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ABSTRACT
The mammalian mismatch repair (MMR) system has been im-
plicated in activation of the G2 checkpoint induced by methy-
lating agents. In an attempt to identify the signaling events
accompanying this phenomenon, we studied the response of
MMR-proficient and -deficient cells to treatment with the meth-
ylating agent temozolomide (TMZ). At low TMZ concentrations,
MMR-proficient cells were growth-inhibited, arrested in G2/M,
and proceeded to apoptosis after the second post-treatment
cell cycle. These events were accompanied by activation of the
ATM and ATR kinases, and phosphorylation of Chk1, Chk2,
and p53. ATM was activated later than ATR and was dispens-
able for phosphorylation of Chk1, Chk2, and p53 on Ser15 and
for triggering of the G2/M arrest. However, it conferred protec-
tion against cell growth inhibition induced by TMZ. ATR was

activated earlier than ATM and was required for an efficient
phosphorylation of Chk1 and p53 on Ser15. Moreover, abro-
gation of ATR function attenuated the TMZ-induced G2/M ar-
rest and increased drug-induced cytotoxicity. Treatment of
MMR-deficient cells with low TMZ concentrations failed to
activate ATM and ATR and to cause phosphorylation of Chk1,
Chk2, and p53, as well as G2/M arrest and apoptosis. However,
all these events occurred in MMR-deficient cells exposed to
high TMZ concentrations, albeit with faster kinetics. These
results demonstrate that TMZ treatment activates ATM- and
ATR-dependent signaling pathways and that this process is
absolutely dependent on functional MMR only at low drug
concentrations.

Cell cycle checkpoints, signal transduction pathways acti-
vated in response to genotoxic stress, coordinate cell cycle
progression with DNA repair and apoptosis to minimize the
probability of replicating and segregating damaged DNA (re-
viewed in Zhou and Elledge, 2000). DNA damage-induced
checkpoints act at the G1-S phase transition, during the S
phase, and at the G2-M boundary. The serine/threonine pro-
tein kinases ATM (ataxia-telangiectasia mutated) and ATR
(ATM and Rad3-related) are essential transducers of these
checkpoints; in response to DNA damage, they phosphorylate
numerous target proteins involved in cell cycle arrest, DNA
repair, and apoptosis (reviewed in Abraham, 2001; Khanna

et al., 2001; Shiloh, 2003). ATM is rapidly activated after
exposure of cells to double-strand break-inducing agents
such as ionizing radiation (IR). ATR is the principal signal
transducer when cells are challenged with UV light or with
agents that interfere with DNA replication and also enforces
and sustains the checkpoints induced by DSBs (Abraham,
2001; Zhou et al., 2002; Shiloh, 2003).

Upon activation, ATM directly phosphorylates p53 on
Ser15, whereas ATR phosphorylates it on Ser15 and Ser37
(Abraham, 2001; Khanna et al., 2001; Shiloh, 2003). ATM
and ATR also phosphorylate Chk1 and Chk2 (Abraham,
2001; Khanna et al., 2001; Gatei et al., 2003; Shiloh, 2003),
which in turn phosphorylate p53 on Ser20, and the Cdc25A
and Cdc25C phosphatases on Ser123 and Ser216, respec-
tively (Rhind and Russell, 2000; Bartek et al., 2001). Phos-
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phorylation of p53 on Ser15 and Ser20 contributes to the
stabilization and functional activation of the protein, which
plays a pivotal role in the G1 checkpoint, participates in the
G2 checkpoint and promotes apoptosis (reviewed in Sionov
and Haupt, 1999; Taylor and Stark, 2001). Phosphorylation
of Cdc25A targets it for degradation. This event prevents the
activation of the cyclin-dependent kinases Cdk2 and Cdc2,
contributing to the G1, S, and G2 checkpoints (Rhind and
Russell, 2000; Bartek et al., 2001). Phosphorylation of
Cdc25C creates a binding site for 14-3-3 proteins, and the
14-3-3-bound form of Cdc25C is prevented from dephospho-
rylating and activating the mitotic cyclin B/Cdc2 kinase com-
plex. The maintenance of the inhibitory phosphorylations on
the cyclin B/Cdc2 kinase complex contributes to the G2 check-
point (Rhind and Russell, 2000; Bartek et al., 2001).

In addition to Chk1, Chk2, and p53, ATR and/or ATM
phosphorylate a number of other target proteins, including
BRCA1, NBS1, and SMC1 (Abraham, 2001; Khanna et al.,
2001; Shiloh, 2003), which participate in DNA damage-in-
duced checkpoints, although the underlying molecular mech-
anisms are less understood.

Several studies suggest that a functional mismatch repair
(MMR) system (reviewed in Modrich, 1997; Jiricny and Nys-
tröm-Lahti, 2000) is required for a proper activation of cell
cycle checkpoints in response to specific DNA damage (Kaina
et al., 1997; D’Atri et al., 1998; Duckett et al., 1999; Hickman
and Samson, 1999; Brown et al., 2003; Hirose et al., 2003;
Wang and Qin, 2003).

In the case of methylating agents such as N-methyl-N�-
nitro-N-nitrosoguanidine (MNNG), N-methyl-N-nitrosourea,
and temozolomide (TMZ), it has been shown that MMR-
deficient cells fail to stabilize p53 and phosphorylate it on
Ser15 and Ser392. These cells fail to arrest at the G2/M phase
of the cell cycle and do not undergo apoptosis in response to
drug concentrations that are highly effective in killing MMR-
proficient cells (Kaina et al., 1997; D’Atri et al., 1998; Duckett
et al., 1999; Hickman and Samson, 1999). Wang and Qin
(2003) have also reported that abrogation of hMSH2 expres-
sion in HeLa cells leads to impaired phosphorylation of Chk1
and SMC1, and defective S-phase checkpoint activation after
treatment with MNNG. Moreover, Hirose et al. (2003) have
demonstrated that in response to TMZ, mitogen-activated
protein kinase p38� is activated in MMR-proficient but not in
MMR-deficient cells and that the protein is involved in drug-
induced G2/M arrest.

In cells exposed to TMZ, MNNG, and N-methyl-N-nitro-
sourea, cytotoxicity is mediated mainly by the formation of
O6-methylguanine (O6-MeG) in DNA, because cells with high
levels of the DNA-repair enzyme O6-methylguanine-DNA
methyltransferase (MGMT), which specifically removes alkyl
adducts from the O6 position of guanine (O6-G), are more
resistant to these drugs than MGMT-deficient cells (for re-
view, see Pegg et al., 1995; Gerson, 2002). Because MMR-
deficient cells are highly resistant to O6-G-methylating
agents, regardless of their MGMT activity, it has been pro-
posed that cell cycle arrest and apoptosis induced by these
drugs in MMR-proficient cells is triggered by MMR-mediated
processing of O6-MeG:T mispairs generated in the course of
the first S-phase after treatment (for review, see Karran,
2001).

Although MMR-deficient cells are extremely resistant to
O6-MeG-generating agents, an impairment of proliferation

occurs at high drug concentrations. It is reasonable to hy-
pothesize that the generation of high levels of DNA damage
distinct from O6-MeG might account for cell growth inhibi-
tion.

The aim of the present study was to gain further insight
into the signal transduction pathways activated as a conse-
quence of MMR-mediated processing of O6-MeG:T mispairs
and to investigate whether MMR-deficient cells activate, in
response to high concentrations of O6-G-methylating agents,
signal transduction pathways similar or different from those
activated in MMR-proficient cells.

