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926 of benzoquinones (the main reactive metabolites of
927 trichlorobenzenes) was effectively detected with the
928 S. typhimurium strains TA104 and TA2637. TA104 was
929 most sensitive to oxidative mutagens, while TA2637 was
930 effective in detecting bulky DNA adducts.

931 (2) Different activity levels of the specific enzymes in rats
932 and mice responsible for the metabolic activation of
933 chlorinated benzenes. According to the investigation of
934 Hissink et al,, the rank order for total in vitro conversion
935 of chlorobenzenes to oxidized metabolites and covalently
936 bound metabolites was mouse > rat > human.”> More-
937 over, conversion-dependent covalent binding to proteins
938 was observed for all chlorinated benzenes, in which
939 benzoquinones amounted to about 10—30% of the total
940 metabolites formed.”® Den Besten et al”* were found
941 that cytochrome P4503A1 showed the highest activity
942 toward trichlorobenzenes both with regard to the forma-
943 tion of corresponding chlorophenols and protein-bound
944 metabolites. Thus, the activity of CYP3A1 strain to pro-
945 duce reactive benzoquinone metabolites from trichlor-
946 obenzenes seems to be higher in mice than in rats.

947 The critical review of the observed genotoxicity within the
948 list of 162 workflow chemicals has changed the MNT predicted
949 outcome of some of the “original” 557 training set chemicals.
950 Thus, after including the in vivo metabolic detoxification “logic”,
951 the newly developed MNT model exhibited an improved pet-
952 formance: sensitivity of 82% (i.e,, 217 correctly predicted geno-
9s3 toxic chemicals out of the total number of 266 documented
954 genotoxins), specificity of 61% (i.e, 170 correctly predicted
955 nongenotoxic chemicals out of total number of 281 observed
9s6 nongenotoxins), and concordance of 71%. To calculate the model
957 concordance, the chemicals for which explicit model prediction
958 could not be provided (there were 10 chemicals that failed
959 to achieve the user defined threshold of 70%) were excluded
960 from the “S57 list”. Thus, the model concordance of 71% is based
961 on relation between the total number of correct predictions
962 (genotoxic and nongenotoxic, i.e, 387) out of 547 chemicals.

963 Derivation of the Model for in Vivo Liver Genotox-
964 icity. The modeling of in vivo liver genotoxicity is based
965 on documented data effects for 185 diverse chemicals assessed
966 by the UDS, Comet, and TGR assays (Appendix 1II in the
967 Supporting Information). The model shared the reactivity and,
968 to a certain extent, the metabolism compounents of the in vivo
969 MNT model. On the basis of the selection of liver as the target
970 organ of this investigation, the “bioexhausting” component of
971 the detoxification stage usually associated with targets (such as
972 bone marrow) remote from the liver is not considered herein.
973 The liver model was derived directly following the logic of the
974 workflow presented in Figure 1. According to this logic, two
975 possible genotoxicity outcomes are feasible for the in vitro non-
976 mutagenic chemicals. Most of these in vitro negative chemicals
977 are not expected to elicit in vivo liver genotoxicity, whereas
978 bioactivation reactions producing liver damaging metabolites
979 can occur for a limited set of nonmutagens. The fate of the in
980 vitro mutagenic chemicals was also implemented in this logic.
981 Thus, for some in vitro mutagens (e.g, aromatic amines pos-
982 sessing polar functional groups), the parent chemicals or their
983 metabolites or both could be “trapped” in liver detoxification
934 pathways; as a result, they will not elicit genotoxic effect in the
98s target organ. For example, p-aminobenzoic acid is found to be
986 liver nongenotoxic, being readily absorbed by the gastrointes-
oa7 tinal tract.” The liver is the principle site of glycine phase II
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conjugation; thus, this chemical was not subjected to N-
hydroxylation phase I bioactivation reactions such as aromatic
amine N-hydrexylation. Bearing in mind metabolic considera-
tion mainly, if in vitro mutagenic chemicals were not involved
in liver “trapping” detoxification, they would be considered to
be in vivo liver genotoxins. At the present time, 76 “trapping”
detoxification pathways have been implemented into the liver
genotoxicity model and contribute to its sensitivity of 85% (i.e,
90 correctly predicted genotoxic chemicals of 106 observed
liver genotoxins) and specificity of 49% (i.e., 35 correctly pre-
dicted nongenotoxic chemicals of 72 observed nongenotoxins).
Seven chemicals for which the model cannot provide explicit
predictions were excluded from the model statistics, The poor
specificity is attributed to the fact that the model was derived
in the progression of our in vitro—in vivo investigation, and
thus, identification of new “trapping” detoxification pathways
according to the “185” list of chemicals is needed before this
model is really acceptable for use. This search is ongoing. Some
of the most commonly applied “trapping” pathways in detoxi-
fication on training set chemicals are as follows:

o Nitroarene reduction — N-acetylation pathway,

e Oxidative O-dealkylation — glucuronidation pathway,

e Oxidative O-dealkylation — sulfation pathway,

e Epoxide hydration — glutathione conjugation pathway,

etc.

The nitroarene reduction — N-acetylation pathway is involved
in the liver “trapping” detoxification of 4-nitrobenzoic acid as
llustrated in Figure 12.
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“Trapping” pathway

Figure 12. Simulated metabolic tree of 4-nitrobenzoic acid (62-23-7).
The parent chemical and its metabolite 4-aminobenzoic acid are
considered to be “trapped” in a liver detoxification pathway.

4-Nitrobenzoic acid was found to be excreted in rat urine
as 4-aminobenzoic acid and its conjugates after oral and intra-
peritoneal administration.”® Currently, the “false positive” chemn-
icals are subjected to an expert analysis of their genotoxic poten-
tial; eventually, this will result in an expanded list of “trapping”
detoxification pathways in liver.

B SUMMARY AND CONCLUSIONS

A workflow relating genotoxicity effects at three different levels
of biological -organization has been constructed to facilitate
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1025 the systematic evaluation of empirical data. This required the
1026 collection of a large amount of data for in vitro mutagenicity
1027 (Ames, CA, and MLA); in vivo liver genotoxicity (UDS, Comet,
1028 and TGR); and in vivo bone marrow genotoxicity (MNT) of
1029 diverse chemicals. The database has been subjected to a critical
1030 analysis to minimize as many inconsistencies as possible between
1031 the different sources.

1032 A number of levels of the in vitro—in vivo relationship can be
1033 derived in the workflow (as depicted in Figure 1). A first level
1034 begins with the in vitro negative (nonmutagenic) chemicals, for
1035 which two possible in vivo genotoxicity outcomes appear to be
1036 feasible. The majority of these chemicals are not expected to
1037 produce in vivo genotoxic damage neither in liver nor in the
1038 remote bone marrow (level I). However, for a small minority of
1039 the nonmutagenic chemicals, in vivo bioactivation reactions can
1040 take place to produce reactive metabolites capable to induce in
1041 vivo genotoxicity (level II). The principle organ for in vivo
1042 metabolic activation is assumed to be liver; no examples for
1043 direct bone marrow activation were identified. According to the
1044 adopted in vitro—in vivo relationship developed in this work, in
1045 vitro negative results can usually be used as sufficient evidence
1046 for a lack of in vivo genotoxicity.

1047 The fate of in vitro positive chemicals in vive is also de-
1048 scribed. First, because of in vivo detoxification “logic”, in vitro
1049 positive chemicals could be deactivated in liver; subsequently,
1050 no in vivo MNT effect is expected in the bone marrow for these
1051 chemicals (level II). The in vivo detoxification “logic” is
1052 simulated by introducing so-called “trapping” metabolic
1053 pathways. In contrast with the in vitro-generated metabolites,
1054 which are freely available to interact with macromolecules, the
1055 metabolites in vivo are “trapped” by being engaged in enzyme
1056 complexation (channeling effects) and subsequently are unable
1057 to interact with DNA and proteins. In vitro positives would
1058 also be in vivo liver positive if parent compounds and/or
1059 metabolites are not engaged in detoxification pathways. Con-
1060 sidering this, there are two options: in vivo liver positives could
1061 be “bioexhausted” (e.g, extremely reactive chemicals involved
1062 in off-target protein reactions approaching to the bone marrow)
1063 and thus lack in vivo MNT effects (level IV), or alternatively,
1064 the in vivo liver genotoxic chemicals are in vivo MNT positive if
1065 available at the remote target (level V).

w66 The development of the genotoxicity workflow is based on
1067 the main assumption that any differences in vitro and in vivo
1068 for the same chemicals can be attributed to differences in their
1069 bioavailability in the organs of investigation rather than their
1070 reactivity. In other words, parent compounds and/or metabo-
1071 lites, which are reactive toward DNA and proteins, could have
1072 different in vitro/in vivo effects due to differences in their avail-
1073 ability in target organs.

1074  On the basis of the scheme, two models for in vivo geno-
1075 toxicity have been developed. The models have been combined
1076 on the same platform: a new in vivo metabolism simulator ex-
1077 plicitly describing the in vivo detoxification effects and a
1078 reactivity module based on the electrophilicity of chemicals
1079 toward DNA and proteins. Given the accuracy of experimental
1080 data (approximately 75—80%), the in vivo MNT model exhi-
1081 bited a reasonable performance: sensitivity of 82% and specifi-
1082 city of 61%.

