, Leichman L, Diasio RB
and Danenberg PV: Colorectal tumors responding to 5-
fluorouracil have low gene expression levels of dihydro-
pyrimidine dehydrogenase, thymidylate synthase, and thymidine
phos-phorylase. Clin Cancer Res 6: 1322-1327, 2000.



5

ONCOLOGY REPORTS 17: 1461-1467, 2007

PANDIDOS I'P: Suppression of cross-link formation in chloroethyl-

¥ PUBLICATIONS)urea-treated DNA by an activity in extracts of human

10.

11.

12.

13.

14.

15.

16.

17.
18.

wusculic lymphoblasts. Cancer Res 44: 1887-1892, 1984.

. Dunn WC, Tano K, Horesovsky J, Preston RJ and Mitra S: The

role of O° alkylguanine in cell killing and mutagenesis in Chinese
hamster ovary cells. Carcinogenesis 12: 83-89, 1991.

. Marathi UK, Kroes RA, Dolan ME and Erickson LC: Prolonged

depletion of O%-methylguanine DNA methyltransferase activity
following exposure to O°-benzylguanine with or without
streptozotocin enhances 1,3-bis (2-chloroethyl)-1-nitrosourea
sensitivity in vitro. Cancer Res 53: 4281-4286, 1993.

. Chen J, Zhang Y, Moschel RC and Ikenaga M: Depletion of

OS%-methylguanine DNA methyltransferase and potentiation of
1,3-bis (2-chloroethyl)-1-nitrosourea antitumor activity by
O%-benzylguanine in vitro. Carcinogenesis 14: 1057-1060,
1993.

. Egyhazi S, Bergh J, Hansson J, Karran P and Ringborg U:

Carmustine-induced toxicity, DNA crosslinking and O°-
methylguanine-DNA methyltransferase activity in two human
lung cancer cell lines. Eur J Cancer 27: 1658-1662, 1991.

. Pegg AE: Mammalian O%-alkylguanine-DNA alkyltransferase:

regulation and importance in response to alkylating carcinogenic
and therapeutic agents. Cancer Res 50: 6119-6129, 1990.

. Pegg AE, Dolan ME and Moschel RC: Structure, function and

inhibition of O° alkylguanine-DNA alkyltransferase. Prog Nucleic
Acid Res Mol Biol 51: 167-223,1995.

Brent TP, Lestrud SO, Smith DG and Remack JS: Formation of
DNA interstrand crosslinks by the novel chloroethylating agents
2-chloroethyl (methylsulfonyl) methylanesulphonate:
suppression by O%-alkylguanine-DNA-alkyltransferase purified
from human leukemic lymphoblasts. Cancer Res 47: 3384-3387,
1987.

Day RS III, Ziolkowski CHJ, Scudiero DA, Meyer SA and
Mattern MR: Human tumor cell strains defective in the repair of
alkylation damage. Carcinogenesis 1: 21-32, 1980.

Day RS III, Ziolkowski CH, Scudiero DA, Meyer SA,
Lubiniecki AS, Girardi AJ, Galloway SM and Bynum GD:
Defective repair of alkylated DNA by human tumor and SV40-
transformed human cell strains. Nature 288: 724-727, 1980.
Sklar R and Strauss B: Removal of O%-methylguanine from DNA
of normal and xeroderma pigmentosum-derived lymphoblastoid
cell lines. Nature 289: 417-420, 1981.

Tsujimura T, Zhang Y, Fujiro C, Chang HR, Watanani M,
Ishizaki K, Kitamura H and Ikenaga M: O%-methylguanine
methyltransferase activity and sensitiveity of Japanese tumor
cell strains to 1- (4-amino-2-methyl-5-pyrimidinyl) methyl-3- (2
chloroethyl) -3-nitrosourea hydrochloricde. Jpn J Cancer Res
78:1207-1215, 1987.

Bibby MC, Thompson MJ, Rafferty JA, Margison GP and
McElhinney RS: Influence of O°-benzylguanine on the anti-
tumour activity and normal tissue toxicity of 1,3-bis(2-
chloroethyl)-1-nitrosourea and molecular combinations of 5-
fluorouracil and 2-chloroethyl-1-nitrosourea in mice. Br J
Cancer 79: 1332-1339, 1999.

Gerard B, Aamdal S, Lee SM, Leyvraz S, Lucas C, D'Incalci M
and Bizzari JP: Activity and unexpected lung toxicity of the
sequential administration of two alkylating agents - dacarbazine
and fotemustine - in patients with melanoma. Eur J Cancer 29:
A711-A719,1993.

Dolan ME and Pegg AE: 06-Benzylguanine and its role in
chemotherapy. Clin Cancer Res 3: 837-847, 1997.

