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Abstract
By limiting cell cycle progression following detection of DNA damage, checkpoints are critical for
cell survival and genome stability. Methylated DNA damage, when combined with inhibition of
PARP activity, results in an ATR-dependent S phase delay of the cell cycle. Here, we demonstrate
that another checkpoint kinase, ATM, also is involved in the DNA damage response following
treatment with a sub-lethal concentration of MMS combined with the PARP inhibitor 4-AN. Both
ATM and PARP activity are important for moderating cellular sensitivity to MMS. Loss of ATM
activity, or that of its downstream effector Chk2, limited the duration of the S phase delay. The
combination of MMS and 4-AN resulted in ATM and Chk2 phosphorylation and the time course of
phosphorylation for both kinases correlated with the S phase delay. Chk2 phosphorylation was
reduced in the absence of ATM activity. The Chk2 phosphorylation that remained in the absence of
ATM appeared to be dependent on ATR and DNA-PK. The results demonstrate that, following
initiation of base excision repair and inhibition of PARP activity, ATM activation is critical for
preventing the cell from progressing through S phase, and for protection against MMS-induced
cytotoxicity.
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1. Introduction
DNA damage arising from spontaneous base loss or genotoxic agents that modify bases
(reviewed in [1]) is repaired by base excision repair (BER). Both single-nucleotide and long-
patch BER pathways have been identified. In the preferred single-nucleotide repair pathway,
only one base is replaced, whereas two or more bases are replaced in long-patch repair. Single-
nucleotide repair can be initiated when the damaged base is removed by a damage-specific
monofunctional DNA glycosylase to create an abasic site. Cleavage of the abasic site by
apurinic/apyrimidinic (AP) endonuclease creates a gap with a 5′-deoxyribosephosphate (dRP)
terminus. DNA polymerase β (pol β) performs gap-filling synthesis, the dRP group is removed
by the dRP lyase activity of pol β, and the nick is sealed by a DNA ligase.
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In the absence of pol β activity, cells exhibit an increased sensitivity to the base methylating
agent methyl methanesulfonate (MMS) that has been attributed to accumulation of
intermediates of repair (e.g. the dRP group) [2-4]. The MMS hypersensitivity phenotype
observed in pol β null mouse embryonic fibroblasts can be reversed by complementation with
a pol β mutant lacking polymerase activity but still retaining the dRP lyase function [3]. The
DNA damage surveillance protein poly(ADP-ribose) polymerase-1 (PARP-1) is known to bind
gaps and nicks in DNA, including the dRP-containing intermediate of BER [5], and becomes
activated. PARP-1 activation is important for recruitment of BER proteins to sites of BER and
poly(ADP-ribosyl)ation appears to also have a role in modifying chromatin structure (reviewed
in [6]). Cells treated with the PARP inhibitor 4-amino-1,8-naphthalimide (4-AN) are extremely
sensitized to MMS [5,7], indicating that activation of PARP has a protective function against
cytotoxic BER intermediates.

Investigations focused on the impact of PARP inhibition are proving to be an important tool
in understanding DNA damage responses and cell cycle checkpoint pathways. PARP inhibition
by 4-AN will prevent PARP autoribosylation. Under these conditions PARP remains bound
to DNA [8], hindering access of repair proteins and preventing completion of BER [9,10] (Aya
Masaoka, personal communication). We have shown that PARP inhibition in cells treated with
a sub-lethal dose of MMS results in an ATR and Chk1-dependent accumulation of S phase
cells [11,12]. Generally, ATR is activated in response to replication fork stalling and single-
strand breaks (SSBs), and signals through Chk1 kinase to slow S phase (reviewed in [13]). One
explanation for our observations is that persistence of PARP-bound DNA results in replication
fork stalling, and thus S phase delay may be due to the persistence of SSBs and/or the inability
of PARP-1 to dissociate from the DNA lesion (reviewed in [6]). Eventually, cells treated with
MMS and 4-AN progress through S phase and accumulate in G2/M [11]. That PARP-1 -/- cells
treated with MMS and 4-AN bypass the S phase delay and arrest directly in G2/M [12] suggests
that inactivated PARP is a critical component of this model.

One important role for PARP activation is in preventing the progression of SSB damage to
double-strand breaks (DSBs). Increased amounts of γ-H2A.X, an early marker for DSBs, are
observed following oxidative damage in cells with reduced levels of PARP-1 protein [14], or
in cells treated with the combination of MMS and 4-AN [11]. Although ATR was required for
the S phase delay and the phosphorylation of Chk1 in response to treatment with MMS and 4-
AN, the increase in γ-H2A.X was only partially diminished when ATR was inhibited
(unpublished observation). This suggested that additional checkpoint kinases are activated in
response to MMS and 4-AN. One of these kinases, ATM, has been shown to be involved in
cell cycle arrest (reviewed in [15]) and phosphorylation of H2A.X [16] in response to ionizing
radiation (IR)-induced DSBs. It is known that replication forks stalled at SSBs are capable of
collapsing and forming DSBs (reviewed in [13]). In the absence of the repair protein XRCC1,
treatment of cells with MMS alone results in an S phase delay that requires ATR and ATM
[17]. XRCC1 is thought to serve as a SSB sensor and/or scaffold protein for the assembly of
BER factors at sites of damage (reviewed in [18]). Presumably, it is the accumulation of BER
intermediates as a result of inefficient repair that eventually leads to fork stalling. Similarly,
inhibition of PARP activity also leads to an accumulation of BER intermediates and triggers
an S phase delay. However, a full understanding of the mechanism behind this PARP
inhibition-induced cell cycle delay in the context of base damage remains unclear. Considering
the emerging use of combination chemotherapy with PARP inhibitors and DNA methylating
agents [19] (reviewed in [6,20]), understanding the mechanisms underlying this treatment
strategy is important. We now determine whether ATM and its downstream effector kinase
Chk2 are activated in response to MMS-induced DNA damage combined with inhibition of
PARP.
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2. Materials and methods
2.1. Cell lines

