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hMSH2 Recruits ATR to DNA Damage Sites for Activation
during DNA Damage-induced Apoptosis*□
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DNA damage response (DDR) activates a complex signaling
network that triggers DNA repair, cell cycle arrest, and/or cell
death. Depending on the type and severity of DNA lesion, DDR
is controlled by “master” regulators including ATM and ATR
protein kinases. Cisplatin, a major chemotherapy drug that
cross-links DNA, induces ATR-dependent DDR, resulting in
apoptosis. However, it is unclear how ATR is activated. To identify the key regulators of ATR, we analyzed the proteins that
associate with ATR after cisplatin treatment by blue nativePAGE and co-immunoprecipitation. The mismatch repair protein hMSH2 was found to be a major ATR-binding protein.
Functionally, ATR activation and its recruitment to nuclear foci
during cisplatin treatment were attenuated, and DNA damage
signaling, involving Chk2, p53, and PUMA-␣, was suppressed in
hMSH2-deficient cells. ATR activation induced by the DNA
methylating agent N-methyl-N-nitrosourea was also shown to
be hMSH2-dependent. Intriguingly, hMSH2-mediated ATR
recruitment and activation appeared independent of replication
protein A, Rad17, and the Rad9-Hus1-Rad1 protein complex.
Together the results support a hMSH2-dependent pathway of
ATR activation and downstream Chk2/p53 signaling.

DNA damage response (DDR)3 is essential for the maintenance of the integrity of the genome (1–5). As a complex multistep process, DDR involves the recognition of DNA damage,
activation of DNA damage-responsive protein kinases, signal
amplification by downstream protein kinases, and activation of
the effector proteins that trigger various cellular processes. At
low levels of DNA damage, activation of DDR results in cell
cycle arrest and DNA repair. However, at higher doses, DDR
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signaling frequently results in cell death by apoptosis (1–5). The
phosphoinositide 3-kinase-related protein kinases, ATM (ataxiatelangiectasia mutated) and ATR (ATM- and Rad3-related), are
the key regulators of DDR (1– 8). Once activated, ATM and
ATR regulate an array of substrates including Chk1 and Chk2,
which culminate in DNA repair, cell cycle arrest, and/or apoptosis. Although ATM is generally activated by doublestranded DNA breaks, ATR activation can result from different
types of DNA lesion including single-stranded breaks, replication stress, base adducts, and DNA cross-links (8, 9). In the
canonical model, ATR activation involves the recruitment of
the ATR-ATRIP (ATR-interacting protein) and the Rad9Hus1-Rad1 (9-1-1) protein complexes to the DNA damage site
via replication protein A (RPA). As a result, the 9-1-1 complex
brings topoisomerase-binding protein-1 (TopBP1, an ATR
activator) close to ATR for ATR activation (1, 5, 8). However,
alternative pathways of ATR activation may exist. For example,
mismatch repair (MMR) proteins have been implicated in ATR
activation under certain experimental conditions (10 –12).
The MMR system is important for DNA replication and
repair (13–18). In mammalian cells, MMR is composed of five
MutS homologues (MSH) and four MutL homologue proteins.
The function of MMR is to first recognize DNA mismatches
and then help recruit DNA repair proteins to the mismatched
site (13–18). Although the role of MMR proteins in DNA replication and repair is well recognized, evidence has been
reported that these proteins may also function in DNA damage
signaling and consequent apoptosis (19 –21). Loss of one or
more MMR proteins renders the cells resistant to DNA-damaging chemotherapy drugs (22, 23). It has been proposed that
MMR proteins may detect DNA lesions and act as signaling
mediators for activation of cell death, a function that is independent of DNA repair (19). This possibility is supported by the
role of hMSH2 in cisplatin-induced genotoxic stress, where
hMSH2 preferentially binds to damaged DNA and the loss of
hMSH2 results in resistance to cisplatin-induced cell death
(24 –26). Remarkably, scattered evidence suggests that MMR
proteins may directly mediate ATR activation (10 –12). Despite
these findings, it remains unclear how MMR proteins participate in ATR activation and the consequent signaling.
