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chemotherapeutic agents
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Abstract Purpose: The mismatch repair (MMR) system
plays a major role in mediating the cytotoxicity and
clastogenicity of agents generating O6-methylguanine in
DNA. Loss of MMR has also been associated with
tumor cell resistance to the cytotoxic effects of 6-thio-
guanine and cisplatin and with hypersensitivity to N-(2-
chloroethyl)-N¢-cyclohexyl-N-nitrosourea (CCNU). The
aim of the present investigation was to elucidate the role
played by the MMR system in the generation of chro-
mosomal damage in cells exposed to 6-thioguanine,
cisplatin or CCNU. Methods: The MMR-proficient cell
lines TK6 and HCT116/3-6, and their MMR-deficient
counterparts MT1 and HCT116, were treated with 6-
thioguanine, cisplatin or CCNU, and analyzed for cell
growth inhibition and chromosomal damage. As a
control, similar experiments were performed with the
methylating agent temozolomide. Results: Cytotoxicity,
chromosomal aberrations and sister chromatid ex-
changes induced by 6-thioguanine and temozolomide
were significantly reduced in the MMR-deficient cell
lines with respect to their MMR-proficient counterparts.
In contrast, although conferring some protection against
cytotoxicity, the loss of MMR did not affect cytogenetic
damage induced by cisplatin. CCNU produced compa-
rable levels of cytotoxicity, chromosomal aberrations
and sister chromatid exchanges in both MMR-proficient
and MMR-deficient cell lines. Conclusions: The MMR
system is involved in the generation of chromosomal
damage in cells exposed to 6-thioguanine. The system

does not play a relevant role in the generation of chro-
mosomal damage in cells treated with CDDP and does
not confer protection against the clastogenic effects of
CCNU, at least in the cell lines investigated.
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mide) 8-Carbamoyl-3-methyl-imidazo[5,1-d]-1,2,3,5-tet-
razin-4(3H)-one

Introduction

Many environmental carcinogens and various antineo-
plastic drugs produce genotoxic effects through meth-
ylation of nitrogen bases in DNA [6]. Among the most
important sites of adduct formation are N7-guanine,
N3-adenine and O6-guanine. In particular, O6-methyl-
guanine (O6-MeG) is considered one of the main bio-
chemical modifications that can lead to cell death,
chromosomal aberrations, sister chromatid exchanges
(sce) and carcinogenesis [22]. The most efficient repair of
methyl adducts at O6-guanine is due to O6-MeG-DNA
methyltransferase (MGMT), which transfers the methyl
group from O6-MeG to an internal cysteine residue, thus
restoring the integrity of the DNA [9, 32]. Indeed, cells
with high MGMT levels are more resistant to the cyto-
toxic and clastogenic effects of DNA-methylating agents
than MGMT-deficient cells [9, 32].

Cytotoxicity of O6-MeG is mediated by the mismatch
repair (MMR) system, aDNArepair pathway responsible
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for the correction of biosynthetic errors occurring dur-
ing DNA replication [21, 30]. In human cells at least five
proteins play a key role in MMR: hMSH2, hMSH3,
hMSH6, hMLH1, and hPMS2 [20, 21, 30]. The protein
complex hMutSa, a heterodimer of hMSH2 and
hMSH6, recognizes and binds to base-base mismatches,
while the heterodimer hMutSb, consisting of hMSH2
and hMSH3, is mainly involved in insertion/deletion
loop recognition. After this first step, the heterodimer of
hMLH1 and hPMS2, termed hMutLa, interacts with
either hMutSa or hMutSb and thereby initiates the re-
pair process. In cells treated with methylating agents,
during DNA duplication, unrepaired O6-MeG in the
template strand forms a mismatch with thymine, which
serves as substrate for the MMR. As the repair of base
mismatches is always directed to the newly synthesized
strand, the result is abortive MMR, i.e. the repetitive
misincorporation of thymine opposite to O6-MeG. It
has been proposed that these futile repair attempts of
MMR may create DNA single-strand gaps in the first
cell duplication, which turn into lethal double strand
breaks in the second S-phase [23]. The clastogenic effects
of methylating agents have also been related with the
unsuccessful attempts of the MMR to repair O6-MeG
mispairs [16, 22, 24]. Indeed, in cells lacking MGMT
activity, loss of MMR confers protection against cyto-
toxicity, chromosomal aberrations and sce induced by
methylating agents [5, 16, 24].

