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Abstract

AIM: To understand the effect of low concentration of N-
methyl-N’-nitro-nitrosoguanidine (MNNG), which is a widely
distributed environmental mutagen and carcinogen especially
for human gastric cancer,on DNA damage and to study its
possible pathway in regulating cell cycle arrest.

METHODS: The DNA damage effect was measured by Comet
assay. A specific phospho-(Ser/Thr) ATM/ATR substrate
antibody was used to detect the damage sensor by Western
blot. p38 kinase activity was measured by direct kinase assay,
and immunoprecipitation for the possible connection between
ATM/ATR and p38 MAPK. Flow cytometry analysis and p38
MAPK specific inhibitor SB203580 were combined to detect
the possible cell cycle arrest by p38 MAPK.

RESULTS: With the same low concentration MNNG exposure
(0.2 mM 2.5 h), Comet assays indicated that strand breaks
accumulated, Western blot and kinase assay showed ATM/
ATR and p38 kinase activated, immunoprecipitation showed
phospho-ATM/ATR substrate antibody combined with both
p38 MAPK antibody and phospho-p38 MAPK antibody. p38
MAPK pathway was involved in the G1-S arrest.

CONCLUSION: Activation of ATM/ATR by MNNG induced
DNA damage leads to activation of p38 MAPK, which involves
in the G1 checkpoint in mammalian cells.
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INTRODUCTION

Human beings are exposed to a multitude of carcinogensin
their environment, and most cancers are considered to be
chemically induced. Monofunctional alkylating agents like N-
methyl-N’ -nitro-Nitrosoguanidine (MNNG) are widely
distributed environmental mutagens and carcinogensthat, on
activation, react with DNA and proteins and generate adducts.
Themain target of MNNG isbelieved to be chromosomal DNA
damage, which in turn would provide the primary signal,
triggering the DNA damage response that involvescoordinate
control of multiple signal transduction pathways*4. MNNG

is responsible for human gastric cancer, and thus MNNG-
induced signal transduction should be most relevant to human
gastric carcinogenesis. Since the concentration we used was
closeto the actual environment concentration, the resultswould
be of much practical significance.

The complex network of DNA damage sensors, signal
transmitters, and effectors (checkpoints) is evolved inall
eukaryotd®. The top level of sensors/transmittersin the signal
transduction cascade that responds to DNA strand breaksis
the membersof the phosphatidylinositol 3-kinase family:
ataxia-telangiectasiamutated protein (ATM), ATM- and Rad3-
related protein (ATR), and DNA-dependent protein kinase
(DNA-PK)58, Recent findings indicate that ATM activation
is not limitedto the ionizing radiation-induced response and
potentially playsan important role in response to DNA
akylation!® .

Some evidences have shown that ATM-dependent p53 and
c-Jun N-terminal kinase (IJNK) pathways are linked to UVA-
induced apoptosis. On the other hand, UV C-induced apoptosis
occurs through ATR-dependent p53 phosphorylation as well
as the INK pathway!*?. Recently, other data suggest a model
in which activation of ATM by gammairradiation leadsto the
activation of MKK®6, and p38 gamma, and is essentia for the
proper regulation of the G(2) checkpoint in mammalian cells.
But there is no report about the effect of alkylating agents on
the possible ATM/ATR-p38MAPK cascade!™.

Based on the above findings, we wanted to know whether
low dose of MNNG could damage DNA, what possible
function of DNA damage sensor ATM/ATR wasin the damage
reaction, what the relationship was between ATM/ATR and
p38 MAPK, and what effect was on cell cycle.

MATERIALS AND METHODS

Cell culture and MNNG treatment

African green monkey kidney Vero cells cultivated as
monolayer in DMEM with 10 % (v/v) heat inactivated fetal
calf serum and 100 U/ml penicillin, 200 mg/ml streptomycin
in a humidified 5 % CO2 incubator at 37 ‘C. For MNNG
treatment, the medium was replaced by serum-free DMEM
containing 0.2 mmol/L MNNG with 0.2 % solvent DMSO in
the medium for indicated period of time (2.5 h). Cellstreated in
the sameway with 0.2 % (v/v) DM SO served as solvent control.

