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Abstract

Antifolates exert their antiproliferative activity through the inhibition of dihydrofolate reductase and, as a consequence, of thy-
midylate synthesis, thereby inducing nucleotide misincorporation and impairment of DNA synthesis. We investigated the processes
involved in the repair of antifolate-induced damage and their relationship with cell death. Since misincorporated bases may be

removed by DNA mismatch repair (MMR), the study was carried out on the MMR-proficient human cell lines HeLa and
HCT116+chr3, and, in parallel, on the MMR-deficient cell lines HeLa cell-clone12, defective in the protein hPMS2, and HCT116,
with an inactive hMLH1. After treatment with methotrexate (MTX), we observed that DNA repair synthesis occurs independently

of the cellular MMR function. Clear signs of apoptosis such as nuclear shrinkage, chromatin condensation and degradation, DNA
laddering, and poly (ADP-ribose) polymerase (PARP) proteolysis, were visible in both MMR+ and MMR� cells. Remarkably, cell
viability was lower and the apoptotic process was triggered more efficiently in the MMR-competent cells. # 2001 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Antifolates such as methotrexate (MTX) are widely
used as chemotherapeutic drugs because of their ability
to affect cell replication (reviewed in Ref. [1]). Their
main target is the enzyme dihydrofolate reductase,
whose inhibition leads to the impairment of new DNA
synthesis by restriction of the supply of deoxythymidine
triphosphate (dTTP) and of purine nucleotides and by
the consequent misincorporation of uracil into DNA
[2]. As an effect of MTX administration, a cycling pro-
cess of deoxyuracil monophosphate (dUMP) removal,
reincorporation and removal may result in the pro-
gressive accumulation of DNA strand breaks [2–4].
The main repair system for removal of mis-

incorporated uracil is the base excision repair [5–8],

which requires, for the long-patch subpathway, the
proliferating cell nuclear antigen (PCNA) [6,8,10], a
protein that plays a crucial role in both DNA replica-
tion and repair pathways (reviewed in Refs. [9,10]). In
addition, DNA mismatch repair (MMR) is involved in
the correction of DNA replication errors [11]. In human
cells, this process is strand-specific and it is regulated by
the cooperation between the proteins hMSH2, hMSH3,
hMSH6, hMLH1, hPMS1 and hPMS2 (reviewed in
Refs. [12,13].
The cytotoxic effect of MTX in tumour cells has been

extensively investigated, and the activation of the apop-
totic pathway in response to this drug has been demon-
strated by the presence of typical hallmarks like
chromatin condensation, nuclear fragmentation, inter-
nucleosomal DNA cleavage and cell cycle perturbations
[14,15].
The aim of this study was to gain new insights on the

processes involved in the removal of DNA damage
induced by MTX, to investigate the relevance of MMR
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and to clarify the relationships between MMR effi-
ciency, cell viability and apoptosis.

2. Materials and methods

2.1. Cell culture

We used two human MMR-deficient cells: the colon
carcinoma cell line HCT116 [17] and the HeLa cell-
clone12 [18], as well as two human MMR-proficient
cells: HeLa [16], and HCT116+chr3 where hMLH1
expression was restored by chromosome 3 transfer [17].
Cells were grown as monolayer in Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO-BRL, Paisley, UK)
supplemented with 10% fetal calf serum (FCS;
HyClone, Logan, UT), 4 mM l-glutamine, 2 mM
sodium pyruvate, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (all from GIBCO-BRL). HCT116+chr3
strain was cultured in the presence of G418 (500 mg/ml,
Boehringer). Cells were grown at 37�C in a humidified
atmosphere containing 5% CO2, trypsinised when con-
fluent and split 1:10 in fresh medium.

2.2. Treatments

Stock solution of methotrexate (MTX, amethopterin;
Sigma, St Louis, MO, USA) was prepared in 0.1 N
NaOH at the concentration of 5 mg/ml. Cells were
seeded at 2�105 cells/ml, grown in complete medium
for up to 48 h and then incubated for 24 h with 50,
150, 250 and 350 mg/ml MTX. After drug removal,
cells were washed twice with DMEM, harvested
immediately or further cultured in drug-free medium
for up to 72 h. Three independent experiments were
performed.