ATRkd cells are SV40-transformed human fibroblasts expressing an ATR kinase dead (kd)
mutant under the control of a Tetracycline (Tet) inducible promoter [21], and were obtained
from Fred Hutchinson Cancer Research Center. The AT cells are SV40-transformed human
fibroblasts derived from an Ataxia-telangiectasia (AT) patient. The AT-complemented (AT-
comp) cell line has an episomally maintained plasmid encoding a wild-type copy of the ATM
gene [22]. As a control, the AT cell line contains the plasmid vector used in the
complementation. Both AT cell variants were obtained from Coriell Cell Repository.

2.2. Cytotoxicity studies
ATRkd, AT or AT-comp cells were seeded at a density of 20,000 cells per well in six-well
plates. The next day, cells were treated for 1 h with a range of MMS (Sigma-Aldrich)
concentrations, plus 4-AN (10 μM) (Acros) or ATM kinase inhibitor (2-morpholin-4-yl-6-
thianthren-1-yl-pyran-4-one) (ATMi) (25 μM) (EMD Biosciences) [23] as indicated. Cells
were then washed with Hanks' balanced salt solution (HBSS) (HyClone), and incubated with
control medium, or medium containing 4-AN and/or ATMi at the concentrations indicated
above. Incubations were continued for a total of 24 h for ATMi and 48 h for 4-AN. The medium
was then removed, cells were washed with HBSS, and further incubated in control medium
for an additional 7-10 days until untreated control cells were 80% confluent. Cells (triplicate
wells for each drug concentration) were counted by a cell lysis procedure [24], and results were
expressed as the number of cells in drug-treated wells relative to control wells (% control
growth).

2.3. Flow cytometric cell cycle analysis
Cells were seeded in 100-mm dishes at 3.3 ×106 cells per plate. The following day cells were
treated for 1 h with MMS (0.5 mM for ATRkd cells, and 0.1 mM for AT and AT-comp cells),
4-AN (10 μM), ATMi (25 μM), caffeine (1 mM) (Sigma-Aldrich), Chk2 inhibitor II (2-(4-(4-
chlorophenoxy)phenyl)-1H-benzimidazole-5-carboxamide) (1 μM) (Sigma-Aldrich) [25] and/
or Chk2 inhibitor (5-(2-Amino-5-oxo-1,5-dihydroimidazol-4-ylidine)-3,4,5,10-2H-azepino
[3,4-b]indol-1-one) (0.2 μM) (EMD Biosciences) as indicated. After exposure to MMS, cells
were washed with HBSS and incubated with fresh medium alone or medium containing 4-AN,
ATMi, caffeine and/or Chk2 inhibitor at the concentrations indicated above for up to 24 h.
Before the times specified (2-24 h) after the beginning of exposure to MMS, 10 μM BrdUrd
(Sigma-Aldrich) was added to the dishes for 2 h (ATRkd cells) or 1 h (AT and AT-comp cells)
to pulse-label the cells. Cells were washed with phosphate-buffered saline (PBS), harvested
by trypsinization, and then washed a second time with PBS. The cell pellet obtained after
centrifugation was resuspended in 100 μl of cold PBS, and the cells were dropped slowly into
70% ethanol and allowed to fix at 4°C overnight. The samples were washed, suspended in 2
N HCl containing 0.5% Triton X-100 and incubated for 30 min at room temperature to denature
DNA. The cell samples were pelleted, resuspended in 0.1 M sodium borate, pH 8.5, to
neutralize the acid, and then washed with PBS. Cells were then incubated at 4°C overnight
with 20 μl of anti-BrdUrd fluorescein isothiocyanate (FITC)-conjugated antibody (BD
Biosciences) in PBS containing 0.5% Tween 20 and 1% bovine serum albumin (BSA) and 5
μl of 10 mg/ml RNase (Sigma) stock solution. The following day the cells were pelleted,
washed with PBS, and resuspended in 1 ml of PBS containing 5 μg/ml of PI (Sigma-Aldrich).
The samples were analyzed by flow cytometry using ModFit LT software (Verity Software
House, Inc.). Data represent the mean of at least three independent experiments.
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2.4. Western blot analysis of ATM and phosphorylated Chk2
For Chk2 analysis, 3.3 × 106 cells were plated on 100-mm dishes one day prior to treatment
with MMS and 4-AN. For ATM immunoprecipitation experiments 7.5 × 106 cells were plated
on 150-mm dishes. In some experiments, the ATR kinase dead mutant protein was induced in
ATRkd cells by treatment with doxycycline (Dox) (1 μg/ml) for 48 h prior to any other
treatments. One day after plating, or following the induction of the ATRkd mutant, cells were
treated for 1 h with MMS (0.5 mM for ATRkd cells, 0.1 mM for AT and AT-comp cells), and
with 4-AN (10 μM), Dox (1 μg/ml), ATMi (10 μM), DNA-PK inhibitor NU7026 (10 μM)
(Sigma-Aldrich) or caffeine (2 mM) as indicated. Cells were then washed once with HBSS,
and incubated with medium alone or in medium containing inhibitors at the concentration
indicated above for up to a total of 20 h. For IR exposure, cells were plated as described above
one day prior to exposure. Before irradiation, cold medium was added to the cells and ice-cold
cells were irradiated in a 137Cs irradiator (8 Gy for ATRkd, or 15 Gy for AT and AT-comp
cells). Afterwards, cells were returned to warm medium and incubated for 2 h.