Cisplatin is one of the most widely used and most potent
chemotherapeutic drugs (26 –29). Cisplatin-induced DNA
damage is not only responsible for its anti-cancer effects but
also contributes to its side effects in normal tissues including
nephrotoxicity in kidneys (30 –32). Cisplatin treatment results
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in ATR activation, which in turn phosphorylates and activates
Chk2, followed by p53 activation leading to pro-apoptotic gene
expression and cell death (30, 33–36). However, it is unclear
how ATR is activated during cisplatin treatment. Here we have
identified hMSH2 as a key sensor and mediator of ATR activation. Notably, hMSH2 recruits and activates ATR via a novel
pathway that appears independent of RPA, Rad17, and the
9-1-1 complex proteins. Importantly, hMSH2-mediated ATR
activation seems to specifically account for Chk2/p53 activation and apoptosis.

EXPERIMENTAL PROCEDURES
Materials
Cells—Immortalized wild-type and MSH2-deficient mouse
embryonic fibroblasts (MEF) were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum, 2 mM sodium
pyruvate, 2 mM glutamine, 100 IU penicillin, and 100 mg/ml
streptomycin as described (37). HEK and HeLa cell lines were
purchased from ATCC (Manassas, VA) and maintained in minimal essential medium with 10% fetal bovine serum, 1% glutamine, 1% non-essential amino acids, and 1% antibiotics.
Antibodies—Goat polyclonal anti-ATR were from Santa
Cruz Biotechnology (Santa Cruz, CA); anti-9-1-1 proteins,
mouse monoclonal anti-MSH2, anti-p53, rabbit monoclonal
anti-MSH2, rabbit polyclonal anti-ATR, anti-Chk2, antiPUMA (p53 up-regulated modulator of apoptosis), anti-phospho-p53, anti-phospho-Chk1, anti-phospho-Chk2, and antiphospo-H2AX antibodies were from Cell Signaling Technology
(Beverly, MA); mouse monoclonal anti-␤-actin was from Sigma; rabbit polyclonal anti-Chk1 was from Epitomics (Burlingame, CA). All of the primary antibodies were used at 1:1000
dilution for Western blot analysis; all of the secondary antibodies were from Jackson ImmunoResearch (West Grove, PA).
Special Reagents—MSH2 and control shRNA plasmids were
purchased from SABiosciences Corporation (Frederick, MD).
Carbobenzoxy-DEVD-7-amino-4-trifluoromethyl coumarin
and 7-amino-4-trifluoromethyl coumarin for caspase assay
were purchased from Enzyme Systems Products (Dublin, CA).
Unless indicated, all other reagents including cisplatin and
N-methyl-N-nitrosourea (MNU) were from Sigma.
Cisplatin and MNU Treatment of Cells
Cisplatin treatment was conducted as described in our recent
work (33, 38 – 40). Cisplatin was used at 25 M for HeLa cells, 20
M for MEF cells, and 50 M for HEK cells. These doses were
selected because dose-response experiments showed that at
these doses the different cell lines showed 40 –50% apoptosis at
⬃24 h. MNU was used at 2.5 mM for HeLa cells and MEF cells.
After treatment, the cells were morphologically analyzed or
harvested to collect cell lysates for various biochemical
analyses.
BN-PAGE
BN-PAGE was performed to reveal protein complexes
according to standard protocols (41, 42). Briefly, control or cisplatin-treated cells were lysed with a lysis buffer containing
0.2% Triton X-100, 0.2% dodecylmaltoside, 137 mM NaCl, 2 mM

10412 JOURNAL OF BIOLOGICAL CHEMISTRY

EDTA, 10% glycerol, 20 mM Tris-HCl, and protease and phosphatase inhibitors. The cell lysates were then dialyzed and
loaded on a 4 –15% gradient BN-PAGE. The samples in the
wells were further overlaid with Coomassie Blue solution. After
electrophoresis, the gel was subjected to Coomassie Blue staining or immunoblot analysis. To identify the ATR-interacting
proteins, duplicate samples were run on a single BN-PAGE gel,
half of which was used for immunoblot analysis of ATR,
whereas the other half was stained with Coomassie Blue to
excise the corresponding ATR complex band for mass spectrometry at the Genomics and Proteomics Core Facility of
Medical College of Georgia.