Materials and Methods
Cell Lines. The MMR-proficient human B lymphoblastoid cell

lines TK6 (Kat et al., 1993) and its MMR-deficient subline MT1 (Kat
et al., 1993; Papadopoulos et al., 1995) were maintained in RPMI-
1640 medium (Hyclone Europe, Cramlington, UK) supplemented
with 10% fetal calf serum (Hyclone Laboratories, Logan, UT), 2 mM
L-glutamine, and 50 �g/ml gentamycin (Invitrogen, Paisley, UK)
[referred to as complete medium (CM)]. Both lines are MGMT-defi-
cient and thus fail to remove methyl adducts from O6-G (Goldmacher
et al., 1986). The MT1 cell line harbors a different missense mutation
in both alleles of the hMSH6 locus.

The KT MAT1 and KT MEP cell lines originated from the ataxia
telangiectasia lymphoblastoid cell line KT through stable transfec-
tion with the CdCl2-inducible ATM cDNA expression vector pMAT1
(KT MAT1 cells) or the empty vector pMEP (KT MEP cells) (Zhang et
al., 1997). The cell lines were maintained in CM supplemented with
0.2 mg/ml hygromycin B (Roche Diagnostic GmbH, Mannheim, Ger-
many). The expression of the ATM protein in KT MAT1 cells was
achieved by treatment with 5 �M CdCl2 (Sigma, St. Louis, MO) for
16 h (Zhang et al., 1997) and verified by Western blot analysis using
a rabbit polyclonal antibody against ATM (NB 100–104; Novus Bio-
logicals, Littleton, CO).

The U2OS (human osteosarcoma) cells stably transfected with a
doxycycline-inducible, dominant-negative, kinase-dead ATR (ATR-
kd) expression construct (Nghiem et al., 2001) were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen), supplemented
with 10% fetal calf serum, 0.2 mg/ml G418 (Sigma), and 50 �g/ml
hygromycin B. Induction of ATR-kd in U2OS transfected cells was
achieved by treatment with 1 �g/ml doxycycline (BD Biosciences
Clontech, Palo Alto, CA) for 24 h (Nghiem et al., 2001).

Drugs and Reagents. TMZ was kindly provided by Schering-
Plough Research Institute (Kenilworth, NJ). The MGMT inhibitor
O6-benzylguanine (BG) (Pegg et al., 1995) was purchased from
Sigma. Benzyloxycarbonyl-Val-Ala-DL-Asp(OMe)-fluoromethylk-
etone (zVAD-fmk) was obtained from Calbiochem (La Jolla, CA).
TMZ was always prepared freshly in RPMI-1640, because the drug
readily decomposes in aqueous solution. BG was dissolved in ethanol
(2.4 mg/ml), and zVAD-fmk was dissolved in dimethyl sulfoxide (37.4
mg/ml). The two agents were stored as stock solutions at �80°C, and
diluted in culture medium just before use. The final concentrations of
ethanol or dimethyl sulfoxide did not affect cell growth (data not
shown).

Cell Treatment and Cell Growth Evaluation. TK6 and MT1
cells were suspended (1 � 105 cells/ml) in CM or in CM containing
the appropriate amount of TMZ and analyzed for cell growth after
12, 24, 36, 48, and 72 h of culture. For all the other analyses,
untreated or drug-treated cells were collected at the indicated time
points, washed in phosphate-buffered saline (PBS), and appropri-
ately processed. Where indicated, TK6 cells were incubated in the
presence of 200 �M zVAD-fmk for 2 h before the addition of TMZ.

KT MAT1 and KT MEP cells were cultured in CM containing 5 �M
CdCl2 for 16 h, washed, and suspended (1 � 105 cells/ml) in CM
containing 10 �M BG. After a 2-h incubation, appropriate amounts of
TMZ were added to the cultures, which were returned to the incu-
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bator for additional 72 h. Control groups were treated only with
CdCl2 and BG. Cell growth was evaluated after 72 h of culture,
whereas all the other analyses were performed at the indicated time
points. KT MAT1 and KT MEP cells were exposed to 10 Gy of X-rays
using the RADGIL irradiator (Gilardoni, Milan, Italy).

U2OS cells stably transfected with the doxycycline-inducible
ATR-kd expression construct were cultured in the absence or in the
presence of 1 �g/ml doxycycline for 24 h. TMZ (either 25 �M or 1.2
mM) and BG (10 �M) were then added to the cultures. BG was added
to the cultures 2 h before TMZ. Control groups were treated only
with BG or doxycycline plus BG. At the desired time points, control
and TMZ-treated cells were harvested by trypsinization, washed in
PBS, and appropriately processed for the analyses to be performed.

For cell growth evaluation, U2OS transfected cells were seeded
(5 � 103 cells/well) into 24-well plates (Falcon; BD Biosciences Dis-
covery Labware, Bedford, MA) and exposed to doxycycline (1 �g/ml),
BG (10 �M), and TMZ (25 �M) as described above. Ninety-six hours
after the addition of TMZ, the cells were harvested by trypsinization
and counted by hemocytometer and trypan blue exclusion. Four
replica wells were used for controls and drug-treated groups.

Cell Cycle and Apoptosis Analysis. Cells were fixed and
stained with propidium iodide as described previously (D’Atri et al.,
1998). The propidium iodide fluorescence was measured on a linear
scale using a FACScan flow cytometer (BD Biosciences, San Jose,
CA). Data were recorded using the CellQuest software (BD Bio-
sciences) and analyzed by a mathematical model of the cell cycle
(Bertuzzi et al., 1983). Apoptotic cells were determined by their
hypochromic, sub-G1 staining profiles.

Western Blot Analyses. Total cellular extracts were prepared by
incubating cells on ice in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM EGTA, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1
mM NaF, 1 mM Na3VO4, 1 mM AEBSF) supplemented with 1� of a
protease inhibitor cocktail (Complete EDTA-free; Roche Diagnostic) for
10 min. The cell lysates were then clarified by centrifugation, diluted in
5� Lämmli sample buffer, and boiled for 5 min. To analyze phosphor-
ylation of p53, Chk1, and Chk2, the cells were lysed in SDS sample
buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mM DTT,
and 0.01% bromphenol blue), sonicated, and then boiled. Samples were
electrophoresed on SDS-polyacrylamide gels, transferred to nitrocellu-
lose membranes (Amersham Biosciences, Buckinghamshire, UK), and
blocked with 5% nonfat milk in Tris-buffered saline supplemented with
0.1% Tween 20 (TBST) for 1 h. The membranes were then incubated in
the same solution overnight at 4°C with primary antibodies. After
washing three times with TBST, the membranes were incubated with
horseradish peroxidase-linked secondary antibodies (Amersham Bio-
sciences) at room temperature for 1 h and washed again in TBST.
Protein bands were then visualized using the ECL method (Amersham
Biosciences).

Rabbit polyclonal antibodies against p53, phospho-p53 (Ser9),
phospho-p53 (Ser15), phospho-p53 (Ser20), phospho-p53 (Ser37),
phospho-p53 (Ser46), phospho-p53 (Ser392), phospho-Chk1 (Ser-
345), and phospho-Chk2 (Thr68) were purchased from Cell
Signaling Technology, Inc. (Beverly, MA). Rabbit polyclonal anti-
bodies against Chk1 (FL-476) were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Rabbit polyclonal antibodies
against Chk2 were purchased from Upstate Biotechnology (Lake
Placid, NY). The mouse monoclonal antibody (mAb) against actin
(clone AC-40) and the anti-FLAG M2 mAb were obtained from
Sigma. The mouse mAb against poly(ADP-ribose) polymerase
(PARP) (clone C-2–10) was purchased from BD Biosciences Clon-
tech and the mouse mAb against p21/waf1 (Clone 70) was from BD
Transduction Laboratories (Lexington, CA).