1083 On the other hand, the in vivo liver genotoxicity model was
1084 developed as an outcome of the relationships established in the
1085 scheme. According to these relationships, in vitro mutagenic
1086 chemicals that are not involved in “trapping” detoxification
1087 pathways are considered capable of causing DNA and/protein
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damage and hence in vivo liver genotoxic effects. Thus, the
overall performance of the current model appears to be rela- 1089
tively low (sensitivity of 85% and specificity of 49%). This 1090
insufficiency is attributed to the fact that the model is indirectly 1001
derived as a result of the in vitro—in vivo gap investigation, 1092
rather than from a training set of chemicals. Hence, the current 1093
model does not claim to be complete and will require further 1004
work (which is ongoing) before it is acceptable for use. By 1095
deriving it, we rather aimed to demonstrate the feasibility of 1006
the workflow for modeling complex genotoxicity end points. 1097
Further work will be focused on collecting more experimental 1098
data and performing further in-depth analysis on the training 1099
set chemicals to rationalize their detoxification pathways. While 1100
the workflow has been derived using genotoxicity information, 1101
the approach could be potentially generalized to examine in 1102
vitro—in vivo relationships for other complex end points. 1103
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Many chronic inflammatory conditions are associated
with an increased risk of cancer development. At the site
of inflammation, cellular DNA is damaged by hypochlor-
ous acid (HOCI), a potent oxidant generated by myeloper-
oxidase. 8-Chloro-2’-deoxyguanosine (8-Cl-dG) is a major
DNA adduct formed by HOC] and has been detected from
the liver DNA and urine of rats administered lipopolysac-
charide in an inflammation model. Thus, the 8-Cl-dG lesion
may be associated with the carcinogenesis of inflamed tis-
sues. In this study, we explored the miscoding properties of
the 8-Cl-dG adduct generated by human DNA polymerases
(pols). Site-specifically modified oligodeoxynucleotide con-~
taining a single 8-Cl-dG was prepared and used as a tem-
plate in primer extension reactions catalysed by human pol
o, K or 1. Primer extension reactions catalysed by pol a and
X in the presence of all four dNTPs were slightly retarded
at the 8-Cl-dG site, while pol 1 readily bypassed the lesion.
The fully extended products were analysed to quantify the
miscoding frequency and specificity of 8-Cl-dG using two-
phased polyacrylamide gel electrophoresis (PAGE). During
the primer extension reaction in the presence of four dNTPs,
pol x promoted one-base deletion (6.4%), accompanied
by the misincorporation of 2’-deoxyguanosine monophos-
phate (5.5%), dAMP (3.7%), and dTMP (3.5%) opposite
the lesion. Pol o and 1), on the other hand, exclusively incor-
porated dCMP opposite the lesion. The steady-state kinetic
studies supported the results obtained from the two-phased
PAGE assay. These results indicate that 8-Cl-dG is a muta-
genic lesion; the miscoding frequency and specificity varies
depending on the DNA polymerase used. Thus, HOCI-
induced 8-Cl-dG adduct may be involved in inflammation-
driven carcinogenesis.

Introduction

Chronic infection by bacteria, virus or other microbes and subse-
quent inflammation have been implicated as risk factors for cancer
development (1--3). In tissues with inflammation, phagocytic neu-
trophils, monocytes and macrophages secrete the heme protein
myeloperoxidase (MPO), which generates the reactive oxidants

© The Author 2012. Published by Oxford University Press on behalf of the UK Environmental Mutagen Society.
All rights reserved. For permissions, please e-mail: journals.permissions @ o&p:dom.

such as hypobromous acid and hypochlorous acid (HOCY) (4-8).
These oxidants are important for host defense by oxidizing cel-
lular constituents of invading microorganisms (9). Such highly
reactive oxidants, however, can damage host tissues, as well as
pathogens, and may lead to mutagenesis and carcinogenesis.
When neutrophils contact with a pathogen, it produces a
respiratory burst characterised by intense uptake of oxygen.
Most of the produced superoxide (O,) is rapidly converted to
hydrogen peroxide (H,0,) spontaneously or by superoxide dis-
mutase (10). MPO released by neutrophils utilises H,O, to oxi-
dise chloride at plasma concentrations of halide (CI7, 100mM,
Br, 20100 pM; T™ <1 pM), resulting in the formation of the
proinflammatory oxidant HOCI [Equation (1)] (6-8).

C1™+ H,0, + H* — HOC1 + H,0 )

HOCT has been recognised for the ability to kill the pathogens
by its strong oxidizing potential. This cytotoxic oxidant also
induces significant increase in the cellular damage reflected by
lipid peroxidation (11), protein oxidation (12-14) and DNA
damage (15-17). 5-Chloro-2’-deoxyuridine (5-Cl-dU) is pro-
duced by MPO system in human inflammatory tissue (18-20).
The accumulation of 5-Cl-dU has been shown to cause muta-
tions, such as T:A — C:G transition, and the sister chromatid
exchange (21,22). HOCI is known to react with DNA to form
S-chlore-2’-deoxycytidine (16,23,24), which could potentially
perturb epigenetic signals by mimicking 5-methylcytosine at
the promoter region (25,26). 8-chloro-2’-deoxyadenosine (8-Cl-
dA) and 8-chloro-2’-deoxyguanosine (8-Ci-dG) also have been
identified in the reaction with HOC! (23). Recently, 8-Cl-dG
has been detected from the hepatic DNA of lipopolysaccharide
(LPS)-treated rats and the urine of hepatocellular carcinoma
patients (27). Thus, 8-Cl-dG adduct may enhance genetic alter-
ations, resulting in carcinogenesis at the inflammation sites,

Oligodeoxynucleotides  site-specifically modified  with
8-C1-dG have been used as DNA templates for investigating
the miscoding properties using bacterial DNA polymerases
(pols), Klenow fragment of E. coli and the large fragment of
DNA polymerase I of Bacillus stearothermophilus (28). Based
on the previous report, both pols preferentially incorporated
2’-deoxycytidine monophosphate (dCMP), the correct base,
opposite 8-Cl-dG; the miscoding events were investigated
qualitatively by primer extension reactions in the presence of a
single ANTP. No quantitative analysis, therefore, has been used
for exploring miscoding events generated by 8-Cl-dG adduct
using human DNA pols in the presence of all four dNTPs.

We present here the quantitative determination of miscoding
specificities and frequencies occurring opposite the 8-Cl-dG lesion
during in vitro DNA replication catalysed by human DNA pol o,
k and 1} using a two-phased gel electrophoresis methodology that
can quantify base substitutions and deletions (29-31). Pol a is
essential for chromosomal replication in human tissues. Pol x and
7} are involved in potentially mutagenic translesion synthesis of
various DNA adducts (32-37). which may be strongly associated
to mutagenesis and tumorigenesis in human cells. In addition,
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steady-state kinetic analyses were also performed to measure the
relative bypass frequencies past the 8-Cl-dG.

Materials and methods

General

Ultrapure dNTPs were from GE Healthcare Corp. Exonuclease-free Klenow
fragment and EcoRI restriction endonuclease were purchased from New
England Biolabs, Inc. (Ipswech, MA). 2’-Deoxyguanosine-5'-triphosphate
(dGTP) and Blue Dextran were obtained from Sigma—Aldrich Corp. (St. Louis,
MO). DNA templates, primers, AlexaFlour-546 dye (Alexa546)-labelled
primers and standard markers were purchased from Japan Bio Service Corp.
(Saitama, Japan). Alexa346 was conjugated at the 5'-terminus of primers and
standard markers. These oligodeoxynucleotides were purified by 20% denatur-
ing polyacrylamide gel electrophoresis (PAGE) before use. Human pol o (1200
units/mg of protein) was purchased from CHIMERx (Milwaukee, WI). Human
pol K was prepared as C-terminal truncations with 10 His-tags, as previously
described (38). Human pol 1y was kindly provided by Drs. Chikahide Masutani
and Fumio Hanaoka.

Synthesis of 8-Cl-dGTP

8-chloro-2'-deoxyguanosine-5'-triphosphate (8-Cl-dGTP) was synthesised as
previously described (39). Briefly, 10mM dGTP was reacted with 1 mM sodium
hypochlorite (NaOCl) in 250mM sodium phosphate buffer (pH 8.0) contain-
ing 20 pnM nicotine at 37°C for 1 h (Figure 1a). The reaction was terminated
by adding 10mM methionine. The reaction mixture containing 8-Cl-dGTP was
fractioned by high-performance liquid chromatography (HPLC) on a reversed
phase SunFire C18 coluran (0.46 x 15cm; Waters Corp.), eluted over 40 min at
a flow rate 1.0ml/min with a linear gradient of 50mM trethylamine acetate (pH
7.0) containing 0-15% acetonitrile. Separation and purification were performed
by using HPLC LC-20AB pump, SPD-M20A photodiode array detector and
CBM-20A system control unit (Shimadzu Corp., Kyoto, Japan).

Enzymatic preparation of 8-Cl-dG-modified oligodeoxynucleotide

The modified 38-mer template (5'CATGCTGATGAATTCCTTCXCTTCTTT
CCTCTCCCTTT, X = 8-Cl-dG) containing a single 8-Cl-dG was prepared by
enzymatic incorporation of 8-Cl-dGTP using a 19-mer oligodeoxynucleotide
(5'CATGCTGATGAATTCCTTC) and exonuclease-free Klenow fragment fol-
lowed by ligation to an 18-mer (S'CTTCTTTCCTCTCCCTTT) with T4 DNA
ligase (Figure 2), as described in our previous work (40).