shRNA Transfection
The cells were plated to reach 50 – 60% confluence for transfection with 1 g of control shRNA or hMSH2 shRNA plasmid
using Lipofectamine 2000TM reagent (Invitrogen). G418 was
added 16 h later at a final concentration of 800 g/ml for selection of stably transfected cells. The gene sequences used to
design the shRNA are: GAGTTCCTGTCCAAGGTGAA for
human hMSH2 and GGAATCTCATTCGATGCATAC for
control.
Analysis of Apoptosis and Caspase Activation
Apoptosis was examined by morphological methods as
described previously (33, 39, 40). Briefly, the cells were stained
with Hoechst 33342 to record cellular morphology by phase
contrast microscopy, and nuclear morphology was observed by
fluorescence microscopy. The cells with typical apoptotic morphology (cellular shrinkage, nuclear condensation and fragmentation, and formation of apoptotic bodies) were counted to
determine the percentage of apoptosis. To measure caspase activity, the cells were extracted with 1% Triton X-100 to collect lysate
for an enzymatic reaction containing 50 M carbobenzoxyDEVD-7-amino-4-trifluoromethyl coumarin. The fluorescence
reading from the enzymatic reaction was used to determine the
caspase activity as described previously (33, 39, 40).
Co-immunoprecipitation
The cells were lysed with IP lysis buffer in the presence of
protease and phosphatase inhibitors at 4 °C and then subjected
to immunoprecipitation as described previously (33, 39). The
immunoprecipitates were resuspended in SDS buffer for gel
electrophoresis, followed by immunoblot analysis using specific antibodies against ATR and hMSH2.
Biochemical Analysis of Chromatin-associated Proteins
Small scale chromatin isolation was performed as described
by others (43). Briefly, the cells were resuspended in buffer A
(10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M
sucrose, 10% glycerol, 1 mM DTT, protease, and phosphatase
inhibitors). Subsequently, 0.1% Triton X-100 was added to
incubate the cells at 4 °C for 5–10 min followed by low speed
centrifugation to collect nuclei. The nuclei were then washed
with buffer A followed by lysis in buffer B (3 mM EDTA, 0.2 mM
EGTA, 1 mM DTT, protease, and phosphatase inhibitors).
Chromatin was collected by centrifugation, washed once with
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buffer B, and resuspended in SDS buffer for electrophoresis and
immunoblot analysis.
Immunoblot Analysis
A standard protocol of immunoblot analysis was followed.
Briefly, protein concentration was determined by using the
bicinchoninic acid reagent (Pierce). Equal amounts (usually 20
g) of protein were loaded in each lane for electrophoresis,
followed by transferring onto polyvinylidene difluoride membranes. The blots were then incubated sequentially in blocking
buffer, primary antibody, and the horseradish peroxidase-conjugated secondary antibody. Antigen signal was revealed by
using the enhanced chemiluminescence kit from Pierce.
Dual Immunofluorescence Staining
The cells were grown on glass coverslips for indirect immunofluorescence as described previously (33, 39). Briefly, the
cells were fixed with 4% paraformaldehyde and permeabilized
with 0.4% Triton X-100 in a blocking buffer. The cells were then
exposed to two primary antibodies, followed by incubation with
a mixture of FITC-labeled goat anti-rabbit and Cy3-labeled
donkey anti-goat secondary antibodies. After washes, the coverslips were mounted on slides with Antifade for examination
by confocal microscopy using Cy3 and FITC channels.
Statistics
Qualitative data and cell images are representatives of at least
three experiments. Quantitative data were expressed as the
means ⫾ S.D. Statistical analysis was conducted using
GraphPad Prism software. Statistical differences were calculated using Student’s t test. p ⬍ 0.05 was considered significantly different.