For preparation of whole cell extracts for analysis of Chk1 and Chk2, cell monolayers were
rinsed with PBS, scraped, collected into PBS and centrifuged. Cell pellets were resuspended
in Buffer I (10 mM Tris-HCl, pH 7.8, 0.2 M KCl, 25 mM NaF and complete protease inhibitor
cocktail (Roche)). An equal volume of Buffer II (10 mM Tris-HCl, pH 7.8, 0.2 M KCl, 25 mM
NaF, 2 mM EDTA, 40% glycerol, 0.2% NP-40 and 2 mM dithiothreitol (DTT)) was then added
as described previously [26]. The suspension was rotated for 1 h at 4°C and extracts were
clarified by centrifugation in a microcentrifuge at full speed for 10 min at 4°C. Total protein
concentration of extracts was determined by the Bradford assay using BSA as protein standard.

Whole cell extracts for analysis of ATM were prepared by washing cells twice in PBS,
suspending in lysis buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 25 mM NaF,
0.1 mM sodium orthovanadate, 0.2% Triton X-100, 0.3% NP-40 and complete protease
inhibitors (Roche) and incubation for 30 min on ice. Extracts were then clarified by
centrifugation in a microcentrifuge at full speed for 30 min at 4°C. [27].

Extract protein samples for Chk1 and Chk2 analysis (20 μg) were loaded onto 4-12% Bis-Tris
NuPAGE gels (Invitrogen) and electrophoresed in MOPS running buffer (50 mM MOPS, 50
mM Tris base, 0.1% SDS and 1 mM EDTA). Proteins were transferred to nitrocellulose filters
at 25 V overnight. Following transfer, filters were blocked in 5% nonfat dry milk in PBS with
0.1% Tween 20 (PBST) at room temperature for 1 h. Filters were then incubated overnight at
4°C with primary antibody, either rabbit polyclonal antibody directed against Chk2
phosphorylated at threonine 68 (T68) (1:500 dilution in PBST, Santa Cruz Biotechnology or
1:1,000 dilution in 1% nonfat dry milk in PBST, Cell Signaling), Chk1 phosphorylated at serine
345 (S345) (1:1,000 dilution in 5% BSA (PBST), Cell Signaling), rabbit antibody directed
against bulk Chk2 (1:500 dilution, Santa Cruz Biotechnology), mouse antibody directed against
bulk Chk1 (1:1,000 dilution, Santa Cruz Biotechnology) or mouse monoclonal antibody
directed against tubulin (1:20,000 dilution, Sigma-Aldrich). The following day filters were
blotted with anti-rabbit or anti-mouse IgG-horseradish peroxidase (HRP) conjugated
secondary antibody (1:10,000-50,000 dilution, Bio-Rad) and visualized using Super Signal
chemiluminescent detection (Thermo Scientific) according to the manufacturer's instructions.
In experiments where blots were probed with multiple primary antibodies, they were stripped
for 10 min at 37° C and 5 min at room temperature in Restore Western Blot Stripping Buffer
(Thermo Scientific), then washed twice in PBST.

For western blot analysis of ATM from extracts, samples containing 100 μg of total extract
protein each were run on 6% Tris-glycine SDS-PAGE. Proteins were transferred to
nitrocellulose at 25 V overnight. Following transfer, the filter was blocked in 5 % nonfat dry
milk in Tris-buffered saline with 0.1% Tween 20 (TBST). The filter was then incubated
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overnight at 4°C with mouse monoclonal antibody directed against ATM (1:500 dilution,
Genetex). The following day after blotting with anti-mouse IgG-HRP conjugated secondary
antibody (1:10,000 dilution, Bio-Rad), protein was visualized by chemiluminescent detection.

For Flag immunoprecipitation of ATM, monolayers were rinsed with PBS, scraped, collected
into PBS and centrifuged. Cells were suspended in 100 μl extraction buffer (20 mM HEPES-
KOH, pH 7.9, 25% glycerol, 450 mM NaCl, 50 mM NaF, 0.2 mM EDTA, 1μg/ml leupeptin,
1μg/ml aprotinin, 1μg/ml pepstatin, 0.25 mg/ml AEBSF, and 0.5 mM DTT), snap frozen in
liquid nitrogen and thawed on ice. Freeze/thaw cycles were repeated two more times. Extracts
were clarified by centrifugation in a microcentrifuge at full speed for 10 min at 4°C. Extracts
were then supplemented with NP-40 to 0.1% and mixed with 10 μl Flag M2-agarose (Sigma-
Aldrich) overnight at 4°C. The resin was then washed with 1 ml high salt wash buffer (20 mM
HEPES-KOH, pH 7.9, 10% glycerol, 450 mM NaCl, 50 mM NaF, 0.2 mM EDTA, 0.1% NP-40,
1μg/ml leupeptin, 1μg/ml aprotinin, 1μg/ml pepstatin, 0.25 mg/ml AEBSF, and 0.5 mM DTT).
The resin was collected by centrifugation and the wash buffer was discarded. This high salt
wash was repeated two more times. The resin was then washed in low salt buffer (20 mM
HEPES-KOH, pH 7.9, 10% glycerol, 100 mM NaCl, 50 mM NaF, 0.2 mM EDTA, 0.1% NP-40,
1μg/ml leupeptin, 1μg/ml aprotinin, 1μg/ml pepstatin, 0.25 mg/ml AEBSF, and 0.5 mM DTT)
twice in the same manner.

