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Sn1 DNA methylating agents such as the nitrosourea N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) elicit a G,/M
checkpoint response via a mismatch repair (MMR) system-dependent mechanism; however, the exact nature of the
mechanism governing MNNG-induced G,/M arrest and how MMR mechanistically participates in this process are
unknown. Here, we show that MNNG exposure results in activation of the cell cycle checkpoint kinases ATM, Chk1, and
Chk2, each of which has been implicated in the triggering of the G,/M checkpoint response. We document that MNNG
induces a robust, dose-dependent G, arrest in MMR and ATM-proficient cells, whereas this response is abrogated in
MMR-deficient cells and attenuated in ATM-deficient cells treated with moderate doses of MNNG. Pharmacological and
RNA interference approaches indicated that Chk1 and Chk2 are both required components for normal MNNG-induced
G, arrest. MNNG-induced nuclear exclusion of the cell cycle regulatory phosphatase Cdc25C occurred in an MMR-
dependent manner and was compromised in cells lacking ATM. Finally, both Chk1 and Chk2 interact with the MMR
protein MSH2, and this interaction is enhanced after MNNG exposure, supporting the notion that the MMR system

functions as a molecular scaffold at the sites of DNA damage that facilitates activation of these kinases.

INTRODUCTION

Cells are continually exposed to numerous forces and toxins
capable of damaging DNA. To ensure maintenance of ge-
nome stability, cells have evolved a complex set of mecha-
nisms to appropriately respond to genotoxic damage. Such
responses include genome surveillance and DNA repair,
activation of cell cycle checkpoints, and apoptosis. Tumor
initiation and progression are directly linked to genomic
instability and often correlate with loss of gene(s) involved
in genome damage response (Hartwell and Kastan, 1994;
Loeb et al., 2003). Paradoxically, many cancer treatment reg-
imens induce DNA damage and exert their therapeutic ef-
fects through activation of growth arrest or apoptotic re-
sponses. Thus, elucidating the mechanisms and molecules
that govern DNA damage response is key to understanding
the molecular basis of both tumor formation and the thera-
peutic effects of many anticancer drugs.

The nitrosourea N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) is a well characterized monofunctional DNA alky-
lating agent. The cytotoxic and mutagenic potential of
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MNNG is chiefly attributable to its ability to alkylate (meth-
ylate) the O®-position of guanine, resulting in formation of
O%-methylguanine (O°MeG) adducts (Goldmacher et al.,
1986; Karran and Bignami, 1992). O°MeG forces O°MeG-T
mispairing after DNA replication due to blocking of a hy-
drogen bonding position involved in complementary base
pairing. This mutagenic lesion is primarily repaired via di-
rect demethylation by the DNA repair protein methylgua-
nine-DNA methyltransferase (MGMT) (Lindahl ef al., 1982).
Moreover, loss of MGMT activity renders cells extremely
sensitive to MNNG and like alkylators (Kalamegham et al.,
1988), underscoring the role that O°MeG lesions play in
triggering response to this drug. O°MeG lesions are also
recognized and repaired by the mismatch repair (MMR)
system (Griffin ef al., 1994; Duckett et al., 1996).

In response to MNNG and other methylators, cells un-
dergo a robust G,/M arrest (Plant and Roberts, 1971; Gold-
macher et al., 1986), in contrast to ionizing radiation (IR) and
UV light, which trigger both G,/S and G,/M checkpoints
(Kastan et al., 1991; Kaufmann and Wilson, 1994). Further-
more, unlike response to IR, which results in establishment
of growth arrest within hours after exposure, cells treated
with MNNG undergo arrest in a delayed manner correlating
with the observation that cells progress through one cell
division before arresting after the second S phase after drug
exposure (Plant and Roberts, 1971; Goldmacher et al., 1986;
Zhukovskaya et al., 1994). Although little is known concern-
ing the pathways that govern cell cycle checkpoint activa-
tion in response to alkylation-induced DNA damage, nu-
merous groups have shown that activation of G,/M arrest in
response to such genotoxins is dependent upon a functional
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MMR system (Goldmacher et al., 1986; Kat et al., 1993; Koi et
al., 1994). The inability of MMR-deficient cells to trigger
either growth arrest or apoptotic response to methylators
renders these cells significantly less sensitive to the cytotoxic
effects of these genotoxins, and this phenotypic effect has
been termed alkylation tolerance (Branch ef al., 1993; Kat et
al., 1993). Although the molecular basis for the alkylation
tolerance phenotype has yet to be fully elucidated, several
recent reports indicate that the MMR system plays an active
role in triggering response to DNA damage (Brown et al.,
2003; Cejka et al., 2003; Hirose et al., 2003; Wang and Qin,
2003). However, the signaling mechanisms that govern
MNNG-induced growth arrest and the nature of MMR-
dependent step(s) that facilitate this arrest remain, in gen-
eral, poorly defined.

As a result of much focused effort, pathways that govern
the G,/M checkpoint in response to IR have been partially
elucidated. Among the key players in IR-induced checkpoint
response are the high-molecular-weight PIK-like kinases
ATM and ATR (Abraham, 2001). In response to DNA dam-
age, ATR phosphorylates and consequently activates the
kinase Chk1 (Liu et al., 2000). In turn, Chkl phosphorylates
the phosphatase Cdc25C on residue Ser216 (Sanchez et al.,
1997), which induces binding of Cdc25C with the molecular
chaperone 14-3-3 (Peng et al., 1997), resulting in the cyto-
plasmic sequestration of Cdc25C (Dalal et al., 1999; Graves et
al., 2000). Whereas Cdc25C dephosphorylates residues on
the kinase Cdc2 leading to the catalytic activation of the
Cdc2/cyclinB complex within the nucleus (Strausfeld et al.,
1991; Lee et al., 1992), redistribution of the Cdc25C phospha-
tase to the cytoplasm results in an inhibition of mitotic entry
and forms the basis for IR-induced G,/M arrest. Unsurpris-
ingly, cells that contain diminished ATR (Cliby et al., 1998;
Wright ef al., 1998) or Chk1 (Liu et al., 2000) activity show a
clear defect in the triggering of the G,/M checkpoint in
response to IR.

Several lines of investigation suggest that the ATR-related
kinase ATM also may be involved in a parallel G,/M check-
point pathway. In response to IR-induced DNA damage, the
kinase Chk2 is activated though ATM-dependent phosphor-
ylation (Matsuoka et al., 1998; Ahn et al., 2000; Matsuoka et
al., 2000). Chk2, like the functionally related but structurally
dissimilar Chkl kinase, also phosphorylates Cdc25C on
Ser216 (Matsuoka et al., 1998; Brown et al., 1999), leading to
the notion that ATM and Chk2 can promote IR-induced
G,/M arrest by inhibiting Cdc2 kinase activity through cy-
toplasmic Cdc25C sequestration. However, cells deficient in
ATM show no gross defects in the triggering of G,/M arrest
in response to IR; rather, these cells are unable to halt mitotic
advance immediately after irradiation (Zampetti-Bosseler
and Scott, 1981; Paules et al., 1995; Xu et al., 2002). Likewise,
cells deficient in Chk2 are able to trigger the G,/M check-
point in response to IR (Jallepalli et al., 2003). Thus, current
data support the existence of an ATM/Chk2-dependent
G,/M checkpoint mechanism; however, conditions that re-
quire this pathway to elicit G,/M arrest have yet to be
described.

As mentioned above, the mechanisms that control
MNNG-induced G,/M arrest, as well as the essential role
that MMR plays in this process, are unknown. However, a
number of potentially important recent developments have
begun to shed light on this topic. For example, our labora-
tory showed that MNNG exposure results in the catalytic
activation of ATM through a MMR-independent mechanism
(Adamson et al., 2002). We also recently reported that MMR-
deficient cells display defective Chk2 activation in response
to IR exposure (Brown et al., 2003). Moreover, using both in
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vitro and in vivo approaches, we found that ATM and Chk2
associate with MMR proteins, prompting us to propose that
the assembly of an MMR complex at the site of DNA dam-
age results in establishment of a molecular scaffold that
facilitates phosphorylation of Chk2 by ATM. Similarly,
Wang and Qin (2003) recently showed an MMR dependence
to Chkl activation. These advances led us to hypothesize
that defective activation of Chk1/Chk2 may underlie faulty
G,/M checkpoint activation in response to methylating
agents. This article outlines our work aimed at testing this
hypothesis, and the results stemming from this study ad-
vance our understanding of the mechanisms involved in
alkylation tolerance, genetic instability, and cancer predis-
position arising from inactivation of the MMR system.