RESULTS
hMSH2 Associates with ATR during Cisplatin Treatment—
Cisplatin treatment activates ATR to trigger a signaling cascade, leading to apoptosis (33, 34); however, it is unclear how
ATR is activated and regulated. To identify the regulators of
ATR, we analyzed the proteins that associate with ATR during
cisplatin treatment by BN-PAGE. Cell lysates were collected
from control and cisplatin-treated cells for BN-PAGE. Immunoblot analysis of ATR following BN-PAGE showed free ATR
and ATR complexes at higher molecular weight positions (Fig.
1A, left panel). Compared with control cell lysate, a major ATR
complex was notably increased in the lysate of cisplatin-treated
cells. This complex was excised from the BN-PAGE gel and
subjected to mass spectrometry, which identified several proteins including ATR, ATRIP, and hMSH2, an MMR protein
that has been implicated in ATR regulation (10 –12). To confirm hMSH2-ATR interaction, we conducted co-immunoprecipitation assays. ATR was immunoprecipitated from
untreated or cisplatin-treated cells, and the resultant immunoprecipitates were analyzed for the presence of hMSH2. As
shown in Fig. 1B, cisplatin treatment induced hMSH2-ATR
association in a time-dependent manner.
hMSH2-deficient Cells Are Resistant to Cisplatin-induced
Apoptosis and DNA Damage Signaling—The presence of
hMSH2 in ATR complex (Fig. 1) suggests that hMSH2 may
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FIGURE 1. hMSH2 associates with ATR during cisplatin treatment of HEK
and HeLa cells. A, BN-PAGE analysis. HEK cells were treated with 50 M cisplatin for 4 h to collect lysate for BN-PAGE followed by Coomassie Blue staining (right panel) or immunoblot analysis of ATR (left panel). The ATR-containing protein complex band that was induced during cisplatin treatment was
exercised from the BN-PAGE gel for mass spectrometry. A major protein in
this complex was identified to be hMSH2. B, co-IP analysis. HeLa cells were
treated with 25 M cisplatin for 0, 2, and 4 h to collect lysate for IP using a
specific anti-ATR antibody. The precipitates were then analyzed for ATR and
hMSH2 by immunoblot analysis using specific antibodies. Two controls were
included in the co-IP analysis: Beads, protein A/G-agarose beads were incubated with cell lysates in the absence of anti-ATR antibody; Ab, protein A/Gagarose beads were incubated with anti-ATR antibody in the absence of cell
lysates.

regulate ATR and ATR-associated cellular response during cisplatin treatment. A notable cellular response following ATR
activation during cisplatin treatment is apoptosis (30, 33–36).
To determine the role of hMSH2 in cisplatin-induced apoptosis, wild-type and hMSH2-deficient (hMSH2⫺/⫺) MEF cells
were incubated with 20 M cisplatin treatment for 16 h (Fig.
2A). Many wild-type cells showed the typical morphology of
apoptosis, including cellular shrinkage, formation of apoptotic
bodies, and nuclear condensation and fragmentation. Significantly less apoptosis was induced by cisplatin in hMSH2⫺/⫺
cells (Fig. 2B). Moreover, cisplatin induced a marked increase in
caspase activity in wild-type cells, which was attenuated in
hMSH2⫺/⫺ cells (supplemental Fig. S1). In addition, cisplatininduced apoptosis in HEK cells was suppressed by hMSH2
knockdown via shRNA (Fig. 2C and supplemental Fig. S2; partial hMSH2 knockdown via shRNA in HEK cells shown in supplemental Fig. S3). Taken together, these results suggest that
hMSH2 plays an important role in apoptotic signaling during
cisplatin treatment.
