146 Yasunobu Aoki, 'Akiko H. Hashimoto, leonn Sato et al.

chromatography [24]. The level of DNA adduct formation was defined as the relative adduct
level (RAL) which was determined by calculating the level of radioactivity in the adduct
nucleotides per (radioactivity in total nucleotides x dilution factor). After 4 weeks’ exposure
to the urban air, the RAL of total DNA adducts in the lung and of the major DNA adduct in
the liver increased from control levels of 0.8/10% and 1.3/10% nucleotides to 13.1/10% and
6.6/10° nucleotides, respectively [23]. However, the RAL in the lung decreased to a steady
~ level of around 3/10° nucleotides after prolonged exposure for over 12 weeks. This decrease
was also observed in the liver, thus suggestmg that prolonged exposure to air pollution
activates the DNA repair system.

After in situ exposure of rats for 24 h to coke oven emissions, which contain
carcinogenic PAHs and BaP at 892 and 118 ng/m?, respectively, DNA adduct formation was
induced in the lung and in extrapulmonary tissues [25]. The RAL of total DNA adducts was
about 4.8/10% nucleotides in both the liver and lung, but was lower at about 0.8/10%
nucleotides in white blood cells (WBCs). By comparison, the RAL of the BaP-DNA adduct,
the major DNA adduct induced, was elevated to 1.6/10% nucleotides in the lung, 1.3/10°% in the
heart, and 0.5/10% in WBCs compared with control rats (0.3/10° nucleotides in the lung,
0.2/10% in the liver, and 0.2/10% in WBCs). DNA adduct formation in rat liver and kidney was
also .observed after a single intratracheal administration of 3NBA [15]. Pollutants, such as
PAHs and nitro-PAHs, absorbed into the lung have been shown to be systemically
transported from the lung to other organs [15, 23, 25], but the mechanism underlying their
movement to other organs remains unknown.

An in situ exposure study to estimate the mutagenicity of urban air was conducted in
Hamilton Harbor, Ontario, Canada [26]. In this study, mice were housed near steel mills and
a major highway, and were exposed in sifu to ambient air containing a mean of 93.8 pg/m’
total suspended particles and 8.3 ng/m®> PAHs [26]. The RAL of DNA adducts in the lung
was significantly higher after 3 weeks’ exposure (1/10% nucleotides) compared with control
mice breathing HEPA-filtered air (0.7/10% nucleotides). Prolonged exposure to the ambient
air for 10 weeks, followed by maintenance of animals in the laboratory for 6 weeks, induced
1.58-fold increase in sperm mutation frequency of expanded simple tandem repeat compared
with the control mice.

Observations by in situ exposure studies suggest that mutagenic compounds, such as
PAHs and nitro-PAHs, in SPM in urban air can produce DNA adducts that cause gene
mutations.

3. DNA Adduct Formation and In Vivo
Mutagenesis by Exposure to Diesel Exhaust

Methods for detecting the genotoxicity of xenobiotics in somatic cells include the
micronuclear test and the chromosomal aberration assay [27]. A comprehensive method for
assessing mutations in somatic cells and germ cells is the transgenic rodent mutation assay,
which can detect and quantify mutations, including base substitutions, deletions, and
insertions [28]. In the assay, multiple copies of a target gene (E. coli gene) carried on a
shuttle vector are integrated into genomic DNA. Four types of transgenic rodent models have
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been developed: the Muta mouse, the Big Blue mouse and rat, the gpt delta mouse and rat,
and the rpsL gene transgenic mouse model. In the Muta mouse, the JacZ gene, encoding beta-
galactosidase, on a lambda phage is integrated into the genomic DNA. The Big Blue mouse
and rat are based on the integration into the genome of the lac! (lac operon repressor) gene on
a lambda phage. Transgenic medaka fish (Oryzias latipes) have also been generated with Jacl
gene on a lambda phage for monitoring of mutagens in aquatic environment [29]. The gpt
delta transgenic mouse and rat [30] have the gpt gene, encoding guanine phosphoribosyl
transferase, integrated into the genome. In this model, large DNA deletions are detectable
using the red/gam gene located on the lambda phage [31]. In the rpsL gene transgenic mouse
model, 7psL, which confers streptomycin sensitivity in E. coli, is the mutational target gene
and is integrated into the mouse genome on a plasmid [32]. Transgenic zebrafish harboring
rpsL have also been generated for mutation studies [33]. The target genes that have integrated
into the genomic DNA of the transgenic model animals are rescued to E. coli by transfection;
the mutated target gene is then detected by positive selection (or negative selection for lacZ
mutation assay) of transfected E. coli. Mutant frequency (MF) is defined as number of mutant
colonies -or plaques per titer. Sequence analysis of mutated target genes can detect and
quantify the types of mutations. .

To assess the DNA adduct-producing potency of SPM and its relationship to in vivo
mutagenicity, Big Blue rats were exposed to diesel engine exhaust (DE), a major source of
SPM in urban areas and a model air pollutant [14]. After continuous inhalation by the rats of
DE at either 1 or 6 mg SPM/m’ for 4 weeks, the RAL of DNA adducts was 23/10° and 48/10°
nucleotides, respectively. The inhalation of 6 mg SPM/m? DE gave a significant (P<0.01)
elevation of MF: 4.25 x 107 in lung exposed to DE compared with 0.88 x 107 in control
lung. By comparison, inhalation of 1 mg SPM/m’ did not cause a significant increase in MF.
Although the concentration of SPM in DE at 6 mg/m’ is over 78 times the concentration
(76.5 pg/m®) found in urban air, some of which may originate from DE, the DNA adduct
level induced by DE inhalation was only 3.7 times higher than that induced by urban air
(13.1/10%) over the same period (4 weeks) of exposure [23]. This observation may be
explained by a non-linear (saturated) dose response between the level of exposure and DNA

~adduct at high dose, which was demonstrated in rat lung exposed to a coal-tar pitch aerosol
[341.