MATERIALS AND METHODS

Cell Culture and Drug Treatment

Normal human diploid foreskin fibroblasts (NHFs) were established from
circumcision specimens and cultured in DMEM supplemented with 10% fetal
bovine serum. Experimentation was generally conducted on NHFs at passage
6. The SV40-immortalized A-T fibroblast line AT22IJE-T stably expressing
full-length recombinant human ATM (designated YZ-5) or stably transfected
with empty vector (designated EBS-7) was cultured as indicated previously
(Ziv et al., 1997). The MLH1-deficient human colorectal adenocarcinoma line
HCT116 and its derivatives (HCT116+ch2, HCT116+ch3), and the MSH2-
deficient endometrial adenocarcinoma tumor line HEC59 and its derivative
(HEC59+ch2), were cultured with or without 400 ug/ml G418 as outlined
previously (Koi et al., 1994; Umar et al., 1997). All cell lines were grown at 37°C
in a humidified 5% CO, incubator. ATM, MLHI1, or MSH2 expression was
confirmed by immunoblotting.

MNNG treatments were performed by removing media from cultures of
logarithmically growing cells and adding serum-free media. MNNG was then
added to the indicated final concentration, and cells were returned to the
incubator. After a 1-h drug exposure, the plates were rinsed extensively with
phosphate-buffered saline (PBS), and cells were refed on complete growth
media and returned to the incubator. MNNG (Aldrich Chemical, Milwaukee,
WI) was dissolved in 0.1 M Na-acetate, pH 5.0, at a stock concentration of 10
mM and stored at —20°C. 7-Hydroxystaurosporine (UCN-01) was obtained
from the Developmental Therapeutics Program (National Cancer Institute,
National Institutes of Health, Bethesda, MD). A 10 mM stock solution of this
drug was stored at —80°C. UCN-01 was added to cell cultures (500 nM final
concentration) 45 min before MNNG treatment. Cells were maintained on
UCN-01 both during and after MNNG exposure until cells were harvested
and analyzed. Caffeine (Sigma-Aldrich, St. Louis, MO) was diluted in PBS at
a stock concentration of 100 mM and stored at room temperature (RT).
Caffeine (5 mM final concentration) was added 1 h before MNNG treatment
and was maintained in the medium during and after MNNG exposure.

Flow Cytometry

For analysis of total DNA content, cells were harvested by trypsinization,
washed with PBS, fixed in ice-cold 70% ethanol, and stored at -20°C for a
minimum of 24 h. Before analysis, cells were washed twice in PBS followed by
a 30-min RT incubation in PBS containing 25 wg/ml propidium iodide (PI)
and 100 wg/ml RNase A. Cells were analyzed using a BD Biosciences FAC-
SCalibur flow cytometer, and 10,000 events were plotted using CellQuest
software.

For quantitative assessment of G, arrest, a modification of the assay out-
lined by Xu et al. (2002) was used. Cells were treated with the indicated dose
of MNNG and 48 h after exposure, demecolcine (Sigma-Aldrich) was added
to the media (0.4 ug/ml final concentration) and cells were returned to the
incubator. After an additional 24-h incubation, both adherent and floating
cells were harvested and fixed in ice-cold 70% ethanol. After fixation, cells
were washed twice in PBS, suspended in 1 ml of PBS containing 0.25% Triton
X-100, and incubated on ice for 5 min. Cells were collected by centrifugation,
and the cell pellet was resuspended in 100 ul of PBS containing 1% bovine
serum albumin and 1 ug of anti-histone H3 that recognizes this antigen when
in the mitosis-specific phosphorylated (Ser10) state (06-570; Upstate Biotech-
nology, Lake Placid, NY). Cells were incubated with this antibody for 3 h at
RT, rinsed, and subsequently incubated with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit secondary antibody. After a 30-min RT
incubation, the cells were washed in PBS, resuspended in PBS containing 25
wg/mlPland 100 pug/ml RNase A, and incubated for 30 min at RT. Both FITC
and PI fluorescence were simultaneously measured by flow cytometry.

Immunoblot Analysis

SDS-PAGE and immunoblotting procedures were conducted as outlined pre-
viously (Adamson et al., 2002). Membranes were probed with antibodies
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directed against total ATM (AM-9; Allen et al., 2001), phospho-Ser1981 ATM
(600-401-400; Rockland, Gilbertsville, PA), total Chk1 (sc-8408; Santa Cruz
Biotechnology, Santa Cruz, CA), phospho-Ser317 Chkl1 (2344; Cell Signaling
Technology, Beverly, MA), total Chk2 (sc-17748; Santa Cruz Biotechnology),
phospho-Thr68 Chk2 (sc-16297-R; Santa Cruz Biotechnology), total Cdc2 (sc-
54; Santa Cruz Biotechnology), phospho-Tyrl5 Cdc2 (9111; Cell Signaling
Technology), Cdc25C (sc-327; Santa Cruz Biotechnology), Cdc25A (sc-97;
Santa Cruz Biotechnology), SMC1 (A300-055A; Bethyl Laboratories, Mont-
gomery, TX), or tubulin (DM1A; a gift of Dr. D. W. Cleveland, Ludwig
Institute, University of California San Diego) as indicated.

Cell Fractionation

Cells were separated into nuclear and cytoplasmic fractions by using NE-PER
nuclear and cytoplasmic extraction reagents as outlined by the manufacturer
(Pierce Chemical, Rockford, IL). After lysing cells with supplied buffers,
nuclei were harvested by centrifugation in a microcentrifuge (5 min, 16,000 X
g, 4°C). Cytoplasmic (supernatant) and nuclear (pellet) fractions were sepa-
rated and stored at —80°C before immunoblot analysis.

RNA Interference (RNAi)

Pooled synthetic small interfering RNA (siRNA) duplexes (SMARTpool
siRNA) specific for Chkl (M-003255-01), Chk2 (M-003256-03), and luciferase
(D-001120-01) were purchased from Dharmacon (Lafayette, CO). For siRNA
transfection, HCT116+ch3 cells were seeded into six-well tissue culture plates
at a density of 5 X 10° cells/well 24 h before transfection. Just before
transfection, medium was removed, and 1 ml of complete growth medium
was added to each well. Subsequently, 200 ul of reaction mix containing 5 ul
of 20 uM siRNA and 2 ul of Oligofectamine (Invitrogen, Carlsbad, CA)
diluted in Opti-MEM was added to each well. After an overnight (O/N)
incubation at 37°C, the cells were split at a 1:4 ratio and then cultured O/N.
The next day, the cells were again transfected as outlined above. After this
second transfection, the cells were washed, refed on complete growth me-
dium, and treated with 5 uM MNNG for 1 h. MNNG-treated cells were
cultured for 48 h and subsequently harvested and fixed for flow cytometry or
lysates formed for immunoblot analysis.

Alternatively, HCT116+ch3 cells were transfected with plasmids pur-
chased from Upstate Biotechnology encoding short hairpin RNA (shRNA)
specific for Chkl (pKD-CHK1-v1), Chk2 (pKD CHK2-v3), or the nonspecific
control plasmid pKD-NegCon-vl. For these experiments, 5 X 10°
HCT116+ch3 cells/well were seeded into six-well plates and allowed to
attach O/N. The next day, the media were removed, and 2 ml of DMEM +
10% fetal calf serum without antibiotics was added. To this, 500 ul of serum-
free Opti-MEM containing 12.5 ul of Lipofect AMINE 2000 (Invitrogen) and 5
ug of plasmid DNA were added, and cells were returned to the incubator.
Cells were cultured for 72 h and subsequently split at a 1:4 ratio. The next day,
cells were treated with 5 uM MNNG for 1 h and returned to the incubator.
Cells were harvested for immunoblotting and flow cytometry analysis 48 h
after drug treatment.