Samples were run on SDS-PAGE and western blotted as described above. Filters were
incubated overnight at 4°C with mouse monoclonal antibody directed against ATM
phosphorylated at serine 1981 (S1981; 1:1,000 dilution, Santa Cruz Biotechnology). After
blotting with anti-mouse IgG-HRP secondary antibody (1:10,000 dilution), chemiluminescent
detection was performed. Filters were then stripped using Restore Western Blot Stripping
Buffer as described above, and after washing twice in PBST, filters were incubated overnight
at 4°C with rabbit polyclonal antibody directed against bulk ATM (1:500 dilution, Santa Cruz
Biotechnology). Following blotting with anti-rabbit IgG-HRP secondary antibody (1:10,000
dilution), protein was detected by chemiluminescence.

3. Results
Previous observations indicate that, following inhibition of PARP activity combined with
MMS-mediated base damage, cells accumulate in S phase in an ATR-dependent manner
[11]. Increased levels of γ-H2A.X were detected suggesting that treatment resulted in formation
of DSBs. Since ATM is known to phosphorylate H2A.X and to mediate cell cycle responses
to DSB DNA damage, we propose an as yet unknown role for ATM and its downstream
effectors in this cell cycle checkpoint response to treatment with MMS and 4-AN.

3.1 Cellular sensitivity to MMS and PARP inhibition is enhanced in the absence of ATM
It is well known that cells have increased sensitivity to MMS when it is combined with the
PARP inhibitor 4-AN, thus highlighting the importance of PARP activity in the response to
MMS-mediated DNA damage. If inhibition of PARP activity following base damage leads to
the formation of DSBs, then the disruption of ATM-mediated signaling would impact the
cellular sensitivity to the MMS and PARP inhibitor combination. To address this possibility,
MMS cell survival assays were conducted using cells treated with an inhibitor of ATM or cells
that are defective in ATM expression.

Inhibition of ATM activity in ATRkd cells without Dox induction that have wild-type levels
of ATR, as well as ATM (Fig. 1B), resulted in sensitization to MMS (Fig. 1A, compare
diamonds (+ATMi) to circles). This increased MMS sensitivity in the presence of the ATM
inhibitor alone suggests a role for ATM in response to methylated DNA damage. The
combination of PARP and ATM inhibitors further enhanced MMS sensitivity (Fig. 1A,
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triangles). These results indicate that both PARP and ATM activities are critical for protection
against the cytotoxicity of methylated DNA damage, in addition to the importance of ATM in
mediating the DSB response.

To more directly measure the importance of ATM in the cellular response to PARP inhibition
during DNA damage, we performed similar cell survival experiments using a human fibroblast
cell line (AT) that carries an Ataxia-telangiectasia mutation, and a complemented cell line
expressing the wild-type ATM gene (AT-comp) [22]. As shown in Fig. 1B, ATM is
undetectable in the AT cells (lane 1), while complementation with wild-type ATM gene yields
levels of ATM protein comparable to levels detected in the positive control ATRkd cell line
(compare lanes 2 and 3).

Consistent with observations made above with ATRkd cells, inhibition of either ATM or PARP
activities increased the sensitivity of the AT-comp cells to MMS (Fig. 1C, left panel, compare
circles with diamonds (+ATMi) or squares (+4-AN)). Cells lacking ATM exhibited sensitivity
to MMS comparable to the sensitivity observed in the AT-comp cells treated with ATMi (Fig.
1C, compare open circles, right panel with closed diamonds, left panel). This suggests that
ATM plays a role in the response to base damage created by MMS. A similar hypersensitivity
to MMS in AT cells has been described previously [28]. Both panels in Fig. 1C represent results
obtained from the same set of experiments. Treatment with ATMi had no effect on sensitivity
to MMS in AT cells lacking ATM (right panel, compare circles with diamonds (+ATMi)). The
increase in MMS sensitivity in AT cells treated with 4-AN was nearly identical to the sensitivity
observed in the AT-comp cells treated with 4-AN and ATMi (compare open squares, right
panel with closed triangles, left panel) confirming the specificity of the ATMi. This result
highlights two important concepts. It suggests that inefficient BER as a result of inhibition of
PARP activity promotes accumulation of DSBs and additionally demonstrates the importance
of ATM in minimizing the cytotoxic effects of impaired BER and DSB production.

3.2 Role of ATM in checkpoint response to PARP inhibition during BER
In order to investigate the role of the ATM checkpoint response in PARP inhibited cells with
MMS-mediated base damage, we compared the accumulation of ATM-deficient and -
proficient cells in S and G2/M phases of the cell cycle. In untreated cell populations, the
proportion in S phase ranged from 40-50% (Fig. 2, left panel, diamonds), while in cell
populations treated with MMS and 4-AN as many as 70% were in S phase (squares and circles).
AT-comp cells treated with MMS and 4-AN accumulate in S phase between 4 and 20 h after
treatment, after which point the accumulation declines (closed squares). In the presence of
ATMi, accumulation of S phase cells occurs at around 5 h in the same manner as in cells with
active ATM. However, the proportion of S phase cells begins to decline at a much earlier time,
between 8-16 h (closed circles). Similarly, AT-deficient cells treated with MMS and 4-AN
exhibit a peak in S phase accumulation around 8 h after treatment that begins to decline at times
between 8-16 h (open squares). In the presence of caffeine, which is known to inhibit the
phosphorylation of substrates and checkpoint pathways that depend on ATM or ATR activity
[11,29-33], both AT and AT-comp cells failed to exhibit any substantial accumulation in S
phase over the same time period (data not shown). Our results suggest that ATR-dependent
pathways are important for initiation of the S phase delay [11] while ATM is required to
maintain the duration of this delay. Interestingly, it has been observed that both ATM and ATR
are required for maintaining an S phase delay in XRCC1-deficient cells 24 h after treatment
with MMS [17].