2.3. Cell viability

Drug cytotoxicity was evaluated by Trypan blue
exclusion assay [20] at the end of each treatment. Cells
excluding Trypan blue were considered as viable and
counted with a haemocytometer. Viability of different
cell lines was compared by the Student’s t-test using the
Statistical Package for the Social Sciences (SPSS) for
Windows release 6.0 (SPSS Inc., Chicago, IL).

2.4. Cell cycle analysis

To evaluate the DNA content and the distribution of
detergent-insoluble PCNA [21], cells were lysed in
hypotonic solution (10 mM Tris–HCl pH 7.5; 2.5 mM
MgCl2; 1 mM phenylmethyl sulphonyl fluoride (PMSF);
0.5% Nonidet (N)P40), resuspended in 1 ml of cold
0.9% NaCl and then fixed by adding 2 ml of cold
absolute ethanol. Samples were incubated for 1 h with

the MAb PC10 (Dako, Denmark) diluted to 5 mg/ml in
PBT (phosphate-buffer solution (PBS) containing 1%
bovine serum albumin (BSA) and 0.2% Tween 20),
washed three times in PBT, and further incubated for 30
min with fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG (Sigma) diluted 1:100 in PBT. For
DNA staining, cells were incubated for 30 min in PBS
containing 5 mg/ml propidium iodide and 1 mg/ml
RNase A (Sigma). Cells were measured with a Coulter
Epics XL flow cytometer (Coulter Co, USA), and sta-
tistical analysis of fluorescence intensity signals was
performed with the XL2 software. Three independent
experiments were carried out.

2.5. Determination of DNA synthesis by BrdU
incorporation

According to Stivala and colleagues [22], cells
were pulse-labelled with 30 mM bromodeoxyuridine
(BrdU) for 1 h at 37�C, resuspended in 1 ml of cold
0.9% NaCl, fixed by adding 2 ml of cold absolute
ethanol, incubated for 30 min at room temperature in
2 N HCl, centrifuged and neutralised with 0.1 N sodium
tetraborate (pH 8.2) for 15 min. Samples were incubated
for 1 h with a MAb anti-BrdU (Progen, Germany)
diluted 1:20 in PBT and for 30 min with FITC-con-
jugated antimouse IgG diluted 1:100 in PBT. Finally,
cells were stained with 5 mg/ml propidium iodide in
PBS containing 200 mg/ml RNase A. Cell immuno-
fluorescence was measured by flow cytometry, as
described above.

2.6. Evaluation of apoptotic features

2.6.1. Cell morphology
At the end of each treatment, 1�106 cells were resus-

pended in 1 ml of cold PBS containing 10% FCS and
cytocentrifuged on microscope slides at 500 rotations
per minute (rpm) for 3 min at room temperature. After
fixation in cold methanol/acetic acid (3:1) for 15 min,
cells were washed several times with ice-cold PBS. DNA
was stained with 0.1 mg/ml Hoechst 33258 (Sigma) for
10 min at room temperature in the dark. Microscopic
observation was carried out using a Leitz Orthoplan
microscope equipped with a 50�objective. For each
sample, 1000 cells were counted. Cells were photo-
graphed using a HP5 film (400 ASA). Four independent
experiments were considered to calculate the apoptotic
index (A.I.), i.e. the percentage of cells with apoptotic
features over the total cell number.

2.6.2. DNA fragmentation
To visualise internucleosomal DNA fragmentation,

genomic DNA was rapidly extracted from 2�106 cells
and analysed by agarose gel electrophoresis as pre-
viously reported in Ref. [23].
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2.6.3. Poly(ADP-ribose) polymerase proteolysis
Control and treated cells were pelleted, washed twice

with ice-cold PBS and resuspended at the concentration
of 10�106 cells/ml in denaturing buffer containing 62.5
mM Tris–HCl (pH 6.8), 4 M urea, 10% glycerol, 2%
sodium dodecyl sulphate (SDS), 5% b-mercaptoethanol
and 0.003% bromophenol blue. Western blotting was
carried out by using the MAb C-2-10 against poly

(ADP-ribose) polymerase (PARP) according to a stan-
dard procedure [23].