Immunoprecipitation

Approximately 1 X 107 HEC59 or HEC59+ch2 cells were either untreated or
treated with 25 uM MNNG for 1 h. After a 48-h incubation, cells were
harvested, washed with ice-cold PBS, and lysed in 1X lysis buffer (20 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 mM NaF, 1 mM
dithiothreitol, 1 mM Na-vanadate, and 1 mM leupeptin and aprotinin). After
preclearing, the lysates were adjusted for equal protein content, and 5 ul of
polyclonal rabbit MSH2 antisera (ab9146; Novus Biologicals, Littleton, CO)
was added. After a 2-h incubation on ice, 10 ul of a 50/50 slurry of protein
A/G beads (Pfizer, New York, NY) in PBS was added, and the incubation was
continued for 1 h with end-over-end rocking. Immunocomplexes were
washed three times with 1X lysis buffer containing 500 mM NaCl and twice
with 1X lysis buffer containing 100 mM NaCl. Immunocomplexes were finally
resuspended in 1X SDS-PAGE loading buffer and subjected to immunoblot
analysis.

RESULTS

Activation of Chk1 and Chk2 Correlates with
MNNG-induced G, Arrest

We hypothesize that faulty activation of Chkl/Chk2 is re-
sponsible for the cell cycle arrest defect shown by MMR-
deficient cells in response to monofunctional alkylators. Our
first test of this notion was to determine whether Chk1 and
Chk2 were activated in response to MNNG and whether this
correlates with G,/M arrest. We treated NHFs with MNNG
and saw no notable accumulation of cells with a 4N DNA
content until 48 h after MNNG at which point a robust
G,/M arrest was evident (Figure 1A). These results are
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Figure 1. MNNG exposure results in G, arrest; activation of ATM,
Chkl1, and Chk2; and inactivation of Cdc2. (A) NHFs were either
mock treated (UT) or treated with 25 uM MNNG, harvested at the
indicated time point, fixed, stained with propidium iodide, and
analyzed by flow cytometry. The percentage of cells with a 4N DNA
content is indicated. (B) Logarithmically growing NHFs were either
mock treated (top) or treated with MNNG (bottom). Forty-eight
hours after MNNG exposure, demecolcine was added to the media
and after an additional 24-h incubation the cells were harvested,
stained, and analyzed for total DNA content (y-axis) and phospho-
histone H3 (x-axis). The mitotic cell population is circled and per-
centage of the total cell population is indicated. (C) Extracts were
formed from mock-treated (lane 1) and MNNG-treated (lane 2)
NHFs 48 h after drug exposure and immunoblotted with phospho-
Tyr15 specific anti-Cdc2 (top) and anti-total Cdc2 (bottom) to ensure
equal protein abundance. (D) Extracts from untreated (lane 1) and
MNNG-treated (lane 2) NHFs were subjected to immunoblotting
with phospho-Ser317-specific anti-Chkl (top) and anti-total Chkl
(bottom). (E) Extracts from untreated (lane 1) and MNNG-treated
(lane 2) NHFs were subjected to immunoblotting with phospho-
Thr68-specific anti-Chk2 (top) and anti-total Chk2 (bottom). (F)
Extracts from untreated (lane 1) and MNNG-treated (lane 2) NHFs
were subjected to immunoblotting with phospho-Ser1981-specific
anti-ATM (top) and anti-total ATM (bottom).
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consistent with the observation that cells treated with
MNNG and related alkylators transit through one complete
cell cycle before undergoing arrest (Plant and Roberts, 1971;
Goldmacher et al., 1986; Zhukovskaya et al., 1994). To ensure
that this result represented arrest in the G, phase of the cell
cycle, we treated NHFs with MNNG and 48 h later added
demecolcine to the culture media. After a 24-h incubation,
harvested cells were double stained for DNA and the mitotic
marker phospho-histone H3 and subsequently analyzed by
flow cytometry. In untreated NHFs, we found that 20.3% of
the cells stained positive for histone H3 phosphorylation
after demecolcine treatment, whereas only 0.4% of the
MNNG-treated cells progressed into mitosis during this
time period (Figure 1B). This outcome indicates that a robust
G, blockade is established in response to MNNG.

Next, lysates from MNNG-treated NHFs were immuno-
blotted with an antibody to phosphorylated (phospho-
Tyr15) Cdc2 (Figure 1C). This posttranslational modification
is inhibitory to the catalytic activity of this cyclin-dependent
kinase, and we observed accumulation of Tyr15-phosphor-
ylated Cdc2 48 h after MNNG exposure (time point corre-
sponding to maximal cell cycle arrest). These extracts also
were probed with an antibody specific for phosphorylated
Chk1 (phospho-Ser317), and a clear increase in Chk1l phos-
phorylation was noted in response to MNNG (Figure 1D).
Ser317 phosphorylation is required for activation of Chkl
(Zhao and Piwnica-Worms, 2001). Similarly, phosphoryla-
tion of Chk2 (phospho-Thr68) also was observed in response
to MNNG (Figure 1E). Phosphorylation of the Thr68 residue
is required for Chk2 catalytic activation (Ahn ef al., 2000;
Matsuoka et al., 2000). Consistent with our previous findings
that MNNG-induced DNA alkylation activates ATM, we
observed that MNNG treatment resulted in the autophos-
phorylation of ATM at the Ser1981 residue (Figure 1F). This
event is directly linked to the activation of ATM kinase
activity (Bakkenist and Kastan, 2003). In sum, these findings
indicate that MNNG induces G, arrest and that this event
coincides with activation of ATM, Chk1, and Chk2 as well as
the inactivation of Cdc2.

MNNG-induced G, Arrest Is Defective in MMR and
ATM-deficient Cells

We recently identified the MMR system as a key component
in some aspects of ATM-dependent response to DNA dam-
age (Brown et al., 2003). Because it is well established that
G,/M arrest in response to MNNG is MMR dependent, and
ATM has been implicated in G,/M checkpoint signaling, we
sought to determine whether ATM is also a component in
activation of this checkpoint. We exposed matched sets of
ATM proficient/deficient and MMR proficient/deficient
lines to various concentrations of MNNG and assayed G,/M
arrest 48 h after MNNG exposure by flow cytometry. As
expected, exposure of MLH1-deficeint HCT116+ch2 cells to
200 nM to 10 uM MNNG resulted in no observed accumu-
lation of these cells in G,/M (Figure 2A). In contrast,
matched MLH1-proficient HCT116+ch3 cells treated with
moderate doses of MNNG (5 and 10 puM) activated the
G,/M checkpoint. Lower doses of MNNG (200 nM and 1
uM) failed to activate a robust checkpoint in these cells. The
differences in response between HCT116+ch2 and
HCT116+ch3 cells are consistent with the MMR-dependent
nature of checkpoint signaling in response to this alkylator.
At a higher MNNG dose (25 uM), we observed that
HCT116+ch2 cells showed G,/M accumulation roughly
equivalent to that of HCT116+ch3 cells. This supports the
recent findings of Jaiswal et al. (2004) showing that 25 uM
MNNG induces G,/M arrest in the parental HCT116 line.
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Figure 2. MNNG-induced G, arrest occurs through ATM- and
MMR-dependent and -independent mechanisms activated in a
dose-dependent manner. (A) MLH1-deficient HCT116+ch2 (open
bars) and matched MMR-proficient HCT116+ch3 (filled bars) cells
were treated with the indicated dose of MNNG, harvested 48 h after
drug, fixed, stained with propidium iodide, and analyzed for cell
cycle arrest by flow cytometry. Graphed is the percentage of cells
within the analyzed population containing a 4N DNA content
(G,/M fraction). (B) Isogenic ATM-deficient (EBS-7; open bars) and
ATM-proficient (YZ-5; filled bars) cells were treated with indicated
doses of MNNG and analyzed for cell cycle arrest as outlined in A.
In each case, graphed is the average of five to eight independent
experiments; error bar, SD.