Briefly, to prepare a 20-mer (5"CATGCTGATGAATTCCTTCX, X = 8-Cl-
dG) containing 8-Cl-dG at the 3'-terminus, 8-Cl-dGTP (20 pM) was put
into the reaction mixture that contains an unlabelled or Alexa546-labelled
19-mer primer (250ng,5’CATGCTGATGAATTCCTTC), a 38-mer template
(500ng, 35’AAAGGGAGAGGAAAGAAZCGAAGGAATTCATCAGCATG,
Z = AP-site), and exonuclease-free Klenow fragment (10 units) in 20 pl of
1x NEBuffer 2 [10mM Tris—HCl (pH 7.9), containing 50mM NaCl, 10mM
MgCl, and 1 mM dithiothreitol (DTT)]. After the incubation at 25°C for 1 h,
the reaction was stopped by heating the sample to 75°C for 10 min. The AP-site
neighbouring dCMP:8-Cl-2-deoxycytidine monophosphate (AGMP) base site
inhibited >2-mer extension by 8-Cl-dGTP incorporation at the 3’-turminus
of primer (Figure 3a). We subjected the reaction sample to 20% denaturing
PAGE (30 x 40 x 0.05cm) containing 7M urea and recovered the 8-Cl-dG-
incorporated 20-mer from gel. The purified 8-Cl-dG-modified 20-mer was
ligated with 5-phosphorylated 18-mer (2 pg, SCTTCTTTCCTCTCCCTTT)
at 4°C overnight using T4 DNA ligase (1400 units) (Takara Bio, Inc., Shiga,
Japan), 0.1 mM Adenosine triphosphate (ATP) and a 24-mer template (3 pg,
5’AGGAAAGAAGCGAAGGAATTCATC) in 50 pl of 66mM Tris—HCI (pH
7.6) containing 6.6 mM MgCl, and 10 mM DTT. The resultant 8-Cl-dG 38-mer
was also purified by using 20% denaturing PAGE (Figure 2).

Liquid chromatography tandem mass spectrometry analysis of
oligodeoxynucleotides

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analy-
ses were performed using a Quattro Ultima triple stage quadrupole MS
(Waters-Micromass, Manchester, UK). Full-scan mode with the range of m/z
400-800 was conducted to monitor multicharged ion of the oligonucleotide.
The oligonucleotides were dissolved with 50% methanol (approximately 6 pg/
ml) and infused into mass spectrometer by using syringe pump at the flow
rate of 600 pl/min. MS analyses were carried out in negative ion mode with
nitrogen as the nebulizing gas. The ion source temperature was 100°C, the des-
olvation gas temperature was 200°C and the cone voltage was operated at a
constant 35V. Nitrogen gas was also used as the desolvation gas (700 I/h) and
cone gas (35 Vh).
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Fig. 1. Formation of 8-CI-dGTP. (a) Synthesis of 8-CI-dGTP. dGTP was
reacted with NaOCl in the presence of nicotine in sodium phosphate buffer
(pH 8.0) as described in Materials and methods. (b) HPLC separation of
8-C1-dGTP. (¢) HPLC analysis of purified 8-Cl-dGTP. 8-Cl-dGTP was
isolated from dGTP on a reversed phase SunFire C18 column (0.46 x 25¢m;
Waters) using a linear gradient of 50 mM triethylamine acetate (pH 7.0)
containing 0-15% acetonitrile over 40 min at a flow rate 1.0ml/min.

Enzymatic digestion of oligodeoxynucleotides

A 20-mer oligodeoxynucleotide-containing 8-Cl-dG at the 3’-terminus was
incubated at 37°C for 2 h in 100 pl of 30 mM sodium acetate (pH 7.0) con-
taining 1mM zinc sulphate, P1 nuclease (8 units) (Wako Pure Chemical
Industries, Ltd, Osaka, Japan) and £. coli alkaline phosphatase (5 units)
(Sigma—Aldrich Corp.). Then 20 pl of 0.5M Tris—HCI (pH 8.5) was added
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8-Cl-dGTP

{, 19-mer
CTTCCTTAAGTAGTCETACSY
5 AAAGCGAGAGCAAAGAAZCGAAGGARTTCATCAGCATE

{Z=AP-site)

Kienow fragment

20-mer

5’ AAAGGGAGAGGAAAGAAZCGAAGGAATTCATCAGCATG

Purification of 8-Cl-dG 20-mer

20-mer
G*CTTCCTTAAGTAGTCETACY

5 phosphorylated 18-mer

TTTCCCICTCCTTTICTTCS
>’ AGGAAAGAAGCGAAGGAATTCATC

Ligation with DNA ligase

TTTCCCTCTCCTTTCTTCG CPTCOTTARGTAGTCGTACS
5 AGGAAAGAAGCGAAGGAATTCATC

Purification of 8-CI-dG 38-mer

TTTCCCTCTCCTTTCTTCE CTTCCTTAAGTAGTCGETACY

Fig. 2. Diagram of enzymatic preparation of 8-Cl-dG-modified 38-mer
oligodeoxynucleotide.

to the reaction mixture and further incubated at 37°C for 2 h. The mix-
ture was evaporated to dryness, and the resultant deoxynucleosides were
extracted three times each with 100 ul of ethanol. Ethanol extracts were
evaporated to dryness, dissolved in distilled water and analysed by HPLC,
using COSMOSIL 5C18-MS-1I column (0.46 x 25 cm; Nacalai Tesque, Inc.,
Kyoto). Elution was carried out using a linear gradient of 50mM triethyl-
amine acetate (pH 7.0) containing 0~16% acetonitrile over 40 min at a flow
rate of 1.0 ml/min.

Primer extension reactions

Primer extension reactions catalysed by pol a, K and 1} were conducted at 25°C
for 30 min in a buffer (10 pl) containing all four dNTPs (100 oM each), using
8-Cl-dG-modified and unmodified 38-mer templates (750fmol) primed with
an Alexa546-labelled 10-mer (500fmol, ’AGAGGAAAGA) (Figure 5). The
reaction buffer for pol o contains 40mM Tris~HCL (pH 8.0), SmM MgClL,
60mM KCl, 10mM DTT, 250 pg/ml bovine serum albumin (BSA), and 2.5%
glycerol. The reaction buffer for pol 1 and K contains 40 mM Tris—HCl (pH
8.0), SmM MgCl,, 10mM DTT, 250 pg/ml BSA, 60mM KCl and 2.5% glyc-
erol. Reaction was stopped by addition of 2 pl of formamide dye containing
Blue Dextran (100mg/ml) and ethylenediaminetetraacetic acid (S0mM) and
incubation at 95°C for 3 min. The whole amount of the reaction sample was
subjected to 20% denaturing PAGE (30 x 40 x 0.05cm). The separated prod-
ucts were visualised by using Molecular Imager FX Pro and Quantity One soft-
ware (BioRad Laboratories).

Quantitation of miscoding specificities and frequencies

Using the 8-Cl-dG-modified and unmodified 38-mer oligodeoxynu-
cleotide (750fmol) primed with an Alexa546-labelled 10-mer (500fmol.
5’AGAGGAAAGA), we conducted primer extension reactions catalysed by
pol a (2000fmol), k (50fmol) or 7 (50fmol) at 25°C for 30 min in a buffer
(10 nl) containing all four dNTPs (100 pM each) and subjected them to 20%
denaturing PAGE (30 x 40 x 0.05cm) (Figure 5). We used the amount of these
pols so that fully extended products (approximately 28-34 mer) were 70-90%
of the starting primer in primer extension reactions. The fully extended
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Fig. 3. Preparation of 8-Cl-dG-modified oligodeoxynucleotide. (a)
Incorporation of 8-Cl-dGTP by exonuclease-free Klenow fragment (0, 1,
5 or 10 units) on without (left) and with (right) AP-site on the templates.
Accumulation of 1-mer-extended 20-mer containing 8-Cl-dGMP at the
¥-terminus was observed on AP-site-introduced templates. The AP-site
inhibited >2-mer extension by 8-Cl-dGTP incorporation at the 3'-turminus of
the primer, resulting in the efficient recovery of 8-Cl-dG-modified 20-mer. (b)
Ligation of 8-Cl-dG-modified 20-mer with 18-mer. AlexaS46-labelled 20-mer-
containing 8-Cl-dG was ligated with 5’-phosphorylated 18-mer at 4°C overnight
using T4 DNA ligase (1400 units). The reaction mixture was analysed by 20%
denaturing PAGE. Lane 1, 8-Cl-dG-modified 20-mer: lane 2. ligation product of
8-Cl-dG-modified substrate: lane 3, 38-mer standard.

products were extracted from the gel. The recovered oligodeoxynucleotides
were annealed with the unmodified 38-mer, cleaved with EcoRT and subjected
to two-phased PAGE (20 x 65 x 0.05cm) containing 7M urea in the upper
phase and no urea in the middle and bottom phases (each phase containing
18, 20 and 24% polyacrylamide, respectively). The phase width is approxi-
mately 10, 37 and 18cm from the upper phase. To quantify base substitutions
and deletions, we compared the mobility of the reaction products with those
of Alexa546-labelled 18-mer standards containing dC, dA, dG or dT opposite
the lesion and one- (A!) or two-base (A% deletions (Figure 5) (29-31). The
separated products were visualised by Molecular Imager FX Pro, and the bands
were quantified by using Quantity One software (BioRad Laboratories). The
percentage of 2~deoxynucleoside monophosphate (ANMP) incorporation was
normalised to the amount of the starting primer.