Comet assay

A base layer of 1.0 % agarose was placed on microscope sides
and allowed to harden. 75 pl of 1 % low melting point agarose
(37 C) diluted in deionized H,O was mixed with 1.0x10*
treated or untreated cells (5-10 pl in volume) and applied to
thecoated slide. A glass coverdslip was then overlaid on the
cell layer, and the agarose was allowed to solidify. The coverdip
was then removed, and athird layer of low melting point
agarose (75 W) was added to the slide. Again, acoverdip was
overlaid, and the agarose was alowed to solidify. After this,
the coverslipwas removed, and the slides were placed in a
lysis solution (10 mM Tris, pH 10.0, 2.5 M NaCl, 100 mM
EDTA, 1 % Triton X-100, 10 %Me,SO) at 4 C overnight.
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The dideswere then transferred to anelectrophoresis apparatus
containing an alkaline solution consisting of 300 mM NaOH
and1 mM EDTA. Thedidesremained inthissolutionfor 1 h
to promote DNA unwinding and were finally subjected to
electric current (200 mA) for 1 h. Then the slides were
removed, washedthreetimesfor 5 minin neutralizing buffer
(0.4 M Tris-HCI, pH 7.5) at room temperature, and stained in
50 pl 20ug/ml dilution of EB. The stained nuclei were
subsequently examined and photographed.

Western blotting

Protein bands in gels were transferred to nitrocellulose (NC)
membranes for 90 min under 100 voltages. After that, all
performances about the membranes including washing,
primary antibody and horseradish peroxides (HRP) conjugated
antibody interactions, enhanced chemiluminescence (ECL) and
exposure to filmswere carried out according to the instruction
manual provided by the manufacturer. Bands emerged on films
were scanned with a scanning densitometer and quantitated
with Kodak 1 D Analysis 2.0 software. Assuming the
absorbance of band of DM SO control as 1, the ratio between
band of MNNG treatment group and DM SO treatment group
of the same kinase on the film was calculated by comparing
the relative absorbances of these two bands.

Assay for p38MAPK activity

p38 kinase assay was carried out as described by the protocol
of cell signaling technologies. In brief, the Vero cells were
washed twice with ice-cold phosphate-buffered saline and
exposed to 0.2 mmol/L MNNG for 2.5 h. Then, the cellswere
washed once with ice-cold phosphate-buffered saline and lysed
in 500 ni of lysis buffer per sample (20 mmol/L Tris, pH 7.5,
150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1%
Triton, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L b-
glycerophosphate, 1 mmol/L NaVO,, 1 mg/ml leupeptin, 1
mmol/L PMSF). The lysates were sonicated and centrifuged
and the supernatant (which contained 200 g total protein)
was incubated with an immobilized phospho-p38 kinase
antibody (Thr 180/Tyr 182) with gentle shocking overnight at
4 °C. The beads were washed twice with 500 ml of lysisbuffer
and twice with 500 m of kinase buffer (25 mmol/L Tris, pH 7.5,
5 mmol/L b-glycerophosphate, 2 mmol/L DTT, 0.1 mmol/L
NagVVO,, 10 mmol/L MgCl,). The kinase reactionswere carried
out in the presence of 200 nmol/L ATP, and 2 mg of ATF-2 at
30 C for 30 min. ATF-2 phosphorylation was selectively
measured by Western immunobl otting using achemiluminescent
detection system and specific antibodies against phosphorylation
of ATF-2 at Thr™.,