Thus, we conclude from these findings that checkpoint re-
sponse is dose dependent and that high MNNG-induced
lesion loads activate a MMR-independent checkpoint re-
sponse.

A parallel study on the ATM-deficient, SV40-transformed
fibroblast line EBS-7 and isogenic ATM-proficient YZ-5 line
also was conducted (Figure 2B). Here, we observed that
neither line activated the G,/M checkpoint in response to
200 nM MNNG. In YZ-5 cells, we observed that exposure to
1 uM MNNG resulted in a partial checkpoint response
(<75% of the cells in G,/M 48 h after drug) but that mod-
erate- (5 and 10 uM) and high-dose (25 uM) MNNG expo-
sure fully activated checkpoint response in these cells. A
dissimilar response to various doses of MNNG was ob-
served in ATM-deficient EBS-7 cells. In these cells, like YZ-5,
we found 200 nM MNNG did not activate a checkpoint
response and that 1 uM MNNG activated a suboptimal
G,/M arrest. In clear contrast to ATM-proficient YZ-5 cells,
however, we observed that EBS-7 cells exposed to 5 or 10 uM
MNNG displayed a blunted G,/M checkpoint response. At
high dose (25 uM MNNG), EBS-7 cells displayed a clear
G,/M checkpoint response 48 h after drug. Together, these
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phospho-Tyr15 Cde2 (top) or total Cdc2
(bottom). 1 2 3 4

observations indicate that MNNG triggers G,/M checkpoint
response through dose-dependent activation of ATM-de-
pendent and -independent pathway(s).

Next, we more fully documented the blunted G,/M
checkpoint response in ATM-deficient fibroblasts. As out-
lined above, in response to 5 uM MNNG treatment, we
observed that the ATM-complemented YZ-5 cells accumu-
late in G,/M 48 h after drug exposure. However, the iso-
genic ATM-deficient EBS-7 line clearly showed reduced
G,/M accumulation at this time point in response to 5 uM
MNNG treatment (Figure 3A). Specifically, we observed that
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77.0 £ 9.9% (mean * SD, n = 8) of 5 uM MNNG-treated
YZ-5 cells display a 4N DNA content 48 h postdrug, indi-
cating a robust checkpoint response. In contrast, 39.6 = 8.8%
(n = 7) of equivalently treated EBS-7 cells display a 4N DNA
content at this time point, indicative of a blunted G,/M
arrest. We conclude that ATM deficiency has a striking effect
on the activation of G,/M arrest in response to MNNG
because statistical analysis (Student’s t-test, two-tailed) in-
dicated a highly significant difference between the percent-
age of YZ-5 and EBS-7 cells in G, 48 h after 5 uM MNNG
exposure (p = 3.1 X 107°). Furthermore, we have tested
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numerous other transformed and nontransformed A-T-cell
lines and found all lines examined show defective activation
of G, arrest in response to 5 uM MNNG compared with
normal lines (our unpublished data). Consistent with previ-
ous reports, we observed no MNNG-induced cell cycle ar-
rest in the MLH1-deficient HCT116+ch2 cells treated with 5
uM MNNG. However, MMR-complemented HCT116+ch3
cells showed prominent cell cycle arrest 48 h after drug
addition (Figure 3B). MMR-dependent G, arrest also was
observed in MSH2-deficient HEC59 and MSH2-proficient
HEC59+ch2 cells 48 h after 25 uM MNNG exposure (Figure
3C) but not after 5 uM MNNG (our unpublished data). We
are currently unsure why HEC59+ch2 require higher doses
of MNNG to activate G,/M arrest, but this is likely attrib-
utable to the approximately fivefold higher MGMT expres-
sion that we have documented in this line compared with
HCT116+ch3 cells (our unpublished data).

Caffeine is a potent inhibitor of ATM as well as structur-
ally and functionally related PIK-like protein kinases such as
ATR (Sarkaria et al, 1999). We pretreated YZ-5,
HCT116+ch3, and HEC59+ch2 cells with 5 mM caffeine
before and after MNNG exposure (Figure 3, A-C, respec-
tively). We observed that caffeine treatment abrogated
MNNG-induced accumulation of cells with a 4N DNA con-
tent. These findings firmly underscore the role that PIK-like
kinases play in establishing G,/M arrest in response to
MNNG.

To independently confirm these findings and ensure that
MNNG was not inducing a general shutdown of cell growth
in ATM- and MMR-deficient lines, we subjected these lines
to the cytometry-based G, checkpoint assay (Figure 1B). We
observed that MNNG treatment resulted in a slight reduc-
tion of mitotic advance in EBS-7 cells; however, a significant
G, blockade was observed in YZ-5 cells treated in parallel
(Figure 3D). Similarly, both MMR-deficient cell lines were
unable to halt cell cycle advance after MNNG, whereas
matched MMR-proficient lines effectively inhibited progres-
sion into mitosis.

Immunoblot analysis of EBS-7 cell lysates with anti-phos-
pho Tyr15 antibody revealed only a slight increase in Cdc2
phosphorylation 48 h after drug; however, a clear accumu-
lation of inactive Cdc2 was noted in YZ-5 cells after 5 uM
MNNG exposure (Figure 3E). Examination of MMR-defi-
cient/proficient lines also indicates that accumulation of
inactive Cdc2 after MNNG exposure is MMR dependent. In
sum, these results clearly indicate that ATM deficiency re-
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immunoblot analysis with antibodies against
phospho-Thr68 Chk2 (top) or total Chk2 (bot-
tom). (B) Lysates outlined above were immu-
noblotted with anti-phospho Ser317 Chkl
12 (top) or anti-total Chk1 (bottom).

sults in a significant attenuation in establishment of this
checkpoint in response to moderate MNNG doses.

Chk1 Activation Requires the MMR System, whereas
Chk2 Activation Requires Both ATM and MMR after
Exposure to a Moderate Dose of MNNG

We recently reported that Chk2 phosphorylation/activation,
in response to low-dose gamma-irradiation, is both an ATM-
and MMR-dependent process (Brown et al., 2003). To deter-
mine whether MNNG-induced Chk2 activation has similar
requirements, we exposed ATM-proficient/deficient and
MMR-proficient/deficient lines to moderate doses of
MNNG and assayed Chk2 phosphorylation at the time of
maximal cell cycle arrest (48 h postdrug). We found that
ATM-deficient EBS-7 cells treated with 5 uM MNNG
showed no increase in Thr68 phosphorylation after drug
exposure (Figure 4A). Conversely, isogenic ATM-proficient
YZ-5 fibroblasts displayed clear Thr68 phosphorylation 48 h
after MNNG. Likewise, the MLHI1-deficient line
HCT116+ch2 did not display Chk2 Thr68 phosphorylation
48 h after 5 uM MNNG treatment, whereas the matched
MMR-proficient HCT116+ch3 line showed notable phos-
phorylation of this protein. We also assayed the MSH2-
deficient line HEC59 and the matched MSH2-reconstituted
line HEC59+ch2. Similar to the flow cytometry results out-
lined above, we found that 5 uM MNNG failed to elicit a
Chk2 phosphorylation response in either line at the 48-h
time point (our unpublished data). However, when cells
were treated with 25 uM MNNG and harvested 48 h after
drug, we observed robust Thr68 phosphorylation in MMR-
proficient HEC59+ch2 but only minimal Chk2 phosphory-
lation in HEC59.

We next examined MNNG-induced phosphorylation of
the Chk1 kinase. We found that, at MNNG doses that induce
ATM-dependent phosphorylation of Chk2, Chkl Ser317
phosphorylation was evident in the ATM-deficient EBS-7
cells as well as the ATM-proficient YZ-5 line (Figure 4B). In
contrast, HCT116+ch2 cells displayed no Chkl phosphory-
lation in response to 5 uM MNNG, unlike MMR-proficient
HCT116+ch3 cells. Similarly, MMR-deficient HEC59 cells
displayed a notable reduction in Ser317 phosphorylation
compared with MMR-proficient HEC59+ch?2 cells. Together,
these findings indicate that, in response to a moderate dose
of MNNG, both Chk1 and Chk2 activation are MMR depen-
dent, whereas Chk?2 activation also requires ATM.