Increase in MF by inhalation of DE was also shown in the lung of gpz delta mice [35].
After continuous inhalation of DE at 3 mg SPM/m? for 4 weeks, the MF in the lung elevated
to significantly higher levels (1.06 x 107°) than in the control lung (0.61 x 107%) (P<0.05).

- The DNA adduct level was not determined in the lungs of gpt delta mice exposed to DE, but
was determined in a separate experiment under the same conditions of DE exposure: the RAL
of DNA adducts increased to 11/10% nucleotides (3/10° nucleotides in the control) [36]. By
comparison, a higher concentration of DE (20 mg SPM/m?) and a shorter exposure period (a
single 90-min exposure period on each of four consecutive days) resulted in a slight but
significant increase in DNA adduct formation in the lung of the Muta mouse 1 h after the last
exposure period [37]. Under these conditions, the MF in the lung was not elevated [37].
 The mutagenic and DNA adduct-forming potencies of PAH and nitro-PAH in the lung
were examined by a single intratracheal administration. Intratracheal administration of 10 mg

‘BaP/animal (30-40 mg/body weight) in Big Blue rats induced a doubling in the MF from the
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control level of 3.1 x 107 to 6.1 X 107 at 4 weeks after dosing [38], while the RAL in BaP-
treated lungs was 5.1/10% nucleotides. BaP administration induced a lower RAL in the lung
than did DE inhalation, but the increase in MF was similar in both treatments [14,38].
Intratracheal administration of 1 mg BaP (about 40 mg/body weight) increased the MF in gpt
delta mouse lungs to 2.52 x 10~ from the control MF of 0.60 x 107> [13]. The mutagenic
potency of BaP in lungs is similar in rats and mice when the BaP dose is normalized to body
weight; In the lungs of gpr delta mice, 1,6-DNP gave a markedly higher MF of 31 x 107 ﬁer
mg [12] than that of BaP at 1.7 x 107 per mg [13]. The type of mutations induced by DE,
BaP, and 1,6-DNP were assessed. The G:C—A:T transition was the major base substitution
induced by DE in the lungs of Big Blue rats [14] and gpr delta mice [35]. By comparison,
BaP and 1,6-DNP tended to induce G:C-»>T:A transversions and G:C—A:T transitions,
respectively [12, 13]. Interestingly, the mutation hot spots induced by DE inhalation were
similar to those induced by 1,6-DNP (Fig. 1), but these sites were different from those
induced by BaP [13]. These results suggest that DNPs and related compounds are the major
mutagens in DE.

‘ In the transgenic rodent study, the RAL for DNA adducts of >5/10° nucleotides, which
was produced by intratracheal administration of BaP [38], possibly gave a markedly increase
in the MF in the lung. Exposure of V79 cells to the BaP metabolite BPDE revealed that the
MF of the HPRT gene and the RAL for DNA adducts gave a concentration-dependent linear
increase with an MF-to-RAL ratio of 4.39 x 10~ [39]. However, it was unclear how the
levels of DNA adduct formation (RAL) induced by the mutagen were quantitatively related
to in vivo mutagenicity.
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Figure 1. Overall distribution of the mutations detected in the gp? gene in the lungs of mice treated with
1,6-DNP by intratracheal administration and those treated with DE by inhalation exposure. The
mutations induced by 1,6-DNP [12] and DE [35] are shown, respectively, above and below the gp?
sequence. The number of characters in parentheses is the number of mutations in one mouse. A, one
‘base deletion; half-boxes, deleted nucleotides; V, a position of insertion. V
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4. DNA Adduct Formation in Humans

DNA adducts are useful biomarkers for monitoring exposuré to PAHs and may be useful
for assessing the potential mutagenicity of .environmental pollutants. Blood cells are
appropriate for detecting DNA adducts induced as a consequence of PAH exposure, and have
been used in epidemiological studies in Poland, Italy, Denmark, Greece, several other
European countries, and Thailand [40]. These studies revealed that the level of DNA adduct
formation is higher in areas exposed to more PAHs than in areas exposed to less PAHs. Since
blood cells are rapidly turned over, analysis of DNA adduct formation in human lung autopic
samples have been tried, despite sampling difficulties, for monitoring long-term exposure to
PAHs in ambient air. The **P-postlabeling assay showed that the total RAL for smokers was
1.5-34.3/10° nucleotides, whereas that for non-smokers was 1.9-3.3/10® nucleotides 411
~ Lewtas et al. revealed that the average RAL in autopic samples was 9.42 (range, 8.34—
11.1)/10® nucleotides in smokers and 3.15 (1.49—4.80)/10° nucleotides in nonsmokers [42].
The RALs for DNA adducts were also analyzed in biopsy samples of bronchial tissue and
were found to be 3.45 % 1.62/10® in nonsmokers, 3.93 = 1.92/10% in former smokers, and 5.53
+ 2.13/10% in smokers [43]. In a study in Florence, Italy, the level of BPDE-DNA adducts
was measured by high-performance liquid chromatography / synchronous fluorescence in
autopic samples from individuals exposed to air in which PAHs were monitored [44]. The
average level of total adducts was 1.76 + 1.69/10° nucleotides in nonsmokers, 4.04 = 2.37/10°
nucleotides in ex-smokers, and 4.46 + 5.76/10% nucleotides in smokers. Furthermore, the total
BPDE-DNA adduct level correlated positively with the BaP level in the lung. In this study,
the level of PAHs in air was 15-35 ng/m’. In the Florence area, analysis of the relationship
between the DNA adduct level in leukocytes and exposure to SPM < 10 um in diameter
(PMo) revealed that the DNA adduct levels in nonsmoking workers reflected the level of
PM; exposure in high traffic urban area from 1993 to 1998 [45].