3. Results

3.1. MTX causes irreversible cytotoxicity

In a first set of experiments, we treated for 24 h both
the MMR+ and MMR� cell lines with increasing doses
of MTX (50–350 mg/ml). Under these conditions, cell

Fig. 1. Effect of methotrexate on the viability of MMR+(HeLa and

HCT116+chr3) and MMR� (HeLa cell-clone12 and HCT116) cell

lines. Viable cells in the treated samples were expressed as the percen-

tage of the cell number in the corresponding untreated samples: (a)

cells were incubated for 24 h with 50 and 150 mg/ml methotrexate
(MTX) and grown in drug-free medium for a further 48 h; (b) treat-

ments were performed with 250 mg/ml (HeLa) or 350 mg/ml MTX.
Each value represents the mean of three independent experiments�

standard deviation (S.D.).

Fig. 2. DNA content of HeLa MMR� and MMR+ cell lines (A) and

HCT116 MMR� and MMR+ cell lines (B) was measured by flow cyto-

metry. Experiments were performed on untreated samples and in sam-

ples cultured for 48 h in normal medium following a 24-h treatment with

MTX. Results shown are from one of three independent experiments.
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viability (evaluated by Trypan blue exclusion assay) was
not significantly affected by the drug (data not shown).
To verify whether MTX requires a postincubation time
period to display its cytotoxic effect, we have repeated
the experiments by incubating the samples for 24 h in
drug-free medium after the treatment. These conditions

allowed the decrease of viable cells, leading to an ID50
(dose causing 50% inhibition) drug concentration as
high as 250 mg/ml for HeLa cells, and 350 mg/ml for
HCT116+chr3 cells (data not shown).
To further understand whether this effect was rever-

sible, we prolonged the recovery time for up to 48 h, and

Fig. 3. Cell cycle distribution of nuclear-bound forms of proliferating cell nuclear antigen (PCNA) after MTX-treatment. (A) biparametric dot-plots

of PCNA immunofluorescence versus DNA content. HeLa cells were treated with 250 mg/ml MTX for 2 (b), 4 (c), 8 (d) and 24 h (e), and were

further incubated in drug-free medium for 8 (f) or 24 h (g). At each experimental point, cells were fixed and analysed by flow cytometry. Quantita-

tion of PCNA immunofluorescence/cell (arbitrary units, a.u.) is reported. (B) Analysis of bromodeoxyuridine (BrdU) incorporation. Biparametric

dot-plots of BrdU immunofluorescence versus DNA content were measured in untreated control HeLa cells (a), and in cells treated with 250 mg/ml
MTX for 24 h (b). Three independent experiments were performed; the data shown in the figure refer to a typical result.
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we found a dose–response effect on cell viability (Fig. 1).
The comparison between MMR+ and MMR� cell lines
treated with 50 and 150 mg/ml MTX, suggested that
MMR-deficient cells are less sensitive to the drug
(Fig. 1a). Indeed, with a higher MTX concentration
(250 mg/ml for the HeLa strains and 350 mg/ml for the
HCT116 strains), we found that the MMR-defective
HeLa cell-clone12, mutated in hPMS2, was more resis-
tant to MTX than the MMR+ HeLa parental cell line
(Fig. 1b). As determined by Student’s t-test, the differ-
ence was statistically significant (50.00%�7.08 versus
33.02%�1.70; P<<0.001). Analogously, HCT116
cells, which have mutated hMLH1, showed a cell viabi-

lity higher than their MMR-proficient derivative
HCT116+chr3 (P=0.003).