Molecular Biology of the Cell



Figure 5. UCN-01 ablates MNNG-induced G, A
arrest. (A) HCT116+ch3 cells were pretreated
with 500 nM UCN-01 for 45 min before 5 uM
MNNG exposure, and UCN-01 was maintained
in the culture medium during and after MNNG
treatment. Mock treated (UT), MNNG-only
treated, and MNNG/UCN-01-treated cells were
harvested 48 h after MNNG exposure, fixed,
stained with propidium iodide, and analyzed by
flow cytometry. The percentage of cells contain-
ing a 4N DNA content is indicated. (B) YZ-5 cells
were treated and analyzed as outlined in A. Per-
centage of cell population containing a 4N DNA
content is given.

Cell Number

Both Chk1 and Chk2 Are Necessary to Fully Activate
MNNG-induced G, Arrest

Our findings that Chkl and Chk2 activation occur in an
MMR-dependent manner clearly suggested that activation
of both kinases is required to establish G, arrest after expo-
sure to 5 uM MNNG in HCT116+ch3 cells. To test this
notion, we used the compound UCN-01, a potent inhibitor
of Chkl (Graves et al., 2000). Furthermore, this compound
has recently been shown to inhibit the catalytic activity of
Chk2 as well (Yu et al., 2002). YZ-5 or HCT116+ch3 cells
were pretreated with 500 nM UCN-01 for 45 min before 5
uM MNNG exposure, and UCN-01 was maintained in the
culture medium during and after MNNG treatment. Cells
were harvested 48 h after genotoxin, stained with propidium
iodide, and analyzed by flow cytometry. We found that
under these conditions that UCN-01 completely abrogated
MNNG-induced G, arrest in both YZ-5 (Figure 5A) and
HCT116+ch3 (Figure 5B) cells.

Next, we tested the requirement for Chkl and Chk2 in
activating MNNG-induced G, arrest by using RNAi to re-
duce their expression in HCT116+ch3 cells. As judged by
immunoblotting, HCT116+ch3 cells transfected with com-
mercially available (Dharmacon), pooled Chkl-specific
siRNA duplexes displayed an approximate fivefold reduc-
tion in Chk1 expression compared with untransfected cells
or cells transfected with siRNA duplexes specific for lucif-
erase (Figure 6A, top). We found that Chk2 and control
siRNA exerted no effect of Chkl expression in these cells
(Figure 6A, middle). Furthermore, we observed that mock-
transfected cells (no siRNA included in transfection) or cells
transfected with luciferase siRNA showed robust G, arrest
in response to 5 uM MNNG (Figure 6B). In contrast,
HCT116+ch3 cells transfected with Chkl-specific siRNA
showed an approximate twofold reduction in the G, cell
population 48 h after MNNG treatment.

We also used this approach to knock down Chk2 expres-
sion in HCT116+ch3 cells. We observed that these cells,
when transfected with commercially available, pooled Chk2
siRNA duplexes, displayed an approximately fourfold de-
crease in Chk2 abundance (Figure 6C, top). No effect on
Chkl expression was observed in cells transfected with
Chk2 siRNA (Figure 6C, middle). Similar to results obtained
using Chk1l siRNA, we observed an approximate twofold
decrease in the G, cell population in MNNG-treated cells
transfected with Chk2 siRNA compared with mock-trans-
fected or luciferase siRNA transfected cells (Figure 6D).

To independently confirm the results obtained using syn-
thetic siRNA duplexes, we transfected cells with plasmids
encoding either Chkl (pKD-CHK1-vl) or Chk2 (pKD-
CHK?2-v3)-specific nucleotide sequences arranged to express
shRNA molecules. The human H1 promoter (RNA pol III)
drives the expression of these ShRNA molecules that are
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subsequently processed in the cell by endoribonucleases,
thus forming an siRNA molecule (Paddison et al., 2004). As
a control, we used a plasmid (pKD-NegCon-v1) that encodes
an shRNA with no homology to any gene in the human
genome. HCT116+ch3 cells transfected with the Chkl
shRNA plasmid showed a marked decrease in Chkl abun-
dance after a 72-h transfection period but showed no de-
crease in Chk2 abundance (Figure 6E, top). Conversely, cells
transfected with the Chk2 shRNA plasmid showed dimin-
ished Chk2 expression but no effects on Chkl abundance
were observed (Figure 6E, middle). When cells were cotrans-
fected with both Chkl and Chk2 shRNA plasmids, we ob-
served decreased expression of both targeted proteins.

When transfected cells were treated with 5 uM MNNG
and analyzed by flow cytometry 48 h after drug we observed
a significant diminishment in G, arrest in either Chkl
shRNA or Chk2 shRNA-transfected cells compared with
mock-transfected or cells transfected with the control plas-
mid (Figure 6F). When cells cotransfected with both Chk1
and Chk2 shRNA plasmids were treated with 5 uM MNNG,
we observed no additional reduction in G, arrest than what
was observed with either Chkl or Chk2 shRNA plasmids
used individually.

To confirm these observations biochemically, mock-trans-
fected or cells transfected with control, Chk1, Chk2, or Chk1
and Chk2 shRNA plasmids were either mock treated or
treated with 5 uM MNNG, harvested 48 h after drug, and
lysates were formed. Subsequently, these lysates were ana-
lyzed for Tyr15-phosphorylated Cdc2 abundance by immu-
noblotting (Figure 6G). We observed notable accumulation
of inactive Cdc2 in MNNG-treated mock and control plas-
mid-transfected cells. Significantly lower, but clearly detect-
able, levels of Tyrl5-phosphorylated Cdc2 were observed in
HCT116+ch3 cells transfected with Chkl, Chk2, or Chkl
and Chk2 shRNA plasmids. These results agree with the
blunted G, arrest observed by flow cytometry in cells ex-
pressing reduced levels of Chk1 or Chk2. Collectively, these
observations strongly suggest that both Chk1 and Chk2 are
required to fully establish G, arrest in HCT116+ch3 cells in
response to 5 uM MNNG exposure.

Cdc25C Nuclear Exclusion after MNNG Exposure Is
Dependent upon MMR

After gamma-irradiation, Chk1 and/or Chk2 phosphorylate
the phosphatases Cdc25A and Cdc25C (Matsuoka et al.,
1998; Chaturvedi et al., 1999; Falck et al., 2001). Phosphory-
lation of Cdc25A triggers ubiquitin-dependent degradation
of Cdc25A and forms the molecular basis for the S-phase
checkpoint (Mailand et al., 2000; Falck et al., 2002). Further-
more, recent evidence implicates Cdc25A degradation in the
initiation of G,/M checkpoint after IR (Mailand et al., 2002;
Zhao et al., 2002; Xiao et al., 2003). To determine whether
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Figure 6. RNAi-induced depletion of Chkl or Chk2 results in attenuation of the G, arrest activated by MNNG. (A) HCT116+ch3 cells were
either mock transfected (no siRNA included in transfection, lane 1) or transfected with luciferase-specific siRNA (lane 2) or Chk1-specific
siRNA (lane 3), and after transfection, cell extracts were immunoblotted with anti-total Chk1 (top), anti-total Chk2 (middle), or anti-tubulin
(bottom) to confirm equivalent loading. (B) HCT116+ch3 cells were either mock-transfected or transfected with Chk1 or luciferase-specific
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Figure 7. Nuclear exclusion of Cdc25C oc- A
curs in response to MNNG through an ATM-
and MMR-dependent mechanism. (A) NHFs NHE

(lanes 1-3) were either mock treated (lane 1), &

5 uM MNNG treated (lane 2), or irradiated S« Ny
with 5 Gy of IR (Iane 3). Cells were harvested :