5. Conclusion

As described in Section 4, the level of DNA adducts in the lungs of nonsmokers was
estimated to be 1.9-3.3/10° nucleotides [41], which is lower than the maximum level in the
lungs of rats exposed to urban air, but marginal to the steady level (around 3/10% nucleotides).
These results demonstrate that inhalation by experimental animals can accurately reflect the
impact of air pollutants in human lungs, and thus provides a useful tool for monitoring the
total impact of air pollutants (e.g., DNA adduct formation by PAHs in the air). Recently, in
vivo mutation data has been analyzed for informing the cancer risk assessment process [46].
However, further studies are required for evaluating the relationship between the DNA
adduct level and in vivo mutagenicity by in situ exposure to urban air or a model pollutant,
and the relationship between the in vivo mutagenicity and carcinogenicity for quantitative
health risk assessments, especially for the risk of tung cancer from air pollﬁtion.
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%-Methylguanine produced in DNA induces mutation
due to its ambiguous base-pairing properties during DNA
replication. To suppress such an outcome, organisms
possess a mechanism to eliminate cells carrying

®-methylguanine by inducing apoptosis that requires
the function of mismatch repair proteins. To identify other
factors involved in this apoptotic process, we performed
retrovirus-mediated gene-trap mutagenesis and isolated a
mutant that acquired resistance to a simple alkylating
agent, /N-methyl-N-nitrosourea (MINU). However, it was
still sensitive to methyl methanesulfonate, 1-(4-amino-2-
methyl-S-pyrimidinyl)methyl-3-(2-chloroethyl)-3-nitrosourea,

etoposide and ultraviolet irradiation. Moreover, the

mutant exhibited an increased mutant frequency after
exposure to MINU. The gene responsible was identified
and designated Mapol (Oﬁ-methylguanine-mduced apop-
tosis 1). When the expression of the gene was inhibited by
small interfering RINA, MNU-induced apoptosis was
significantly suppressed. In the Mapol-defective mutant
cells treated with MINU, the mitochondrial membrane
depolarization and caspase-3 activation were severely
suppressed, although phosphorylation of p53, CHK1 and
histone H2AX was observed. The orthologs of the Mapol
gene are present in various organisms from nematode to
humans. Both mouse and human MAPO1 proteins
expressed in cells localize in the cytoplasm. We therefore
propose that MAPO1 may play a role in the signal-
transduction pathway of apoptosis induced by O%methyl-
guanine-mispaired lesions.
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Introduction

The modification of DNA bases occurs spontaneously
during normal cell growth, and the rate of formation of
modified bases increases considerably when cells are
exposed to radiation and certain chemical agents.
O¢%methylguanine is one of such bases produced by
the action of simple alkylating agents, such as N-methyl-
N-nitrosourea (MNU) and N-methyl-N'-nitro-N-nitro-
soguanidine (Beranek, 1990). This modified base can
pair with thymine as well as cytosine during DNA
réplication, and a G:C to A:T transition mutation
ensues after two cycles of DNA replication (Coulondre
and Miller, 1977; Loechler et al., 1984; Tto ef al., 1994).
To prevent such outcomes, organisms possess a specific
DNA repair enzyme, O%-methylguanine-DNA methyl-
transferase (MGMT), which transfers a methyl group
from the OS-methylguanine moiety to its own molecule,
thereby repairing the DNA lesion in a single-step
reaction (Pegg, 2000; Margison and Santibanez-Koref,
2002; Kaina et al., 2007). Mgmt~'- mice, which are
defective in the methyltransferase gene, are hypersensi-
tive to the killing effect of alkylating agents and suffer
from severe damage in the bone marrow and intestinal
mucosa, which are largely composed of rapidly growing
cells (Tsuzuki et al., 1996; Sakumi ez al., 1997; Glassner
et al., 1999). Studies with cell lines derived from Mgmi='-
mice further revealed that Ofmethylguanine-induced cell
death occurs by apoptosis, which requires at least one
round of DNA replication for its induction (Tominaga
et al., 1997; Meikrantz et al., 1998).

A notable feature of OSmethylguanine-induced
apoptosis is the requirement of mismatch repair
(MMR) proteins, such as MSH2 and MLH1 (Hickman
and Samson, 1999; Pepponi et al, 2003). Studies with
cell lines derived from human tumors revealed that the
lack of some of these gene functions rendered MGMT-
deficient cells resistant to alkylating agents (Branch
et al., 1993; Kat et al., 1993). Recent studies with
Mgmt='= MIh1~/~ cells, derived from gene-targeted mice,
have shown that the MLHI protein is indeed required
for the execution of apoptosis triggered by O-methyl-
guanine (Kawate et al., 1998; Takagi er al., 2003). We
have shown that MutSa consisting of MSH2 and



MSHS6 proteins, and PCNA bind to OS-methylguanine-
containing DNA to form an initial complex, and
MutLa, composed of MLH1 and PMS2, binds to this
complex (Hidaka et al., 2005). However, the precise
mechanisms regarding how the MMR complex activates
the apoptotic signal remain to be elucidated. Two
hypotheses have so far been proposed: the MMR
complex formed on chromatin might induce the
apoptotic signal (Fishel, 1998) or abortive repair cycle
initiated by the complex might lead to apoptosis
(Karran, 2001). .