ATM and ATR Kinase Assay. ATM and ATR were immunopre-
cipitated from cells as described by Ye et al. (2001) with minor modifi-
cations. In brief, 1 � 107 cells were collected, washed in PBS, suspended
in 0.35 ml of immunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, 50
mM �-glycerophosphate, 150 mM NaCl, 10% glycerol, 1% Tween 20, 1
mM NaF, 1 mM Na3VO4, 1 mM DTT, 1 mM AEBSF, and 1� protease

inhibitor cocktail Complete EDTA-free) and lysed by sonication. The
lysates were cleared by centrifugation, and the supernatants were sub-
jected to preimmunoprecipitation with normal rabbit IgG and protein
A/G-agarose beads (Santa Cruz Biotechnology) for 1 h, followed by
immunoprecipitation with a rabbit polyclonal antibody against ATM
(Ab3; Oncogene Science, Cambridge, MA) or ATR (Ab2; Oncogene) for
3 h. As a control, the immunoprecipitation was also performed with
normal rabbit IgG. In preliminary experiments, the absence of cross-
reactivity of the Ab3 and Ab2 antibodies with the ATR and ATM
proteins, respectively, was verified by Western blot analysis. No ATR
band was detected in ATM immunoprecipitates subjected to immuno-
blotting with the Ab2 antibody. Likewise, no ATM band was detected in
ATR immunoprecipitates probed with the NB 100–104 antibody (Novus
Biologicals) (data not shown).

The beads were washed once with immunoprecipitation buffer,
once with immunoprecipitation buffer containing 0.5 M LiCl, and
three times with kinase buffer (50 mM HEPES, pH 7.5, 50 mM NaCl,
1 mM DTT, 10 mM MgCl2, 10 mM MnCl2, and 50 mM �-glycerophos-
phate). The beads were then incubated for 30 min at 30°C with 0.5 �g
of the substrate PHAS-I (phosphorylated heat- and acid-stable pro-
tein regulated by insulin) (Stratagene, Amsterdam-Zuidoost, The
Netherlands) in 30 �l of kinase buffer containing 20 �M unlabeled
ATP and 10 �Ci of [�-32P]ATP. The reaction products were separated
on a 15% SDS-polyacrylamide gel. Gels were dried and exposed to
Kodak X-OMAT film (Kodak, Rochester, NY) with intensifying
screen at �80°C. The immunocomplexes were also subjected to im-
munoblotting with anti-ATM (NB 100–104; Novus Biologicals) or
anti-ATR (Ab2; Oncogene) rabbit polyclonal antibodies to assure
equivalent kinase abundance.

Immunofluorescence. For immunofluorescence microscopy of
ATR, 2.5 � 104 cells were collected, washed in PBS, and cytospun
onto glass coverslips. Before fixation, the in situ cell fractionation
was carried out as described by Mirzoeva and Petrini (2001). The
cells were fixed in 4% formaldehyde for 10 min and in methanol at
�20°C for 2 min, rehydrated in PBS, and then permeabilized in 0.5%
Triton X-100 for 10 min at room temperature. Cells were blocked
with 10% normal goat serum (Hyclone Laboratories) in PBS for 1 h,
and then incubated with a rabbit polyclonal antibody against ATR
(Ab-2; Oncogene) overnight at 4°C. Cells were washed with PBS
containing 0.2% Tween-20 and overlaid with fluorescein isothiocya-
nate-conjugated goat anti-rabbit IgG (ICN-Cappel, Irvine, CA) for 45
min at 37°C. Cells were then washed and counterstained with 0.1
�g/ml 4�,6�-diamidino-2-phenylindole for 2 min and the glass slides
were mounted with 50% glycerol. Coverslips were analyzed using a
Leica DMRB fluorescence microscope equipped with a CCD camera.
The images were processed using the IAS 2000 Delta System soft-
ware and Photoshop 5.5 (Adobe Systems, Mountain View, CA).

Results
Time-Course Analysis of Cell Growth Inhibition, Cell

Cycle Perturbation, and Apoptosis Induced by TMZ in
TK6 and MT1 Cells. We have shown previously that prolif-
eration of the lymphoblastoid TK6 cells was markedly im-
paired by 12.5 �M TMZ, whereas MT1 cells were completely
resistant to this drug concentration (D’Atri et al., 1998). To
elucidate the early molecular events triggered exclusively by
the engagement of the MMR system in cells exposed to O6-
G–methylating agents, we treated both cell lines with this
TMZ concentration. To analyze the molecular mechanisms
underlying cell growth inhibition induced by high concentra-
tions of O6-G–methylating agents in MMR-deficient cells, we
treated the MT1 cells with 1.2 mM TMZ, because this drug
concentration was found to produce a cell growth inhibition
comparable with that produced in TK6 cells by 12.5 �M TMZ.

We first analyzed the kinetics of cell growth inhibition in
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TK6 and MT1 cells treated with equitoxic TMZ concentra-
tions and, as a control, in MT1 cells exposed to 12.5 �M TMZ.
Figure 1A shows that during the first 24 h, drug-treated TK6
cells doubled in number but then stopped growing and their
numbers declined after 48 and 72 h of culture. In MT1 cells
exposed to 1.2 mM TMZ, cell growth arrest occurred imme-
diately after drug treatment and remained detectable up to
48 h. The cells started to regrow at 72 h (Fig. 1A). No
impairment of proliferation was observed in MT1 cells
treated with 12.5 �M TMZ (data not shown).

We next performed a time-course analysis of TMZ-induced

cell cycle perturbations and apoptosis. As illustrated in Table
1 and Fig. 1B, no cell cycle perturbations were detected in
TMZ-treated TK6 cells during the first 18 h. After 24 h, a
decrease in the G1 fraction and a moderate increase in the S
and G2 fractions were observed. The number of cells in mid-
dle and late S phase further increased after 30 and 36 h and
then returned to values similar to those of untreated cells.
The proportion of cells in G1 further decreased at 30 and 36 h
and remained lower than that of controls up to 48 h. The
percentage of cells in G2 remained substantially unchanged
from 24 to 36 h and slightly increased at 42 and 48 h. The

Fig. 1. Kinetics of cell growth inhibition, cell cycle perturbation, and apoptosis induced by equitoxic concentrations of TMZ in TK6 and MT1 cells. A,
kinetics of cell growth inhibition. TK6 and MT1 cells were incubated in CM or CM containing TMZ for 72 h. Cell growth was evaluated in terms of
viable cell count at the indicated time points. Each value represents the mean of three independent experiments, with bars indicating S.E.M. B,
kinetics of cell cycle perturbations and apoptosis. TK6 and MT1 cells were incubated in CM or CM containing 12.5 �M TMZ (TK6 cells) or 1.2 mM TMZ
(MT1 cells) for 48 h. At the indicated time points, the cells were harvested and processed for flow cytometric analysis of DNA content. C, effect of the
pan-caspase inhibitor zVAD-fmk on cell cycle perturbation and apoptosis induced by TMZ in TK6 cells. The cells were incubated in CM or CM
containing either 200 �M zVAD-fmk, 12.5 �M TMZ, or both agents for 48 h and then processed for the analysis of DNA content. D, kinetics of PARP
cleavage. TK6 and MT1 cells were cultured in CM or CM containing the indicated concentrations of TMZ for 48 h. Every 6 h, total cell lysates were
prepared and analyzed by immunoblotting. Cell extracts were subjected to electrophoresis on an 8% SDS-polyacrylamide gel, transferred to a
nitrocellulose membrane, and probed with an anti-PARP mAb. The immune complexes were visualized using ECL.
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fraction of cells with hypodiploid DNA content progressively
increased from 30 to 48 h. Apoptosis was further confirmed in
TMZ-treated TK6 cells by Western blot analysis of PARP
cleavage. As illustrated in Fig. 1D, the 85-kDa product of
PARP cleavage became faintly detectable after 24 to 30 h of
drug exposure and progressively increased up to 48 h. It is
noteworthy that when TMZ-induced apoptosis was prevented
by the pan-caspase inhibitor zVAD-fmk, the majority of TK6
cells were arrested at the G2/M phase of the cell cycle after
48 h of culture (Fig. 1C). Taken together, these results indi-
cate that after a transient slowing of the second S phase,
TMZ-treated TK6 cells underwent a G2/M arrest that was
followed rapidly by apoptosis. Apoptotic cells coming from the
G2/M phase localized under the S and G1 cells before reach-
ing a hypodiploid DNA content, leading to an overestimation
of the percentage of cells in S and G1.