3.2. MTX induces cell cycle perturbations

DNA content and cell cycle distribution were ana-
lysed in samples incubated for 24 h with 250 mg/ml
(HeLa, Fig. 2A) or 350 mg/ml MTX (HCT116, Fig. 2B)
and grown in drug-free medium for further 48 h. As
shown for a typical experiment, in both MMR� and
MMR+ HeLa cell lines, MTX caused a decrease in G2
cells (Fig. 2A, b and d) compared with untreated sam-
ples (Fig. 2A, b and c). A fraction of MTX-treated cells

Fig. 4. Proliferating Cell Nuclear Antigen (PCNA) immunofluorescence in HCT116 cell lines. (a)–(c): MMR� parental strain; (d)–(f): MMR+ strain

transfected with chr3. Untreated samples (a) and (d); cells treated with 350 mg/ml MTX for 24 h (b) and (e) or post-incubated for a further 24 h in
drug-free medium (c) and (f). Quantitation of PCNA immunofluorescence/cell (arbitrary units, a.u.) is reported.
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showed a sub-G1 DNA content which is typical of
apoptotic cells, whose percentage was higher in the
MMR+ cells (approximately 27%) than in the MMR�

cells (approximatley 10%). Cell cycle distribution of
MMR� (HCT116) and MMR+ (HCT116+chr3) cells
showed that both cell lines respond to MTX treatment
by an accumulation in S-phase (Fig. 2b, (b) and (d)).
However, only MMR-deficient cells showed a decrease
in the number of G2 cells. In MTX-treated cells with
restored MMR, we found approximately 9% of cells
with a sub-G1 DNA content. The fraction of apoptotic
cells in HCT116 MMR� cells was significantly lower,
reaching approximately 5%.

3.3. MTX stimulates DNA repair synthesis

Fig. 3A shows the biparametric analysis of PCNA
immunofluorescence versus DNA content of HeLa cells

treated with 250 mg/ml MTX for increasing incubation
and/or recovery times. In untreated cells (a), the
distribution of detergent-insoluble PCNA is restricted
to cells in S phase, where it is involved in replicative
DNA synthesis. The quantitation of PCNA immuno-
fluorescence revealed, after a short treatment with
MTX (2, 4 and 8 h, corresponding to panels (b)–(d),
respectively), an increase in PCNA immunofluorescence
in G1 and in G2 phases, corresponding to DNA repair
synthesis. This phenomenon occurred more markedly
after a 24-h treatment with MTX (e), followed by 8 h
(f) and 24 h (g) of postincubation in drug-free
medium. During the recovery, a fraction of cells show-
ing the sub-G1 DNA content and basal level of PCNA,
representing apoptotic cells, was again found. Bipara-
metric analysis of BrdU immunofluorescence versus
DNA content confirmed the PCNA analysis data,
showing that untreated cells were actively incorporating

Fig. 5. Apoptotic features of MTX-treated cells. (A) Hoechst 33258 staining of control cells and cells treated for 24 h with 250 (HeLa) or 350

(HCT116) mg/ml MTX and further incubated in fresh medium for 48 h. (a) and (b): HeLa cells; (c) and (d): HCT116+chr3 cells. Apoptotic index

(A.I.) is expressed as the mean value of four independent experiments �standard deviation (S.D.). (B) DNA fragmentation. Genomic DNA was

extracted from untreated HeLa cells (lane 1) and from samples harvested after a 24-h treatment with 250 mg/ml MTX followed by a further incu-

bation in drug-free medium for 24 h (lane 2), 48 h (lane 3) or 72 h (lane 4). M: DNA Ladder marker. (C) Western blot analysis of poly (ADP-ribose)

polymerase (PARP) proteolysis in MMR+ HeLa cells incubated for 24 h with 250 mg/ml MTX and recovered in drug-free medium for a further 48 h.
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the analogue exclusively during S-phase (Fig. 3B, panel
a), while cells treated for 24 h with MTX showed a high
BrdU incorporation in G1 and G2 phases (Fig. 3B,
panel b).
As shown in Fig. 4, in untreated samples from both

MMR� and MMR+ HCT116 cell lines (a) and (d),
PCNA expression was typically confined to S phase.
After 24 h of treatment with 350 mg/ml MTX, PCNA
was found mainly in the G1 and G2 phases (b, MMR

�

cells; e, MMR+ cells). This phenomenon was more evi-
dent after a further incubation for 24 h in drug-free
medium both in MMR+ and MMR� cells ((c) and (f),
MMR� and MMR+, respectively)).