The activation of ATR kinase and phosphorylation of
its downstream targets have been shown to take place in
an MMR protein-dependent manner in cells treated
with MNU (Caporali et al., 2004; Stojic et al., 2004;
Sanada et al, 2007). The MMR protein-dependent
‘release of cytochrome ¢ from mitochondria and activa-
tion of caspases, which are hallmarks for apoptosis, also
occur in the case of O%methylguanine-induced apopto-
sis (Ochs and Kaina, 2000; Takagi et al., 2003; Hickman
and Samson, 2004). As apoptosis caused by bulky DNA
lesions that block DNA replication occurs even in cells
deficient in MMR proteins (Peng et al., 2007; Sanada
et al., 2007), the apoptosis pathway induced by O°-
methylguanine, which does not block DNA replication,
appears to be distinct from the former. It is highly likely
that other proteins are also involved in the pathway.
Therefore, retrovirus-mediated gene-trap mutagenesis
(Ishida and Leder, 1999; Wiles et al., 2000; Guo et al.,
2004) was used to isolate a mutant, which exhibits an
increased tolerance to a simple alkylating agent that
produces Of-methylguanine. The disrupted gene in the
mutant was identified to be a novel gene, designated
Mapol (for Of-methylguanine-induced apoptosis 1),
which encodes a protein with a molecular mass of
125.6kDa. Evidence is herein presented, which shows
_ that the protein might be involved in the pathway of
apoptosis induced by O%-methylguanine adducts.

Results

Isolation of mutant cells defective in O°-methylguanine-
induced apoptosis

To perform insertional mutagenesis, we constructed a
retrovirus-based gene-trap vector, pLHAU3L, as illu-
strated in the upper part of Figure 1. The vector carries
a promoterless hygromycin B resistance (Hyg") gene,
together with a splice acceptor site and an internal
ribosome entry site (IRES), which would facilitate

efficient transcription and translation of the Hyg" gene

when integrated into any region, including an intron
sequence, of actively transcribed genes. If the function of
any gene indispensable for inducing apoptosis is lost by
this insertional mutagenesis, we may expect that Mgmt-
defective cells that are hypersensitive to a simple
alkylating agent would become resistant to MNU.
According to this experimental scheme (Figure 1),
YT102 cells, a lung fibroblast cell line established from
Mgmt-knockout mice (Takagi et al., 2003), were infected
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Figure 1 Retrovirus-mediated gene-trap mutagenesis. Schematic
diagram of the pLHAU3L vector is drawn at the top. ¥, packaging
signal; Hyg®, hygromycin-resistant gene; IRES, internal ribosome
entry site; LTR, long terminal repeat; pA, poly A signal; pCMV,
cytomegalovirus promoter; SA, splicing acceptor site. Flowchart of
the mutant screening is shown at the bottom. A line represents the
genomic DNA. White boxes on the line indicate genes, into which
vector DNA drawn as gray boxes is integrated. Hyg", hygromycin
resistant; Hyg®, hygromycin sensitive; MNU?, MNU resistant;
MNU, MNU sensitive. :

with the gene-trap vector pLHAU3L and hygromycin-
resistant (Hyg") cells were obtained. The population of
Hyg" cells carrying the vector sequence within actively
transcribed genes was then subjected to selection with
0.4mM MNU. The MNU-resistant (MNU?") clones were
isolated as candidates. that have insertional mutations
within the genes involved in MNU-induced apoptosis.
Of-Methylguanine, which is a major cytotoxic adduct
produced in DNA by treating the cells with low doses of
MNU, can be repaired by a specific DNA repair
enzyme, MGMT. As shown in Figure 2, YT102 cells
are defective in this enzyme and readily undergo cell
death after exposure to relatively low doses of MNU. In
contrast, YT102M, a derivative of YT102 that stably
expresses human MGMT (Figure 2a), is resistant to the
treatment with such doses of MINU, indicating that the
cell death induced in YT102 cells results from OS-
methylguanine. One of the isolated mutants exhibited a
significantly high level of resistance to MNU, in
comparison to the parental cell line YT102, without
expressing MGMT. The expression levels of MMR
proteins, namely MSH2, MSH6, MLHI1 and PMS2,
which are required for the recognjtion of the OS-
methylguanine-mispaired lesions, were not affected in
the mutant (Figure 2a). We termed this clone KH101
and performed a survival assay with various doses of

MNU. As calculated from the survival curves shown in

Figure 2b, the doses required to give LD3; to KH101
and the parental Mgmt~/~ strain, YT102, are 0.48 and
0.08 mM, respectively. Therefore, KH101 is approxi-
mately six times more resistant to MNU than the
parental Mgmt/~ strain, due to inactivation of a certain
gene that might be required for apoptosis. The level of
resistance of KH101, however, is lower in comparison to
YT103, which lacks both MGMT and MLHI functions.

Oncogene



A new apoptosis-inducing protein, MAPO1
K Komori et al

1144

. a YT102 YT103: KHi0%

hMGMT.
MSH2
MSH6
MLHT
PMS2

ﬁ-fadif&

YT102M

b 19%
8
B
S 04
%
2
>
5
@ 0.1
6 05 1 0 001" 002 o .49 80

MNU (mM) MMS (%) ACNU-{(uM)
£ o
g O Y1102
= I Yr108
2 , ~@— KH101
g ‘ ) I YT102M
B 04 preiE—t

5L

o 1 2 s 0 0 15
Etoposide (pM} UV-C (Jfm?)

Figure 2 The sensitivities of various mutant cells to DNA-damaging agents. (a) The expression levels of OS-methylguanine-DNA
methyltransferase (MGMT) and mismatch repair (MMR) proteins in YT102, YT103, KH101 and YT102M cell lines. The MGMT and
MMR proteins were detected with immunoblotting using specific antibodies. (b) The cells were treated with different concentrations of
N-methyl-N-nitrosourea (MNU), methyl methanesulfonate (MMS) and 1-(4-amino-2-methyl-5-pyrimidinyl)methyl-3-(2-chloroethyl)-
3-nitrosourea (ACNU) for ! h, or etoposide for 12h, and then were incubated in a drug-free medium for 6 days. For ultraviolet (UV)
irradiation, the cells were exposed to different doses of UV-C. The numbers of colonies were counted and the survival fractions were
determined. All experiments were performed three times and the standard deviations are shown in bars. Open circles, YT102 (Mgmt-);
open squares, YT103 (Mgmt='- MIh1~'-); closed circles, KH101; open triangles, YT102M.