As illustrated in Table 1 and Fig. 1B, in MT1 cells treated
with 1.2 mM TMZ, a transient increase in the fraction of cells
in S phase was detectable from 6 to 18 h, whereas an accu-
mulation of cells in the G2/M phase was observed from 24 to
36 h. The cells started to recover from the G2/M arrest after
42 h of culture. An increase in the fraction of cells with
hypodiploid DNA content became detectable between 24 and
48 h of culture. PARP cleavage was evident after 12 h,
reached a peak between 30 and 36 h, and then began to
decrease (Fig. 1D). Thus, also in MT1 cells, PARP cleavage
seemed to be an earlier marker of TMZ-induced apoptosis
than the appearance of cells with a hypodiploid DNA content.
Neither cell cycle perturbations nor apoptosis were detected
in MT1 cells exposed to 12.5 �M TMZ (data not shown).

p53 Is Phosphorylated at Multiple Sites in TK6 and
MT1 Cells Treated with Equitoxic Concentrations of
TMZ, but Not in MT1 Cells Exposed to Low Drug Con-
centrations. We have previously shown that 12.5 �M TMZ
induced p53 stabilization and p21/waf1 up-regulation in the
MMR-proficient cell line TK6 but not in its MMR-deficient
subline MT1 (D’Atri et al., 1998). To gain further insight into
the signaling pathways leading to p53 stabilization and ac-
tivation in TMZ-treated cells and into the role played by the
MMR system in this process, we carried out a time-course

analysis of the phosphorylation status of Ser9, Ser15, Ser20,
Ser37, Ser46, and Ser392 of p53 in TK6 cells exposed to 12.5
�M TMZ and in MT1 cells treated with either 12.5 �M or 1.2
mM TMZ. Each of the residues analyzed was previously
shown to undergo phosphorylation in response to DNA dam-
age (Sionov and Haupt, 1999; Higashimoto et al., 2000; Saito
et al., 2002). In both cell lines, we also evaluated the levels of
p53 and p21/waf1 proteins. As illustrated in Fig. 2A, we
confirmed that TMZ treatment of TK6 cells induced a pro-
gressive increase in the amount of p53 and p21/waf1 proteins
that was already evident, albeit only at low levels, after 6 h
of culture. p53 phosphorylation of Ser15 in TMZ-treated TK6
cells was clearly detected after 6 h, whereas Ser20 and Ser37
seemed phosphorylated only after 12 h. Phosphorylation of
Ser9, Ser392, and Ser46 was detectable only after 18 h (Fig.
2A). No p53 phosphorylation was observed in MT1 cells ex-
posed to 12.5 �M TMZ (data not shown), whereas p53 and
p21 accumulation and p53 phosphorylation at all the resi-
dues under investigation were detected in MT1 cells exposed
to 1.2 mM TMZ (Fig. 2B). However, in the latter experiment,
phosphorylation of p53 occurred with faster kinetics than in
TK6 cells treated with 12.5 �M TMZ, such that most residues
were phosphorylated already after 6 h; the exception was
Ser9, which seemed phosphorylated only after 12 h. More-
over, in contrast to TK6 cells, the levels of phosphorylated
p53 began to decrease after 42 to 48 h of culture.

Because Ser15 was phosphorylated in TMZ-treated TK6 cells
after 6 h and, in MT1 cells treated with 1.2 mM TMZ, five of the
six p53 sites under investigation were phosphorylated at the
same time point, we analyzed the p53 phosphorylation status in
both cell lines 1 and 3 h after TMZ exposure. As illustrated in
Fig. 2C, in TMZ-treated MT1 cells, phosphorylation of Ser15
was already detectable after 1 h of treatment, whereas phos-
phorylation of Ser20, Ser37, Ser46, and Ser392, was detectable
after 3 h. In TK6 cells, phosphorylation of Ser15 was barely
detectable after 3 h of culture (data not shown).

Both Chk1 and Chk2 Kinases Are Phosphorylated in
TK6 and MT1 Cells Treated with Equitoxic Concentra-
tions of TMZ but Not in MT1 Cells Treated with Low
Drug Concentrations. p53 phosphorylation at Ser20 can be

TABLE 1
Time course analysis of cell cycle perturbations and apoptosis induced by equitoxic concentrations of TMZ in TK6 and MT1 cell lines
The cells were incubated in CM or in CM containing 12.5 �M TMZ (TK6 cells) or 1.2 mM TMZ (MT1 cells) for 48 h. At the indicated time, the cells were processed for analysis
of cell cycle perturbation and apoptosis induction. The percentage of cells in each phase of the cell cycle or in apoptosis was evaluated by flow cytometric analysis of DNA
content. Data represent the means of four independent experiments, with S.E. not exceeding 10 to 15% of the mean.

Drug Hours
TK6 MT1

Apoptosis G1/G0 S G2/M Apoptosis G1/G0 S G2/M

%

None 6 10 31 54 15 9 35 53 12
TMZ 12 30 56 14 9 31 63 6
None 12 11 30 60 10 8 36 54 10
TMZ 13 27 58 15 10 20 71 9
None 18 12 28 61 11 8 31 59 10
TMZ 12 24 61 15 12 19 72 9
None 24 11 29 59 12 6 33 56 11
TMZ 14 18 65 17 17 18 66 16
None 30 11 28 59 13 6 32 57 11
TMZ 20 12 72 16 20 22 56 22
None 36 8 28 62 10 4 35 54 11
TMZ 26 10 74 16 24 31 41 28
None 42 8 26 63 11 5 30 59 11
TMZ 34 16 66 18 28 38 42 20
None 48 7 26 62 12 4 32 57 11
TMZ 40 16 64 20 31 38 45 17
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mediated by both Chk1 and Chk2 kinases. In vivo activation of
Chk1 requires phosphorylation on Ser345 and Ser317 (Zhao
and Piwnica-Worms, 2001), whereas activation of Chk2 re-
quires phosphorylation on Thr68 (Bartek et al., 2001). We
therefore carried out a time-course analysis of the levels of the
two phosphorylated proteins in TK6 cells treated with 12.5 �M
TMZ and in MT1 cells exposed to either 12.5 �M or 1.2 mM
TMZ. In TMZ-treated TK6 cells, an increase in the level of
phosphorylated Chk1 (Ser345) and Chk2 (Thr68) became de-
tectable after 12 h (Fig. 3A). The level of phosphorylated Chk1
was initially higher than that of phosphorylated Chk2, reached
a peak at 30 to 36 h, and then began to decrease. The level of
phosphorylated Chk2 progressively increased up to 48 h. No
changes in the amount of total Chk1 or Chk2 were observed

(Fig. 3A). Phosphorylation of Chk1 and Chk2 did not occur in
MT1 cells treated with 12.5 �M TMZ (data not shown), but both
kinases were phosphorylated in the cells exposed to high drug
concentration (Fig. 3B). In this case, the increase in the levels of
phosphorylated Chk1 and Chk2 was already detectable after
1 h (Fig. 3C). The level of phosphorylated Chk1 remained ele-
vated up to 18–24 h and then began to decrease, whereas the
amount of phosphorylated Chk2 remained elevated up to 48 h.
As in the case of TK6 cells, no changes were found in the levels
of total Chk1 and Chk2 (Fig. 3, B and C).