A major signaling pathway leading to apoptosis during
cisplatin treatment involves the sequential activation of
ATR, Chk2, p53, and the consequent transcriptional up-regulation of pro-apoptotic genes such as PUMA-␣ (33). Based
on the above observations of hMSH2/ATR association and
its role in cisplatin-induced apoptosis, we hypothesized that
hMSH2 contributes to the ATR-initiated DNA damage
response during cisplatin treatment. To test this possibility,
we initially compared cisplatin-induced Chk2 activation in
wild-type and hMSH2⫺/⫺ MEF cells. As shown in Fig. 2D,
Chk2 was activated (phosphorylation at threonine 68) after
8 h of cisplatin treatment in wild-type cells, but not in
hMSH2⫺/⫺ cells, suggesting that hMSH2 is required for
ATR-mediated Chk2 activation under these conditions. In
contrast, cisplatin induced Chk1 activation (phosphorylation at Serine-345) in both wild-type and hMSH2⫺/⫺ cells
(Fig. 2D), suggesting that Chk1 activation during cisplatin
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FIGURE 2. hMSH2-deficient cells are resistant to cisplatin-induced apoptosis and DNA damage signaling. A, wild-type and hMSH2⫺/⫺ MEF cells
were left untreated (control) or treated with 20 M cisplatin for 16 h. The cells
were fixed and stained with Hoechst 33342 to record cell and nuclear morphologies. B, wild-type and hMSH2⫺/⫺ MEF cells were treated as in A. The cells
with apoptotic morphology were counted to determine the percentage of
apoptosis. C, HEK cells were transfected with control or hMSH2 shRNA. The
cells were then left untreated (⫺) or treated with 50 M cisplatin (⫹) for 16 h.
The cells were finally fixed and stained with Hoechst 33342 to count the cells
with apoptotic morphology to determine the percentage of apoptosis.
D, wild-type and hMSH2⫺/⫺ MEF cells were treated with 20 M cisplatin for 0,
4, or 8 h to collect whole cell lysate for immunoblot analysis of phosphorylated (threonine 68) Chk2, total Chk2, phosphorylated (serine 345) Chk1, total
Chk1, phosphorylated p53, PUMA-␣, phosphorylated H2AX (␥-H2AX),
hMSH2, and ␤-actin (sample loading control). The data in B and C are
expressed as the means ⫾ S.D. (n ⫽ 4). *, p ⬍ 0.001 versus control; #, p ⬍ 0.001
versus cisplatin-treated wild-type cells.

treatment is hMSH2-independent. We further showed that
cisplatin-induced p53 activation (phosphorylation at serine
15) was abrogated in hMSH2⫺/⫺ cells, and downstream of
p53, PUMA-␣ induction by cisplatin was also ameliorated in
hMSH2⫺/⫺ cells (Fig. 2D). Furthermore, cisplatin-induced
Chk2 and p53 activation and PUMA-␣ expression were suppressed by partial hMSH2 knockdown in HEK cells (supplemental Fig. S3). Together the results suggest that hMSH2
may interact with ATR and participate in ATR activation
during cisplatin treatment, leading to a rapid DNA damage
response that results in apoptosis.
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FIGURE 3. hMSH2 is required for ATR recruitment to nuclear foci during
cisplatin treatment. A, dual immunofluorescence of ATR and ␥-H2AX. Wildtype and hMSH2⫺/⫺ MEF cells were either left untreated or treated with 20 M
cisplatin for 6 h. The cells were then fixed for dual immunofluorescence using
antibodies to ATR (red) and ␥-H2AX (green). B, cells were treated as in A. The
ATR staining was evaluated to determine the percentage of cells with ATR
nuclear foci. C, HEK cells were transfected with control or hMSH2 shRNA. The
cells were then left untreated (⫺) or treated with 50 M cisplatin (⫹) for 6 h.
The cells were fixed for ATR and ␥-H2AX dual immunofluorescence to determine the percentage of cells with ATR nuclear foci. D, wild-type and
hMSH2⫺/⫺ cells were untreated or treated with cisplatin for 2 h to isolate the
chromatin fraction for immunoblot analysis. The results are representative of
at least three separate experiments.