When treated with other DNA-damaging agents, methyl
methanesulfonate (MMS), 1-(4-amino-2-methyl-5-pyri-
midinylymethyl-3-(2-chloroethyl)-3-nitrosourea (ACNU),
etoposide and ultraviolet (UV)-C, which produce
primarily N7-methylguanines and N3-methyladenines,
DNA-interstrand crosslinks, DNA double-strand
breaks and pyrimidine dimers, respectively, KH101 cells
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showed a similar degree of sensitivity to the parental
strain YT102, although KHI101 cells tended to be
slightly more resistant than YT102 in all cases. YT103
and YTI02M cells displayed increased resistance to
MMS in comparison to YT102, as reported earlier
(Kaina et al., 1991; Glaab et al., 1998). YT102 cells were
quite resistant to ACNU as expected (Peng et al., 2007,



Sanada et al.,, 2007). These results imply that KH101
cells might have a defect in a gene involved in the
induction of cell death caused by MNU-induced O¢-
methylguanine.

MNU-induced mutant frequency

As OSmethylguanine is a premutagenic DNA lesions,
the mutation frequency would increase if cells carrying
O°methylguanine .are not eliminated by apoptosis
(Takagi et al., 2003). Therefore, we measured the
mutant frequency of KHI101 cells with respect to
ouabain resistance, which can arise by a mutation in
the Na*/K* ATPase locus (Figure 3). As a control, we
used YT102M, which is resistant to MNU, for its
overexpression of the human MGMT protein. Without
MNU treatment, YT102M and KH101 cells exhibited
the same low level of mutant frequency, indicating that
the defect in KH101 cells does not affect the sponta-
neous mutagenesis. The mutant frequencies of both
strains increased on exposure to MNU, but the extent of
increase in KHI101 was far greater than that of
YT102M. The level attained with KH101 cells was

about six times higher than that of YT102M. This is

consistent - with the possibility that the gene product
“defective in KH101 cells may be involved in a process to
execute apoptosis in cells carrying mutation-evoking
DNA lesions. ' '

Identification of the gene defective in KHI101 mutant

To determine the genomic sequence into which the
vector DNA has been integrated, we carried out inverse
PCR using the genomic DNAs digested with several
restriction enzymes as templates. The amplified DNA
fragments, spanning the junctions between the genomic
DNA and the integrated vector sequences, were cloned
into a pGEM-Teasy plasmid, and the nucleotide
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Figure 3 Elevated mutant frequency after N-methyl-N-nitrosourea
(MNU) treatment. YT102M, a derivative from YT102 that stably
expresses the human OSmethylguanine-DNA methyltransferase
(MGMT) protein, and KH10! cells were treated with or without
0.4mM MNU. After the treatment, the number of viable cells and
ouabain-resistant cells were determined, and the mutant frequen-
cies were calculated. The mean values obtained from three
experiments and the standard deviations (bars) are presented.
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sequences were determined. A database search revealed
that the vector DNA to be integrated in a sequence
corresponding to the first intron of a putative gene
mKIAA1450 (GenBank accession no. XM_907047)
(Figure 4a), located in the E3 locus of mouse chromo-
some 3. The prospective gene is composed of at least 18
exons and would encode a polypeptide comprising 1138
amino acids. The gene is novel, and thus, we named it
Mapol. A homology search shows that the MAPOI-
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Figure 4 Structure and expression of the Mapol gene. (a) A part
of the gene in which the vector integration site is shown by an
arrow. (b) Comparison of the MAPOI1 proteins of various
organisms. Accession numbers of the proteins are XP_912140 for
mouse (Mus musculus), NP_065891 for humans (Homo sapiens),
XP_420386 for chicken (Gallus gallus), XP_692808 for zebrafish
(Danio rerio), NP_648943 for fly (Drosophila melanogaster) and
NP_001023357 for nematode (Caenorhabditis elegans). The N- and
C-terminal conserved regions, are shown by dark and light gray
boxes, respectively. The numbers in the boxes indicate the
percentages of amino acids showing identity/similarity in each
conserved region of the proteins in comparison to those for mouse.
The numbers above each box represent the amino-acid numbers
beginning from the N-terminal ends of the proteins. (¢) PCR
analyses of the Mapol gene in KH101 mutant cells. The upper
panel shows the orientation and positions of four kinds of PCR
primers designed for determination of the genomic and vector
DNA sequences. The lower panel demonstrates the PCR-amplified
5'- and 3'-junctions of the wild-type and mutant forms of gene
fragments. Amplified DNAs were separated by agarose gel
electrophoresis and visualized by ethidium bromide staining.
(d) The relative expression levels of the Mapol gene as measured
by quantitative real-time PCR.
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related . sequences are present in a wide range of
multicellular organisms ranging from humans to nema-
tode, but not found in microorganisms, including
budding and fission yeasts. There are highly conserved
sequences in the amino- and the carboxyl-terminal
regions of the protein (Figure 4b).

To determine whether either a single or both allele(s)
of the gene was disrupted in the mutant, we performed
PCR analyses using two sets of primers specific for the
disrupted gene, G5’ + V5 and V3’ 4 G3' primers, and a
G5’ 4 G3' primer set for the intact sequence of wild-type
allele (Figure 4c). In the sample from the KHI101
mutant, signals for the 5'- and 3'-junctions of the Mapol
gene and the vector DNA, and also a signal specific for
the intact gene, were detected. In the sample derived
from YT102, only a signal for the intact gene was found.
These results suggest that one of the Mapol alleles was
disrupted, whereas the other remains intact in KH101
cells. In proportion to the gene dosage, the expression
level of the Mapol gene in KH101 (Mapol+/-) cells was
approximately half the amount of that of YT102
(Mapol+/*) cells, as measured by quantitative real-time
PCR (Figure 4d).