A defective MMR has been also linked with tumor
cell resistance to the cytotoxic effects of non-methy-
lating chemotherapeutic agents, such as cis-diamine-
di-chloro-platinum (II) (CDDP) and 6-thioguanine
(6-TG) [14]. In contrast, it has been recently shown
that the chloroethylating drug N-(2-chloroethyl)-N¢-
cyclohexyl-N-nitrosourea (CCNU) is preferentially
cytotoxic in cell lines with MMR defects [3]. The
relationship between the functional status of the
MMR and cell susceptibility to chromosomal aberra-
tions and sce induced by these drugs has not been
extensively investigated. In the case of 6-TG, studies
demonstrating that loss of MMR confers resistance
against chromosomal damage induced by the drug
have been performed only in the Chinese Hamster
CHO cell line [4]. The protective role of MMR against
CCNU clastogenicity has so far been evaluated only
by a micronucleus assay in MMR-deficient clones of
HeLa cells [15], whereas in the case of CDDP, there is
only one report of increased sensitivity of MMR-
deficient cells to sce induced by the drug [12].

The aim of the present investigation was to elucidate
the role played by MMR in the generation of chromo-
somal damage in cells exposed to 6-TG, CDDP or
CCNU. To this end, two matched pairs of human
MMR-proficient and MMR-deficient cell lines were
treated with these drugs and analyzed for cell growth
inhibition, and induction of chromosomal aberrations
and sce. As a control, the same cell lines were tested for
sensitivity to the cytotoxic and clastogenic effects of the
methylating agent temozolomide (TMZ).

Methods

Cell lines

The human B lymphoblastoid cell lines TK6 and MT1 were a
generous gift from W.G. Thilly (Massachusetts Institute of Tech-
nology, Cambridge, Mass.). The TK6 line was originally isolated as
thymidine kinase heterozygous by Skopek et al. [36]. The MT1 line
was obtained from TK6 by treatment with IRC-191 followed by
selection for MNNG resistance [17]. Both cell lines are MGMT-
deficient [17]. TK6 cells are MMR-proficient, whereas MT1 cells
are MMR-deficient [25], harboring different missense mutations in
both alleles of the hMSH6 locus [31]. The cell lines were cultured at
37�C in a humidified atmosphere containing 5% CO2 and main-
tained in RPMI-1640 (Hyclone Europe, Cramlington, UK) sup-
plemented with 10% heat-inactivated (56�C, 30 min) fetal calf
serum (Hyclone Laboratories, Logan, Utah), 2 mM L-glutamine,
and antibiotics (GIBCO BRL, Life Technologies, Paisley, UK).
The absence of MGMT activity in TK6 and MT1 cells was con-
firmed using an assay that measures the transfer of [3H]-methyl
groups from a DNA substrate to the MGMT protein [40].

The MMR-deficient human colorectal adenocarcinoma cell line
HCT116 and its MMR-proficient subline HCT116/3-6 were kindly
provided by G. Marra (Institute of Medical Radiobiology, Zurich,
Switzerland). HCT116 cells have a hemizygous nonsense mutation
in the hMLH1 gene located on chromosome 3 [31]. The HCT116/
3-6 clone was created by microcell chromosome transfer of a single
normal human chromosome 3 into HCT116 cells [26]. MGMT
activity was 222±17 fmol/mg protein in HCT116 cells and
186±23 fmol/mg protein in HCT116/3-6 cells. The cell lines were
maintained in modified McCoy’s 5A medium (GIBCO) supple-
mented with 10% fetal calf serum, 2 mM L-glutamine, and anti-
biotics. The chromosome-complemented cell line was grown in
medium containing 400 lg/ml of G418 (GIBCO). Experiments
were performed in medium without G418. The absence or presence
of expression of hMLH1 protein in HCT116 and HCT116/3-6 cells
was determined by Western blot analysis (data not shown).

Drugs and reagents

Schering-Plough Research Institute (Kenilworth, N.J.) and Bristol-
Myers Squibb (Latina, Italy) kindly provided TMZ and CCNU,
respectively. 6-TG, O6-benzylguanine (BG), and 3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma (St. Louis, Mo.). CDDP (Prontoplatamine,
500 lg/ml in saline, pH 3–5) was purchased from Pharmacia
(Milan, Italy).