hMSH2 Is Required for ATR Accumulation to DNA Damage
Sites during Cisplatin Treatment—To understand how hMSH2
regulates ATR, we focused on ATR accumulation to nuclear
foci or DNA damage sites, a key regulatory step in ATR activation (1, 8). In control cells, ATR staining was diffuse in the
nucleus (Fig. 3A). After cisplatin treatment, ATR formed
nuclear foci in wild-type cells and co-localized with ␥H2AX, a
DNA damage response protein. However, the accumulation of
ATR and ␥H2AX to nuclear foci was significantly diminished in
hMSH2⫺/⫺ cells (Fig. 3A). To quantify these results, we
counted the cells with ATR nuclear foci. As shown in Fig. 3B,
68% of wild-type cells showed ATR nuclear foci, whereas only
22% of hMSH2⫺/⫺ cells showed ATR nuclear foci after cisplatin
treatment.
We further examined ATR nuclear foci formation in hMSH2
knockdown HEK cells. Cisplatin treatment for 6 h induced ATR
nuclear foci in 74% of control shRNA-transfected cells but in
VOLUME 286 • NUMBER 12 • MARCH 25, 2011
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FIGURE 4. MSH recruits ATR independently of RPA, Rad17, and 9-1-1. A, wild-type and hMSH2⫺/⫺ cells were treated with 20 M cisplatin for 4 h and
processed for immunofluorescence staining of ATR, Rad9, Hus1, and Rad17. B, HEK cells transfected with control (Con-shRNA) or hMSH2 shRNA were treated
with 50 M cisplatin for 4 h and processed for immunofluorescence of ATR, ATRIP, Rad9, Hus1, Rad1, and Rad17. C, HEK cells were transfected with control
shRNA, hMSH2 shRNA, Rad9 siRNA, or Hus1 siRNA. The cells were then treated with 50 M cisplatin for 4 h and processed for immunofluorescence of indicated
proteins. D, HEK cells were transfected with control siRNA or RPA siRNA. The cells were then left untreated or treated with 50 M cisplatin for 4 h and processed
for immunofluorescence of ATR. E, HEK cells were transfected with control siRNA or RPA siRNA. The cells were then left untreated or treated with 50 M cisplatin
for 4 h. Whole cell lysate was collected for immunoblot analysis of indicated proteins. The data in A–C are expressed as the means ⫾ S.D. (n ⫽ 3, ⬎200 cells
evaluated for each condition). *, p ⬍ 0.001 versus wild-type cells in A and B, p ⬍ 0.001 versus control shRNA transfected cells in C, and p ⬍ 0.001 versus untreated
cells in D.

only 28% hMSH2 shRNA-transfected cells (Fig. 3C and supplemental Fig. S4). To validate the immunostaining results, chromatin was isolated to analyze chromatin-bound ATR by immunoblot analysis. After 2 h of cisplatin treatment, a marked
association of both ATR and hMSH2 with the chromatin was
observed in wild-type cells, which was blocked in hMSH2⫺/⫺
cells (Fig. 3D). The results suggest that hMSH2 is required for
the recruitment of ATR to nuclear foci during cisplatin treatment to trigger DNA damage signaling.
hMSH2 Recruits ATR to Nuclear Foci Independently of 9-1-1,
Rad17, and RPA—In the canonical pathway of ATR activation,
the single-stranded DNA-coating protein RPA binds and
recruits ATR/ATRIP to processed DNA damage sites, whereas
Rad17 loads the 9-1-1 complex. 9-1-1 recruits TopBP1, which
then interacts and activates ATR (1, 5, 8). A role for hMSH2 in
this pathway is unclear. To address this, we first determined
whether hMSH2 mediates Rad17 or 9-1-1 loading to nuclear
foci during cisplatin treatment. In wild-type cells, over 70% of
the cells formed ATR nuclear foci during cisplatin treatment,
but only 20 –30% displayed Rad9/Hus1/Rad17 nuclear foci (Fig.
