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Abstract

Genotoxic stress triggers a variety of biological res-
ponses including the transcriptional activation of
genes regulating DNA repair, cell survival and cell
death. In this study, we investigated to examine
gene expression profiles and genotoxic response in
TK6 cells treated with DNA damaging agents MNNG
(N-methyl-N'-nitrosoguanidine) and hydrogen per-
oxide (H,O,). We extracted total RNA in three inde-
pendent experiments and hybridized cRNA probes
with oligo DNA chip (Applied Biosystems Human
Genome Survey Microarray). We analyzed raw signal
data with R program and AVADIS software and iden-
tified a number of deregulated genes with more than
1.5 log-scale fold change and statistical significan-
cy. We indentified 14 genes including G protein alpha
12 showing deregulation by MNNG. The deregulated
genes by MNNG represent the biological pathway
regarding MAP kinase signaling pathway. Hydrogen
peroxide altered 188 genes including sulfiredoxins.
These results show that MNNG and H,O, have both
uniquely regulated genes that provide the potential
to serve as biomarkers of exposure to DNA damag-
ing agents.

Keywords: Toxicogenomics, MNNG, Microarray, Geno-
toxicity

Genotoxic insults triggers a variety of biological

death. Genotoxic compounds cause DNA damage by
a variety of mechanisms. Direatting chemicals that
bind covalently to DNA include DNA alkylating
agents, crostinking agents, and oxygen radicals,
such as MMS, MMC, and @, respectively? Indi-
rectacting genotoxicants, on the other hand, alter the
function of cellular proteins, leading to accumulation
of endogenous DNA damage. Mammalian cells have
a repair system to protect them from DNA damage,
including base excision repair, nucleotide excision
repair, and recombination repair

Toxicogenomics provides novel mechanistic insight
into the response of cells to DNA damage by devel-
oping a more complete picture of toxicologically
important events as opposed to the historical method
of examining the response of a few, select génes
Toxicantspecific gene expression signatures will
provide biomarkers for predicting the toxicity of toxic
chemicals, detect toxicity at levels that do not yield
clinical symptoms, and provide insights into mecha-
nisms of toxicity.

Our laboratory evaluated the gene expression cha-
nges and DNA damage in human lymphoblast TK6
cells exposed to different genotoxins. Human lym-
phoblast cells were selected for these studies because
they are a commonly used cell line for genotoxicity
assessments. Cells were exposed to the genotoxins
following standard test procedures. Chemicals were
selected based on their established mechanism of ac-
tion. MNNG, an alkylating agent, and hydrogen per-
oxide, a free radical induced DNA damaging agent
were selected as test chemicals. Concentrations tested
ranged from a no effect level for cytotoxicity and
genotoxicity (as measured by DNA damage) up to
clearly genotoxic concentrations that induced around
10-50% cytotoxicity, as in the standard method.

Cytotoxic and Genotoxic Response to MNNG
and HzOz
Cytotoxicity of test chemicals in TK6 cells was
examined to determine the ntoxic concentration
on induction of DNA damage. Cell viability was tested
after 2 h with concentrations between 0.006 mM and
0.75 mM of MNNG or between 0.01 mM and 5 mM
of hydrogen peroxide Using MTS assay (Figure 1).
The 1G, of MNNG and hydrogen peroxide were 10

responses including the transcriptional activation of pM, and 10QuM, respectively, in TK6 cells. To avoid
genes regulating DNA repair, cell survival and cell complications of gene expression changes due to