TMZ and CCNU were always freshly prepared. TMZ was
dissolved in RPMI-1640, sterilized by filtration through a 0.45-lm
membrane filter, and then diluted in culture medium. CCNU was
dissolved in ethanol and then diluted in culture medium. 6-TG was
dissolved in 0.1 M NaOH, stored at )80�C and diluted in culture
medium just prior to use. The final concentrations of NaOH or
ethanol did not affect cell growth and did not induce sce or chro-
mosomal aberrations (data not shown). MTT was dissolved at a
concentration of 5 mg/ml in phosphate-buffered saline (PBS), and
stored at 4�C.

Evaluation of cell chemosensitivity by the MTT assay

Exponentially growingTK6andMT1 cells were suspended in culture
medium at a concentration of 1·105 cells/ml and dispensed in 50-ll
aliquots into flat-bottomed 96-well plates (Falcon, BectonDickinson
Labware, Franklin Lakes, N.J.). Graded amounts of the agents
under investigation were then added to the wells in 50 ll culture
medium and the cells were exposed for 1 h (CDDP and CCNU) or
72 h (6-TG and TMZ). In the first case, at the end of drug treatment,
the plates were centrifuged and the drug-containing medium
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removed. Culture medium (200 ll) was added to each well and the
plates centrifuged again. The cell pellets were then suspended in
100 ll culture medium and the plates incubated at 37�C in a
humidified atmosphere containing 5% CO2 for 72 h. Four replicate
wells were used for controls and each drug concentration.

The MTT assay was performed as previously described [18].
Briefly, at the end of the 72-h incubation period, 0.1 mg MTT (in
20 ll PBS) was added to each well and the cells were incubated at
37�C for 4 h. Cells were then lysed with a buffer (100 ll/well)
containing 20% SDS and 50% N,N-dimethyl formamide, pH 4.7.
After an overnight incubation, the absorbance was read at 595 nm
using a 3550-UV microplate reader (Bio-Rad, Hercules, Calif.).
Cell sensitivity to treatments was expressed in terms of IC50 (i.e.
drug concentration capable of producing 50% inhibition of cell
growth, calculated on the regression line in which absorbance
values at 595 nm were plotted against the logarithm of drug con-
centration).

Evaluation of cell chemosensitivity by the clonogenic assay

HCT116 and HCT116/3-6 cells were seeded in triplicate into
100·20-mm dishes (Falcon) at 250–3000 cells/dish, and incubated
overnight at 37�C. Graded concentrations of the chemicals under
investigation were then added to the dishes and left in culture for
1 h (CDDP and CCNU) or for the entire period of the assay (i.e.
12 days) (TMZ and 6-TG). In the first case, after drug treatment,
the dishes were washed with culture medium and new medium was
added. Treatments with TMZ or CCNU were performed in the
presence of BG, a specific inhibitor of MGMT [10]. In the case of
TMZ treatment, 5 lM BG was added to the dishes 2 h before the
drug and on the 6th day of culture. In the case of CCNU, 5 lM BG
was added to the dishes 2 h before the drug, with medium
replenishment after drug treatment, and on the 6th day of culture.
Control groups were exposed to BG alone. MGMT activity of BG-
treated cells was undetectable 2 h after the addition of the inhibitor
and remained abrogated up to the end of the assay (data not
shown).

At the end of the assay, colonies were fixed and stained with
crystal violet for visualization. Only those colonies containing 50 or
more cells were scored as survival colonies. The relative surviving
fraction for each drug-treated group is expressed as the ratio of the
plating efficiency in treated groups to that observed in the controls.
IC50 values were calculated on the regression line in which relative
surviving fractions were plotted against the logarithm of drug
concentration.

Cytogenetic analysis

Exponentially growing TK6 and MT1 cells were suspended in
culture medium at a concentration of 2·105 cells/ml and dispensed
in 2.5-ml aliquots into flat-bottomed six-well plates (Falcon).
Graded amounts of the agents under investigation were then added
to the wells in 2.5 ml culture medium, and the plates incubated at
37�C in a humidified atmosphere containing 5% CO2 for either 1 h
(CDDP and CCNU) or 48 h (TMZ and 6-TG). In the first case,
after drug exposure, cells were washed and maintained in culture in
drug-free medium for an additional 48 h.