ATM and ATR Are Activated in TK6 and MT1 Cells
Treated with Equitoxic Concentrations of TMZ but
Not in MT1 Cells Treated with Low Drug Concentra-
tions. The Chk1 and Chk2 kinases are downstream targets

Fig. 2. Kinetics of p53 and p21/waf1 accumulation and of p53 phosphorylation induced by equitoxic concentrations of TMZ in TK6 and MT1 cells. TK6
(A) and MT1 cells (B and C) were cultured in CM or CM containing TMZ, and total cell extracts were prepared at the indicated time points. Cell
extracts were subjected to electrophoresis on a 10% (p53 and phosphorylated p53) or 12% (p21/waf1) SDS-polyacrylamide gels, transferred to
nitrocellulose membranes, and probed with antibodies against p53, p21/waf1, or p53 phosphorylated at the indicated residues. Incubation with the
anti-actin mAb was performed as a loading control. The immune complexes were visualized using ECL.
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of ATM and ATR. Moreover, the two latter kinases are able to
phosphorylate p53 on Ser15 and Ser37 and, in cells exposed to
IR, ATM is required for phosphorylation of p53 on Ser9 and
Ser46 (Saito et al., 2002). We therefore investigated whether
ATM and ATR were activated in TK6 and MT1 cells treated
with equitoxic concentrations of TMZ and, as a control, in MT1
cells exposed to 12.5 �M TMZ. Neither ATM nor ATR was
activated in MT1 cells treated with 12.5 �M TMZ (data not
shown). As illustrated in Fig. 4A, the kinase activity of ATM in
TK6 cells exposed to TMZ increased after 30 h, reached a peak
after 42 h, and then began to decrease. In contrast, the ATR
kinase activity was already markedly increased after 6 h of
culture and remained elevated up to 42 h. A moderate increase
in ATR activity was also observed even after 1 and 3 h (data not
shown). In MT1 cells exposed to 1.2 mM TMZ, the kinase
activities of both ATM and ATR were increased after 6 h. ATM
activity reached a peak after 24 h and returned to control levels
at 36 h, whereas ATR activity remained elevated up to 42 h
(Fig. 4B). In TMZ-treated MT1 cells, the kinase activities of
ATM and ATR were also higher than control after 1 and 3 h
(data not shown). When cell extracts obtained from untreated or
TMZ-treated TK6 and MT1 cells were tested with rabbit IgG
instead of anti-ATM or anti-ATR antibodies, incubation of the
immunoprecipitate with PHAS-I gave rise to no detectable
phosphorylation (data not shown). This finding eliminates the
possibility that a nonspecific kinase was responsible for the
observed PHAS-I phosphorylation detected in the specific ATM
and ATR immunoprecipitates.

To further confirm activation of ATR in TK6 and MT1 cells
treated with equitoxic concentrations of TMZ, we examined
whether ATR formed characteristic nuclear foci in response
to drug treatment in these cells. TK6 and MT1 cells were

incubated in the presence of 12.5 �M or 1.2 mM TMZ, re-
spectively, and were stained for ATR after 1, 6, 12, 24, and
42 h. Untreated TK6 and MT1 cells showed a diffuse nuclear
staining pattern, but TMZ-treated cells showed distinct nu-
clear foci at all time points (Fig. 4C and data not shown).

ATM-Deficient Cells Are More Sensitive to TMZ than
ATM-Proficient Cells, but Do Not Show an Impairment
of p53, Chk1, and Chk2 Phosphorylation after Treat-
ment with Low Concentrations of the Drug. The finding
that activation of ATM in TK6 cells exposed to 12.5 �M TMZ
occurred only after 30 h of culture indicated that this kinase
was not involved in the early phosphorylation of p53, Chk1, and
Chk2 induced by low concentrations of the drug. However, we
could not exclude the possibility that ATM contributed to the
phosphorylation of the three proteins at later times after drug
treatment or that it affected cellular responses to TMZ through
phosphorylation of other downstream targets. We therefore
evaluated the effect of ATM deficiency on growth inhibition, cell
cycle perturbation, and apoptosis, as well as on phosphorylation
of p53, Chk1, and Chk2 brought about by low TMZ concentra-
tions. To this end, we used the ATM-deficient cell line KT,
stably transfected with either a CdCl2-inducible ATM cDNA
expression vector (KT MAT1 cells) or with the empty vector
only (KT MEP cells).

To verify that the ATM protein expressed in the KT MAT1
cells (Fig. 5A) was functional, we exposed both KT MAT1 and
KT MEP cells to IR (10 Gy) and examined the p53 accumu-
lation and Ser15 phosphorylation at selected time intervals
up to 24 h after treatment. The KT MAT1 cells responded
rapidly to IR with stabilization and phosphorylation of p53.
In contrast, accumulation of p53 in KT MEP cells was re-

Fig. 3. Kinetics of Chk1 and Chk2 phosphorylation induced by equitoxic concentrations of TMZ in TK6 and MT1 cells. TK6 (A) and MT1 cells (B and
C) were cultured in CM or CM containing TMZ, and total cell extracts were prepared at the indicated time points. Cell extracts were subjected to
electrophoresis on a 10% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane, and probed with antibodies against Chk1, Chk2,
phospho-Chk1 (Ser345), and phospho-Chk2 (Thr68). The immune complexes were visualized using ECL.
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tarded and its phosphorylation on Ser15 was impaired up to
1 h after irradiation (Fig. 5B).

We then tested the susceptibility of these lines to TMZ-
induced growth inhibition. All the experiments were per-
formed in the presence of 10 �M BG to inhibit the repair of
O6-MeG. The results illustrated in Fig. 6A show that the
ATM-deficient cell line was significantly more sensitive to
TMZ than its ATM-proficient counterpart.

A time-course analysis of cell cycle perturbation and induc-
tion of apoptosis in KT MAT1 and KT MEP cells exposed to 10
�M TMZ (plus BG) was then carried out. The proportions of
cells with hypodiploid DNA content or in the different phases of
the cell cycle are reported in Table 2 and Fig. 6B. No cell cycle
alterations were observed in TMZ-treated KT MAT1 and KT
MEP cells during the first 18 h of culture, whereas at 24 h, a
decrease in the fraction of cells in the G1 phase accompanied by
a corresponding increase in the number of cells in the S phase
became detectable in both cell lines. From 30 to 48 h, both cell
types began to accumulate in the G2/M phase; this accumula-
tion was more apparent in KT MEP cells and was accompanied

by a corresponding decrease in the number of cells in G1. The
fraction of cells in S, still slightly higher than in controls after
30 h, progressively decreased from 36 to 48 h. After 72 h,
drug-treated KT MAT1 and KT MEP cells started to recover
from the G2 block, as indicated by the increase in the number of
cells in G1 and the decrease in the fraction of cells in G2/M.
However, in the KT MEP cell line, the recovery was less pro-
nounced than in KT MAT1 cells. No significant differences in
the fractions of apoptotic cells were found between the two cell
lines upon exposure to TMZ.