Gene Expression Profiling of MNNG 99

differences in cytotoxicity, concentrations were cytotoxicity at each dose. The highest concentration
selected for each chemical to insure similar levels offor each chemical was selected on the basis of a comet
assay and ~50% cytotoxicity, the mid concentration
was ~30% cytotoxicity, and the low concentrationwas
10-20% cytotoxicity. The selection of 50% cytotoxi-
city allowed comparison of MNNG and,8, at equi-
toxic concentrations to evaluate the effect of cytotox-
icity on the gene expression profiles. Induction of
DNA damage by genotoxicants was evaluated with
comet assays. Evidence of significant DNA damage
was evident in TK6 cells at all concentrations (Figure
2).
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ANOVA methods and identified 447 genes out of
total 32,381 probe sets. By statistical criteria>df.5
fold changes &< 0.05 (False discovery rate0.25),
a total of 14 genes were significantly changed in at
least one of treatment conditions (Figure 3).
Hierarchical clustering analysis was performed with
14 differentially expressed genes according to their
similarity in expression pattern (Figure 4). An abbre-
viated list of differentially expressed genes according
o T . to molecular function and/or biological pathway is
0 10 20 50 100 250 500 1000 2000 50i presented in Table 1. Among the altered genes, there
H,0, (M) were guanine nucleotide binding protein, gammal2,
2-aminoadipic ésemialdehyde dehydrogenase, and
Figure 1. Cell viability tests of TK6 cells after treatment of aldehyde dehydrogenase 7 family, member Al.
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Figure 2. Cell morphology
and DNA damage analysis in
TK®6 cells treated by MNNG.
The single cell gel electro-
phoresis (SCGE) assay, also
known as the comet assay,
was performed to measure
the amount of DNA break-
age in the cells.
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tion and pathway mapping were performed using nificantly changed genes were related to MAPK sig-
KEGG to evaluate the expression pattern on the basigaling pathway (Figure 5).
of gene function and pathway. The result showed sig- In the case of kD,, we identified a total of 188

MNNG
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Figure 3. Microarray analysis results to identify differential-
ly expressed gene of MNNG.

Figure 4. Hierarchical clustering analysis from 1.5 fold
differentially changed genes (14 genes) in MNWG&(0.05).

genes with statistically significant changes using
same analytical approach (Figures 6, 7, 8). A repesen-
tative gene list of differentiallyegulated genes is
presented in Table 2. Altered genes included neureg-
ulin 4, sulfiredoxin 1 homolog, endothelial adhesion
molecule, and ATPase. With pathway analysis, folate
synthesis pathway was related tg0xexposure.

Discussion

Genotoxic stress causes a variety of cellular res-
ponses including the transcriptional activation of
genes regulating DNA repair, cell cycle arrest, and
apoptosi&®. Although all genotoxins produce such
general responses, the mechanisms governing res-
ponse to divergent forms of DNA damage are poten-
tially diverse themselves. It is thus imperative that
gene expression profiles be anchored to biological
endpoints that can be quantiftétf. The cellular res-
ponses to genotoxic stress are partly mediated by the
activation of signal transduction pathways involving
mitogenactivated protein kinases (MAPKS), includ-
ing the extracellullar signalkgulated kinases (ERKS),
the c¢Jun NH-terminal kinases (JNKs), and the p38
kinases.

N-methyEN’-nitro-N-nitrosoguanidine (MNNG),
alkylating agent, is an environmental carcinogen that
causes DNA lesions leading to cell death. MNNG and
related genotoxic agents are extremely mutagenic,
carcinogenic, and evoke a strong cell cycle arrest and
/or apoptotic response. MNNG methylates various
nucleophilic centers within the DNA molecule with
methylation of the N3 position of adenine and the N7
and O6 position of guanine being the predominant
lesions. N3MeA and N7MeG lesions are efficiently
repaired by base excision repair (BER). However, the
cytotoxic and mutagenic properties of MNNG are
thought to principally stem from the methylation of

Table 1. Representative list of differentially expressed genes by MNNG in TK6 cells.

Gene bank Fold change
accession No. Gene name 2.5uM 5uM 10uM

AF119663 Guanine nucleotide binding protein, gamma 12 1.87 149 -131
AY422212 2aminoadipic ésemialdehyde dehydrogenase -1.15 -1.06 1.63
BC000280 Myosin, heavy polypeptide 10, romiscle -1.08 1.30 1.93
AX878931 PAP associated domain containing 1 2.06 156 -1.02
AY459346 Phosphodiesterase 3B, cGMRibited 2.32 1.88 —1.49
AB060283 Winglesgype MMTYV integration site family, member 9A 1.94 1.47 -1.94
BC017303 Villin 1 1.00 -1.41 3.46
AK092507 Aldehyde dehydrogenase 7 family, member A1 1.13 1.96 -1.09
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Figure 5. Gene ontology of differentially expressed genes by MNNG in TK6 cells.
H,0, 25uM S0uM 100uM load and sensitivity to MNN&.
Number of differentially expressed Hydrogen peroxide (kD,), free radical based DNA
Total genes 32878 32878 32878 -damaging agent, mainly cause base substitution-muta
tions. HO, is formed in the body by the conversion
1.5 fold up & down 13571 14821 9385 of superoxide anion radicals by superoxide dismu-
ttestP<0.05) 5599 5084 1282 tases. HO, subsequently undergoes a Fenton reaction
to form the hydroxyl radical { OH) which primarily
P<0.05 & 1.5 fold 5031 4710 1046 cause double bond addition, but also abstract hydro-
ANOVA | _— gen and produce stand bre&ks .
We investigated the genotoxicantuced changes
+FDR (<0.25) \ 188 in gene expression patterns as a function of toxicity