HCT116 and HCT116/3-6 cells were plated and treated as de-
scribed for TK6 and MT1 cells, but allowed to adhere to the wells
for 18 h before treatment. The sensitivity of HCT116 and HCT116/
3-6 cells to TMZ and CCNU was evaluated in the presence of 5 lM
BG, which was added to the wells 2 h before the chemicals under
study, and maintained in culture during the assay. Control groups
were exposed to BG alone.

To obtain differential staining of sister chromatids for sce
evaluation, 2 lg/ml 5-bromodeoxyuridine (BrdU) was added to the
cultures, immediately after TMZ and 6-TG, or with the fresh
medium after the 1-h treatment with CDDP or CCNU. At the

beginning of the study, that BrdU did not interfere with chromo-
somal damage induced by the drugs under investigation was veri-
fied (data not shown).

To analyze chromosomal aberrations, untreated or drug-treated
cells were incubated with 2 lM colchicine for the last 2 h of cul-
ture, harvested, incubated for 15 min in a hypotonic solution
(0.075 lM KCl), and fixed by 3:1 methanol/acetic acid, before
dropping them onto clean wet slides. Slides were then stained with
a 5% Giemsa solution in Sorensen buffer (pH 6.8). To obtain
differential staining of sister chromatids, slides were treated
according to the method described by Perry and Wolff [33]. For
each treatment, 100 metaphases were examined to evaluate chro-
mosomal damage and at least 30 M2 metaphases to calculate sce.

Statistical analysis

Differences between the IC50 values for the MMR-proficient cell
lines and those for their MMR-deficient counterparts were sub-
jected to statistical analysis using Student’s paired t-test. Mean
values and standard errors of chromosomal aberrations and aber-
rant cells were evaluated at least from three different experiments
for each drug concentration. Statistical analysis of chromosomal
damage was performed using the normal standardized deviate,
calculated according to the formula: u ¼ ðx1� x2Þ= ffip ðx1þ x2Þ,
where x1 and x2 are the mean values, expressed as absolute num-
bers, of chromosomal aberrations in 100 metaphases, or of cells
with aberrations out of 100 cells examined [39]. In this way it was
possible to compare the damage induced by each treatment with
that found in untreated cultures of the same cell line and also the
damage induced by the same treatment in the different cell lines.

Statistical evaluation of sce was performed using the Mann-
Whitney U-test.

Results

Cytotoxicity assays

MMR-deficient MT1 cells have been previously found to
bemore resistant than theMMR-proficient parental TK6
cells to the cytotoxic effects of TMZ [8]. The results
illustrated in Table 1 confirm the previous finding and
show that MT1 cells were also more resistant to CDDP
and 6-TG than TK6 cells. In contrast, there was no evi-
dence of different susceptibility of the two lines to CCNU.

The data illustrated in Table 2 show that HCT116
cells were more resistant than HCT116/3-6 cells to TMZ,

Table 1 Chemosensitivity of TK6 and MT1 cells determined by the
MTT assay. Cells were exposed to graded concentrations of drug
for 72 h (TMZ and 6-TG) or 1 h (CDDP and CCNU). Each value
is the mean±SE of at least three independent experiments per-
formed with quadruplicate cultures

Drug IC5O (lM)a P valueb

TK6 MT1

TMZ 6.27±0.48 374±63 <0.01
6-TG 0.92±0.05 1.70±0.11 <0.01
CDDP 8.67±1.32 15.74±1.17 <0.01
CCNU 16.75±2.51 17.92±1.73 NS

aDrug concentration required to inhibit cell growth by 50%
b IC50 value for MT1 vs IC50 value for TK6; Student’s paired t-test
(NS not significant)
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6-TG and CDDP, as previously described also by others
[1, 19, 27]. On the other hand, as observed for TK6 and
MT1 cells, the two lines showed comparable sensitivity
to CCNU.

Cytogenetic analysis

To evaluate the sensitivity of TK6 and MT1 cells to
chromosomal damage induced by 6-TG, CDDP and
CCNU, the cells were initially exposed to drug concen-
trations in the range of the IC50 values observed for the
two cell lines in the MTT assay (i.e. 10 and 20 lM for
CDDP and 10 and 20 lM for CCNU). In the case of
CDDP, only a few metaphases were observed at 10 lM

and no metaphases were detected in cells exposed to the
higher drug concentration. Similarly, when the cell lines
were treated with 20 lM CCNU, no metaphases were
observed. Therefore, both TK6 and MT1 cells were
treated with 2.5 and 5 lM CDDP, in addition to 10 lM,
and with 5 and 10 lM CCNU. For TMZ, since the IC50

values for the two cell lines differed 60-fold, we tested the
intermediate concentrations of 100 and 200 lM.