Finally, we evaluated p53 accumulation and phosphoryla-
tion of Chk1, Chk2, and p53 on Ser15 in both cell lines upon
TMZ treatment. The cells were cultured in the presence of 10
�M TMZ (plus BG) for 72 h and analyzed every 24 h. In both
drug-treated cell lines, p53 accumulation and phosphoryla-
tion of Chk1, Chk2, and p53 on Ser15 were comparable at all
time points (data not shown).

ATM-Deficient Cells Show Impaired Phosphoryla-
tion of Chk1, Chk2, and p53 at Early Time Points after
Treatment with High Concentrations of TMZ. The re-

Fig. 4. Kinetics of ATM and ATR activation in TK6 and MT1 cells treated with equitoxic concentrations of TMZ. TK6 (A) and MT1 (B) cells were
cultured in CM or CM containing TMZ for 48 h. At the indicated time points, ATM or ATR was immunoprecipitated, and kinase activity was assayed
using PHAS-I as substrate. The reaction products were run on a 15% SDS-polyacrylamide gel and visualized by autoradiography. Immunoprecipitates
were also immunoblotted with anti-ATM or anti-ATR antibodies to assure equivalent kinase abundance. C, alterations in ATR subcellular localization
induced by equitoxic concentrations of TMZ in TK6 and MT1 cells. TK6 and MT1 cells were incubated in CM or CM containing TMZ for 24 or 1 h,
respectively. The cells were then harvested, washed, cytospun onto glass coverslips, and processed for immunostaining with the anti-ATR antibody
Ab-2 as described under Materials and Methods. The percentage of foci-positive cells was 20% in TMZ-treated TK6 cells and 25% in TMZ-treated MT1
cells. Similar results were obtained in two additional independent experiments.
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sults obtained with MT1 cells exposed to 1.2 mM TMZ indi-
cated that, in response to high TMZ concentrations, both
ATM and ATR were rapidly activated also in the absence of
a functional MMR system.

To evaluate the contribution of ATM to phosphorylation of
Chk1, Chk2, and p53 on Ser15 induced by high TMZ concen-
trations, KT MAT1 and KT MEP cells were cultured in the
presence of 1.2 mM TMZ (plus 10 �M BG) and analyzed for
these molecular events after 1, 3, 6, 12, and 24 h of drug
exposure.

The results illustrated in Fig. 7 show that the kinetics of
Chk1, Chk2, and p53 phosphorylation in TMZ-treated KT
MAT1 cells was comparable with that observed previously in
MT1 cells exposed to the same drug concentration. After 1
and 3 h of culture in the presence of the drug, p53 and Chk1
phosphorylation was moderately reduced in KT MEP cells
with respect to KT MAT1, whereas no differences between
the two cell lines existed at later time points (Fig. 7). TMZ-
induced phosphorylation of Chk2 was markedly impaired in
KT MEP cells up to 6 h of culture but became comparable
with that observed in TMZ-treated KT MAT1 cells at later
time points (Fig. 7).

ATR Is Required for Efficient Phosphorylation of
Chk1 and p53 on Ser15 in Response to TMZ. To investi-
gate the role of ATR in the phosphorylation of p53, Chk1, and
Chk2 in cells exposed to low or high TMZ concentrations, we
used the U2OS cells stably-transfected with a doxycycline-
inducible ATR-kd expression construct. This cell line had
undetectable expression of the FLAG-tagged ATR-kd in the
absence of doxycycline. Doxycycline induction resulted in
greatly increased levels of ATR-kd as monitored by Western
blotting (Fig. 8).

In a first set of experiments, uninduced or ATR-kd–over-
expressing U2OS cells were incubated with 25 �M TMZ plus
10 �M BG and analyzed for phosphorylation of Chk1, Chk2,
and p53 on Ser15 after 12, 24, and 48 h of culture. In a second
set of experiments, the cells were incubated with 1.2 mM
TMZ (plus BG) and analyzed for the same parameters after 1,
3, 6, 12, and 24 h.

The results illustrated in Fig. 8A show that after 12 and
24 h of culture in the presence of 25 �M TMZ, p53 phosphor-

ylation was moderately reduced in the ATR-kd–overexpress-
ing cells compared with uninduced cells, whereas after 48 h
of culture, p53 phosphorylation was comparable in both un-
induced and induced cells. Chk1 phosphorylation triggered
by TMZ was strongly impaired in ATR-kd–overexpressing
cells at all the time points analyzed, whereas Chk2 phosphor-
ylation remained essentially unchanged.

Upon treatment with 1.2 mM TMZ, p53, Chk1, and Chk2
were rapidly phosphorylated in uninduced cells (Fig. 8B). In
ATR-kd–overexpressing cells, TMZ-induced Chk1 phosphor-
ylation was markedly impaired at all the time points ana-
lyzed, whereas phosphorylation of p53 and Chk2 was unaf-
fected (Fig. 8B).

ATR-kd Overexpressing Cells Show an Impairment
of G2/M Arrest Triggered by Low TMZ Concentrations
and Are More Susceptible to Cell Growth Inhibition
Induced by the Drug. To better define the linkage between
ATR activation and G2/M arrest triggered by low TMZ con-
centrations, uninduced and ATR-kd-overexpressing U2OS
cells were incubated with 25 �M TMZ (plus BG) and ana-
lyzed for cell cycle perturbations after 48 h of culture. The
results of a representative experiment illustrated in Fig. 9
show that G2/M arrest triggered by TMZ treatment was
substantially attenuated in ATR-kd–overexpressing cells
compared with uninduced cells.

We also evaluated the effect of ATR ablation on cell sensi-
tivity to low TMZ concentrations. To this end, uninduced and
ATR-kd–overexpressing cells were incubated with 25 �M
TMZ (plus BG) and analyzed for cell growth after 96 h of
culture. Under these experimental conditions, the percentage
of cell growth of TMZ-treated groups with respect to un-
treated controls was 26 � 1.2 in the case of uninduced cells
and 14 � 0.6 in the case of ATR-kd–overexpressing cells;
each value represented the mean � standard error of three
independent experiments.

Discussion
In this study, we demonstrate that activation of ATM and

ATR and phosphorylation of Chk1, Chk2, and p53 occur in
response to TMZ and that these molecular events are abso-

Fig. 5. Functional characterization of KT MAT1 and KT MEP cell lines. A, total cell lysates were prepared from KT MAT1 and KT MEP cells exposed
for 16 h to 5 �M CdCl2. Cell extracts were subjected to electrophoresis on a 6% SDS-polyacrylamide gel, transferred to nitrocellulose membranes, and
probed with the anti-ATM antibody NB 100–104. Incubation with the anti-actin mAb was performed as a loading control. The immune complexes were
visualized using ECL. B, KT MAT1 and KT MEP cells were treated with 5 �M CdCl2 for 16 h, washed, suspended in CM, exposed to 10 Gy of IR, and
analyzed for p53 accumulation and phosphorylation on Ser15 at the indicated time points. Total cell extracts were resolved on 10% SDS polyacryl-
amide gels, transferred to nitrocellulose membranes, and probed with polyclonal antibodies against p53 and phospho-p53 (Ser15). Incubation with the
anti-actin mAb was performed as a loading control. For ATM detection, cell lysates were resolved on 6% SDS polyacrylamide gels, and the membranes
were probed with the anti-ATM antibody NB 100–104. The immune complexes were visualized using ECL.
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lutely dependent on a functional MMR system only in cells
exposed to low drug concentrations.

Upon treatment with 12.5 �M TMZ, the MMR-proficient
TK6 cells transiently slowed in the S-phase and then ar-
rested in the G2/M phase of the cell cycle, from which they

proceeded to apoptosis. All these events occurred in the sec-
ond cell cycle after treatment and were preceded by activa-
tion of ATR, phosphorylation of Chk1 and Chk2, and p53
stabilization and phosphorylation at multiple sites. ATM was
also activated in TMZ-treated TK6 cells but only at late time
points after drug exposure. Similar treatment of the MMR-
deficient MT1 cells failed to induce G2/M arrest and apoptosis
or to activate ATM and ATR and cause phosphorylation of
Chk1, Chk2, and p53.