Figure 6. Microarray analysis results to identify differential-
ly expressed gene of,8,.

the O6 position of guanine (O6Met&)Direct repair

and mutagenesis, using the TK6 human lymphoblast
cell line as model system. To determine if the tran-
scriptional responses of cells to toxicant exposures
showed a dose response, we compared expression
profiles at doses of the compounds that give different
levels of toxicity and mutagenicity.

of mutagenic O6MeG lesions is accomplished by the Analyzing gene expression, we identified a total of
repair protein methylguanifi@NA methyltransferase
(MGMT). Accordingly, lost or diminished MGMT
activity results in MNNGinduced increased lesion whose expression levels were significantly changed

447 genes with statistically significant changes in
expression after MNNG treatment, and 2,557 genes
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1 derived from ataxidgelangiectasia patients exhibit
= -|'|' | chromosomal instability and a profound defect in all
cellular responses to DNA double strand breaks
(DSBs). Downstream targets of ATM/ATR kinase
activity that partially delineate DNA damagetivat-
ed cell cycle checkpoint signaling pathways have
been recently reported. The best characterized check-
point pathways involve p53, Chkl, Chk2Abl, and
BRCA1"24,

In summary, our data indicate that the value of the
gene expression profiling technology is its potentials
to provide mechanistic insight into the mode of action
of a genotoxic compound. However, it should be
pointed out that additional experiment may be neces-
sary to further confirm the utility of these gene chang-
es as biomarkers of exposures to agents that induce
DNA damage through the above mechanism.

Methods

Materials

Male N-methykN'-nitro-N-nitrosoguanidine
(MNNG) was purchased from TCI Co.(Japan). Hydro
gen peroxide was purchased from Fluka. HEPES (N

Figure 7. Hierarchical clustering analysis from 1.5 fold [2-Hydroxylehtyl]piperazineN'-[2-ethanesulfonic

differentially changed genes (188 genes) in hydrogen perox-acid]), glucose, Sodium_ pyruvate, s_odium Carbongte,
ide (P< 0.05). and DMSO were obtained from Sigma (St. Louis,

MO). RPMI medium 1640, FBS, penicillistrepto-
mycin were obtained from Gibco BRL (USA). MTS
by treatment with HO,. These included guanine (3-4,5dimethylthiazoi2-yl)-5-(3-carboxy methoxy-
nucleotide binding protein, gammal2aginoadipic  phenyl}2-(4-sulfophenyl}2H-tetrazolium was pur-
6-semialdehyde dehydrogenase, aldehyde dehydroehased from Promega (USA). Comet assay kit was
genase 7 family, member Al, neuregulin 4, sulfire- purchased from Trevigen INC. (USA)
doxin 1 homolog, endothelial adhesion molecule, and
ATPase. (Table 1, 2). These genes function in cell sur-Cell Culture
vival, cell growth and hence their decreased expres- Human lymphoblastoid line TK6 was derived from
sion could be indicators of toxicity. In addition, with the parental human lymphoblastoid line HH4 and
low concentration of MNNG, Comet assay showed heterozygous for thymidine kinase (TK), an enzyme
significant Comet tail formation, indicating that which phosphorylates thymidine and its toxic ana-
strand breaks are accumulated and MAPK signalinglogues in an ATRlependent reaction. Cells were
pathway was related to the MNN@duced genotoxi-  maintained in exponential growth by daily dilution in
city. RPMI 1640 medium supplemented with 10% Fetal
Torsten Dunkerret al. showed that activation of Bovine Serum, 10 mM HEPES, 1 mM sodium pyru-
ATM/ATR by MNNG induced DNA damage leads to vate, 4.5 g/L glucose, and 1.5 g/L sodium bicarbonate
activation of p38 MAPK, which involves in the G1 and maintained in 3T incubators with a 5% CO
checkpoint in mammalian celfsit is widely believed  atmosphere. Cell counts were taken daily using a
that it is the presence of broken DNA strands that acti-Coulter Counter, and cultures were diluted to1%°
vates the catalytic activity of ATM. The ATM gene is cells/mL.
mutated in ataxidelangiectasia, a pleiotropic autoso-
mal recessive disorder characterized by progressiveCytotoxicity
cerebellar degeneration, oculocutaneous telangiecta- Cytotoxicity was determined by MTS assay. Cells
sia, immunodeficiency, cancer predisposition, and anwere treated with various concentrations of MNNG
extreme sensitivity to ionizing radiation (IR). Cells (0.0060.75 mM) or hydrogen peroxide (0&GlmM)
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Figure 8. Gene ontology of differentially expressed genes §9.th TK6 cells.