Steady-state kinetic studies of nucleotide insertion and extension

Kinetic parameters associated with nucleotide insertion opposite the 8-Ci-dG
lesion and chain extension from 3 primer terminus were determined at 25°C,
using varying amounts of single dNTPs. For insertion kinetics, reaction mix-
tures containing ANTP (0-1000 pM) and pol K (7-20fmol) were incubated
at 25°C for 0.5-3 min in 10 pl of Tris—HCI buffer (pH 8.0), using a 38-mer
template (750fmol) primed with an Alexa346-labelled 12-mer (500fmol;
5’AGAGGAAAGAAG). To measure chain extension, reaction mixtures
containing a 38-mer template (750fmol) primed with an Alexa546-labelled
13-mer (500fmol; 5’AGAGGAAAGAAGN, where N is C, A, G or T), with
varying amounts of dGTP (0-500 pM) and pol K (10fmol) were incubated at
25°C for 0.5-2 min. The reaction samples were subjected to 20% denaturing
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PAGE (30 x 40 x 0.05 cm). The Michaelis contents (X,,) and maximum rates of
reaction (V,,,,) were determined by Enzyme Kinetics Module 1.1 of SigmaPlot

2001 softw?:rxe (SPSS, Inc.). Frequencies of ANTP insertion (F,,) and chain
extension (F,,) were determined relative to the dC:dG base pair according to
the following equation: (41,42}

F =V /Ky {wrong paic] 1(Vyo!K, m){-;onccz pair = dC:6G)

Results

Enzymatic preparation of site-specifically modified
oligodeoxynucleotide containing a single 8-Cl-dG

dGTP was incubated with NaOCl in phosphate buffer and
then subjected to HPLC. 8-Cl-dGTP was efficiently formed
and completely isolated from dGTP (Figure 1b). The retention
time of 8-CIl-dGTP (21.3 min) was longer than that of dGTP
(14.8 min). We purified twice the fraction of 8-Cl-dGTP
(Figure 1c¢) and characterised it by LC-MS scanning the
molecular ion peak of 8-Cl-dGTP (m/z 539.5). The 8-Cl-dG-
modified 20-mer oligodeoxynucleotide was prepared by
enzymatic incorporation of §8-CI-dGTP by exonuclease-free
Klenow fragment (Figure 3a), as described in Materials and
methods. The 8-Cl-dG-modified and unmodified 20-mers
were digested with P1 nuclease and alkaline phosphatase,
and the resultant product was subjected to HPLC (Figure 4).
The obtained molar ratio was consistent with the theoretical
value of the nucleoside composition (dC:dA:dG:dT:8-
Cl-dG = 5:4:3:7:1) of the 20-mer. Furthermore. the §-Cl-dG-
modified 20-mer (molecular weight 6117.4) was characterised
by using LC-MS/MS analysis (Supplementary Figure S1 is
available at Mutagenesis Online). The characterised 8-Cl-dG-
modified 20-mer was ligated with 5’-phosphorylated 18-mer
as described in Materials and methods. Most of the 8-Cl-dG-
modified 20-mer was ligated with the 18-mer (Figure 3b, lane
2), resulting in the formation of 38-mer containing 8-Cl-dG
adduct. The 8-Cl-dG-modified 38-mer was purified from the
20% denaturing PAGE.

Primer extension reactions catalysed by human DNA pols

on 8-Cl-dG-modified DNA template

Primer extension reactions were carried out using 8-Cl-dG-
modified 38-mer templates in the presence of all four ANTPs
and varying amounts of pol o, K and 1 (Figure 5). As shown in
Figure 6, the primer extension on the unmodified dG template
rapidly occurred to form fully extended products by pol a, K and
1. When the 8-Cl-dG-modified template was used, the primer
extension reactions catalysed by pol a and x were slightly
retarded prior to and opposite the lesion (Figure 6a and 6b). Pol
1 easily bypassed the 8-Cl-dG as efficiently as unmodified dG
(Figure 6¢). Blunt-end addition to the fully extended product
(33-34 mers) was observed in all primer extension reactions, as
reported earlier for E.coli and mammalian DNA pols (43,44).

Miscoding specificities of 8-Cl-dG adduct

Translesion synthesis catalysed by pol o, K and v} was conducted
in the presence of all four dNTPs. The fully extended products
(approximately 28-34-mers) past 8-Cl-dG lesion site were
recovered from gel, digested by EcoRI and subjected to two-
phased PAGE for quantitative analysis of base substitutions and
deletions, as described in Materials and methods. A standard
mixture of six Alexa546-labelled oligomers containing dC, dA,
dG or dT opposite the lesion or one- and two-base deletions can
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Fig. 4. HPLC elution profiles of enzymatic digests of unmodified and
8-Cl-dG-modified 20-mer. Three micrograms of unmodified (a) or 8-Cl-dG-
modified (b) 20-mer (5’CATGCTGATGAATTCCTTCX, X = dG or 8-Cl-dG)
wag digested to nucleosides as described in Materials and methods. Ethanol
extracts of the digested samples were evaporated to dryness and placed

on a COSMOSIL 5C18-MS-I1 column (0.46 x 25 cm; Nacalai Tesque

Inc.. Kyoto). Elution was carried out using a linear gradient of 50 oM
triethylamine acetate (pH 7.0) containing 0~16% acetonitrile over 40 min at
a flow rate of 1.0ml/min.

be resolved by this method (Figure 5). When unmodified dG
template was used, the incorporation of dCMP, the correct base,
was observed opposite dG at 72.8%, 76.8% and 67.3% of the
starting primers for pol o, K and 1), respectively (Figure 7). Using
8-Cl-dG-modified template, pol K incorporated dCMP (63.6%)
as the primary product opposite the 8-Cl-dG. Moreover, pol K
promoted one-base deletion (6.4%), associated withdGMP (5.5%),
dAMP (3.7%) and dTMP (3.5%) misincorporations opposite the
lesion (Figure 7b). Pol o and 1) exclusively incorporated dCMP
opposite 8-Cl-dG lesion (Figure 7a and 7C). Small amounts of
unknown products were also detected in the extension by pol 1|
on both dG-unmodified and modified templates (arrowheads in
Figure 7¢). The migration of these unknown products differed
from those of standard markers, implying that pol 1 might
misinsert nucleotide on undamaged bases other than the position
of the adduct site, as reported previously (45).

Steady-state kinetic studies on 8-Cl-dG-modified DNA
template

Using steady-state kinetic methods, the frequency of dNTP
incorporation (F,,) opposite 8-Cl-dG and chain extension
(F,.) from the primer terminus by pol K were measured. The
F,,, value for dGTP (1.24 x 107%) was 9.7 times lower than
that for dCTP (0.12), the correct base, but 2.5 and 3.7 times
higher than that for dATP (5.02 x 107 and dTTP (3.39 x 107%),
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AGAAAGGAGAS Alexasss
5 CATGCTGATCAATTCCTTCXCTTCTTTCCTCTCCCTTT

(X = dG or 8-Cl-dG)

dNTPs
DNA polymerase

GTACGACTACTTAAAGAAGNGAAGAAAGGAGAS' Alexabss

8¢ CATGCTGAT@CCTTC&CTTCTTTCCTCTCCCTTT
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Fig. 5. Diagram of the method used to determine miscoding specificity.
Unmodified and 8-Cl-dG-modified 38-mer templates were annealed to
Alexa546-labelled 10-mer primer. Primer extension reactions catalysed by pol
o, K, and 1 were conducted in the presence of all four ANTPs. Fully extended
products formed during DNA synthesis were recovered from the denaturing
20% polyacrylamide gel, annealed with the complementary 38-mer, cleaved
with EcoRlI, and subjected to two-phased PAGE. To determine miscoding
specificities, mobilities of the reaction products were compared with those of
18-mer standards containing dC, dA, dG or dT opposite the lesion, and one-
base- (A!) or two-base (A?) deletions.

respectively (Table 1). F,,, for dG:8-Cl-dG (2.47 x 107%) was
19.8 and 1.3 times lower than that for dC:8-Cl-dG (4.89 x 107?)
and dT:8-C1-dG (3.13 x 107%), but 1.4 times higher than that
for dA:8-Cl-dG (1.76 x 107%). Therefore, the relative bypass
frequency (Fy, % F.,) past the dG:8-Cl-dG pair was 192 times
lower than that for dC:8-Cl-dG, but 3.5 and 2.9 times higher
than that for dA:8-Cl-dG and dT:8-Cl-dG.

Discussion

Enzymatic preparation method of site-specifically modi-
fied oligodeoxynucleotide containing a single DNA adduct is
a valuable tool for studying mechanisms of DNA repair and
mutagenesis involving adducts (40). The conventional method
for preparing such adduct-modified oligomers requires the
phosphoramidite derivative of the adduct. However, it gener-
ally takes a long time to establish its synthetic method, and the
number of commercially available phosphoramidites is limited.
We employed the enzymatic preparation using 8-Cl-dGTP as a
starting material to make modified ocligomer because 8-Cl-dG
phosphoramidite was also unavailable commercially. Actually,
we now can purchase many types of synthetic dNTPs contain-
ing a damaged base and an analogue from chemical companies.
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{a)Pola
dG 8-Cl-dG
Std. 6 40 160 2000 O 40 160 2000 Std.
i : L : (frqqi)
m - 32mer

~13mer(8-Ci-dG)

- primer
{b) Pol x
dG 8-Cl-dG
Std. 0 2 10 5 6 2 10 S0 Std.
oo ffct)

- 13mer (3-Cl-dG)
= primer

(c) Poin

dG 8-Ci-dG

Std. 0 2 W 50 0 2 1 50 Std.

- 13mer (8-Cl-dG)

primer

Fig. 6. Primer extension reactions catalysed by DNA polymerases on
8-Cl-dG-modified DNA templates. Unmodified and 8-Cl-dG-modified
38-mer templates were annealed to Alexa346-labelled 10-mer primer. Primer
extension reactions catalysed by variable amounts (0-2000 fmol) of pol ¢,

K, and 1} were conducted at 25°C for 30 min in the presence of four dNTPs.
Whole amount of the reaction mixture was subjected to 20% denaturing
PAGE. 13-mer(8-Cl-dG) marks the location opposite the DNA adducts.

Thus, the enzymatic preparation method may be a useful addi-
tion to the phosphoramidite method when preparing DNA
adduct-modified oligomers.