As the proportion of cells in S phase decreased at later times, there is a parallel accumulation
in G2/M (Fig. 2, right panel). The proportion of untreated cells in G2/M is maintained in the
range of 20-30% throughout the experiment (diamonds). The fraction of MMS and 4-AN
treated cells in G2/M reaches 60-70% at 24 h (squares and circles). For AT-comp cells, this
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accumulation in G2/M occurs between 16-20 h and is maintained until at least 24 h after the
start of treatment (closed squares). When ATM activity is inhibited, approximately 35% of
cells have accumulated in G2/M by 16 h (closed circles), while the majority remain in S phase
at 16 h where ATM is active (Fig. 2, left panel, closed squares). AT cells exhibit a similar
earlier onset of G2/M accumulation (Fig. 2, right panel, open squares) corresponding with their
earlier decline in S phase accumulation (compare Fig. 2, right and left panel open squares).
Accumulation of AT cells in S phase showed no change when treated with ATMi (data not
shown), indicating that the effects of ATMi on the cell cycle in the AT-comp cells are occurring
through a specific inhibition of ATM. Interestingly, G2/M accumulation in cells treated with
MMS and 4-AN reached the same level at 24 h regardless of whether ATM activity is present.
This indicates that while ATM is important for sustaining the S phase delay in response to
MMS and 4-AN treatment, it is not necessary for accumulation of G2/M cells. It is possible
that other checkpoint kinases redundant with ATM allow ATM-deficient cells to reach the
same level of G2/M accumulation as ATM-proficient cells. Future studies will determine
whether the G2/M accumulation involves activation of other damage response pathways.

The dependence of the duration of the S phase accumulation on ATM activity led us to question
whether Chk2, a downstream effector of ATM-mediated signaling, also plays any role. To
determine the contribution of Chk2, we compared the accumulation of S phase cells treated
with MMS and 4-AN in the absence and presence of an inhibitor of Chk2 kinase activity
[25]. As shown in Fig. 3A, left panel, treatment of AT-comp cells with Chk2 inhibitor II (white
bars) results in a more rapid decline in the number of cells in S phase between 16 and 24 h in
comparison to cells without inhibitor (gray bars). This disappearance of S phase cells was
accompanied by a corresponding earlier accumulation in G2/M (Fig. 3A, compare left and
right panels). Similar results were observed with an alternate Chk2 inhibitor (5-(2-amino-5-
oxo-1,5-dihydroimidazol-4-ylidine)-3,4,5,10-2H-azepino[3,4-b]indol-1-one) (data not
shown). These data indicate that Chk2, like ATM, is important for maintaining the S phase
delay initiated by inhibiting PARP during BER. Interestingly, in AT cells, the Chk2 inhibitor
resulted in a still earlier disappearance of S phase cells (between 8 and 16 h) (Fig. 3B, left
panel). This further reduction in the duration of the S phase delay in AT cells under conditions
of Chk2 inhibition suggests that checkpoint kinases in addition to ATM may contribute to the
activation of Chk2 and sustaining the S phase delay.

As shown in Fig. 2 and Fig. 3, ATM-deficient and -proficient cells display similar fractions in
S phase and G2/M 24 h after MMS and 4-AN. However, treatment of both cell lines with the
Chk2 inhibitor resulted in a lower proportion of cells in S phase and a corresponding greater
fraction in G2/M by 24 h. This difference in cell cycle profiles at 24 h with the Chk2 inhibitor
may reflect cross talk between multiple kinases serving redundant roles in signaling checkpoint
responses through Chk2. The inability to activate the shared downstream kinase, Chk2,
compromises the capacity to maintain the S phase delay and as a result cells accumulate earlier
in G2/M.

3.3. Phosphorylation of ATM and Chk2 in response to DNA base damage and PARP inhibition
The cell cycle experiments presented above (Fig. 3) are consistent with an ATM-independent
contribution to activation of Chk2 in our system. However, it is well-documented that, when
ATM is activated through autophosphorylation at S1981 (reviewed in [15]), it signals for cell
cycle checkpoint by phosphorylating T68 of Chk2 (reviewed in [34]). As shown in Fig. 4A,
ATM is phosphorylated at S1981 in AT-comp cells as early as 1 h after the start of treatment
with MMS and 4-AN (compare lanes 1 and 2, upper panel), and reaches a constant level by 4
h (lane 4). Bulk levels of ATM remained constant through the course of the experiment (Fig.
4, lower panel). Upon closer examination, it appears that phosphorylation of ATM begins as
early as 30 min after beginning treatment with MMS and 4-AN (Fig. 4B, compare lanes 1 and
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2). As expected, neither phosphorylated nor bulk levels of ATM were detectable in AT cells
(Fig. 4C, lanes 1 and 3). Thus it appears that ATM is rapidly activated in response to treatment
with MMS and 4-AN.

To ascertain whether the ATM-Chk2 checkpoint pathway is activated in response to MMS and
4-AN, we looked for phosphorylation of Chk2. Following treatment with MMS and 4-AN,
phosphorylation of Chk2 in AT-comp cells was observed as early as 1 h following the start of
treatment with MMS and 4-AN (Fig. 5A, upper panel, compare lanes 2 and 4). In AT cells,
phosphorylation of Chk2 was not detectable until approximately 8 h (lane 11). Extract from
AT-comp cells exposed to 15 Gy IR was included as a positive control for phosphorylation of
Chk2 (lane 13). To monitor bulk levels of Chk2, blots were reprobed with antibody that
recognizes Chk2. Note that phosphorylation of Chk2 is visible as slower migrating bands in
these Chk2 blots (Fig. 5A, middle panel). As a loading control, the blots were probed with
antibody against tubulin (Fig. 5A, lower panel). The temporal pattern of Chk2 phosphorylation
correlates with the requirement for ATM in maintaining S phase over the same period of time
(Fig. 2, left panel). Following treatment of ATRkd cells with MMS and PARP inhibitor,
phosphorylation of Chk2 at T68 is detectable as early as 4 h, and progressively increases over
time (Fig. 5B, upper panel). Thus, the time course of Chk2 phosphorylation observed in MMS
and 4-AN-treated ATRkd cells correlates with the accumulation of these cells in S phase
[11].