Taken together, these data support the hypothesis that in
cells treated with low TMZ concentrations, lesions generated
by the unsuccessful processing of O6-MeG:T mismatches,
possibly gaps in the newly synthesized DNA, signal in the
first S-phase to ATR. However, the initial activation of ATR
was insufficient to bring about cell cycle arrest, and the cells
transit through G2, M, and G1 and enter the second S-phase,
where the single-stranded regions are converted into DSBs
during replication (Kaina et al., 1997). These lesions signal to
ATM and, directly or indirectly through their processing,
sustain ATR activation. The cells, after a transient delay in
the S-phase, arrest at the G2/M phase and initiate apoptosis.
In this scenario, ATR seems to be the major kinase respon-
sible for triggering the cell cycle checkpoint, in that its acti-
vation in TMZ-treated TK6 cells preceded phosphorylation of
p53, Chk1, and Chk2, whereas ATM was activated later.
Moreover, after treatment with 10 �M TMZ, neither a defec-
tive phosphorylation of Chk1, Chk2, and p53 (on Ser15) nor
an impairment of the G2/M arrest was observed in the ATM-
deficient lymphoblastoid cell line KT MEP compared with the
ATM-expressing syngenic KT MAT1 cell line.

Our finding that, in cells exposed to low TMZ concentra-
tions, ATM activation is a late event, requires a functional
MMR system, and is dispensable for phosphorylation of
Chk1, Chk2, and p53 on Ser15 seems to contrast with a
recent study by Adamson et al. (2002), which showed that the
kinase was rapidly activated in response to MNNG in a
MMR-independent fashion and was required for the early
phosphorylation of p53 on Ser15. However, as the concentra-
tion of MNNG used in the study of Adamson et al. was very
high, ATM activation observed by the authors was probably
linked to DNA damage distinct from methylation of O6-G and
was, therefore, independent of MMR. Indeed, in MT1 cells
treated with 1.2 mM TMZ, we also detected a rapid activation
of ATM. Moreover, the kinase seemed to be involved in the
early phosphorylation of p53 on Ser15 in cells exposed to high
TMZ concentrations.

The involvement of ATR in cell cycle checkpoint activation
in response to low TMZ concentrations is further confirmed
by the results obtained in U2OS cells induced to overexpress
a kinase-dead ATR variant. Upon treatment with 25 �M
TMZ, these cells displayed reduced phosphorylation of Chk1
and p53 on Ser15 with respect to uninduced cells. Moreover,
they showed an impairment of TMZ-induced G2/M arrest and
were also more susceptible to cell growth inhibition brought
about by the drug than uninduced cells, thus indicating
that ATR-dependent triggering of the G2/M arrest protects
against TMZ-induced cyctotoxicity.

A recent study by Wang and Qin (2003), showed that in
MMR-proficient cells exposed to MNNG, ATR was required
for Chk1 and SMC1 phosphorylation and for activation of the
S-phase checkpoint, whereas ATM was dispensable. Our re-
sults are consistent with these findings and provide further

Fig. 6. Cell growth inhibition, cycle perturbations, and apoptosis induced
by low TMZ concentrations in KT MAT1 and KT MEP cells. A, cell growth
inhibition. The cells were exposed to CdCl2, BG, and TMZ as described
under Materials and Methods, and cell growth was evaluated after 72 h
of culture in terms of viable cell count. Data are expressed in terms of
percentage of cell growth of drug-treated groups with respect to controls.
Each value represents the mean of three independent experiments, with
bars indicating S.E.M. The number of cells per milliliter in the untreated
cultures at the end of the assay was 9.5 � 0.75 � 105 for KT MAT1 cells
and 9.9 � 0.43 � 105 for KT MEP cells. For each experiment, the TMZ
IC50 value (i.e., the drug concentration producing 50% inhibition of cell
growth, calculated on the regression line in which cell number was
plotted against the logarithm of drug concentration) for KT MAT1 and KT
MEP cells was also determined. The mean TMZ IC50 values � S.E. were
5.45 � 0.78 �M for KT MAT1 cells and 1.48 � 0.36 �M for KT MEP cells.
The difference was statistically significant according to Student’s t test
(p � 0.01). B, kinetics of cell cycle perturbations and apoptosis. KT MAT1
and KT MEP treated as in A were collected at the indicated time points
and processed for flow cytometric analysis of DNA content.
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insight into the signaling pathways activated in MMR-profi-
cient cells by low concentrations of O6-G methylating agents.
Indeed, we show that both ATR and ATM were functionally
activated in response to TMZ, and that the former kinase was
involved in the G2/M arrest induced by the drug. Moreover,
we demonstrate that, although dispensable for cell cycle
checkpoint activation, ATM conferred protection against
TMZ induced cytotoxicity. Indeed, KT MEP cells were about
three-fold more sensitive to TMZ than KT MAT1 cells. Com-
pared with KT MAT1, KT MEP cells showed a more pro-
nounced arrest in the G2/M phase of the cell cycle in response
to TMZ treatment, whereas no significant differences in the
levels of apoptosis induced by the drug were observed be-
tween the two cell lines. This suggests that the increased
sensitivity of KT MEP cells to TMZ may be dependent on
their reduced ability of recover from the G2/M block, possibly
as a consequence of a reduced ability to repair DSBs arising

during the second S-phase after treatment. Indeed, ATM-
deficient cells show defects in double-strand break repair
after IR (Khanna et al., 2001; Shiloh, 2003).

Recently Hirose et al. (2003) showed that in MMR-profi-
cient glioma cells exposed to TMZ, the mitogen-activated
protein kinase p38� was activated in addition to Chk1 and
Chk2 and that inhibition of p38� activity was associated with
a marked impairment of TMZ-induced G2/M arrest. Our data
on ATR-kd–overexpressing cells treated with 25 �M TMZ
strongly suggest that ATR-dependent phosphorylation of
Chk1 may have a role in the G2/M arrest induced by the drug.
However, it cannot be excluded that ATR is also required for
p38� activation in response to TMZ and that the attenuation
of drug-induced G2/M arrest observed in ATR-kd overex-
pressing cells also results from a reduced activation of p38�.
Further studies will be required to better evaluate the con-
tribution of Chk1, Chk2, and p38� activation to TMZ-induced

Fig. 7. Effects of ATM deficiency on phos-
phorylation of Chk1, Chk2, and p53 Ser15
induced by high TMZ concentrations. KT
MAT1 and KT MEP cells were exposed to
CdCl2, BG (10 �M), and TMZ (1.2 mM), as
described under Materials and Methods. At
the indicated time points, total cell lysates
were prepared and analyzed by immunoblot-
ting. Cell extracts were resolved on SDS poly-
acrylamide gels, transferred to nitrocellulose
membranes, and probed with antibodies
against phospho-p53 (Ser15), phospho-Chk1
(Ser345), phospho-Chk2 (Thr68), Chk1,
Chk2, and ATM. Incubation with the anti-
actin mAb was performed as a loading con-
trol. The immune complexes were visualized
using ECL.

TABLE 2
Time-course analysis of cell cycle perturbations and apoptosis induced by TMZ in KT MAT1 and KT MEP cell lines
The cells, after a 16-h exposure to 5 �M CdCl2, were incubated in CM containing 10 �M BG or 10 �M TMZ plus 10 �M BG for 72 h. At the indicated times, the cells were
processed for analysis of cell cycle perturbation and apoptosis induction. The percentage of cells in each phase of the cell cycle or in apoptosis was evaluated by flow cytometric
analysis of DNA content. Data represent the means of three independent experiments, with S.E. not exceeding 10 to 15% of the mean.