48 h after MNNG exposure or 1 h after irra- R —

diation, and total cell lysates were formed
and subjected to immunoblot analysis with
anti-Cdc25A (top) or tubulin (bottom). (B)
ATM-deficient (lanes 1 and 2) and ATM-pro-
ficient (lanes 3 and 4) as well as MMR-defi-
cient (lanes 5 and 6) and MMR-proficient
(lanes 7 and 8) cells were either mock treated  C NHF
(lanes 1, 3, 5, and 7) or 5 uM MNNG treated
(lanes 2, 4, 6, and 8), total cell lysates were
prepared 48 h after drug, and Cdc25A abun- . ¥
dance was assessed by immunoblotting. (C) —3
NHFs were either mock treated (lane 1) or
treated with 5 uM MNNG (lanes 2 and 3).
Cells were fractionated into nuclear (lanes 1
and 2) or cytoplasmic (lane 3) components
and immunoblotted with anti-Cdc25C (top),
SMC1 (middle; nuclear fraction control), or
tubulin (bottom; cytoplasmic fraction con- 1 2 3
trol). (D) EBS-7 (lanes 1 and 2), YZ-5 (lanes 3

g e
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and 4), HCT116+ch2 (lanes 5 and 6), and HCT116+ch3 (lanes 7 and 8) cells were either mock treated (—) or treated with 5 uM MNNG (+).
Nuclei were isolated 48 h after MNNG and immunoblotted with anti-Cdc25C (top) or anti-SMC1 (bottom) to ensure equal loading.

degradation of Cdc25A also plays a role in MNNG-induced
G, arrest, we assayed Cdc25A abundance in NHFs after
MNNG treatment. We observed no decrease in Cdc25A
levels in the MNNG-treated cells 48 h after drug, but we did
observe a prominent decrease in Cdc25A abundance 2 h
after 10 Gy of IR (Figure 7A). Similar to NHFs, we did not
observe any decrease in Cdc25A levels in either EBS-7/YZ5
or HCT116+ch2/ch3 lines 48 h after 5 uM MNNG exposure

Figure 6 (cont). siRNA, treated with 5 uM MNNG (+) or were
mock treated (—), harvested 48 h later, and analyzed by flow cy-
tometry. The percentage of cells containing a 4N DNA content is
indicated. (C) HCT116+ch3 cells were either mock transfected (lane
1) or transfected with luciferase-specific siRNA (lane 2) or Chk2-
specific siRNA (lane 3). After transfection, cell extracts were immu-
noblotted with anti-total Chk2 (top), anti-total Chkl (middle), or
anti-tubulin (bottom). (D) HCT116+ch3 cells were either mock
transfected or transfected with Chk1 or luciferase-specific siRNA,
exposed to 5 uM MNNG (+) or mock treated (—), harvested 48 h
later, and analyzed by flow cytometry. (E) HCT116+ch3 cells were
either mock transfected (lane 1), transfected with the control shRNA
plasmid pKD-NegCon-v1 (lane 2), the Chkl shRNA plasmid pKD-
CHK1-v1 (lane 3), the Chk2 shRNA plasmid pKD-CHK2-v3 (lane 4),
or cotransfected with both CHK1 shRNA and CHK2 shRNA plas-
mids (lane 5) for 72 h. After this, cells were harvested and extracts
were immunoblotted with anti-total Chkl (top), anti-total Chk2
(middle), or anti-tubulin (bottom). (F) HCT116+ch3 cells were ei-
ther mock transfected or transfected with indicated shRNA plas-
mids for 72 h. After transfection, cells were either treated with 5 uM
MNNG (+) or were mock treated (—), and 48 h later were analyzed
by flow cytometry. The percentage of cells containing a 4N DNA
content is indicated. (G) HCT116+ch3 cells were either mock trans-
fected (lanes 1 and 2), transfected with the control sShRNA plasmid
pKD-NegCon-v1 (lanes 3 and 4), the Chkl shRNA plasmid pKD-
CHK1-v1 (lanes 5 and 6), the Chk2 shRNA plasmid pKD-CHK2-v3
(lanes 7 and 8), or cotransfected with both CHK1 shRNA and CHK2
shRNA plasmids (lanes 9 and 10) for 72 h. Subsequently, cells were
cells were either treated were mock treated (lanes 1, 3, 5,7, and 9) or
treated with 5 uM MNNG (lanes 2, 4, 6, 8, and 10), and after a 48-h
incubation, cells were harvested and extracts immunoblotted with
antibodies against phospho-Tyr15 Cdc2 (top) or total Cdc2 (bottom).
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(Figure 7B). It is possible that Cdc25A degradation plays a
role in establishing G, arrest in response to MNNG at a time
point before 48 h; however, these findings indicate that at
the point of peak cell cycle arrest Cdc25A degradation does
not correlate with G, arrest triggered by moderate doses of
MNNG.

The phosphatase Cdc25C controls advance into mitosis by
dephosphorylating and hence activating the cyclin-depen-
dent kinase Cdc2. In response to gamma-irradiation, Chk1
and Chk2 phosphorylate Cdc25C on residue Ser216, trigger-
ing binding of Cdc25C to 14-3-3 proteins that, in turn, induce
down-regulation of Cdc25C activity by promoting seques-
tration of the phosphatase from the nucleus to the cyto-
plasm. Analysis of fractionated NHFs revealed a dramatic
drop in nuclear Cdc25C levels in MNNG-treated NHFs 48 h
after MNNG treatment (Figure 7C). Similar experiments
were carried out on isolated nuclei from MNNG-treated
EBS-7/YZ-5 and HCT116+ch2/HCT116+ch3 cells (Figure
7D). We observed slight diminution in nuclear Cdc25C lev-
els in ATM-deficient EBS-7 cells, but isogenic YZ-5 cells
showed a marked reduction in nuclear Cdc25C abundance
after MNNG. We observed a notable reduction in nuclear
Cdc25C levels in MNNG-treated HCT116+ch3 cells, but no
decrease in the nuclear levels of this protein were observed
in drug-treated HCT116+ch2 cells. These experiments
firmly indicate that, at the time of maximal MNNG-induced
G, arrest, levels of Cdc25C within the nucleus diminish, and
demonstrate the MMR-dependent nature of this event. Fur-
thermore, the partial drop in nuclear Cdc25C abundance
observed in the ATM-deficient EBS-7 line corresponds to the
blunted G, checkpoint response observed in these cells
when treated with moderate concentrations of MNNG.

MNNG Enhances the Association of Chk1 and Chk2 with
the MMR Complex

We previously showed, using both in vivo and in vitro
approaches, that Chk2 associates with the MMR protein
MSH2 and that this interaction was enhanced in irradiated
cells (Brown et al., 2003). These findings led us to hypothe-

1521



A. W. Adamson et al.

HEC59
HECS59 +ch2

- + - -+
— o mMSH2

: MNNG

- mChk1

= Chk2

Figure 8. Chkl and Chk2 coprecipitate with the MMR protein
MSH2. MSH2-deficient HEC59 (lanes 1 and 2) and MSH2-proficient
HEC59+ch2 (lanes 3 and 4) cells were either mock treated (lanes 1
and 3) or treated with 25 uM MNNG (lanes 2 and 4) for 1 h. After
a 48-h incubation cells were harvested, and extracts were formed
and MSH2 was immunoprecipitated. The resultant immunocom-
plexes were subjected to immunoblot analysis with anti-MSH2
(top), anti-total Chk1 (middle), or anti-total Chk2 (bottom).

size that MMR complexes assembled at the sites of DNA
damage formed a macromolecular scaffold that facilitated
activation of Chk2. To test whether this damage-enhanced
interaction also occurred after MNNG-induced DNA alky-
lation and whether this mechanism also may apply to Chk1
as well, we formed extracts from untreated and MNNG-
treated (25 uM) MSH2-deficient HEC59 and MSH2-profi-
cient HEC59+ch2 cells. Subsequently, MSH2 was immuno-
precipitated and the resultant immunocomplexes were
analyzed by immunoblotting for coprecipitation of Chk2 or
Chkl1. We found that, as expected, no MSH2 was expressed
in HEC59 cells but this protein was readily precipitated from
HEC59+ch2 cell extracts (Figure 8, top). When MSH2 im-
munoprecipitations were immunoblotted with either anti-
Chk1 (Figure 8, middle) or anti-Chk?2 (Figure 8, bottom), we
observed that these proteins coprecipitated with MSH2 in
MNNG-treated cells. Longer exposures showed that both
Chkl and Chk2 associated with MSH2 in untreated cell
extracts as well (our unpublished data). The requirement for
MSH2 interaction is reinforced by the failure of either Chk1
or Chk2 to precipitate from HEC59 extracts. In sum, these
findings indicate that both Chkl and Chk2 associate, either
directly or indirectly, with the MMR protein MSH2 and that
this interaction is enhanced after MNNG-induced DNA al-
kylation.