We next confirmed that Chk2 phosphorylation was dependent on the combined treatment with
MMS and 4-AN. Cells were treated with MMS and 4-AN together or individually for 1 h and
then incubated for an additional 19 h in the absence or presence of 4-AN. As shown in Fig.
6A, phosphorylation of Chk2 observed in AT-comp cells exceeded that in AT cells with MMS
plus 4-AN (compare lanes 1 and 2 with lanes 7 and 8). When either cell type was treated with
MMS or 4-AN individually, the level of Chk2 phosphorylation was negligible and comparable
to levels in ‘Mock’-treated cells (compare lanes 1 and 2 with lanes 3, 4, 5 and 6). Chk2
phosphorylation was also dependent on the combined treatment of MMS and 4-AN in ATRkd
cells (Fig. 6B). These results indicate that the combination of PARP inhibition and low dose
MMS-induced DNA damage is necessary for phosphorylation of Chk2 at T68.

While levels of Chk2 phosphorylation were greater in AT-comp cells, a significant level of
Chk2 phosphorylation was still detectable in AT cells 20 h after treatment with MMS and 4-
AN (Fig. 6A, compare lanes 1 and 7). This indicates that other kinases are involved in this
Chk2 response. ATRkd cells were used to determine the role of ATR. As shown in Fig. 7A,
caffeine reduced the level of Chk2 phosphorylation (lane 5). A specific ATM inhibitor also
resulted in a significant decrease in the levels of Chk2 phosphorylation following MMS and
4-AN treatment (compare lanes 2 and 4). Treatment of ATRkd cells with Dox induces
expression of a kinase dead ATR and creates a dominant-negative phenotype [21].
Phosphorylation of Chk2 was only moderately impaired by treatment with Dox (compare lanes
2 and 3, upper and middle panels), suggesting a minor role for ATR in phosphorylation of
Chk2 in response to MMS and 4-AN. As control for ATR activity, the same samples were
probed for phosphorylation of Chk1. As shown previously [11] and here, Chk1 phosphorylation
in response to MMS and 4-AN (Fig. 7B, compare lanes 1 and 2) is abrogated by treatment with
Dox (compare lanes 2 and 3). In contrast, cells treated with ATMi showed only a modest
reduction in Chk1 phosphorylation suggestive of a minor role for ATM in phosphorylating this
protein.

DNA-dependent protein kinase (DNA-PK) has also been reported to affect the phosphorylation
state of Chk2 following IR [35]. To determine whether DNA-PK had any role after treatment
with MMS and 4-AN, we analyzed the level of Chk2 phosphorylation in AT cells treated with
the DNA-PK inhibitor NU7026 (PKi). As shown in Fig. 7C, the level of Chk2 phosphorylation
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observed in AT cells was reduced with PKi treatment (compare lanes 3 and 5), providing
evidence that DNA-PK is involved in the response to MMS and 4-AN.

The results of this study identify the importance of ATM in the cellular response to inhibition
of PARP during MMS-mediated base damage. ATM plays an important role in prolonging the
S phase delay observed in MMS and 4-AN-treated cells and our observations suggest that ATM
signaling through Chk2 kinase is involved. However, the impact of caffeine on cell cycle
profiles and of ATR and DNA-PK on Chk2 phosphorylation in MMS and 4-AN treated cells
suggests there is cross-talk between multiple signaling pathways in this DNA damage response.

4. Discussion
4.1. Inactivation of PARP and replication-dependent DSB formation

The activity of PARP-1, the major isoform in the PARP family involved in DNA damage
responses, is required for efficient cellular BER (reviewed in [36]). PARP becomes activated
following binding to SSB intermediates formed during BER and as a result of this activation
and autoribosylation, its affinity for DNA is reduced allowing it to dissociate from its DNA
binding sites and facilitating access of repair proteins [8]. When cells are subjected to DNA
methylation along with PARP inhibition, PARP-1 remains bound to strand break intermediates
of repair. Prolonged DNA binding of inactivated PARP is potentially disruptive to the
completion of repair since it is likely to impair PARP-1-mediated recruitment of BER factors
as well as chromatin modification.

The persistence of SSBs and stabilization of PARP binding at DNA lesions in the presence of
4-AN may impair the progression of the replication machinery through the genome. A similar
situation occurring after inhibition of DNA topoisomerase I is known to negatively impact
DNA replication. Camptothecin stabilizes the topoisomerase I/DNA covalent complex,
resulting in persistent SSBs (reviewed in [37]), replication fork stalling, and DSB formation
due fork collapse.

We propose that PARP inhibition in the presence of methylated base damage also results in
formation of replication-dependent DSBs. Both SSBs and stabilized PARP-1 are potential
impediments to DNA replication, however, exposure to the combination of MMS and 4-AN
during S phase is critical for generating the observed replication defect [12]. We have
demonstrated that MMS combined with 4-AN results in an ATR- and Chk1-dependent S phase
delay [11,12]. It is well known that S phase delay following replication fork stalling is due to
ATR- and Chk1-mediated signaling (reviewed in [13]). As shown in Fig. 2, ATM is important
for sustaining the MMS and 4-AN-induced S phase delay. Combined treatment with MMS and
4-AN also results in increased levels of γ-H2A.X [11] and phosphorylation of Chk2 (Fig. 5).
Both of these phosphorylation events can be mediated by the kinase activity of ATM and have
been directly associated with the DSB response. However, we note that phosphorylation of
ATM, Chk2 and H2A.X has been associated with other forms of cellular stress [38-40]. With
this possibility in mind, preliminary experiments using Pulsed Field Gel Electrophoresis of
genomic DNA have been conducted and suggest that DSBs are formed following MMS and
4-AN treatment (Michelle Heacock, personal communication). Such evidence of DSB damage
occurring in the background of an S phase delay and ATR signaling events are compelling
evidence of replication fork collapse.