Immunoblot analysis

The cells were harvested by trypsinization, and the extracts
were prepared by resuspending cell pelletsin lysis buffer per
sample (20 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1 mmol/L
EDTA, 1 mmol/L EGTA, 1 % Triton, 2.5 mmol/L sodium
pyrophosphate, 1 mmol/L b-glycerophosphate, 1 mmol/L
NasVO,, 1 mg/ml leupeptin, 1 mmol/L PMSF). The lysates
were sonicated and centrifuged and the supernatant (which
contained 200 ny total protein) was incubated with a specific
phospho-(Ser/Thr) ATM/ATR substrate antibody with gentle
shocking overnight at 4 ‘C. Followed by adding 20 pl protein
A agarose at 4 C 2 h, the lysates were centrifuged at 1 500xg
for 1 min at room temperature. The bands were washed five
times with 500 ml of lysis buffer. The protein concentrations
were determined using the Bradford assay. Prior to
electrophoresis, an appropriatevolume of 20 pl 3xSDS sample
buffer (150 mM Tris-HCI, pH 6.8, 10 % b-mercaptoethanol,
20 % glycerol, 3 % SDS, 0.01 % bromphenol blue, 0.01 %

pyronin-Y) wereboiled for 3 min, then it was subjected to SDS-
PAGE on 10 % polyacrylamidegel sand el ectrotransferred onto
nitrocellulose membranes. Themembranes were probed with
antibodies against total p38MAPK, phospho-p38MAPK (cell
signaling technology). Quantitation of immunoblot signalswas
performed by densitometry of exposed X-ray films.

Flow cytometry analysis
Was carried out according to the instruction manual provided
by the manufacturer.

RESULTS

Accumulation of strand breaks indicated by Comet assays
After treatment with 0.2 MM MNNG 2.5 h, Comet assay (single
cell gl electrophoresis, SCGE) showed significant Comet tail
formation, similar to the positive control group (4ANQO 2.5 mM
30 min). While the control group, both the DM SO treatment
group and PBS treatment group, showed no Comet tail formation
(Figure1). Evidently evenlow concentration of MNNG (0.2 M)
could cause DNA strand broken.

DMSO group MNNG group

PBS group

4NQO group

Figure 1 Comet assays indicated accumulation of strand
breaks. With low concentration MNNG 0.2 nM 2.5 h treatment,
SCGE showed significant comet tail formation, just like the
positive control group (4NQO 2.5 mM 30 min). While the control
group, both the DMSO treatment group and PBS treatment
group, showed no comet tail formation.
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Figure 2 MNNG exposure activates ATM/ATR in Vero cells.
Increased phosphorylation of ATM/ATR was observed after
0.2 MM MNNG 2.5 h exposure. One activated substrate mo-
lecular weight is about 38 Kda. Pretreatment with 100 niv
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wortmannin abrogated the upregulation. Positive control 4-
NQO 2.5 mM 30 minutes.

ATM/ATR activated by low concentration MNNG exposure
Totest if ATM/ATR was activated in Vero cdllsfollowing 0.2 nivi
MNNG exposure, we sel ected specific phospho-(Ser/Thr) ATM/
ATR substrate antibody. We observed increased phosphorylation
of ATM/ATR substrate after 2.5 htreatment. Themolecular weight
of one activated substrate was about 38 Kda. Pretreatment with
100 nM wortmannin abrogated the upregucation. Positive control
4-NQO 2.5 mM for 30 minutes showed similar activated band as
the MNNG trestment group (Figure 2). ATM/ATR up-regulation/
phosphorylation suggested that DNA strand breaks arising
during therepair process activate ATM. These findingsindicated
that ATM activation was not limited to the ionizing radiation-
induced response and potentially played an important role in
response to DNA alkylation.

p38 kinase activated by MNNG treatment
Results showed the exposure to 0.2 nmol/L MNNG for 2.5 h,
p38 kinasein Vero cdlswasactivated by about 1.47 fold (Figure 3).
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Figure 3 MNNG treatment activated p38 kinase. p38 kinase in
Vero cells was activated by about 1.47 fold after the exposure
to 0.2 mmol/L MNNG for 2.5 h.