Dolan ME, Stine L, Mitchell RB, Moschel RC and Pegg AE:
Modulation of mammalian O%-alkylguanine-DNA alkyl-
transferase in vivo by O®benzylguanine and its effect on the
sensitivity of a human glioma tumor to 1-(2-chloroethyl)-3-(4-
methylcyclohexyl)-1-nitrosourea. Cancer Commun 2: 371-377,
1990.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.
32.

1467

Dolan ME, Moschel RC and Pegg AE: Depletion of mammalian
Of%-alkylguanine-DNA alkyltransferase activity by O°-
benzylguanine provides a means to evaluate the role of this
protein in protection against carcinogenic and therapeutic
alkylating agents. Proc Natl Acad Sci USA 87: 5368-5372,
1990.

Friedman HS, Kokkinakis DM, Pluda J, Friedman AH, Cokgor I,
Haglund MM, Ashley DM, Rich J, Dolan ME, Pegg AE,
Moschel RC, McLendon RE, et al: Phase I trial of O°-
benzylguanine for patients undergoing surgery for malignant
glioma. J Clin Oncol 16: 3570-3575, 1998.

Nagasaka T, Sharp GB, Notohara K, Kambara T, Sasamoto H,
Isozaki H, MacPhee DG, Jass JR, Tanaka N and Matsubara N:
Hypermethylation of O%-methylguanine-DNA methyltransferase
promoter may predict nonrecurrence after chemotherapy in
colorectal cancer cases. Clin Cancer Res 9: 5306-5312,2003.
Koul S, McKiernan JM, Narayan G, Houldsworth J, Bacik J,
Dobrzynski DL, Assaad AM, Mansukhani M, Reuter VE,
Bosl GJ, Chaganti RS and Murty VV: Role of promoter hyper-
methylation in Cisplatin treatment response of male germ cell
tumors. Mol Cancer 3: 16, 2004.

Wang L-G and Setlow RB: Inactivation of O°-alkylguanine-
DNA alkyltransferase in HeLa cells by cisplatin. Carcinogenesis
10: 1681-1684, 1989.

D'Atri S, Graziani G, Lacal PM, Nistico V, Gilberti S, Faraoni I,
Watson AJ, Bonmassar E and Margison GP: Attenuation of O°-
methylguanine-DNA methyltransferase activity and mRNA
levels by cisplatin and temozolomide in Jurkat cells. J Pharmacol
Exp Ther 294: 664-671, 2000.

Watts GS, Pieper RO, Costello JF, Peng Y-M, Dalton WS and
Futscher BW: Methylation of discrete regions of the O°-
methylguanine-DNA methyltransferase(MGMT) CpG island is
associated with heterochromatization of the MGMT transcription
start site and silencing of the gene. Mol Cell Biol 17: 5612-5619,
1997.

Liu L, Qin X and Gerson SL: Reduced lung tumorigenesis in
human methylguanine DNA-methyltransferase transgenic mice
achieved by expression of transgene within the target cell.
Carcinogenesis 20: 279-284, 1999.

Pegg AE, Wiest L, Mummert C, Stine L, Moschel RC and
Dolan ME: Use of antibodies to human O°-alkylguanine-DNA
alkyltransferase to study the content of this protein in cells treated
with O°-benzylguanine or N-methyl-N-nitro-N-nitrosoguanidine.
Carcinogenesis 12: 1679-1683, 1991.

Etienne MC, Cheradame S, Fischel JL, Formento P,
Dassonville O, Renee N, Schneider M, Thyss A, Demard F and
Milano G: Response to fluorouracil therapy in cancer patients:
the role of tumoral dihydropyrimidine dehydrogenase activity. J
Clin Oncol 13: 1663-1670, 1995.

Habara K, Ajiki T, Kamigaki T, Nakamura T and Kuroda Y:
High expression of thymidylate synthase leads to resistance to
S-fluorouracil in biliary tract carcinoma in vitro. Jpn J Cancer
Res 92: 1127-1132,2001.

Carethers JM, Chauhan DP, Fink D, Nebel S, Bresalier RS,
Howell SB and Boland CR: Mismatch repair proficiency and
in vitro response to 5-fluorouracil. Gastroenterology 117: 123-131,
1999.

Mader RM, Muller M and Steger GG: Resistance to 5-
fluorouracil. Gen Pharmacol 31: 661-666, 1998.

Pegg AE, Boosalis M, Samson L, Moschel RC, Byers TL,
Swenn K and Dolan ME: Mechanism of inactivation of human
Of-alkylguanine-DNA alkyltransferase by O°-benzylguanine.
Biochemistry 32: 11998-20006, 1993.


https://www.spandidos-publications.com/10.3892/or.17.6.1461