4.2. Dose dependence of methylation damage and PARP inhibitor
Previous studies have linked PARP inhibition and activation of ATM. For example, Haince et
al. reported that PARP inhibition diminished the ATM response to N-methyl-N′-nitro-N-
nitrosoguanidine (MNNG)-mediated DNA damage and suggested that poly(ADP-ribosyl)
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ation plays a direct role in ATM activation [41]. Bryant and Helleday demonstrated that 4-AN
treatment alone, and therefore inhibition of PARP during repair of endogenous base damage,
resulted in activation of ATM [42]. Additionally, PARP-1 has been shown to interact with and
to poly(ADP-ribosyl)ate ATM, and inhibition of PARP-1 has been shown decrease ATM
kinase activity towards several substrates, suggestive of a direct role for PARP in the ATM-
mediated response [43,44]. It should be noted that in some experiments cell treatments were
conducted at highly toxic concentrations. In one study, the concentration of MNNG was by
itself sufficient to reduce cell viability to less than 10% [41]. Another study utilized 4-AN at
a concentration 10-fold higher than in our experiments [42] and possibly leading to a similar
DSB formation and response as treating with lower doses of 4-AN combined with a base-
damaging agent. Here, we used MMS and 4-AN concentrations and exposure times that when
tested as single agents exhibited low toxicity. Furthermore, neither MMS nor 4-AN
individually under our conditions had detectable effects on the cell cycle (data not shown)
[11], or on Chk1 and Chk2 phosphorylation (Fig. 6). By combining low doses of MMS and 4-
AN in this way, we are able to demonstrate the impact of inhibition of PARP activity during
BER on the checkpoint response.

4.3. ATM response to DNA base damage and PARP inhibition
Our results indicate that the combination of methylated base damage and PARP inhibition
activates DSB-induced signaling pathways. Repair of DSBs is achieved through homologous
recombination (HR) or non-homologous end joining. Consistent with the enhanced MMS
sensitivity of ATM-mutant cells treated with 4-AN (Fig. 1B), cells lacking either Brca1 or
Brca2 also exhibit sensitivity to PARP inhibitors [45,46]. Brca1 and Brca2 are considered to
be important components of repair by HR since cells mutated in these genes exhibit deficiencies
in this repair pathway [47,48]. Presumably, the increased sensitivity of BRCA1 and -2 mutants
to PARP inhibitors reflects the impaired HR of DSBs resulting from replication fork collapse.
In contrast to our experimental system, where PARP inhibition required MMS-mediated base
damage to produce these effects, BRCA1 and -2 mutants were sensitive to PARP inhibitors
alone. It is likely that, in the absence of efficient HR, the levels of DSBs resulting from PARP
inhibition combined with endogenous base damage are detrimental to cell survival.

ATM-mediated signaling is also associated with HR. ATM is thought to activate an
exonuclease activity of the MRN (Mre11-Rad50-Nbs1) complex involved in the strand
resection step of recombination [49]. HR as a result of damage caused by inhibition of PARP
is also absent when cells lack ATM activity [42]. This apparent role for ATM, considered
together with the increased sensitivity to MMS when PARP and ATM activity are inhibited
(Fig. 1A and 1C), suggest that the cell utilizes HR for repair of DSB damage resulting from
PARP inhibition during BER.

Our results clearly demonstrated the importance of ATM in responding to DSBs resulting from
inhibition of PARP during BER. Although ATM was important for sustaining an S phase delay
(Fig. 2, left panel), Chk2 appeared to play a similar role that was independent of ATM (Fig.
3B). Phosphorylation of Chk2 in MMS and 4-AN-treated cells was still observed, albeit to a
lesser degree, in cells lacking ATM (Fig. 6A). We have shown here that ATR and DNA-PK
also contribute to the phosphorylation of Chk2 (Fig. 7B and C). Such functional redundancy
is not surprising. Both ATR and DNA-PK had been shown to phosphorylate Chk2 in response
to IR [35,50]. DNA-PK also was shown to phosphorylate Chk2 in response to high doses of
PARP inhibitors [42]. Overlapping roles for ATM and DNA-PK in the phosphorylation of
H2A.X in response to IR have been demonstrated [29,51]. We are currently investigating the
role DNA-PK plays a role in checkpoint signaling in response to PARP inhibition during BER.