MARCH 25, 2011 • VOLUME 286 • NUMBER 12

4A and supplemental Fig. S5). Importantly, the formation of
ATR nuclear foci, but not Rad9/Hus1/Rad17 nuclear foci, was
suppressed in hMSH2⫺/⫺ cells (Fig. 4A and supplemental Fig.
S5). Moreover, knockdown of hMSH2 in HEK cells did not
block the formation of 9-1-1 and Rad17 nuclear foci during
cisplatin treatment, although the formation of ATR/ATRIP
nuclear foci was attenuated (Fig. 4B). These results suggest that
hMSH2, although essential for ATR recruitment, does not
mediate Rad17 or 9-1-1 loading to the DNA damage sites under
the experimental condition. We then determined the role of
9-1-1 proteins in cisplatin-induced ATR nuclear foci formation. Knockdown of Rad9 and Hus1 (confirmed in supplemental Fig. S6) had little effect on ATR nuclear foci formation,
whereas a marked inhibition was demonstrated for hMSH2
knockdown (Fig. 4C). These data suggest that hMSH2 might
regulate ATR activation in a 9-1-1 complex-independent
manner.
In the canonical pathway of ATR activation, RPA is the direct
ATR/ATRIP recruiter (1, 5, 8). We therefore determined
whether hMSH2-mediated ATR activation involves RPA.
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 5. hMSH2 recruits ATR for activation during MNU treatment.
A, wild-type and hMSH2⫺/⫺ cells were left untreated or treated with 2.5 mM
MNU for 72 h. The cells with typical apoptotic morphology were counted to
determine the percentage of apoptosis. B, Wild-type and hMSH2⫺/⫺ cells
were treated with 2.5 mM MNU for 0 – 48 h to collect whole cell lysate for
immunoblot analysis of phosphorylated (threonine 68) Chk2, total Chk2,
phosphorylated (serine 15) p53, hMSH2, and ␤-actin. C, wild-type and
hMSH2⫺/⫺ cells were left untreated or treated with 2.5 mM MNU for 12 h. The
cells were then processed for immunofluorescence analysis of ATR, Rad9,
Hus1, and Rad17. The staining of these proteins was evaluated to determine
the percentage of cells with nuclear foci formation for each of the proteins.
The data in A and C are expressed as the means ⫾ S.D. (n ⫽ 3). In A, *, p ⬍ 0.001
versus untreated cells; #, p ⬍ 0.001 versus cisplatin-treated wild-type cells. In
C, *, p ⬍ 0.001 versus cisplatin-treated wild-type cells.

Despite some marginal effects, RPA knockdown did not abrogate cisplatin-induced ATR foci formation in HEK cells (Fig.
4D). We then collected cell lysates to analyze DNA damage
signaling (Fig. 4E). RPA knockdown (⬎90%) by siRNA in this
experiment was first confirmed (Fig. 4E). Notably, cisplatininduced Chk1 activation was attenuated in RPA knockdown
cells. However, in these cells Chk2 and p53 activation was not
blocked; rather it appeared enhanced (Fig. 4E). Because both
Chk1 and Chk2 depend on ATR for activation in this experimental model (33), the results suggest the existence of two ATR
activation pathways, one of which is mediated by RPA and
relays a signal to Chk1, whereas the other depends on hMSH2
and is responsible for Chk2 activation (see “Discussion”).
Role of hMSH2 in ATR Recruitment, Activation, and Signaling during MNU Treatment—To determine whether hMSH2
regulates ATR in other DNA damage models, we examined the
effects of MNU, a DNA methylating agent (44). We first monitored MNU-induced apoptosis in wild-type and hMSH2⫺/⫺
MEF cells. MNU treatment induced over 30% apoptosis in wildtype cells within 72 h, but only 6% apoptosis in hMSH2⫺/⫺ cells,
supporting a role for hMSH2 in the DNA damage signaling of
MNU (Fig. 5A). Moreover, MNU-induced Chk2 and p53 phosphorylation or activation was suppressed in hMSH2⫺/⫺ cells
(Fig. 5B). We further examined ATR accumulation to DNA
damage sites. MNU treatment induced ATR nuclear foci in 61%
of wild-type cells, which was suppressed to 22% in hMSH2⫺/⫺
cells (Fig. 5C). In sharp contrast, the formation of Rad9, Hus1,
and Rad17 nuclear foci was not affected by hMSH2 deficiency
(Fig. 5C).