DISCUSSION

The focus of this study was to understand the mechanism(s)
responsible for activation of the G,/M checkpoint in re-
sponse to the DNA methylator MNNG and the checkpoint
pathway(s) defective in MMR-deficient cells. MMR mutants
have long been known to fail to trigger G,/M arrest in
response to this and similar alkylators (Goldmacher et al.,
1986; Kat et al., 1993; Koi et al., 1994). We document that
MNNG triggers G, arrest through a mechanism that results
in nuclear exclusion of Cdc25C and consequential accumu-
lation of inactive Cdc2. Thus, the mechanism of G, arrest in
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response to MNNG uses evolutionarily conserved pathways
common to other genotoxic agents (Strausfeld et al., 1991;
Lee et al., 1992; Peng et al., 1997; Dalal et al., 1999). We also
document that MMR-deficient cells fail to inactivate Cdc25C
and Cdc2 in response to moderate doses of MNNG. Inacti-
vation of these molecules and consequential G, arrest cor-
relate with activation of Chkl and Chk2, and activation of
both of these checkpoint kinases in response to moderate
doses of MNNG requires MMR. Thus, we conclude that
faulty activation of Chkl and Chk2 is linked to the G,/M
checkpoint defect previously observed in MMR-deficient
cells. Further study is required to determine whether defec-
tive activation of Chk1 and Chk2 also underlie other damage
response defects that give rise to the alkylation-tolerant phe-
notype associated with MMR deficiency.

Chkl and Chk2 are structurally dissimilar, but function-
ally related, protein kinases activated in response to DNA
damage. Both Chkl and Chk2 phosphorylate Cdc25C in
vitro (Sanchez et al., 1997; Matsuoka et al., 1998; Brown et al.,
1999); thus, such overlap in function suggests that these
molecules serve redundant roles in establishing G, arrest in
response to genotoxic insult. However, current evidence
indicates that IR-induced G, arrest is Chkl dependent and
that Chk2 is not required to activate this checkpoint in
response to IR (Liu ef al., 2000). In contrast, by using an
RNAIi approach, we observed that reduced Chk2 expression
partially suppressed MNNG-induced G, arrest. Further-
more, we document that Chk2 activation in response to
moderate doses of MNNG is ATM-dependent and that
ATM-deficient cells exhibit a blunted checkpoint response to
moderate doses of MNNG. Thus, these findings seemingly
support a key role for Chk2 in response to moderate doses
MNNG.

We also document that reduced Chk1 expression resulted
in a blunted checkpoint response after moderate doses of
MNNG, and activation of Chk1 at this MNNG concentration
is dependent upon MMR. This result is in agreement with
the observations of Wang and Qin (2003) who showed, by
using RNAi methodology, that reduced MSH2 expression
resulted in defects in Chk1 activation after exposure of HeLa
cells to 10 uM MNNG. Together, we conclude that in addi-
tion to MMR-dependent activation of Chk2, MMR-depen-
dent Chkl activation plays a fundamental role during acti-
vation of the G, checkpoint in response to moderate doses of
MNNG.

Our findings indicate that both Chkl and Chk2 are re-
quired for optimal activation of the G, checkpoint in re-
sponse to moderate doses of MNNG. This outcome may
well indicate that these kinases work in an additive manner
to activate this checkpoint through Cdc25C and Cdc2 inac-
tivation. However, we also observed that reduced expres-
sion of both Chkl and Chk2 resulted in no apparent addi-
tional diminishment of arrest compared with cells with
individual knockdown of Chkl or Chk2 expression. This
result could be attributable to residual Chkl and/or Chk2
expression in cells subjected to RNAi or may suggest that
these kinases function at different points in the same check-
point pathway. Alternatively, other checkpoint pathway(s)
may be activated by Chk1 or Chk2 and, without the action of
both kinases and their associated downstream signaling
mechanisms, such alternate pathways cannot optimally es-
tablish G, arrest. Although both Chkl and Chk2 have the
potential to inhibit Cdc25C activity, and Cdc25C is clearly
targeted for inactivation by G,/M checkpoint pathways,
increases in kinase activity that promote inhibitory phos-
phorylation of Cdc2 also would result in a blockade to
mitotic entry. At present, Weel and Mytl are the character-
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ized kinases capable of phosphorylating the Tyr15 residue of
Cdc2. In yeast, the Mytl homolog (termed Mik1) is rapidly
up-regulated in response to either hydroxyurea-induced
replication arrest (Boddy et al., 1998) or ionizing radiation
(Christensen et al., 2000). Furthermore, Christensen and col-
leagues found, depending upon the phase of the cell cycle
the cells are in when irradiated, that Mik1 up-regulation was
dependent upon the yeast homolog of Chk2 (termed Cds1)
or Chkl. Because Mikl is a dose-dependent inhibitor of
mitotic entry in both yeast (Lundgren et al., 1991) and mam-
malian cells (Liu et al., 1999) and has been proposed to be a
component in DNA damage-activated checkpoints in yeast
(Baber-Furnari ef al., 2000; Christensen et al., 2000), it is
plausible that Mytl may perform a similar checkpoint func-
tion in mammalian cells. However, a role for Mytl in mam-
malian DNA damage response is currently unresolved.

It also is possible that checkpoint pathways, other than
those that function through inhibiting Cdc25 and Cdc2 ac-
tivity, are activated in response to MNNG-induced DNA
damage. One such potential mechanism is control over lo-
calization of Cdc2 itself. Specifically, Cdc2 complexes with
its regulatory subunit cyclin B to form maturation-promot-
ing factor (MPF), and the catalytic action of MPF is required
to propel cells from interphase into mitosis. MPF, which is
exclusively cytoplasmic during interphase, must accumulate
within the nucleus to promote events key to mitotic entry
(e.g., nuclear envelope breakdown and chromatin conden-
sation) (Ohi and Gould, 1999). The localization of MPF is
tightly controlled by its rapid exclusion from the nucleus
facilitated by the interaction of cyclin B with the nuclear
export receptor CRM1 (Hagting et al., 1998; Yang et al., 1998).
Phosphorylation of multiple serine residues within the N-
terminal region of cyclin B inhibits CRM1/cyclin B interac-
tion, resulting in nuclear retention of MPF and consequential
promotion of mitotic onset (Yang et al., 2001; Walsh et al.,
2003). Thus, it is possible that MNNG exposure triggers
pathway(s) that interfere with the nuclear localization of
MPF (or other required mitotic factors) by governing the
activity of molecules such as CRM1 that are important in
controlling the cellular machinery that promotes transition
from G, to M phase. Certainly, much work lies ahead to
more fully understand the mechanisms that control the G,
checkpoint in response to genotoxins such as MNNG.

Cells lacking ATM show a defect in rapidly halting ad-
vance into mitosis after IR but are ultimately capable of
activating an effective G, arrest. This led Xu et al. (2002) to
conclude that there are at least two distinct G, checkpoint
mechanisms activated in response to IR. The first is ATM
dependent and is responsible for rapid establishment of a
block to mitotic entry; the second is ATM independent and
results in accumulation of cells in G,. In contrast, we found
that ATM was required for optimal establishment of G,
arrest in response to moderate doses of MNNG. To our
knowledge, the findings described here are the first example
of a requirement for ATM in triggering accumulation of
G,-arrested cells in response to genotoxic insult.