In the study presented here, we provide an approach that combines a sub-lethal level of a DNA
methylating agent with a non-toxic concentration of a PARP inhibitor to inhibit cell growth.
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Similar clinical approaches are under consideration. For example, PARP inhibitors combined
with the chemotherapeutic methylating agent temozolomide have been used in experimental
systems to treat different tumors including glioblastoma, and colon and lung carcinoma
(reviewed in [6,20]) and clinical trials using PARP inhibitors and temozolomide are underway
[19]. Understanding how this approach impacts the cell at the molecular level, as demonstrated
here, should prove important for fully exploiting its potential in treating cancer.
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Fig. 1.
Increased cellular sensitivity to MMS in the absence of ATM and PARP activity. (A) Growth
inhibition of ATRkd cells (without Dox induction) treated with MMS alone for 1 h (control,
circles), MMS and ATMi (10 μM for 24 h) (+ATMi, diamonds), MMS and 4-AN (10 μM for
48 h) (+4-AN, squares) or MMS with ATMi and 4-AN (+4-AN+ATMi, triangles). (B) Western
blot analysis of extracts from AT cells transfected with complementation vector without cDNA
insert (AT), AT cells complemented with a wild-type ATM cDNA (AT-comp) and ATRkd
cells. (C) Growth inhibition of the AT-comp cells (left panel, closed symbols) or AT cells (right
panel, open symbols) when treated with MMS alone (control, circles), MMS and ATMi
(+ATMi, diamonds), MMS and 4-AN (+4-AN, squares) or MMS with ATMi and 4-AN (+4-
AN+ATMi, triangles) as in (A). Experiments were conducted as described in ‘Materials and
Methods.’ Results represent mean ± S.E.M of three independent experiments.
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Fig. 2.
Role of ATM in the cell cycle responses to PARP inhibition and MMS-mediated DNA damage.
S phase (left panel) and G2/M (right panel) accumulation of AT cells and AT-comp cells either
mock-treated or treated with MMS (0.1 mM for 1 h) and 4-AN (10 μM continuously), or AT-
comp cells treated additionally with ATMi (25 μM continuously). Results represent mean ±
S.E.M of three independent experiments. Experiments were conducted as described in
‘Materials and Methods’.
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Fig. 3.
Role of Chk2 in the cell cycle responses to PARP inhibition and MMS-mediated DNA damage.
(A) S phase accumulation (left panel) and G2/M accumulation (right panel) of AT-comp cells
after treatment with MMS (0.1 mM for 1 h) + 4-AN (10 μM continuously) without (gray bars)
or with Chk2 inhibitor II (1 μM continuously) (white bars). (B) S phase accumulation (left
panel) and G2/M accumulation (right panel) of AT cells after treatment with MMS + 4-AN
without (gray bars) or with Chk2 inhibitor II (white bars) as defined in panel A. Experiments
were conducted as described in ‘Materials and Methods.’ Results represent mean ± S.E.M of
three independent experiments.
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Fig. 4.
Phosphorylation of ATM in MMS + 4-AN-treated cells. (A and B) Flag antibody
immunoprecipitation of extracts from AT cells complemented with Flag-tagged ATM prepared
at the indicated timepoints after treatment with MMS (0.1 mM for 1 h) + 4-AN (10 μM
continuously). Samples were immunoblotted with antibody directed against phospho-S1981
ATM (upper panel) and bulk ATM (lower panel). (C) Flag immunoprecipitation of extracts
from AT cells (-ATM) or AT cells complemented with Flag-tagged ATM (AT-comp, +ATM)
20 h after mock-treatment or treatment with MMS (0.1 mM for 1 h) + 4-AN (10 μM
continuously). Samples were immunoblotted with antibodies as described in panel A.
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Fig. 5.
ATM-dependent phosphorylation of Chk2 in MMS + 4-AN-treated cells. (A) Extracts were
prepared at the indicated timepoints from AT cells (-ATM) or AT-comp (+ATM) cells treated
with MMS (0.1 mM for 1 h) + 4-AN (10 μM continuously), or 2 h after IR (15 Gy) as a positive
control. Samples were immunoblotted with antibody directed against phospho-T68 Chk2
(upper panel), bulk Chk2 (middle panel) and tubulin as a loading control (lower panel). (B)
Extracts were prepared at the indicated timepoints from ATRkd cells treated with MMS (0.5
mM for 1 h) + 4-AN (10 μM continuously). Samples were immunoblotted as described in panel
A.
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Fig. 6.
Phosphorylation of Chk2 depends on combined MMS and 4-AN treatment. (A) Extracts were
prepared from AT cells (-ATM) or AT-comp (+ATM) cells 20 h after mock-treatment, or
treatment with MMS (0.1 mM for 1 h), continuous 4-AN (10 μM) alone, or MMS + 4-AN.
Samples were immunoblotted with antibody directed against phospho-T68 Chk2 (upper panel),
bulk Chk2 (middle panel) and tubulin as a loading control (lower panel). (B) Extracts were
prepared from ATRkd cells 20 h after treatment with MMS (0.5 mM for 1 h), continuous 4-
AN (10 μM) alone, MMS + 4-AN, or 2 h after IR (8 Gy) as a positive control. Samples were
immunoblotted as described in panel A.
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Fig. 7.
ATR- and DNA-PK-dependent Chk2 phosphorylation in MMS and 4-AN treated cells. (A)
Extracts were prepared from ATRkd cells 20 h after mock-treatment, or treatment with MMS
(0.5 mM for 1 h) + 4-AN (10 μM continuously) alone (-), MMS + 4-AN combined with Dox
(Dox) (1 μg/ml; 48 h pretreatment and throughout the MMS + 4-AN exposure), MMS + 4-AN
with ATMi (10 μM continuously) (ATMi), MMS + 4-AN with caffeine (2 mM continuously).
Samples were immunoblotted with antibody directed against phospho-T68 Chk2 (upper panel),
bulk Chk2 (middle panel) and tubulin (lower panel). (B) Samples were prepared as described
in panel A and immunoblotted with antibody directed against phospho-S345 Chk1 (upper
panel), bulk Chk1 (middle panel) and tubulin (lower panel). (C) Extracts were prepared from
AT cells (-ATM) or AT-comp (+ATM) cells 20 h after mock-treatment, or treatment with
MMS (0.1 mM for 1 h) + 4-AN (10 μM continuously) or MMS and 4-AN with DNA-PK
inhibitor NU7026 (PKi) (10 μM continuously). Samples were immunoblotted as described in
panel A.
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