Figure 1 illustrates drug-induced chromosomal
aberrations and aberrant cells relative to TK6 and MT1
lines. Chromosomal damage was significantly higher
(P<0.01) in TK6 than in MT1 cells following treatment
with TMZ (Fig. 1a) and with 6-TG (Fig. 1b), while
CDDP and CCNU were equally effective in both cell
lines (Fig. 1c, d). The former drug, produced equal
chromosomal damage in TK6 and MT1 cells also at
10 lM. Indeed, the number of chromosomal aberrations
were 59±12 per 100 cells in TK6 cells and 57±10 per
100 cells in MT1 cells.

The results obtained with HCT116 and HCT116/3-6
cells are illustrated in Fig. 2. In this case, the concen-
trations tested for 6-TG and CDDP were chosen around
the IC50 values observed for the two lines, since the
numbers of analyzable metaphases were found to be
sufficient. In the case of CCNU, we used 5 and 20 lM
because the IC50 values were very similar in the two
lines. For TMZ, since the IC50 values were very different
between the two lines, two intermediate concentrations
(100 and 200 lM) were chosen. The MMR-deficient
cells were significantly more resistant than the MMR-
proficient cells to chromosomal damage induced by
TMZ (Fig. 2a) and 6-TG (Fig. 2b). In contrast, both cell
lines were equally susceptible to the clastogenic effects of
CDDP (Fig. 2c) and CCNU (Fig. 2d). The types of
chromosomal aberrations were in a similar proportion

Table 2 Chemosensitivity of HCT116 and HCT116/3-6 cells
determined by the clonogenic assay. The drug was added to the
cells 18 h after seeding and left in culture for the entire period of the
assay (i.e. 12 days) (TMZ and 6-TG) or for 1 h (CDDP and
CCNU). In the latter case, at the end of treatment the cells were
washed and maintained in drug-free medium for 12 days. The ef-
fects of TMZ and CCNU were evaluated in the presence of the
MGMT inhibitor BG, added to the cultures as described in
Materials and methods. Each value is the mean±SE of three
independent experiments performed with triplicate cultures

Drug IC50 (lM)a P valueb

HCT116/3-6 HCT116

TMZ + BG 13.66±0.33 233±16 <0.01
6-TG 0.98±0.16 2.49±0.34 <0.01
CDDP 3.31±0.48 10±0.70 <0.05
CCNU + BG 8.61±0.19 8.91±0.32 NS

aDrug concentration required to inhibit colony formation by 50%
b IC50 value for HCT116 vs IC50 value for HCT116/3-6; Student’s
paired t-test (NS not significant)

Fig. 1a–d Drug-induced
chromosomal damage in TK6
and MTI cells. Cells were
exposed to the indicated
concentrations of TMZ (a),
6-TG (b), CDDP (c) or CCNU
(d) for 1 h (CDDP, CCNU) or
48 h (TMZ, 6-TG), and then
analyzed for chromosomal
damage. The data are expressed
in terms of the number of
aberrations per 100 cells (aberr.)
and the number of aberrant
cells per 100 cells examined
(ab.cells). Each value is the
mean±SE of at least three
independent experiments. In
each experiment the number of
chromosomal aberrations
found in the untreated cultures
(two to six aberrations per 100
cells) was subtracted from that
observed in the drug-treated
cultures. *P<0.01
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after all treatments in all cell lines, with a majority of
chromatid breaks.

To further confirm the equal sensitivity of HCT116
and HCT116/3-6 cells to chromosomal damage induced
by CDDP and CCNU, both cells lines were treated with
20 lM CDDP or with 50 and 100 lM CCNU. In the
case of CDDP, the number of breaks per 100 cells was
52±7 in HCT116 cells and 64±10 in HCT116/3-6 cells.
In the case of 50 lM CCNU, the number of breaks per
100 cells was 159±20 in HCT116 cells and 139±15 in
HCT116/3-6 cells. Finally, when the cells were treated
with 100 lM CCNU, the number of breaks per 100 cells
was 270±51 in HCT116 cells and 232±40 in HCT116/
3-6 cells. Thus, the two cell lines were also not signifi-
cantly different in their susceptibility to the clastogenic
effects of CDDP and CCNU when exposed to high
concentrations of these drugs.