(1P) showed phospho-ATM/ATR substrate antibody combined
with both p38 MAPK antibody and phospho-p38MAPK
antibody. The band of MNNG group was 1.78 (p38MAPK)
and 2.37 fold (phospho-p38MAPK) stronger than that of
DM SO group (Figure4). Combined with theresult of P3BMAPK
activated by the sametreatment, we concluded that ATM/ATR-
P38BMAPK pathway was activated by MNNG.
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Figure 5 P38MAPK joined G1-S arrest. In the flow cytometry
analysis work, it was found that the population of S phase of
cell cycle in MNING treatment group was decreased as com-
pared with the controls (DMSO group). Pretreatment with
P38MAPK specific inhibitor SB203580 for 1 h, the G1-S arrest
disappeared after the same MNNG treatment.

Table 1 Cell cycle analysis by flow cytometer
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Figure 4 ATM/ATR-P38MAPK pathway is activated by MNNG.
Immunoprecipitation showed phospho-ATM/ATR substrate
antibody connected with both the p38 MAPK antibody and the
phospho-p38MAPK antibody. The band of MNNG group is
1.78 fold (p38MAPK) and 2.37 fold (phospho-p38MAPK) stron-
ger than DMSO group. Combined with the result that P3BMAPK
was activated by the same treatment, we conclude that ATM/
ATR-P38MAPK pathway is activated by MNNG.

ATM/ATR-P38MAPK pathway activated by MNNG
With sametreatment (0.2 v MNNG 2.5 h), immunoprecipitation

Cell cycle phase fraction (%)

Cell

Go-G, S G-M
DMSO group 50.22 42.24 4.54
MNNG group 90.36 0.00 9.64
SB203580 group 51.78 41.79 6.43

P38MAPK involved in G1-S arrest

In the flow cytometry analysis (Figure 5), it was found that the
population of S phase of cell cyclein MNNG treatment group
was decreased as compared with the controls (DM SO group).
Pretreatment with p38MAPK specific inhibitor SB203580 for 1
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h, the G1-S arrest disappeared after the same MNNG treatment
(Table 1). It implied that P38BMAPK wasinvolved inthe G1-S
arrest.

DISCUSSION

Genotoxic events activate anumber of signaling pathways that
serve, for example, to activate DNA repair mechanisms, halt
cell cycle progression and/or trigger advancement into
apoptosis. Although all genotoxins produce such general
responses, the mechanisms governing response to divergent
formsof DNA damage are potentially diverse themselves. g-
irradiation produces double and single strand breaks as well as
numerous oxidative changesto bases and deoxyribosemoieties,
whereas MNNG alkylates (methylates) several nucleophilic
centers in bases but does not directly induce strand breaks.
MNNG exposure produces mutagenic and cytotoxic O°-
methylguanine (O®MeG) adducts that can force O°MeG-T
mispairing following replication. In addition to O°MeG,
MNNG causes base alkylation at numerous nucleophilic
centerswithin DNA, such as the N® position of adenine. The
presence of such adducts triggersDNA glycosylases to
generate apurinic/apyrimidinic sites during repair. Apurinic/
apyrimidinicsites, in turn, activate an apurinic/apyrimidinic-
specific endonuclease resulting in cleavage of DNA.

MNNG can activate INK/SAPK in human 293 cells at
concentrations as high as 70 nmol/L™2. By our experience,
MNNG at concentration of 20 nmol/L is enough to kill over
80 % Vero cells while at concentration of 0.2 nmol/L the
highest nontargeted mutation frequency is induced without
remarkable mortality™. Although it has been verified that
with ultraviolet and high concentration of chemical DNA
damaging agents, signal transduction is activated not only by
damaged but also by undamaged DNA pathways. Insufficient
knowledge has been obtained on details of cellular response
to low concentration of chemicalsespecialy MNNG. Comet assay
(Single cell gel electrophoresis assay, SCGE) is a new and
sengitive test for DNA damage studies®*9. In our study, with
low concentration of MNNG 0.2 mivl 2.5 htrestment, Comet assay
showed significant Comet tail formation, indicating that strand
breaks are accumul ated. So even with very low concentration of
0.2 MM of MNNG, DNA strand can also be broken.