Drug Hours
KT MAT1 KT MEP

Apoptosis G1/G0 S G2/M Apoptosis G1/G0 S G2/M

%

BG 6 13 43 46 11 15 40 48 12
TMZ/BG 14 44 46 10 13 37 50 13
BG 12 14 45 44 11 12 37 50 13
TMZ/BG 15 43 45 12 11 35 49 16
BG 18 16 44 46 10 13 40 46 14
TMZ/BG 14 42 47 11 13 38 46 16
BG 24 13 45 42 13 11 41 47 12
TMZ/BG 14 35 50 15 14 32 53 15
BG 30 10 45 43 12 9 41 46 13
TMZ/BG 13 28 55 17 14 21 53 26
BG 36 11 44 44 12 10 43 45 12
TMZ/BG 16 18 47 35 16 13 42 45
BG 42 11 46 43 11 9 43 44 13
TMZ/BG 19 22 33 45 15 16 31 53
BG 48 11 44 43 13 10 45 42 13
TMZ/BG 25 21 27 52 23 14 23 63
BG 72 7 47 42 11 5 46 43 11
TMZ/BG 31 37 29 34 29 28 27 45
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G2/M arrest and to define whether the Chk1/Chk2 and p38�
pathways of G2/M arrest act independently from each other
or whether they are interconnected.

Although a functional MMR system is absolutely required
for cell cycle checkpoint activation in cells exposed to low
TMZ concentrations, it seems dispensable in cells treated
with high concentrations of the drug. Indeed, upon exposure
to 1.2 mM TMZ, the MMR-deficient MT1 cell line underwent
G2/M arrest and apoptosis and displayed activation of ATM
and ATR, phosphorylation of Chk1 and Chk2, and p53 sta-
bilization, and phosphorylation at multiple sites. Notably,
G2/M arrest and apoptosis in these cells occurred in the first
cell cycle after drug treatment, and the kinetics of ATM and
ATR activation, as well as those of Chk1, Chk2, and p53
phosphorylation, were faster then those observed in MMR-
proficient cells exposed to low TMZ concentrations. On the
other hand, no differences in the kinetics of phosphorylation
of Chk1, Chk2, and p53 on Ser15 were observed between
MMR-proficient and MMR-deficient cells exposed to 1.2 mM
TMZ. These findings support the hypothesis that DNA dam-
age leading to activation of ATM- and ATR-dependent sig-

naling pathways is generated by different mechanisms in
cells exposed to low or high TMZ concentrations.

In addition to O6-MeG, TMZ causes base methylation at
numerous nucleophilic centers within the DNA, such as the
N7 position of guanine and the N3 position of adenine. Repair
of the latter type of methylation damage is addressed pri-
marily by base excision repair, whereby the modified bases
are removed by specialized DNA glycosylases. In the next
step of the repair process, the endonuclease HAP-1 creates
transient strand breaks by cleaving the sugar/phosphate
backbone 5�-from the abasic sites. It is possible that high
concentrations of TMZ generate so much base modification
that the processing of closely-situated abasic sites on oppo-
site strands of the duplex might result in the generation of
DSBs, which would trigger ATM and ATR activation inde-
pendently of the MMR status of the cells.

In cells exposed to high TMZ concentrations, ATM seems to
be required for an efficient phosphorylation of Chk1, Chk2,
and p53 on Ser15 at early time points (1–6 h) after treat-
ment. On the other hand, ATR seems necessary for an effi-
cient phosphorylation of Chk1, but not of Chk2 and p53, at

Fig. 8. Effects of ATR inhibition on TMZ-in-
duced phosphorylation of Chk1, Chk2, and p53
Ser15. U2OS cells stably transfected with a
doxycycline-inducible ATR-kd expression con-
struct were cultured in the absence or in the
presence of 1 �g/ml doxycycline for 24 h. BG
(10 �M) and TMZ [either 25 �M (A) or 1.2 mM
(B)] were then added to the cultures as de-
scribed under Materials and Methods. Control
groups were treated only with BG or doxycy-
cline plus BG. At the indicated time points, the
cells were recovered, and whole-cell lysates
were prepared. Cell extracts were resolved on
SDS polyacrylamide gels, transferred to nitro-
cellulose membranes, and probed with anti-
bodies against phospho-p53 (Ser15), phospho-
Chk1 (Ser345), phospho-Chk2 (Thr68), Chk1,
Chk2, and FLAG sequence. Incubation with
the anti-actin mAb was performed as a loading
control. The immune complexes were visual-
ized using ECL.
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least up to 24 h after treatment. A large body of experimental
evidence indicates that Chk1 is essential for the G2 check-
point induced by various DNA-damaging agents (Liu et al.,
2000; Rhind and Russell, 2000; Zhou and Elledge, 2000;
Abraham, 2001). In contrast, the role of Chk2 in DNA-dam-
age induced G2 checkpoint is still controversial. For instance,
Chk2-null mutant embryonic stem cells have been shown to
be defective in maintaining but not initiating G2 arrest in
response to IR (Hirao et al., 2000). However, recent studies
using Chk2 knockout mice have shown that both the initia-
tion and maintenance of the IR-induced G2 checkpoint are
normal in Chk2-deficient embryonic stem cells (Takai et al.,
2002). It is thus tempting to speculate that at early time
points after treatment with high TMZ concentrations, both
ATM and ATR contribute to G2/M arrest through phosphor-
ylation of Chk1, whereas ATR plays a major role in the late
phase of the response. Studies aiming to verify this hypoth-
esis are currently in progress.

Beside ATR, ATM, Chk1, and Chk2, other cellular kinases
are likely to be activated in response to TMZ and, through
phosphorylation of specific targets, play a role in cell cycle
arrest, apoptosis or repair of DNA damage. The results of our
study provide preliminary indications about the kinases pos-
sibly involved in p53 stabilization and functional activation.
In TK6 and MT1 cells treated with equitoxic concentrations
of TMZ, p53 was phosphorylated on Ser9, Ser15, Ser20,
Ser37, Ser46, and Ser392. Although Ser15, Ser20, and Ser37
are direct targets of either ATR/ATM (Ser15 and Ser37) or
Chk1/Chk2 (Ser20), Ser9, Ser46, and Ser392 are not phos-
phorylated by these kinases. Previous studies have shown
that casein kinase I phosphorylates p53 on Ser9 in vitro
(Knippschild et al., 1997) and that p38 and casein kinase II
phosphorylate p53 on Ser46 and Ser392, respectively, after
UV radiation (Bulavin et al., 1999; Keller and Lu, 2002). It is
reasonable to hypothesize that these kinases could phosphor-

ylate the same p53 residues also in cells exposed to TMZ,
thus contributing to stabilization and functional activation of
the protein. The findings that p38� is activated in response to
TMZ (Hirose et al., 2003) and that phosphorylation of p53 on
Ser46, which, together with phosphorylation on Ser33, has
been shown to be important for p53-induced apoptosis in
response to UV (Bulavin et al., 1999), precedes PARP cleav-
age in both TMZ-treated TK6 and MT1 cells are consistent
with this hypothesis.

In conclusion, the results obtained in this study provide
further insights into the signal transduction pathways acti-
vated in response to methylating agents and the role played
by the MMR system in their activation. Further studies will
be necessary to better elucidate the mechanisms of ATM and
ATR activation in TMZ-treated MMR- and MMR-deficient
cells and to identify additional ATM and ATR downstream
targets involved in cellular response to the drug.
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