The miscoding specificities of §-C1-dG was determined by
using an in vitro experimental system that can quantify base
substitutions and deletions formed during the replication by pol
o, K and 7 in the presence of all four dNTPs (Figure 5). When
pol a and 7 was used, both pols preferentially incorporated
dCMP opposite 8-Cl-dG (Figure 7a and 7C). In contrast, pol
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(a) Pol o
a6 Sud

(b) Pol x
8-Cl-dG dG Std

8-Cl-dG dG Std 8-Cl-dG

Fig. 7. Miscoding specificities of 8-Cl-dG lesion in reactions catalysed by pol ¢, K, and 1. Using unmodified and 8-Cl-dG-modified 38-mer templates primed
with an Alexa546-labelled 10-mer, we conducted primer extension reactions at 25°C for 30 min in a buffer containing four dNTPs (100 pM each) and either pol
o (2000 fmol for unmodified and 8-Cl-dG-modified templates). pol X (50 fmol for unmodified and 8-Cl-dG-modified templates), or pol 1) (50 fmol for unmodified
and 8-Ci-dG-modified templates), as described in Materials and methods. The extended reaction products (>28 bases long) produced on the unmodified and
medified templates were extracted following 20% denaturing PAGE. The recovered oligodeoxynucleotides were annealed to the complementary unmodified
38-mer and cleaved with EcoRI restriction enzyme. The entire product from the unmodified and 8-Cl-dG-modified templates was subjected to two-phased PAGE
(20 x 65 x 0.05 cm). Mobilities of reaction products were compared with those of 18-mer standards (Figure 5) containing dC, dA, dG or dT opposite the lesion

and one-base (A') or two-base (A% deletions.

K promoted one-base deletion with lesser amounts of dGMP,
dAMP and dTMP misincorporation (Figure 7b). Thus, 8-C1-dG
can form mismatches with all wrong bases in DNA duplexes
that can cause mutations. The steady-state kinetic analyses also
supported these results (Tabie 1). This indicates that the broad
miscoding spectrum of 8-Cl-dG may be generated in inflamed
tissues.

Recently, 8-Cl-dG adduct has been detected in DNA from
LPS-treated rat liver by LC-MS/MS analysis (27). The study
showed that the relative abundance of 8-Cl-dG in hepatic
DNA and urine of rat was at least 2 orders of magnitude lower
than that of 8-0x0-dG. In the present study, F,, x F,, ratio for
the dG:8-Cl-dG/dC:8-CI-dG of pol x was 0.0052, which is
~6200-fold lower than that for the dA:8-0x0-dG/dC:8-0x0-dG
(Table 2). Overall, 8-Cl-dG is apparently less-mutagenic lesion
than §8-oxo-dG.

In spite of the chemical similarity, the miscoding spe-
cificities of 8-Cl-dG were slightly different from those of
8-bromo-2’-deoxyguanosine (8-Br-dG), another major halo-
genated adduct (46). Pol a could bypass 8-C1-dG in error-free
manner (Figure 7a). By contrast, pol o promoted one-base
deletion during the bypass of 8-Br-dG (46). Moreover, F,
F,, ratio for the dG:8-Cl-dG/dC:8-Cl-dG of pol K was 23-fold
{ower than that for the dG:8-Br-dG/dC:8-Br-dG (Table 2). The

difference of the miscoding potential between 8-Cl-dG and
8-Br-dG may be explained by the destability effect of each hal-
ogenated base in DNA duplex. Actually, 8-Br-dG:dC base pair
is less stable than 8-Cl-dG:dC in DNA duplexes as observed
in the melting temperature assay (28,47). The covalent atomic
radii of bromine and chlorine atoms are 114 and 99 picome-
tre, respectively (48). The greater atomic radius of C8 atom
may have more steric hindrance between the deoxyribose and
C8 atom of modified guanine to destabilise dG:dC base pair,
enhancing the slippage of DNA polymerases, such as one-base
deletion by pol a and K, as well as other bulky DNA adducts
(49-52).

At sites of inflammation, 8-Cl-dG must be repaired by
cellular DNA repair enzymes because urinary excretion of
8-Cl-dG in LPS-treated rats has been observed (27). Actually,
8-Cl-dGTP is degraded by human mutT homologue in vitro
(39). Thus, C8-chlorinated guanine molecule in DNA may be
recognised and removed by DNA repair mechanism such as
base excision repair, as well as 8-0x0-dG. To investigate this
possibility, we examined the incision of 8-Cl-dG paired with
dC in DNA duplex by DNA glycosylases and endonucleases
including human 8-oxoguanine DNA glycosylase 1 (hOGG1),
endonuclease VIII-like 1 (hNEIL1), alkyladenine DNA
glycosylase (hAAG), E. coli formamidopyrimidine DNA

Table L. Kinetic parameters for nucleotide insertion and chain extension reactions catalysed by human DNA pol K

N:X Insertion ANTP Extension dGTP Fo X Fog
JGAAGAAAGGAGA INGAAGAAAGGAGA
5'CCTTCXCTTCTTTCCTCTCCCTTT S’CCTTCXCTTCTTTCCTCTCCCTTT

K, (M) Vi (Fo/m0vin)* Fin Ky (M) Vi (Fe/min)* Feu
C.G 9.04+2.95 8.37+1.09 1 1.63x0.16 7.82+0.40 1 1
X 47.8+25.3 5.10x1.16 0.12 19.1x3.84 4.48+0.39 4.89 x 1072 5.87 x 107
AX 409+96.2 1.90+0.20 5.02 x 107 180.0:£32.3 1.52+0.12 1.76 x 107 8.84 x 10-¢
G:X 53.2+£20.3 0.61£0.10 1.24 x 102 229.3x£38.3 2.72+0.21 247 x 107 3.06 x 107
X 19396355 6.09+1.48 3.39 x 107 115.7+15.0 1.74+0.08 3,13 x 107 1.06 x 105

Kinetics of nucleotide insertion and chain extension reactions were determined as described in Materials and methods. Frequencies of nucleotide insertion (£y,)
and chain extension (F,,,) were estimated by the following equation: F'= (V,u/Kitwong piia/ (Vs Kdjeessees ais = ey X = 8-C1-dG Iesion.

*Data were expressed as mean + SD obtained from three independent experiments.
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Table II. F,

s % Foy Past DNA adducts by human DNA pol K

X 8-Cl-dG (Table I) 8-0x0-dG (32) 8-Br-dG (46)
Pol x X 5.87x 107 6.21 x 107 3.00 x 107
AX 8.84 x 10°¢ 2.00 x 107 8.55 x 10-¢
G:X 3.06 x 10-F 7.65 x 107¢ 3.56 x 16~
T:X 1.06 x 107 5.98 x 10°% 1.41 x 108

Values in boldface indicate a primarily misincorporated base opposite the
DNA adduct.

glycosylase (FPG) and endonuclease V (EndoV). Surprisingly,
8-Cl-dG is hardly cleaved by any enzymes (Supplementary
Figure S2 is available at Mutagenesis Online). This suggests
that 8-C}-dG may be removed by the DNA repair machinery
other than those DNA repair enzymes in cells. Further
investigation is expected to elucidate the mechanism of repair
for the inflammation-associated DNA adduct.

In conclusion, two-phased PAGE analysis and steady-state

kinetic studies were performed to determine the miscoding
specificities of the chlorinated DNA adduct 8-Cl-dG. 8-Cl-dG

is

a mutagenic lesion; the miscoding frequency and specific-

ity varies depending on the DNA polymerase used. Thus,
HOCl-induced 8-Cl-dG adduct may generate mutations at sites
of inflammation.

Supplementary data

Supplementary Figures S1 and S2 are available at Mutagenesis
Online.
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ARTICLE INFO ABSTRACT
Arﬁc{e history: 0S-Methylguanine produced in DNA by the action of simple alkylating agents, such as N-methyl-N-
Received 31 August 2011 nitrosourea (MNU), causes base-mispairing during DNA replication, thus leading to mutations and cancer.
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To prevent such outcomes, the cells carrying 0%-methylguanine undergo apoptosis in a mismatch repair
protein-dependent manner, We previously identified MAPO1 as one of the components required for the
induction of apoptosis triggered by O8-methylguanine. MAPO1, also known as FNIP2 and FNIPL, forms a
complex with AMP-activated protein kinase {AMPK) and folliculin (FLCN), which is encoded by the BHD

igp;grds: tumor suppressor gene. We describe here the involvement of the AMPK-MAPO1-FLCN complex in the
Apoptosis signaling pathway of apoptosis induced by Of-methylguanine. By the introduction of siRNAs specific for
Folliculin/BHD these genes, the transition of cells to a population with sub-G; DNA content following MNU treatment
MAPO1/ENIP2/ENIPL was significantly suppressed. After MNU exposure, phosphorylation of AMPKa occurred in an MLH1-
08-methylguanine dependent manner, and this activation of AMPK was not observed in cells in which the expression of
either the Mapo1 or the Flcn gene was downregulated. When cells were treated with AICA-ribose (AICAR),
a specific activator of AMPK, activation of AMPK was also observed in a MAPO1- and FLCN-dependent
manner, thus leading to cell death which was accompanied by the depolarization of the mitochondrial
membrane, a hallmark of the apoptosis induction. It is therefore likely that MAPOT1, in its association
with FLCN, may regulate the activation of AMPK to control the induction of apoptosis triggered by 0%-

methylguanine.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction leading to induction of mutation and cancer [2,3]. Organisms

possess a specific DNA repair enzyme, OS-methylguanine-DNA

Most of the DNA lesions preduced by internal and external methyltransferase (MGMT), which transfers a methyl-group from
agents can be removed by cellular DNA repair enzymes, while 0f-methylguanine in DNA onto the enzyme molecule, thereby
cells with un-repaired lesions are eliminated by apoptosis. The repairing the DNA lesion in a single step reaction [4,5]. When the
biological significance of these two mechanisms is clearly shown modified base is not repaired, an 0%-methylguanine-thymine pair
when organisms lacking one or both of these cellular functions is formed through DNA replication and this mismatch can be recog-
are exposed to simple alkylating agents, such as N-methyl-N- nized by a mismatch repair protein complex, composed of MSH2,
- nitrosourea (MNU) and N-methy!-N-nitro-N-nitrosoguanidine MSH6, MLH1 and PMS2, which induces apoptosis to exclude cells
(MNNG), which alkylate purine and pyrimidine bases in DNA carrying the mutation-evoking DNA lesions [6-8]. It is noteworthy
[1]. Among the various modified bases thus produced, 0S- that Mgmt—/~ mice, which lack the DNA repair enzyme specific for
methylguanine is of particular importance since this modified base 0%-methylguanine, are hypersensitive to both the killing and to
can pair with thymine as well as cytosine during DNA replication, the tumorigenic action of alkylating chemicals [9-12] and these
dual effects can be dissociated by the introduction of an additional

defect in mismatch repair genes. Mice with mutations in both alle-

_*—C_(;E;ond‘mg author at: Department of Physiological Science and Molecular l-es of the~ Mgmt and th~e- Mih1 ggnes, the latter encoding a~ protein
Biology, Fukuoka Dental College, 2-15-1 Tamura, Sawara-ku, Fukuoka 814-0193, involved in th.e rECOgmn.on 0 f mismatched b ase, are as resistant to
Japan, Tel.: +81 92 801 0411x310; fax: +81 92 801 0685. MNU as are wild-type mice in terms of survival, but are much more
E-mail address: hidaka@college fdcnet.ac,jp (M. Hidaka). susceptible to MNU-induced tumorigenesis than wild-type mice