Sce in untreated cultures were similar in all cell lines
(2.92–3.71 sce/cell). Figure 3a shows that treatments
with 100 lM TMZ or 1 lM 6-TG induced a higher
number of sce per cell in TK6 than in MT1 cells, whereas
5 lM CDDP and 5 lM CCNU were equally effective in
the two cell lines. Similar numbers of sce were also de-
tected in TK6 and MT1 cells exposed to 10 lM CDDP
(i.e. 15±2.1 in TK6 cells and 12.5±1.5 in MT1 cells).
Comparable results were obtained with HCT116 and
HCT116/3-6 cells, as the latter cell line showed a higher
number of sce than the HCT116 line only when exposed
to TMZ or 6-TG (Fig. 3b).

Discussion

The aim of the present study was to obtain further in-
sights into the possible involvement of the MMR system

in the generation of chromosomal breakage and sce in
cells exposed to 6-TG, CDDP and CCNU. We used two
matched pairs of human MMR-proficient and MMR-
deficient cell lines not previously analyzed for differential
sensitivity to the clastogenic activity of these drugs. As a

Fig. 2a–d Drug-induced
chromosomal damage in
HCT116 and HCT116/3-6 cells.
Cells were exposed to the
indicated concentrations of
TMZ (a), 6-TG (b), CDDP
(c) or CCNU (d) for 1 h
(CDDP, CCNU) or 48 h
(TMZ, 6-TG), and then
analyzed for chromosomal
damage. The data are expressed
in terms of the number of
aberrations per 100 cells (aberr.)
and the number of aberrant
cells per 100 cells examined
(ab.cells). Each value is the
mean±SE of at least three
independent experiments. In
each experiment the number of
chromosomal aberrations
found in the untreated cultures
(zero to eight aberrations per
100 cells) was subtracted from
that observed in the drug-
treated cultures. *P<0.01

Fig. 3a, b Drug-induced sce in TK6 and MT1 (a) and in HCT116/
3-6 and HCT116 (b) cell lines. Cells were treated with the indicated
concentrations of TMZ or 6-TG (for 48 h), or CDDP or CCNU
(for 1 h) and then the numbers of sce per cell were determined.
Each value is the mean±SE of at least three independent
experiments. *P<0.01
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control, growth inhibition and chromosomal damage
induced by the methylating agent TMZ were evaluated
in the same cell lines.

As expected, the sensitivity to cytotoxicity, chromo-
somal damage and sce induced by TMZ was signifi-
cantly reduced in both MT1 and HCT116 cells, with
respect to their MMR-proficient counterparts. The re-
sults of our study are also consistent with the involve-
ment of the MMR system in cytotoxicity and
chromosomal damage produced by 6-TG in human cell
lines. An increased resistance to the cytotoxic effects of
6-TG has been demonstrated in cell lines with a defective
MMR. This base analogue is incorporated into DNA
and successively methylated at the S6 position by
endogenous S-adenosylmethionine. DNA replication
causes S6-methyl-TG/T mispairs, which are assumed,
like O6-MeG/T mispairs, to be recognized by the MMR
system and thus subjected to ‘‘futile’’ processing, which
eventually results in cell death [4, 37]. Armstrong and
Galloway [4] have shown that MMR-deficient hamster
cells resistant to killing by 6-TG also show fewer chro-
mosomal aberrations than cells with normal MMR. Our
data confirm, for the first time, this finding in two cou-
ples of human MMR-proficient and MMR-deficient cell
lines. Both MT1 and HCT116 cells were indeed more
resistant than their MMR-proficient counterparts to cell
growth inhibition, chromosomal aberrations and sce
induced by 6-TG.