for 2 hr. After incubation of the cells for 2hr in test Cells were seeded in 12 well plates(10° cells/mL)
chemicals containing medium a sample of the cultureand were exposed to a different concentration of

was mixed with MTS (33@g/mL) and PMS (2§iM) MNNG and HO, for 2 hr. 20uL of cell suspension
mixture solution. After 2 hr, O.D. was measured at were mounted in 1% agarose on slide glass. Slides

490 nm. were immersed in a cold lysing solution (2.5M NacCl,
0.1 M EDTA, 10 mM Tris, pH 10, 1% (v/v) Triton X
Comet Assay 100 and 10% (v/v) DMSO) for 1.5 hr at@ and then

The comet assay was performed according to re-for 20 min in the electrophoresis buffer (0.3 M NaOH,
commendations published elsewﬁére.neﬂy, TK6 1 mM EDTA, pH>13). Slides were electrophoresed
cells were grown at 3T in a 5% CQ incubation.  and neutralized using Tris buffer (0.4 M Tris, pH 7.5)
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Table 2. Representative list of differentially expressed genes by hydrogen peroxide in TK6 cells.

Gene bank Fold change
accession No. Gene name 25uM 50uM 100uM
AX878224 Chromosome 20 open reading frame 158;death associated -3.37 -3.21 1.53
transcription factor 1
106698 Plergxisome proliferative activated receptarpactivator 1, 4.33 2.79 —1.18
alpha
AJ243670 NICE4 protein -3.15 -5.88 1.71
L48546 Tuberous sclerosis 2 -2.61 -3.79 1.9
AK027590 Deatkassociated protein kinase 3 -2.61 -3.55 1.75
AB055890 A kinase (PRKA) anchor protein 13 2.35 143 -1.11
BC035053 Ring finger protein 103 2.3 15 -1.12
AL133626 H2A histone family, member J 2.27 209 -1.15
BC072414 THAP domain containing 10 2.23 1.84 —-1.48
AJ303119 Pleiomorphic adenoma gédike 1 2.22 3.38 -1.09
AJ617628 Synaptotagmin XHike 2.18 2.02 —-1.04
BC026125 Chaperonin containing TCP1, subunit 6B (zeta 2) 2.18 1.7 -12
BC064591 Deetiolated 1 2.16 1.9 -1.13
BC033789 Actinlike 7B -2.16 1.58 —-1.09
BC035625 Early growth response 2 2.05 129 -161
BC032645 Chromosome 10 open reading frame 88 2.07 1.87 -1.11
BC021901 RAB21, member RAS family 2.04 182 -1.01
BC031624 Retinitis pigmentosa GTPase regulator 2.01 263 —-1.11
u60805 Oncostatin M receptor 1.98 -1.18 1
BC035494 Origin recognition complex, subunitik® (yeast) 1.91 1.69 -1.04
ABO078417 Rasnduced senescence 1 -1.91 -1.62 2.09
AK097433 Acidic repeat containing 1.9 137 -23
BC004483 Nacetyltransferase 6 -1.82 -2.19 1.75
AL163301 Chromosome 21 ORF 70 -18 —4.36 1.68
AF114834 MAX dimerization protein 3 1.79 -1.61 1.18
BCO047773 Bone morphogenetic protein receptor,type 1B 1.77 217 -15
X55322 Neural cell adhesion molecule 1 1.77 -1.02 =17
BC015949 Leucine carboxyl methyltransferase 2 1.76 209 -1.11
AB022277 Tubulointerstitial nephritis antigen 1.76 124 -2.36
AJ006198 tyrosylprotein sulfotransferase 2 1.75 182 -1.7
AK131391 protein phosphatase 2, regulatory subunit B (Ba6pform 1.73 2.23 -1.01
AF040253 suppressor of Ty 5 homolog 1.73 -21 1.53
AL050258 tuftelin interacting protein 11 1.73 166 -1.09
BC034934 Myocardifrelated transcription factor B 1.72 1.75 -1.08
BC051305 Transient receptor potential cation channel, subfamily V, 1.7 -1.94 2.35
member 2
BC012629 Thyroid receptor interacting protein 15 1.68 2.04 -1.07
AK027360 G proteircoupled receptor 128 1.68 203 -1.21
AF208291 Homeodomain interacting protein kinase 2 1.68 1.06 —-2.37
AL832891 Cysteingich, angiogenic inducer, 61 -1.67 -15 241
AK075109 Ceroidipofuscinosis, neuronal 5 1.67 138 -1.03
BX647796 Heart alph&inase 1.67 1.07 -1.86
AK056162 Jumonji domain containing 2D 1.66 2.6 -1.29
BC037574 Ubiquitin specific protease 46 -1.65 -1.67 1.66
AK057100 Sialytransferase 7 F 1.64 1.82 -1.19
AKO074729 G proteircoupled receptor 19 1.63 1.05 -1.87
BC008717 Casein kinased 1 1.62 1.85 -1.01
BC002636 Zinc finger protein 495 1.61 141 -1.09
BC011731 Rag5TPase activating protein SH3 domadmding protein 2 1.6 2.00 -1.16
BC016697 Threonine synthatke 1 1.59 1.54 -1.09
BC023576 Granulysin 1.58 -3.26 -1.63
BC017050 2, Bisphosphoglycerate mutase 1.58 1.71 -1.13
BC038507 Glutaminase 1.57 166 —1.06