1568-7864/($ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2011.11.006
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[13]. Consistent with these results, Mgmt=/~ Mih1-/- cells, derived
from the gene-targeted mice, are unable to induce apoptosis and
show an elevated mutant frequency after MNU treatment [14].

The apoptotic signal initiated through the mismatch recog-
nition complex activates a signaling cascade leading to the cell
cycle checkpoints and apoptotic pathways for cell death. Both
the release of cytochrome C from the mitochondria as well as
the activation of Apaf-1 and caspase-3, hallmarks of the induc-
tion of apoptosis, have been demonstrated after the treatment
of cells with alkylating agents that produce O%-methylguanine
[14,15]. However, the precise molecular mechanism underlying
the signal transduction downstream of mismatch recognition still
remains to be determined. To identify the factors involved in the
05-methylguanine-induced apoptotic process, we screened MNU-
resistant clones derived from MNU-sensitive Mgmt~/~ cells using
retrovirus-mediated gene-trap mutagenesis [16]. Mouse-derived
KH101 cells, carrying an insertional mutation in one of the alleles
of an uncharacterized gene, were unable to induce mitochondrial
membrane depolarization as well as caspase-3 activation, after
treatment with MNU. In this way, we identified a new gene, des-
ignated as Mapo1 (0%-methylguanine induced apoptosis 1), which
was related to the induction of apoptosis. The mutant frequency
of KH101 cells was significantly elevated after the treatment with
MNU, thus supporting the notion that the induction of apopto-
sis, in which the MAPOT1 is involved, contributes significantly to
the elimination of cells carrying mutation-inducing DNA lesions. A
search in the database revealed that the amino acid sequence of
the MAPOT1 protein is homologous to that of folliculin-interacting
protein 1 (FNIP1), which was identified as a protein having the
capacity to associate with folliculin [17]. Folliculin is a tumor sup-
pressor protein with unknown biological activity, and is encoded
by the FLCN gene. Mutations in the FLCN gene have been found
in patients with Birt-Hogg-Dubé (BHD) syndrome [18,19}, which is
characterized by the development of hair follicle hamartomas, lung
cysts, and an increased risk for renal neoplasia {20-22]. Identifica-
tion of another folliculin-interacting protein, displaying a similarity
in its amino acid sequence to that of FNIP1, was reported by two
groups of researchers and the gene responsible was named FNIP2
and FNIPL, respectively [23,24]. The FNIP2/FNIPL gene turned out
to be the same gene as the human homolog of Mapel. It was also
reported that FNIP2/FNIPL, as well as FNIP1, could bind to 5'-AMP-
activated protein kinase (AMPK), composed of AMPKa, 8 and -y
subunits, which is an important energy sensor in cells that nega-
tively regulates cell growth and proliferation {25,26].

We report here that a complex composed of MAPO1, FLCN
and AMPK is involved in the induction of apoptosis triggered by
0f-methylguanine-thymine mispair. Evidence is presented which
shows that during the course of apoptosis induction, the phos-
phorylation of AMPKa occurs in a MAPO1- and FLCN-dependent
manner.,

2. Materials and methods
2.1. Celllines and cell culture

The YT102 (Mgmt—/— MIRT**), YT103 (Mgmt—/— Mih1-/-) and
KH101 (Mgmt~/~ Mapo1*/~) cell lines were established as described
previously {14,16]. The cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium (D-MEM) supplemented with 10% fetal bovine
serum (FBS) at 37 °C in 5% COs.

2.2. Chemicals

N-Methyl-N-nitrosourea (MNU) was obtained from Sigma.
Compound C and AICA-Ribose were purchased from Calbiochem.

2.3. Immunoprecipitation and immunoblotting

To prepare cells expressing Flag-tagged MAPO1 or HA-tagged
FLCN, a pIRES-puro3 vector (Clontech) containing mouse-derived
Mapo1 cDNA tagged with Flag epitope at the carboxy terminal end
or a pIRES-puro2 (Clontech) vector carrying mouse-derived Ficn
cDNA tagged with the HA epitope at the amino terminal end was
introduced into YT102 cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. For the immunoprecipi-
tation, the cells were lysed with NETN buffer (50 mM Tris/HCl (pH
8.0), 150 mM Nadl, 0.2% NP-40, 1 mM EDTA) containing protease
inhibitors (Roche). To precipitate the Flag-tagged MAPO1, 10 pl of
anti-FLAG M2-agarose (Sigma) were added to the extract, and incu-
bated for 4 h at 4°C. Alternatively, 10 .1 of anti-HA (HA-7)-agarose
(Sigma) were added to precipitate the HA-tagged FLCN, and the
mixture was incubated overnight at 4°C. After extensive washing
of the beads with NETN buffer, the proteins bound to the beads were
eluted in 40 ul of 2x SDS-PAGE sample buffer (120 mM Tris/HCl (pH
6.8),4% SDS, 20% glycerol, 200 mM DTT, 0.002% bromophenol blue).

For the immunoblotting analyses, immunoprecipitated mate-
rials or whole cell extracts prepared by the lysis of cells with
2x SDS-PAGE sample buffer were subjected to SDS-PAGE and
electroblotted onto a PVDF membrane (Bio-Rad). Detection was
performed using an ECL Plus or Advance Western blotting detection
kit (GE Healthcare). The primary antibodies used were: anti-FLAG
M2 (Sigma), anti-HA HA-7 (Sigma), anti-FLCN (Protein Tech Group,
Inc.), anti-AMPKa (Cell signaling), anti--actin (Sigma), and anti-
phospho-AMPK«a (Thr172) (Cell signaling). Anti-mouse 1gG and
anti-rabbit IgG conjugated to horseradish peroxidase (GE Health-
care) were used as the secondary antibodies.

2.4. siRNA transfection

Stealth RNAI for the Mapol gene (siMapo1), 5-CAGAAAGCA-
GAGGAUGUUCCUAUUA-3', Flcn gene (siFlen#1), 5-UUAUUCAGG-
AUAGUGGGCCCAACUC-3, (siFlen#2), 5'-UGGUGACUGACGUACU-
UAAUAGAGG-3', and Ampka gene {siAmpka#1), 5-UAUCUUAG-
CGUUCAUCUGGGCAUCC-3, (siAmpka#2), 5'-AAGAUGAUAAGCC-
ACUGCAAGCUGG-3" were purchased from Invitrogen. After cul-
turing 1 x 10° cells in a 6-well plate for one day, the cells were
transfected with 20 nM siRNA, using the Lipofectamine RNAIMAX
reagent (Invitrogen) according to the manufacturer’s protocol. For
the control transfection, Stealth RNAi Negative Control Medium GC
Duplex (Invitrogen) was used.

2.5. Flow cytometric analysis

For the sub-G4 populationassay, cells were washed with PBS and
suspended in 400 p1 of PBS containing 0.1% Triton X-100, 25 p.g/ml
of propidium iodide and 0.1 mg/ml of RNase A. The samples were
analyzed using a FACS Calibur flow cytometer (Becton Dickinson),
with 10,000 events per determination.

For the mitochondrial membrane depolarization assay, cells
were treated with the MitoProbeTM Di0OC2(3) Assay Kit (Invitro-
gen), according to the manufacturer’s protocol, and then subjected
to analysis using a FACS Calibur flow cytometer.

2.6. Trypan blue exclusion assay

The viability of YT102,KH101 and siRNA-transfected YT102 cells
was assayed, based on their trypan blue exclusion. The cells treated
with AICA-Ribose were collected 48 h after the drug treatment and
were stained with 0.2% trypan blue. The percentage of dead cells
was determined as the percentage of trypan blue staining-positive
cells. At least 500 cells were counted per experiment.
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2.7. Statistics

All P-values were generated using two-tailed Student’s t-tests.

3. Results
3.1. Interaction of MAPO1 with FLCN and AMPK

To confirm that MAPO1 protein interacts with FLCN and AMPK,
a co-immunoprecipitation experiment was performed. Whole
cell extracts were prepared from mouse YT102 (Mgmt=/-) cells
expressing Flag-tagged MAPQO1, and were subjected to immunopre-
cipitation using an anti-Flag antibody conjugated to agarose beads.
The results are shown in Fig. 1A. With whole cell extracts, almost
the same intensity of bands for FLCN and AMPKa 'were detected
in both control and Flag-MAPO1-transfected cells. When the
materials were immunoprecipitated with the anti-Flag antibody,
co-precipitated FLCN and AMPKa were clearly detected, concomi-
tant with the effective precipitation of Flag-MAPO1, whereas no
such bands were seen in a sample precipitated from cells treated
with the control vector alone.