It iswidely believed that it is the presence of broken DNA
strands that activates the catalytic activity of ATM. The ATM
gene is mutated in ataxia-telangiectasia, a pleiotropic
autosomal recessive disorder characterized by progressive
cerebellar degeneration, oculocutaneous telangiectasia,
immunodeficiency, cancer predisposition, and an extreme
sengitivity to ionizingradiation (IR). Cells derived from ataxia
telangiectasia patientsexhibit chromosomal instability and a
profound defect in al cellular responsesto DNA double strand
breaks (DSBs). ATM is a serine/threonine protein kinase that
islocated mainly in the cell nucleus. Upon infliction of DSBs,
ATM mediates the rapid induction of numerous cellular
responsesthat lead to damage repair, and activation of cell
cycle checkpointsand other survival pathways?#. To test if
ATM/ATR was activated in Vero cells following 0.2 niv
MNNG exposure, we selected specific phospho-(Ser/Thr)
ATM/ATR substrate antibody. We observed increased
phosphorylation of ATM/ATR substrate after 2.5 h treatment.
The molecular weight of one activated substrate was about 38
Kda. Pretreatment with 100 niM wortmannin abrogated the
upregulation while in positive control it showed similar
activated bands asin the MNNG treatment group. ATM/ATR
up-regulation/phosphorylation suggested that DNA strand
breaks activated ATM/ATR. These findings a so indicate that
ATM activation isnot limited to theionizing radiation-induced
response and potentially plays an important role in response

to DNA alkylation.

Downstream targets of ATM/ATR kinase activity that
partially delineate DNA damage-activated cell cycle
checkpoint signaling pathwayshave been recently described.
The best characterized checkpoint pathways involve p53,
Chk1, Chk2, c-Abl, and BRCA12>28 hut the participating
signaling pathways are lessclearl®, The complex phenotype
of AT cells suggests that it must have other cellular substrates
aswel I, Our Western blot result showed that the molecular
weight of one activated phosphorylated ATM/ATR substrate
was about 38Kda. To identify the possible substratesfor ATM
and the related kinases ATR, we selected immunoprecipitation
test and found that phospho-ATM/ATR substrate antibody was
connected with both p38 MAPK antibody and phospho-
p38MAPK antibody. By in vitro kinase assays, with the same
MNNG treatment, p38 MAPK was activated. Taken together,
we concludethat ATM/ATR- P3BMAPK pathway is activated
by MNNG.

MAPKSs (mitogen-activated protein kinase) are evolutionarily
conserved enzymes connecting cell surface receptorsto critical
regulatory targets with in cells. MAPK s respond to chemical
and physical stresses, thereby controlling cell survial and
adaptation. It is becoming clear that MAPK s regulate almost
all cellular processes, from gene expression to cell deathf®>,
Mammals express at least four distinctly regulated groups of
MAPKSs, extracellular signal related kinase (ERK)-1/2, C-Jun
N-terminal kinase (JNK1/2/3), p38 MAPK and ERK5. Among
MAPKSs, both INK/SAPK and p38MAPK play important roles
in cellular stresssignal transduction. Theinvolvement of MAP
kinasesin cell cycle arrest has been studied in a number of
organisms. Perhaps due to differencesin substrate specificity
and regulation among the MAP kinases, their rolesin cell cycle
regulation appear to be different. Activationof p42Y4™ is
required for the G,/M transition in the maturation of Xenopus
oocytes®”. BMK 1 (ERK5) wasreported to berequiredfor epidermal
growth factor-induced progression through S phase®. p38a
has been reported to be involved in Cdc42-induced G, arrest
as well as the spindle assembly checkpoint®**4%, In our
experiment, treatment of VVero cellswith SB203580, aselective
inhibitor of the p38 MAPK pathway, effectively inhibited the
G1-S arrest which could be induced by MNNG. These data
support animportant interplay between the p38 pathway and
G, cell cyclecheckpoint control.

In conclusion, low concentration of MNNG can damage
DNA, activate ATM/ATR-p38MAPK cascade and induce G1-
Sarrest. To our knowledge, thisis the first report about the
involvement of the ATM/ATR-p38MAPK cascadein the G1-
Sarrest induced by monofunctional alkylating agent MNNG.
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