and stained with ethidium bromide (@9/mL). Cells

were analyzed using a Comet Image Analysis SystempPivision, Nottingham, UK).

Version 5.5 (Kinetic Imaging Ltd., Andor Bioimaging



Gene Expression Profiling of MNNG 105

RNA Preparation respondence analysis (COA) was also performed
At 2 hr post exposure, aliquots of cells were pellet- using the AB1700 package in R. Hierarchical cluster
ed by cenrifugation and washed with phosphate buf-analysis partitions the data into discrete hierarchical
fered saline. The cell pellets was then processed wittgroups based on the trends of the data. The resulting
trizol (Invitrogen, Carlsbad, CA) for isolation of total gene lists were basically limited to the genes with the

RNA, followed by Rneasy (Qiagen, Valencia, CA) ratio changing values of fold over 1.5 aRevalue
purification. Purified total RNAs were analyzed with <0.05.
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, US) and confirmed that 28S/18S ratio was
between 1.8 and 2.0 and 260/280 nm ratio between References
2.0 and 2.2, respectively.
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Biosystems Array System importance of threshold$/utat. Res 464137147
RNA was hybridized to the Applied Biosystems (2000). -

Human Genome Survey Microarray 2.0. Digoxigenin 2. Scot'g,. D.et al. Genotoxicity under extreme culture
_UTP Labeled cRNA was generated and linearly conditions. A report from ICPEMC Task Group 9.
amplified from 1ug of pooledtotal RNA from each Mutat, Res257:147:204 (1991). .

. > . . . 3. Friedberg, E. C., Walker, G. C. & Siede, DNA
group using Applied Biosystems Chemiluminescent

. ) . repair and mutagenesifASM Press, Washington,
RT-IVT Labeling Kit according to the manufacturer’s DCF:)(1995). genes g

protocol. Array hybridization, chemiluminescence 4 aardema, M. J. & MacGregor, J. T. Toxicology and
detection, image acqusition and analysis were per-  genetic toxicology in the new era of “toxicogenomics”:

formed using Applied Biosystems Chemiluminescene  impact of “omics” technologiesMutat. Res49913-
Detection Kit and Applied Biosystems 1700 Chemi- 25(2002).

luminescent Microarray Analyzer. 5. Newton, R. K., Aarderma, M. & Aubrecht, J. The util-
ity of DNA microarrays for characterizing genotoxi-
Differentially Expressed Genes Analysis city. Environmental Health Prespectivéd24):420

Microarray data were analyzed using the software _ 422(2004). o '
Avadis 3.3 prophetic (Strand Genomics Pvt Ltd.). The 6. Fisher, D. F. Apoptosis in cancer therapy: crossing
local background was subtracted from the raw expres- ; f:]e||thr35ho|\l/(|jccel|J78'§3F9542 (1924%- L evele check
sion values for all spots. The ratios were then log /-Horander, M. t. Jr. & Formace, A. Bell cycle chec
transformed (base 2) and normalized so that median POINtS and growtrarrest genes activated by genotox-