CDDP is a bifunctional agent that can generate
crosslinks between DNA and proteins and inter- and
intrastrand crosslinks in DNA [34]. Recently, MMR
defects have been linked with resistance to this agent
[13]. The hMutSa complex and hMSH2 alone have been
reported to bind CDDP adducts in DNA [11, 29].
Moreover, an increased resistance to the drug has been
documented in several cell lines harboring mutations in
hMSH2, hMSH6, hMLH1 or hPSM2 [13, 38]. The dif-
ferences in sensitivity between MMR-proficient and
MMR-deficient cell lines are generally not greater than
twofold, and it has been suggested that the MMR sys-
tem may promote cell death by preventing recombina-
tional repair of double-strand breaks that arise as
secondary lesions of CDDP-induced DNA modifica-
tions [23]. On the other hand, no data are presently
available in the literature on differential susceptibility of
MMR-proficient and MMR-deficient cells to the clas-
togenic effects of CDDP. In this study, we confirmed
that loss of MMR confers a moderate degree of pro-
tection against the cytotoxic effects of CDDP. Indeed,
both MT1 and HCT116 cell lines were more resistant to
killing by the drug with respect to their MMR-proficient
counterpart. On the other hand, the finding that com-
parable numbers of chromosomal aberrations and sce
were produced by the drug in the MMR-proficient and
MMR-deficient cell lines suggests that this DNA repair
pathway is not particularly involved in the generation of
chromosomal damage after CDDP treatment.

A study by Durant et al. [12] has shown that CDDP
induces a higher level of sce in the MMR-deficient cell

line A2780/cp70/ch3 with respect to the MMR-profi-
cient parental A2780 cell line. According to the authors,
the lower sensitivity of MMR-proficient cells to CDDP-
induced sce is dependent on MMR-mediated inhibition
of recombinational bypass of DNA adducts produced
by CDDP. In the MMR-deficient cell lines used in our
study, we failed to detect increased sensitivity to CDDP-
induced sce. It is possible that in these cell lines, and in
their MMR-proficient counterparts, recombinational
bypass of DNA adducts produced by CDDP does not
occur to a significant extent, and therefore sce formation
is not affected by the MMR status.

CCNU is a chloroethylating drug that produces dif-
ferent DNA adducts, including O6-(2-chloroeth-
yl)guanine, which is corrected by MGMT [28, 35]. This
DNA adduct rearranges into O6,N1-ethanoguanine
which, if not removed by 3-methyladenine DNA gly-
cosylase, reacts with the N3 of cytosine in the comple-
mentary strand to form an interstrand DNA crosslink
[2]. This is considered one of the major drug-DNA
interactions responsible for cell death, sce and chromo-
somal aberrations, since the levels of MGMT are usually
inversely correlated with cell sensitivity to the alkylating
nitrosourea [7]. Recently, it has been shown in some cell
lines that loss of MMR is associated with hypersensi-
tivity to killing by CCNU [3, 15]. It has also been
demonstrated that MMR-deficient clones of HeLa cells
are more susceptible to micronucleus induction by
CCNU than the MMR-proficient parental cells [15]. In
this regard, it has been hypothesized that the MMR
system participates in the removal of the interstrand
crosslinks generated by unrepaired O6-(2-chloroeth-
yl)guanine, thus providing protection against the cyto-
toxic and clastogenic effects of the drug [3, 15].

In our study, MMR-proficient and MMR-deficient
cells were equally sensitive to cell growth inhibition and
chromosomal damage induced by CCNU. These results
are not in agreement with those described by others in
different couples of MMR-proficient and MMR-defi-
cient cells [3, 15]. It is possible that in the cell lines used
in the present investigation, other repair pathways play a
more relevant role in protection against CCNU toxicity
than the MMR system. Indeed, besides O6-(2-chloro-
ethyl)guanine, other DNA monoadducts are produced
by CCNU, which can contribute to cytotoxicity and
chromosomal damage. These adducts can be removed
by base and nucleotide excision repair, and therefore the
efficiency of these DNA repair pathways may also affect
cell sensitivity to the drug. Moreover, O6,N1-ethano-
guanine itself can be removed by 3-methyladenine DNA
glycosylase [2]. Thus the activity of this enzyme might
determine the amount of interstrand crosslinks gener-
ated by unrepaired O6-(2-chloroethyl)guanine with re-
spect to other products of CCNU-DNA interaction and
the actual relative contribution of the MMR to protec-
tion against the alkylating agent.

In conclusion, the results of the present study indicate
that: (a) the MMR system plays a major role in
the generation of cell death signals, chromosomal
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aberrations and sce in human cells treated with 6-TG;
(b) the MMR system does not play a relevant role in the
induction of clastogenic damage and sce in cells exposed
to CDDP (however, loss of this DNA repair pathway
can provide a low level of resistance to the drug); and (c)
MMR did not confer protection against the clastogenic
action of CCNU in our system. Probably different ge-
netic backgrounds in the target cells contribute to
determine whether loss of MMR results in increased
sensitivity to chromosomal aberrations and cytotoxicity
produced by this drug.
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