We also document that caffeine abrogated MNNG-in-
duced G, arrest and because caffeine has strong inhibitory
effects on the ATM-related kinase ATR, it is likely that ATR
is a necessary component in MNNG-induced checkpoint
activation as well. Given that several studies indicate Chk1
is activated by ATR in response to a variety of genotoxins
(Liu et al., 2000), including MNNG (Wang and Qin, 2003;
Beardsley and Brown, unpublished data), it is probable that
ATR is responsible for the Chkl activation documented in
our study. Conversely, several groups have documented a
requirement for ATM in Chk2 activation after gamma-irra-
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diation (Matsuoka et al., 1998; Chaturvedi et al., 1999; Ahn et
al., 2000; Matsuoka et al., 2000; Zhou et al., 2000; Falck et al.,
2001). The data presented in this report agree with these
studies because we observed that ATM-deficient cells fail to
activate Chk2 in response to moderate doses of MNNG.
Thus, we conclude that both ATM and ATR are activated in
response to MNNG, that these kinases phosphorylate/acti-
vate Chk2 and Chkl, respectively, and that these signal
transduction mechanisms are required for MNNG-induced
G, arrest.

While this manuscript was in revision, Stojic et al. (2004)
reported that low-dose (0.2 uM) MNNG exposure resulted
in an ATM-independent G, arrest in the isogenic ATM-
proficient/deficient (YZ-5/EBS-7) fibroblast lines used in
our study. Although this seems contrary to the findings
reported here, notable differences in experimental approach
exist between the two studies. Principally, in the study pub-
lished by Stojic and colleagues both EBS-7 and YZ-5 cells
were treated with O°-benzylguanine, an irreversible inhibi-
tor of the DNA repair protein MGMT (Dolan et al., 1990),
before, during, and after MNNG treatment. Thus, although
0.2 uM MNNG will produce a lower initial O°MeG lesion
load than the drug concentrations used in this report, it is
predictable that such mutagenic adducts will persist longer
in these cells compared with cells with intact MGMT activ-
ity. The persistent nature of these lesions could, potentially,
change the profile of MNNG-induced damage response sim-
ilar to the dose-dependent ATM and MMR requirement for
activation of G, arrest observed in cells treated with a range
of MNNG concentrations (Figure 2). For example, we doc-
ument that EBS-7/YZ-5 cells with intact MGMT activity
treated with 0.2 uM MNNG fail to elicit a G, checkpoint
response and that high-dose (25 uM) MNNG activates G,
arrest in an ATM-independent manner. Furthermore, Stojic
and coworkers documented that, under their treatment con-
ditions, Cdc25A degradation correlated with G, checkpoint
activation (48 h after drug), whereas we have documented
no change in the cellular abundance of this protein at this
time point in cells treated with 5 uM MNNG in the absence
of O°benzylguanine. Also, under the outlined conditions,
Stojic and coworkers observed that Chk2 activation occurred
in an ATM-independent manner, whereas we have observed
ATM-dependent Chk2 activation in response to 5 uM
MNNG without MGMT inhibition. Of note, Matsuoka et al.
(2000) documented that IR induces ATM-dependent Chk2
phosphorylation, whereas an ATM-independent mechanism
(presumably ATR) phosphorylates Chk2 in response to UV
light or hydroxyurea. On balance, the distinct differences
between the findings reported in the Stojic and coworkers
study and the work outlined here strongly suggest that
inhibition of MGMT can produce profound changes on cel-
lular response to MNNG-induced DNA alkylation.

Collectively, our findings lead us to propose that MNNG-
induced G, checkpoint response is governed by ATM- and
ATR-dependent pathways, both of which are activated in a
MMR-dependent manner. Although these pathways are ac-
tivated in response to MNNG and are critical to the estab-
lishment of G, arrest, recent studies suggest that these may
not be the only MMR-dependent pathways activated in
response to DNA damage. Hirose ef al. (2003) showed that,
in response to temezolomide, catalytic activation of the ki-
nase p38a occurs through a MMR-dependent mechanism.
Furthermore, blocking p38a activity by pharmacological
and RNAi approaches led to abrogation of temezolomide-
induced G, arrest. Although loss of p38a did not impact
ATM-dependent phosphorylation of Chk2 (Thr68), these
workers did observe diminished Cdc25C and Cdc2 phos-
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phorylation when p38a activity or abundance was reduced.
This clearly suggests that p38a is a component in the G,
checkpoint machinery and functions through promoting in-
activation of Cdc25C and Cdc2. Although it is unclear how
p38a functions in this pathway(s), others have presented
evidence consistent with a role for the p38y isoform in
irradiation-induced Chk2 activation (Wang et al., 2000).
Whereas four isoforms of the p38 kinase have been identi-
fied to date, the exact nature of how these various forms of
p38 function in damage-induced signaling is likely compli-
cated.

Two nonmutually exclusive theories have been proposed
to explain the link between MMR and cellular response to
methylators such as MNNG. The first model attributes the
cytotoxic effects of these genotoxins to MMR-dependent re-
pair of O°MeG:T base pairs that arise after replication. These
aberrant structures trigger cycles of futile repair by the
MMR system, resulting in persistent excision intermediates
within the genome, which, in turn, activate DNA damage
response (Goldmacher et al., 1986; Kat et al., 1993). The
second model holds that MMR repair proteins form a com-
plex at a lesion site and, after doing so, play an active role in
initiating signal transduction pathways (Duckett et al., 1996;
Mello et al., 1996).

Save for our observation that MNNG-induced G, arrest is
slow to occur, which is consistent with previous findings
indicating that a round of DNA replication is required to
trigger cell cycle arrest in response to this class of genotoxins
(Plant and Roberts, 1971; Goldmacher et al., 1986; Zhuk-
ovskaya ef al., 1994; Stojic et al., 2004), the results of our study
neither support nor disagree with the former model. How-
ever, our findings reinforce the validity of the latter MMR
system/signaling complex hypothesis. We previously found
that ATM and Chk2 associate with the MMR proteins MLH1
and MSH2, respectively (Brown et al., 2003). This finding led
us to hypothesize that MMR complexes formed at the sites
of IR-induced lesions form a macromolecular scaffold that
promotes ATM-dependent Chk2 activation. Here, we extend
these earlier studies by demonstrating that both Chk1 and
Chk2 associate with the MMR protein MSH2. Furthermore,
these interactions are clearly enhanced in response to
MNNG. When interpreted along with the data that O°MeG
lesions are recognized by the MMR system (Griffin et al.,
1994; Duckett et al., 1996, 1999) and that both Chk1 and Chk2
activation in response to MNNG is MMR dependent, it is
tempting to speculate that association of Chkl and Chk2
with MMR complexes assembled at the sites of DNA dam-
age is required for their activation in response to moderate
levels of MNNG-induced damage.

Additional lines of investigation further support an active,
structural role for MMR complexes in DNA damage signal-
ing. For example, ATR has recently been shown to associate
with MSH2 to form a proposed “signaling module” required
for activation of a subset of damage-induced pathways
(Wang and Qin, 2003). Perhaps the most elegant studies in
support of a potential structural role for MMR complexes in
activation of damage signaling come from analysis of MSH2
mutants. Specifically, Lin ef al. (2004) observed that mouse
cells expressing mutant Msh2 with disrupted ATPase activ-
ity displayed normal Msh2 binding to damaged DNA and
apoptotic response to cisplatin, but they were incapable of
supporting DNA repair. Similar findings were obtained us-
ing yeast strains harboring a range of engineered mutations
in the Msh2 ATPase domain (Drotschmann et al., 2004).
Because the MMR system is required to properly trigger
apoptogenic signaling in response to cisplatin (Aebi et al.,
1996), these results plainly indicate that repair activity can
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be uncoupled from DNA damage recognition and response
signaling. Clearly, separation-of-function mutants that sup-
port DNA repair but not damage signaling are required to
formally test our proposal that MMR complexes function as
molecular scaffolds at the sites of DNA lesions to facilitate
DNA damage signaling.

In conclusion, our findings help explain the molecular
basis for abrogated methylator-induced G, arrest in MMR-
deficient cells. The MMR system is targeted for inactivation
in the cancer-predisposing syndrome hereditary nonpolypo-
sis colorectal cancer (HNPCC) (Papadopoulos et al., 1994).
One of the hallmark features of HNPCC is heightened mu-
tation rates, most notably increased microsatellite instability.
Loss of DNA damage-induced cell cycle checkpoints will
further exacerbate genomic instability and presumably raise
the likelihood of cancer arising from inactivation of the
MMR system.
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