. IC stress
Iog-tra_lnsformed ratio eq“?"ed to zero. The gene ex- 8. Kastan, M. Bet al Participation of p53 protein in the
pression ratios were medi@entered across all sam-

i ) cellular response to DNA damagéancer Res51:
ples. The expression ratio of each gene was made by 3046311 (1991).

dividing the normalized values of a gene in chemica_l 9. Stojic, L, Cejka, P. & Jiricny, J. High doses of S(N)1
treatment group by gene expression mean value in  type methylating agents activate DNA damage sig-
vehicle control group at each given time point. The  naling cascades that are largely independent of mis-
genes indicating more than 1féld change were match repairCell Cycle4 (2005).

usually taken into consideration for data analysis. We10. Andrew, A. Set al Genomic and proteomic profiling
used the supervised analysis method for differentially ~ of responses to toxic metals in human lung cEsi-
expressed genes between control and treatment groug ron. Health Perspecfl11(6):825835 (2003).

at each given time point. Analysis of gene expressionll. Waring, J. Fet al Microarray analysis of hepatotox-
was performed using the Avadis software program. NS in vitro reveals a correlation between gene expres-
The permutatiorbased modified-test was used to sion profiles and mechanisms of toxicifyoxicol.
provide further confidence in these results. Differen- Lett. 120(1-3):359:368 (2001).

tial gene expression was analyzed using agample  ~2 J€insky, S. A, Estep, P., Church, G. M. & Samson,
Welch Baniamin Bochberastatistic. Thus. diff i L. D. Regulatory networks revealed by transcriptional
Velch Banjamin sochbergsialistic. Thus, difieren profiling of damaged Saccharomyces cerevisiae cells:
tial gene expression associated with each group was

. o X X Rpn4 links base excision repair with proteasomes.
tested using significance analysis of microarray. Gene  \ol. Cell Biol. 20(21):81578167 (2000).

expression values were manipulated and visualized 3, Kastan, M. Bet al A mammalian cell cycle check-

with the Rpackages (Free Software under the terms  point pathway utilizing p53 and GADD45 is defective
of the Free Software Foundation’s GNU General in ataxiatelangiectasiaCell 71:587-597 (1992).

Public License). For analysis of data correlation, cor- 14. Kalamegham, R., WarmeRodenhiser, S., Mac-



106  Mol. Cell. Toxicol. Vol. 3(2), 98-106, 2007

Donald, H. & Ebisuzaki, K. OénethylguanineDNA (2002).
methyltransferasdefective human cell mutant: ©6  20. Ye, Ret al The plant isoflavenoid genistein activates
methylguanine, DNA strand breaks and cytotoxicity. p53 and Chk2 in an ATMlependent mannei. Biol.

Carcinogenesi®:17491753 (1988). Chem 27648284833 (2001).
15. Termini, J. Hydrogen peroxideduced DNA damage  21. Kharbanda, S., Yuan, Z. M., Weichselbaum, R. &
and mutationsMutat. Res30:107-204 (2000). Kufe, D. Etermination of cell fate by-A&bl activation

16. Wilhelm, D., Bender, K., Knebel, A. & Angel, P. The in the response to DNA damag@ncogenel7:3309
level of intracellular glutathione is a key regulator for 3318(1998).
the induction of stresactivated signal transduction 22. Abraham, R. T. Cell cycle checkpoint signaling thro-

pathways including Jun derminal protein kinases ugh the ATM and ATR kinase&enes Devl5.2177
and p38 kinase by alkylating agentéol. Cell Biol 2196 (2001).
17:47924800 (1997). 23. Gatei, M.et al. Role for ATM in DNA damagén-

17. Caspari, T. How to activate pS3urr. Biol. 10.R315 duced phosphorylation of BRCATancer Res60:
317 (2000). 32993304 (2000).

18. Turenne, G. A., Paul, P., Laflair, L. & Price, B. D. 24. Zhu, K. Q. & Zhang, S. J. Involvement of ATM/ATR
Activation of p53 transcriptional activity requires -p38 MAPK cascade in MNNG induced &larrest.
ATM’s kinase domain and multiple-derminal serine World J GastroenteroB(9):20732077 (2003).
residues of p530ncogene€0:51005110 (2001). 25. Singh, N. T., McCoy, M. T., Tice, R. R. & Schneider,

19.Saito, S.et al. ATM mediates phosphorylation at E. L. A simple technique for quantification of low

multiple p53 sites, including Ser (46), in response to levels of DNA damage in individual cellExp. Cell
ionizing radiation.J Biol. Chem 277:1249112494 Res 175184191 (1988).