Suppression of the MAPOI function by small interfering
RNA

A synthetic small interfering RNA (siRNA) for the
Mapol gene, siMapol, was introduced into YT102 cells
and its expression level was determined 48 h later. An
siRNA composed of a sequence unrelated to the Mapol
gene was also introduced as a control. The expression
level of the Mapol gene in siMapol-treated cells was
reduced to 43% of that of cells that received the control
RNA, siCont (Figure 5a). These two types of cells were
treated with or without 1 mM MNU and, after incuba-
tion for 2, 3 and 4 days, were subjected to flow
cytometric analysis to monitor the appearance of cells
with a sub-G1 DNA content. After treatment with
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Figure 5 Suppression of apoptosis’ by small interfering RNA
(siRNA) for Mapol. (a) The expression levels of the Mapol gene in
YT102 (Mgmi~'-) cells treated with control and Mapol siRNA, as
measured by real-time PCR. (b) Sub-G! population in YT102 cells
treated with control and Mapol siRNA after N-methyl-N-
nitrosourea (MNU) application. At 2 days after the application
of either type of siRNA, YT102 cells were treated with or without
1 mM MNU for 1h and then incubated for several days. At various
times after MNU treatment, cells were harvested and subjected to a
flow cytometric analysis. Light and dark columns represent sub-G1
population (%) for control siRNA- and Mapol siRNA-treated
cells, respectively.
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MNU, the sub-G1 cell population increased gradually in
cells treated with either type of siRNA, but the degree of
increase in cells treated with siRNA for Mapol was
significantly lower  than that obtained with control
siRNA-treated cells (Figure 5b). A similar result was
obtained by using siRNA that binds to a different region
of Mapol sequence (data not shown). Therefore, a good
correlation was observed between the Mapol expression
level and the sub-G1 population in cell culture after
MNU treatment. As an increase in the sub-G1 popula-

‘tion represents the number of cells that undergo

apoptotic cell death, these results suggest that the
MAPOI1 function is involved in OS-methylguanine-
induced apoptosis.

Effects of Mapol mutation on apoptosis-related events

We analysed the levels of the phosphorylation of p53,
CHK1 and histone H2AX (YH2AX), which are believed
to be the downstream targets of ATR kinase, when the
cells were treated with MNU (Cejka ez al., 2003; Stojic
et al., 2004). As shown in Figure 6a, the MNU-induced
phosphorylation of these proteins was clearly observed,
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Figure 6 The expression of apoptosis-related activities in KH101
cells. (a) The activation of DNA damage signaling after exposure to
N-methyl-N-nitrosourea . (MNU). The phosphorylation of p53,
CHKI and histone H2AX was monitored by immunoblotting. p-
Actin is a loading control. (b) Mitochondrial membrane depolar-
ization after treatment with MNU. Cells were treated with 0.48 mMm
MNU for 1h and further incubated. At the times indicated, cells
were collected and applied to a mitochondrial membrane depolar-
ization assay. The numbers of depolarized cells were counted by
using a flow cytometer and the ratios were plotted. Open circles,
YT102; open squares, YT103; closed circles, KH101. (¢) Induction
of caspase-3 activity after MNU treatment. Caspase-3 activity was
determined at 72h after treatment with or without 0.4mM MNU.
The values obtained with the MNU-treated cells were divided by
those for the untreated cells, and the relative caspase-3 activities are
shown. Light and dark columns represent the values for cells
treated without and with MNU, respectively. All experiments
were performed three times and the standard deviations are shown
in bars.



after treatment with MNU, in KH101 as well as YT102
cells, although such phosphorylation was not shown in
Mihi-deficient YT103. These results indicate that the
Mapol mutation does not impair the MMR-dependent
DNA damage detection and signaling.

We further examined the effect of Mapol mutation on
the depolarization of the mitochondrial membrane,
which is known to occur during the process of apoptosis
(Cossarizza et al., 1994). As expected, the depolarization
of mitochondria is induced gradually in YT102 (Mgmt='-)
cells after treatment with MNU (Figure 6b). However, no
such depolarization was observed with KH101 (Mgmzt'~
Mapol+'-) cells or with YT103 (Mgmt~'— Mihl=). To
obtain further evidence that KH101 mutant cells are
defective in a certain step in the process of apoptosis, we
measured caspase-3 activity. Figure 6c shows levels of
caspase-3 activity after treatment of the three types of cells
with 0.4mM MNU. Caspase-3 activity of YT102 cells
increased three times the level of the untreated cells,
whereas no ‘increase was observed with YT103 cells. In
KHI101 cells, the level of caspase-3 activity after MNU
treatment was as low as that of the untreated control.
These results further support the notion that KH101 cells
might have a defect in a certain step of the O°%
methylguanine-induced apoptosis pathway.

Cytoplasmic localization of EGFP-fused MAPOI
proteins

To analyse the subcellular localization of the MAPOI1
protein, we have cloned the full-length mouse Mapol
c¢DNA and expressed EGFP-fused mMAPO1 protein in
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Figure 7 Cytoplasmic localization of MAPO1 proteins. The
plasmid DNAs expressing EGFP-fused mouse and human MAPOI1
proteins were transfected into YT102 and HeLa MR, respectively.
After 24 h, the cells were treated with or without 0.4 mM N-methyl-
N-nitrosourea (MNU) for 1 h. After another 24 h incubation, the
cells were washed with phosphate-buffered saline (PBS) and stained
with 10pM of Hoechst33342 followed by the analyses using
fluorescent microscopy. The images for EGFP-fused MAPOI,
Hoechst33342 signals and phase contrast are represented at the
top, middle and bottom, respectively. (a) Images of cells expressing
EGFP-fused mMAPOI. (b) Images of cells expressing EGFP-fused
hMAPOL. .