To evaluate the interaction of FLCN with MAPO1 and AMPK in a
reciprocal manner, whole cell extracts prepared from YT102 cells
expressing FLAG-tagged MAPO1, with or without HA-tagged FLCN,
were applied for immunoprecipitation using an anti-HA antibody
(Fig. 1B). When the HA-tagged FLCN was precipitated, as indicated
by doublet bands by the immunoblotting analysis, the Flag-tagged
MAPO1 and AMPKa were co-precipitated. It is evident, therefore,
that MAPO1 interacts with FLCN and AMPK in mouse cells.

3.2. Suppression of the induction of apoptosis in Flcn- and
Ampka-knockdown cells

Since MAPO1 has been identified as an apoptosis-inducing pro-
tein, it is plausible that the MAPOT-bound proteins, FLCN and
AMPK, might also be involved in apoptosis induction. To exam-
ine the possible roles of these proteins, siRNAs specific for the Ficn
or Ampka genes were introduced into YT102 (Mgmt—/-) cells. As
shown in Fig. 2A and B, two independent siRNAs (siFlcn#1 and #2,
and siAmpko#1 and #2), designed at different sequences of each
gene, effectively suppressed the expression of the genes when mea-
sured at 48 h after their introduction. The expression level of the
Mapo1 gene in siMapo1l-treated cells also decreased to 43% of that
in cells that were treated with the control RNA, siCont, as measured
by quantitative real time PCR [16]. To monitor the appearance of
cells with sub-G; DNA content, cells were treated with or without
0.4mM MNU for 1h and subjected to a flow cytometric analysis

A input iP-Flag
vV M vV M

Flag-MAPO1

FLCN

AlNPKa

72 h later. After treatment with MNU, the sub-G; cell population
increased to more than 20% in the siCont-treated cells (Fig. 2C).
Under the same conditions, the degrees of the increases in the
cells treated with siRNAs against the Flcn, Ampko and Mapo1 genes
were significantly suppressed. These results favor the notion that
FLCN and AMPKe, as well as MAPO1, are involved in MNU-induced
apoptosis through protein interactions.

3.3. Suppression of the induction of apoptosis by an AMPK
inhibitor

The effects of Ampka knockdown on the MNU-induced apopto-
sis were further examined at multiple time points. The YT102 cells
transfected with siCont or siAmpkoa#2 were exposed to 0.4 mM
MNU for 1h and then subjected to a flow cytmetric analysis. As
shown in Fig. 3A, the sub-G; cell population increased gradually,
with similar kinetics in cells transfected with either type of siRNA,
but the degree of the increase in cells transfected with siAmpka
was significantly lower than that of siCont-~transfected cells.

To obtain further evidence supporting the involvement of AMPK
in MNU-induced apoptosis, compound C, a specific inhibitor of
AMPK, was used to downregulate the function of AMPK. YT102 cells
were exposed to 0.4 mM MNU for 1 h, followed by incubation with
or without 2 pM of compound C for 72 h, and then cells were sub-
jected to a flow cytometric analysis. As shown in Fig. 3B, the sub-G4
cell population in compound C-treated cells after MNU treatment
significantly decreased in comparison to those not treated with the
inhibitor. The inhibitory effects of compound C on AMPK activity
were assessed by immunoblotting using an antibody that specifi-
cally recognizes a phosphorylated form of AMPKy, since AMPK is
activated when the catalytic subunit of AMPKa becomes phospho-
rylated [27-29]. As shown in Fig. 3C, AMPK appeared to be activated
after MNU treatment, while such activation was significantly sup-
pressed by the exposure of cells to compound C. These findings are
consistent with the notion that AMPK plays an important role in
the induction of apoptosis triggered by MNU.

3.4. MAPO1- and FLCN-dependent activation of AMPK during the
induction of apoptosis

To further examine if AMPKa is phosphorylated during the
induction of apoptosis, YT102 cells were treated with 1 mM MNU
and then collected at 0, 24, 48 and 72 h after treatment. Under
these conditions, apoptosis was effectively induced, as was evident
by the detection of the mitochondrial membrane depolarization
and the caspase-3 activity [16]. The whole cell extracts were pre-
pared, and the phosphorylation levels of AMPKa were assessed by

B input IP-HA
M FM M FM

HAFLCN

Flag-MAPG1

ANPKo

Fig. 1. The association of MAPO1, FLCN and AMPK« proteins. (A) The interaction of MAPO1 with FLCN and AMPKa. YT102 cells were transfected with the pIRES-puro3
vector (termed as V) or pIRES-puro3 containing Flag-tagged Mapol cDNA (termed as M) and harvested after incubation for 24 h. Whole cell extracts (input) were used
for immunoprecipitation using anti-Flag M2 antibody beads (IP-Flag). The materials were subjected to SDS-PAGE, transferred to a membrane and immunoblotted using
antibodies that recognize the Flag-tag, FLCN and AMPKe. (B) The interaction of FLCN with MAPO1 and AMPKa. YT102 cells were transfected with either pIRES-puro3
containing Flag-tagged Mapo! cDNA (termed as M) or pIRE-puro2 carrying HA-tagged Ficn cDNA and pIRES-puro3 containing Flag-tagged Mapol cDNA (termed as FM) and
were harvested 24 h later. Following immunoprecipitation using anti-HA HA7 antibody beads (IP-HA), an immunoblotting analysis was performed as described in (A) with

anti-HA, anti-Flag and anti-AMPKax antibodies.
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Fig. 2. The suppression of apoptosis by siRNAs targeting the three types of genes. (A) The expression levels of FLCN and AMPKa in cells treated with siRNAs. The whole extracts
of YT102 cells transfected with control and two independent siRNAs specific for the corresponding genes were used for the immunoblotting analysis with antibodies specific
for FLCN, AMPKa. and B-actin (loading control). (B) The relative expression levels of FLCN and AMPKu in the cells treated with siRNAs, as measured by an immunoblotting
analysis in (A).(C) The sub-G, population of cells transfected with control, Mapo1-, Flen- or Ampko-siRNA after MNU treatment. Two days after transfection with siRNA, YT102
cells were treated with or without 0.4 mM MNU for 1h and then incubated for three days. The cells were harvested and subjected to a flow cytometric analysis. *P<0.01;
**P<0.05 when comparing the sub-G; populations in the control and gene-specific siRNA-transfected cells.
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Fig. 3. The involvement of AMPK in MNU-induced apoptosis. (A) The sub-G; population of cells transfected with control or Ampka siRNA after MNU treatment. Two days
after transfection with siRNA, the YT102 cells were treated with 0.4 mM MNU for 1 h and then harvested at 0, 24, 48, 72 and 96 h after MNU treatment, and subjected to a
flow cytometric analysis. The numbers of the cells in the sub-G; population were counted and the ratios were plotted. Open circles, siCont-transfected cells; closed circles,
siAmpka-transfected cells. (B) The suppression of apoptosis by an AMPK inhibitor. After treatment with or without 0.4mM MNU for 1 h, YT102 cells were incubated in
medium supplemented with or without 2 uM compound C for three days. The cells were then harvested and subjected to a flow cytometric analysis to monitor the sub-G;
population of cells. *P<0.01 when comparing the sub-G; populations in compound C-untreated and compound C-treated cells after exposure to MNU. (C) The inhibition
of the AMPK activity by compound C. The whole cell extracts from the cells harvested at 48 h after MNU treatment were subjected to an immunoblotting analysis using
antibodies that recognize phospho-AMPKa (Thr172), AMPKa and B-actin, respectively.
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Fig. 4. The activation of AMPK after MNU treatment. (A) The phosphorylation of AMPK« in cells with different genetic backgrounds. Three cell lines, YT102 (Mgmt—/-), YT103
(Mgmt~!~ MIh1=~) and KH101 (Mgmi~/~ Mapo1*/~), were treated with or without 1 mM MNU for 1h and then incubated for 0, 24, 48 or 72 h. The whole cell extracts from
cells harvested at various times after MNU treatment were subjected to an immunoblotting analysis using antibodies that recognize phospho-AMPKa (Thr172), AMPKa and
B-actin, respectively. (B) The relative intensities of the bands for phospho-AMPKa (Thr172) after MNU treatment. Open circles, YI102; open squares, YT103; closed circles,
KH101. *P<0.01 when comparing the relative intensities for YT102 cells with those of the YT103 and KH101 cells at 72 h after exposure to MNU. (C} Activation of AMPK in
cells transfected with Flen-siRNA. Two days after transfection with control or Flcn-siRNA, the YT102 cells were treated with or without 1 mM MNU for 1 h. The analysis was
performed as described above. (D) The relative intensities of bands for phospho-AMPKa (Thr172) after MNU treatment. Open circles, siCont-transfected cells; closed circles,
siFlen-transfected cells. **P<0.05 when comparing the relative intensities of the control and Flcn-specific siRNA-transfected cells at 72 h after exposure to MNU.

an immunoblotting analysis. As shown in Fig. 4A and B, the lev-
els of phosphorylation of AMPKa increased gradually and reached
about 2.7-folds at 72h after MNU treatment, whereas no such
increase was observed in cells not expose to MNU. The amounts
of the AMPKx protein were almost constant under these situa-
tions. InYT103 (Mgmt—/- MIh1-/-) cells, which are unable toinduce
apoptosis due to their lack of the MIh1 gene, the increase of phos-
phorylated forms of AMPKo: was hardly detectable, even after MNU
treatment. These results indicate that AMPK is activated during
the course of the induction of apoptosis, triggered in a mismatch
repair protein-dependent manner. To evaluate the effects of Mapo1
mutation on the activation of AMPK, we used KH101 (Mgmt~/~
Mapo1*/~) cells, which carry an insertional mutation in one of the
alleles of the Mapo1l gene and exhibit haploinsufficiency for the
induction of apoptosis triggered by MNU treatment [16]. Similar to
the results described above, no increase in the band corresponding
to phosphorylated AMPKa was detected even after treatment with
MNU (Fig. 4A and B). Since MAPO1 interacts with FLCN (Fig. 1), it
was supposed that FLCN might also play a role in the activation
of AMPK during the course of apoptosis. To examine this possibil-
ity, YT102 (Mgmt~/-) cells were transfected with siRNA targeting
the Flcn gene (siFlen#2), and then were exposed to 1 mM MNU for
1 h. The immunoblotting analyses of these samples collected after
incubation for O, 24, 48 and 72 h revealed that phosphorylation
of AMPKa, which occurred gradually in siCont-transfected cells,
did not take place in the siFlcn-transfected ones (Fig. 4C and D).
These results indicate that the activation of AMPK, which occurs
during the course of MNU-induced apoptosis, is dependent on the
functions of both FLCN and MAPO1.