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Cisplatin and related platinum compounds are widely used
chemotherapy drugs for the treatment of solid tumors (26 –29).
A major mechanism of their therapeutic effects is mediation by
cross-linking DNA, leading to stalled or collapsed replication
forks, resulting in a rapid DDR and apoptosis (26 –29). In the
DDR, ATR acts as an upstream signaling trigger, which phosphorylates and activates Chk1 and Chk2 to further activate p53,
resulting in the expression of apoptotic genes (e.g. PUMA-␣)
and apoptosis (26 –29, 33). The present study has identified
hMSH2, a MMR protein, as a key regulator of ATR during cisplatin-induced DDR and apoptosis. We show that during cisplatin treatment, hMSH2 binds ATR and recruits it to the DNA
damage site for activation. This finding provides new insights
into the molecular basis of the chemotherapeutic effects of cisplatin and related platinum compounds.
MMR proteins, including hMSH2, have been implicated in
DDR-associated apoptosis (19 –21). Our present study, using
both hMSH2 knock-out and knockdown cells, provides further
support for this role of MMR proteins as DNA damage sensors.
Moreover, we show that hMSH2 contributes to apoptosis by
regulating ATR/Chk2/p53 signaling. As a result, in the cells
with complete loss or reduced hMSH2 protein, cisplatinand MNU-induced ATR/Chk2/p53 activation was ameliorated, which was accompanied by the suppression of proapoptotic gene expression and lower apoptosis (Figs. 2 and
5). Thus, although both p53-dependent and -independent
mechanisms may underlie the apoptotic resistance of MMRdeficient cells (20, 45, 46), in our study the effect appears
largely p53-dependent.
Two models have been proposed to account for the MMR
involvement in DNA damage signaling and apoptosis (13, 17,
19, 47). The futile cycle model emphasizes DNA repair as the
single function of MMR. According to this model, a futile
attempt of the MMR system to repair damaged DNA creates
strand breaks, leading to DDR and apoptosis. The direct signaling model, however, proposes two distinct functions for MMR:
DNA repair and DNA damage signaling. In this model, MMR
proteins may directly mediate DNA damage signaling to result
in cell death. Apparently, these two models are not mutually
exclusive and are both supported by good experimental evidence (13, 17, 20, 21, 47). Our results suggest that during cisplatin and MNU treatment, hMSH2 directly participates in
ATR recruitment and activation, leading to DNA damage signaling followed by apoptosis. These observations not only support a direct role for MMR proteins in DNA damage signaling
but have also pinpointed ATR as a key regulatory target.
In 2003, Wang and Qin (10) demonstrated hMSH2/ATR
interaction during DNA damage induced by the methylating
agent N-methyl-N⬘-nitro-N-nitrosoguanidine. Interestingly, in
this model hMSH2/ATR was suggested to initiate two different
signaling pathways for Chk1 and SMC1 (structure maintenance
of chromosome) phosphorylation (10). Using an in vitro assay,
Yoshioka et al. (11) further showed that the binding of ATR to
mismatched DNA sequences requires MMR proteins. The latest study by Liu et al. (12) used nuclear extracts and recombinant proteins to systematically analyze the molecular interacVOLUME 286 • NUMBER 12 • MARCH 25, 2011
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apoptosis (Fig. 2), whereas knockdown of RPA and Rad9 sensitized the cells to apoptosis during cisplatin treatment (supplemental Fig. S7). Whether one or both pathways are activated
may depend on the type and extent of DNA damage. Further
dissection of the ATR activation pathways and delineation of
their potential cross-talk may shed significant new light on the
cellular response of DNA damage and lead to refined therapeutic protocols.
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