A new apoptosis-inducing protein, MAPO1
K Komori et al

YT102 cells. As shown in Figure 7a, transiently
expressed mMAPO! protein is predominantly present
in the cytoplasm. The cytoplasmic localization of
mMAPOL1 protein did not dramatically change even
after treatment of cells with MNU. To assess whether
this is the case for the highly conserved human ortholog,
we also obtained the human ¢cDNA for the gene and
expressed EGFP-fused hMAPOI protein in HeLa MR
cells (Figure 7b). Similarly, the cytoplasmic localization
of hMAPO!1 was observed and it was found to be
unaffected by the MNU treatment.

Discussion

There are two distinct types of DNA lesions that induce
apoptosis:  modified bases that cause base mispairing
and bulky DNA lesions that block DNA replication.
The former requires MMR proteins for induction of
apoptosis, whereas the latter induces apoptosis even
without the function of such proteins. O%-Methylgua-
nine, produced in DNA by the action of simple
alkylating agents, does not prevent the progression of
DNA replication forks and apparently represents the
former class DNA lesion (Singer et al., 1989; Haracska
et al., 2000). During DNA replication, O%methylgua-
nine (O5-meG) can pair with thymine as well as cytosine,
and unless repaired, the resulting O%meG:T mispair
would lead to mutations after next round of replication.
To suppress such an outcome, organisms have been
equipped with a mechanism for eliminating cells
carrying mutation-evoking DNA lesions. The MMR
protein complex apparently acts as a molecular device to
detect such lesions. The MutSe, consisting of MSH2 and
MSHS6, and PCNA complex first recognizes O5-meG:T
mispair in DNA and then MutLa, composed of MLH]1
and PMS?2, binds to the initial complex. The formation
of the mismatch recognition complex is indispensable
for the activation of DNA damage signaling as well as
the induction of apoptosis (Hidaka e: al, 2005;
Yoshioka et al., 2006; Sanada et al., 2007).

The precise molecular mechanism of signal transduc-
tion downstream of mismatch recognition still remains
to be determined. As many proteins would be involved
in this process, we have initiated the present study to
identify such proteins by gene-trap mutagenesis screen-
ing. As a selectable marker for the gene trap, a
promoterless hygromycin B resistance gene placed near
a splicing acceptor and an IRES sequences was used.
This allowed efficient expression of the marker, when it
was integrated into any region of actively transcribed
genes to be mutated. Among Hyg" cells selected,
candidate clones could be obtained that might have
defects in an apoptosis-related process. In this way,
we were able to identify Mapol, which turned out to be
a novel gene involved in Ofmethylguanine-induced
apoptosis. The Mapol encodes a protein with a
molecular mass of 125.6 kDa, carrying no characteristic
functional motifs. The MAPOI1 sequence, however, has
the highly conserved amino- and carboxyl-terminal
domains present in various multicellular organisms
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ranging from humans to nematode, but not in micro-
organisms including yeast. This evolutional conserva-
tion might reflect its possible biological significance on
the apoptosis in multicellular organisms.

In the present study, we show that Mapol mutation
renders the cells significantly resistant to MNU, although
it does not dramatically affect its sensitivity to the killing
effect caused by MMS, ACNU, etoposide or UV
irradiation -(Figure 2). Importantly, even when the
Mapol-defective KH101 cells are treated with MNU, the
depolarization of the mitochondrial membrane and
caspase-3 activation, hallmarks of apoptosis induction,
are significantly suppressed. As the phosphorylation of
p53, CHKI and histone H2AX, downstream targets of
ATR kinase, is nevertheless observed in KH101 cells after
MNU treatment (Figure 6), the MAPOI1 protein, which is
localized in the cytoplasm (Figure 7), is not likely to be

~ involved in the nuclear translocation of MutSu complex

(Christmann and Kaina, 2000) nor in the activation of
MNU-induced DNA damage signaling. These results
suggest that MAPOI may play a role in a certain step(s)
of the signal-transduction pathway of apoptosis, induced
by the OS-methylguanine, that would activate the apopto-
tic function of the mitochondria.

It is remarkable that the Mapol mutation exerts its
effect even when one of the alleles is intact. KH101

(Mgmt='-Mapol~!~) cells exhibit a significantly higher

level of resistance to MNU than YTI102 (Mgmt/-
Mapol*/+) cells. We have also shown that MNU-
induced apoptosis, as measured by an increase in the
sub-G1 population, is significantly suppressed when the
expression level of Mapol is reduced to half its normal
level by siRNA treatment. This haploinsufficient
character of the Mapol gene is reminiscent of the
phenomenon observed with MMR-related genes. Mgmz—/-
MIh1+!= cells, which carry almost half the amount of
MLH]1 protein in comparison with M/hI+/* cells, are
substantially resistant to the killing action of MNU than
are Mgmi~'-MIhl+'+ cells (Kawate et al., 2000; Cejka
et al., 2003; Takagi et al., 2003). This haploinsufficient
nature may be related to the fact that MLHI protein
forms a heterodimer with PMS2 to form a MutLa
complex (Li and Modrich, 1995). MutLo further binds
to MutSa, which is composed of MSH2 and MSHS6, and
participates in the recognition of mismatch bases in DNA
to initiate the apoptotic reaction. Thus, these mismatch
recognition proteins act in a stoichiometric manner,
rather than in a catalytic one, in inducing the apoptotic
signal. As the Mapol exhibits a similar phenotype, it may
exert its function by forming a complex with other
components, rather than by acting in a catalytic manner
or by changing the localization of the protein.