3.4. Treatment with MTX leads to apoptosis

To verify whether cells with a sub-G1 DNA content
exhibit the classical apoptotic features, we stained
MTX-treated MMR+ cells with Hoechst 33258. Mor-
phological changes typical of apoptosis, such as nuclear
shrinkage and chromatin condensation and fragmenta-
tion, were visible in both HeLa (Fig. 5A, panel b) and
HCT116+chr3 cells (d) after a 24 h-treatment with
MTX followed by recovery in fresh medium for 48 h.
From the calculation of the apoptotic index (A.I.), it is
evident that this parameter was higher for MMR+ than
for MMR� cells (Fig. 5), as already indicated by the
DNA content measurement (Fig. 2).
DNA laddering was investigated by agarose gel

electrophoresis of genomic DNA extracted from drug-
treated cells. As shown in Fig. 5B for a typical experi-
ment, oligonucleosomal DNA fragments were visible in
HeLa cells incubated for 24 h with MTX and further
recovered for 24 h (lane 2), 48 h (lane 3) and 72 h (lane
4). Similar results were obtained for HCT116+chr3
cells (data not shown). PARP proteolysis in the
treated cells was monitored by western blotting. A typi-
cal result is shown in Fig. 5C. The 116 KDa intact
protein was present in control cells, while the 89 KDa
proteolytic fragment was generated in MTX-treated
MMR+ cells.
In conclusion, we demonstrated that cell death

induced by MTX in cells proficient for MMR is asso-
ciated with typical apoptotic hallmarks, including chro-
matin condensation, DNA fragmentation and caspase(s)
activation. MMR-proficient HeLa and HCT116+chr3
cells activate the apoptotic pathway more efficiently.

4. Discussion

In this study, we investigated cell viability and apop-
tosis in mismatch repair-proficient and-deficient human
cell lines treated with the antifolate drug MTX, which is
known to induce base misincorporation [1,2], and hence
to trigger DNA repair [11,12]. HeLa cell-clone12 strain,

deficient in the MMR protein hPMS2 [18,19], was used
in parallel with MMR-competent HeLa cells [16]. Fur-
thermore, we analysed the human colon tumour cell line
HCT116 (deficient in the MMR protein hMLH1), and
its derivative HCT116+chr3 obtained after the transfer
of a normal copy of chromosome 3 to restore MMR
activity [17]. All these cell lines were previously char-
acterised with respect to their sensitivity to several DNA
damaging agents [17,19,24–27]; however, this is the first
attempt to correlate the response to antifolates with the
cellular MMR status. In this respect, our results provide
the first evidence that the sensitivity of MMR� cells to
antifolate is lower than that of MMR+ cells. These data
are consistent with other reports showing that MMR-
deficient cells are resistant to several cytotoxic drugs,
including alkylating and methylating agents, platinum
compounds and topoisomerase II inhibitors [24–27].
The present finding that in both in MMR� and

MMR+ cell lines, DNA repair synthesis occurs after
MTX treatment, suggests the involvement of repair
pathways other than MMR, requiring PCNA. Our
results could also be explained by a redundancy among
post-replicative DNA mismatch repair pathways, which
are independent of a single MMR function [28].
We have found that after MTX treatment, the MMR-

proficient cells HCT116+chr3 cells accumulate in S/G2
phases. Since we observed that MTX-treated HeLa cells
are not arrested in S/G2 phases, it could be possible that,
in different cell lines, the MMR system may be con-
nected to different checkpoints. A possible explanation
for the different behaviour might take into account the
cellular TP53 status. Indeed, HeLa cells have no func-
tional p53, while HCT116 cells harbour a wild-type(wt)-
TP53 gene. Accordingly, it has been reported that p53
status affects the sensitivity of cells defective for MMR
to platinum compounds [29] and alkylating agents [30].
Finally, we observed that, in response to antifolates,

apoptosis occurs to a higher extent in MMR+ cells. Our
data are in agreement with the observation that temo-
zolomide-treated MMR+ cells activate the apoptotic
machinery more efficiently than MMR� cells [31]. The
mechanisms by which a functional MMR repair can
impair cell survival are still unknown. However, it could
be hypothesised that the recognition by MMR proteins
of unrepaired or misrepaired lesions can generate a sig-
nal capable of activating the apoptotic pathway. It
remains to be elucidated how the MMR proteins are
involved in DNA damage signalling to the apoptotic
machinery.
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