3.5. Induction of apoptosis through activation of AMPK

To confirm the importance of the activation of AMPK for the
induction of apoptosis, AICA-Ribose (AICAR), a specific activator of

AMPK, was applied to YT102 cells. After treatment with a low dose
(0.2mM) of AICAR for 48 h, the viabilities of cells were analyzed,
based on the trypan blue exclusion assay. As shown in Fig. 5A, there
was a significant increase of trypan blue staining-positive cells
after treatment with AICAR in the YT102 (Mgmt=/I- Mapo1*/*) cells,
whereas no such increase was observed in the Mapol-defective
KH101 (Mgmt~/~ Mapo1*/~) cells even after the same treatment. To
determine if the increase in dead cells was related to the induction
of apoptosis, the cells were subjected to an assay for mitochon-
drial membrane depolarization, which is known to occur during
the process of apoptosis. The results are shown in Fig. 5B and C. The
depolarization of the mitochondrial membrane was induced after
treatment with AICAR in YT102 cells, but not in Mapo1-defective
KH101 cells. The results indicate that the function of MAPO1 is
necessary for AICAR-induced apoptosis. An immunoblotting exper-
iment, the results of which are shown in Fig. 5D, revealed that the
AICAR-treatment induced phosphorylation of AMPKa to the similar
level to that when treated with MNU, however, such an induction
did not occur in the Mapo1-defective KH101 cells. These results
suggest that the activation of AMPK is important for the induction
of apoptosis, and that a normal level of MAPO1 is necessary for the
activation of AMPK.

We next examined if FLCN, which interacts with MAPOT1, is
also required for the AICAR-induced cell death. For this study, we
applied AICAR to YT102 cells whose FLCN function was knocked
down by siRNA (siFlcn#2). As shown in Fig. 6A-C, the degree of
AICAR-induced cell death, which was accompanied by the depolar-
ization of the mitochondrial membrane, was significantly lower in
siFlcn-transfected cells as compared to that in siCont-transfected
ones. Furthermore, the AICAR-induced AMPKa phosphorylation
was almost completely blocked in siFlcn-transfected cells (Fig. 6D).
Therefore, these results suggest that FLCN is required for AMPK
activation, as well as the cell death induced by the treatment with
AICAR.
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Fig. 5. MAPO1-dependent cell death induced by an AMPK activator. Mapol-proficient YT102 and Mapo1-defective KH101 cells were incubated in a medium supplemented
with or without 0.2 mM AICAR for two days and then harvested. (A) The viabilities of the cells. The numbers of cells stained with trypan blue (TB) were counted and the
ratios are shown. *P<0.01 when comparing the TB-positive YT102 and KH101 cells after exposure to AICAR. {(B) Depolarization of the mitochondrial membrane. The cells
were evaluated by a mitochondrial membrane depolarization assay, and representative patterns of the assay are shown. The populations of depolarized cells were gated by
bars. (C) The levels of mitochondrial membrane depolarization. The mean values obtained from three independent experiments in (B) and the standard deviations (bars) are
presented. *P<0.01 when comparing the depolarized cells in YT'102 and KH101 cells after exposure to AICAR. (D) Activation of AMPK after treatment with AICAR. The whole
cell extracts prepared from cells, treated with or without AICAR, were subjected to an immunoblotting analysis using antibodies specific for phospho-AMPKa (Thr172),
AMPKa and 3-actin, respectively.
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Fig. 6. FLCN-dependent cell death induced by an AMPK activator. YT102 cells transfected with control- or Flen-siRNA were cultured with or without 0.2 mM AICAR for two
days and then harvested. (A) The viabilities of the cells. The numbers of cells stained with trypan blue (TB) were counted and the ratios are shown. *P<0.01 when comparing
the TB-positive siCont-transfected and siFlcn-transfected cells after exposure to AICAR. (B) Depolarization of the mitochondrial membrane. The cells were evaluated by a
mitochondrial membrane depolarization assay, and representative patterns of the assay are shown. The populations of depolarized cells were gated by bars. (C) The levels of
mitochondrial membrane depolarization. The mean values obtained from three independent experiments in (B) and the standard deviations (bars) are presented. *P<0.01
when comparing the depolarized cells in siCont-transfected and siFlen-transfected cells after exposure to AICAR. (D) Activation of AMPK after treatment with AICAR. The
whole cell extracts prepared from AICAR-treated or -untreated cells, were subjected to an immunoblotting analysis using antibodies specific for phospho-AMPKuo (Thr172),
AMPKo and f-actin, respectively.
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4. Discussion

MAPO1 was identified as one of the protein elements func-
tioning at a certain step following the induction of apoptosis [16].
In Mapo1-defective cells, mitochondrial membrane depolarization
and caspase-3 activation were not observed even after exposure
to MNU, although the cells retain the ability for mismatch repair
protein-dependent DNA damage detection and signaling. Subse-
quent studies have revealed that MAPO1 is identical to FNIP2 and
FNIPL, reported by Hasumi et al. [23] and Takagi et al. [24], respec-
tively. This protein is bound to folliculin, encoded by the FLCN tumor
suppressor gene, and AMP-activated protein kinase (AMPK). To
analyze the possible roles of folliculin and AMPK in the induction of
apoptosis, we introduced siRNAs specific for the Flcn or Ampka gene
and then treated the cells with MNU. The flow cytometric analy-
ses performed to measure the sub-G; population of cells revealed
that folliculin and AMPK, as well as MAPO1, were involved in MNU-
induced apoptosis. Taken together, these data suggest that MAPO1
forms a protein complex(es) with folliculin and AMPK, and plays a
role in a signal transduction pathway of apoptosis.

it is known that AMPK is one of the signaling kinases that nega-
tively regulates cell growth and proliferation and is phosphorylated
itself under conditions of energetic stress [26-29]. Several recent
papers have observed the pro-apoptotic potential of activated
AMPK [30-33]. In this report, we found a gradual increase in the lev-
els of AMPK phosphorylation in Mapo1-proficient cells after MNU
treatment, implying a possible involvement of the activation of
AMPK in the MNU-induced apoptosis pathway. In Mapo1-deficient
cells, AMPK activation in this manner was hardly detectable, even
after the treatment with MNU. Furthermore, the treatment of
cells with AICAR, a specific activator of AMPK, resulted in AMPKa
phosphorylation and mitochondrial membrane depolarizationin a
Mapo1-dependent manner. These findings extended onto the case
of Flcn-knockdown cells. Taken together, it is likely that MAPO1
and FLCN positively regulate the activation of AMPK through their
mutual interaction in the apoptotic signaling pathway, triggered by
an alkylating agent. MAPO1 and FLCN proteins have been reported
to undergo some modifications in cells [17,24]. The treatment with
an alkylating agent might affect the modified states of these pro-
teins, and might cause the activation of the protein complex, thus
leading to AMPK activation. Another folliculin-interacting protein,
FNIP1, which is homologous to MAPO1, is also capable of binding
to AMPK {17]. The activation of AMPK might therefore be regu-
lated in more cornplex ways under the balance of MAPO1 and FNIP1
activities.

Another important problem which remains to be solved is how
the AMPK-MAPQO1-FLCN complex is activated by the signal deliv-
ered from the mismatch repair protein complex, which itself is
activated through the interaction with DNA carrying base mis-
matches. The signal may be delivered by direct physical contact
between the two complexes or through the involvement of other
protein factors. The protein linking analyses, aided by mass spec-
trometry, have been performed, but no evidence to show the
physical association of the two complexes was obtained (unpub-
lished results). It seems likely, therefore, that some other protein
factor(s) might be involved in the signal transduction process. To
identify such factors, it would be relevant to extend this approach
using retrovirus-mediated gene-trap mutagenesis studies.

Germline mutations in the FLCN gene have been identified in
patients with Birt-Hogg-Dubé (BHD) syndrome, which is an auto-
somal dominant disorder characterized by hamartomas of skin
follicles, spontaneous pneumothorax, and renal tumors [20-22].
Furthermore, BHD heterozygous knockout mice were revealed
to develop kidney cysts and tumors as they aged, while BHD
homozygous null mice displayed early embryonic lethality [34,35].
The recent findings, including this report, strongly suggest that
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folliculin has physical and/or functional interactions with the
AMPK-mTOR signaling pathway [17,34,36]. Mutations in several
other tumor suppressor genes, such as LKB1, TSCT and TSC2 [29,37],
have also been shown to lead to dysregulation of AMPK-mTOR sig-
naling and to the development of other hamartomatous syndromes.
Our present findings that folliculin is involved in the induction
of apoptosis might shed some light on the physiological roles of
BHD/FLCN and other related tumor suppressor genes. We are cur-
rently establishing Mapo1 knockout mice to analyze the possible
roles of the gene in the suppression of tumor predisposition result-
ing from environmental stresses.
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