To obtain further insight into the Mapol function, it is
necessary to establish a cell line defective in both of the

alleles of the gene. The neomycin selection method, which

is usually used to isolate such clones, cannot be applied to
the present study, as the neomycin-resistant marker was
already introduced into the parental strain to knockout
the Mgmt gene. Other strategies are now being applied to
isolate such doubly deficient cells that might show a
higher level of resistance to the MNU treatment.
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Materials and methods

Cell lines and cell culture

YT102 (Mgmt~-MIhI*+!*) and YT103 (Mgmt~'-MIh1~'-) are
cell lines established, by expressing SV40 T antigen, from
primary cells consisting of fibroblasts derived from the lung
tissue of Mgmt and Mgmt Mihl-knockout mice, respectively
(Takagi et al., 2003). YT102M is a derivative of YT102
that carries the expression vector, pIREShyg2:Mgmt
(Takagi et al., 2003), to stably express human MGMT. The
cells were cultivated in Dulbecco’s modified Eagle’s medium
supplemented with [0% fetal bovine serum (FBS) at 37°C
in 5% CO,.

Gene-trap mutagenesis and screening for MNU" clones

The retrovirus vector, pLHAU3L, which carries the hygro-
mycin B resistance gene, was constructed for the gene-trap
mutagenesis. The promoter region in 3’LTR of a retroviral
vector, pDON-AI (Takara Bio Inc., Ohtsu, Japan), was
removed by AfII and Xbal digestion followed by self-ligation.
The SV40 promoter and the neomycin resistance gene
were removed from the vector by digestion with Sa/l and
Xhol, and then the loxP*containing fragment, which was
excised from the pBS246 vector (Invitrogen, Carlsbad, CA,
USA) by NotI digestion, was inserted into the site after blunt
ending. A DNA fragment containing synthetic intron (IVS),
IRES, hygromycin B- resistance gene and poly A signal
sequences was isolated from pIREShyg2 vector (Clontech,
Mountain View, CA, USA), and then inserted into the EcoRV
site in the loxP? region of the retroviral vector. The
resulting pLHAU3L vector was introduced into WMP34
(Takara Bio Inc.) cells by using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. After
incubation ‘of the cells for 1.5 days at 33°C, the retroviral
particles carrying the gene-trap construct in the medium were
recovered and filtered.

Approximately 1.5 x 107 of YT102 cells grown on twenty 10-
cm dishes were infected with the retrovirus and incubated for
15h. The cells were further cultivated in a virus-free fresh
medium for another day and then selected in a medium
containing 0.6 mg/ml of hygromycin B for 55h. After washing
with phosphate-buffered saline (PBS) three times, the cells

~ were treated with 0.4 mM MNU in serum-free medium for 1 h

and further incubated in complete medium containing 10%
FBS. Colonies formed were subjected to a quantitative cell.
survival assay with various concentrations of MNU. Finally,
MNU" mutant cell lines were thus obtained.

Immunoblotting

Whole cell extracts were prepared by the lyses of cells with 2 x
SDS-polyacrylamide gel electrophoresis (PAGE) sample
buffer (120mM Tris-HCI (pH 6.8), 4% SDS, 20% glycerol,
200mM dithiothreitol and 0.002% bromophenol blue) and
then subjected to SDS-PAGE and electroblotted onto a PVDF
membrane (Bio-Rad, Hercules, CA, USA). Detection was
performed using an ECL Plus or Advance western blotting
detection kit (GE Healthcare, Buckinghamshire, UK). The
primary antibodies used were: anti-MGMT (BD Pharmingen,
San Diego, CA, USA), anti-MSH2 (Zymed, San Francisco,
CA, USA), anti-MSH6 (BD Transduction, San Jose, CA,
USA), anti-MLH1 (Santa Cruz, Santa Cruz, CA, USA),
anti-PMS2 (BD Pharmingen), anti-B-actin (Sigma, St Louis,
MO, USA), anti-phospho-p53 (Serl5) (Cell Signaling,
Danvers, MA, USA), anti-phospho-CHK1 (Ser317) (Bethyl,
Montgomery, TX, USA) and anti-phospho-histone H2AX
(Ser139) (Upstate, Temecula, CA, USA).



Survival of cells treated with MNU, MMS ACN U etoposide
and UV-C
The cells were treated with various concentrations of MNU,

MMS or ACNU in serum-free medium for 1h, etoposide in a-

medium containing 10% FBS for 12h, or irradiated with
different doses of UV-C. After cultivation with a medium
containing 10% FBS for 6 days, the number of colonies was
counted and the survival rate was calculated.

Measurement of mutant frequency

The cells were treated with 0 or 0.4 mM MNU as described above
and incubated for 4 days. Then, the cells were placed in a medium
containing 2mM ouabain for 10 days. After staining, the number
of resistant colonies was counted. In parallel, a cell suspension
containing about 500 cells was seeded in several dishes and the
number of viable cells was counted.

Analyses of the disrupted gene by PCR
For inverse PCR, 10pg of genomic DNA prepared from
KHI101 mutant cells was digested with BamHI and BglIl, or
HindIl restriction enzymes. Precipitated DNA was resus-
pended in 1ml of buffer (66mM Tris-HCI; pH 7.6, 6.6 mM
MgCl,, 10mM dithiothreitol and 0.1 mM ATP) and incubated
at 16°C overnight after adding 1750U of T4 DNA ligase
(Takara Bio Inc.). By using the DNA as a template, 5'- and
3'-junctions between the disrupted gene and the vector DNA
were amplified by PCR with two primer sets designed for the
vector sequence, GS1: 5-AGCTTACCTCCCGGTGGTGGG
TCGGTGGTC-3 and DONI: 5-GCGGGGGCGACTTCG
GCTCACAGCGCGCCC-3 or USIl: 5¥-CTTGTGGTCTCG
CTGTTCCTTGGGAGGGTC-3 and URI: 5-GGGGCACC
CTGGAAACATCTGATGGTTCTC-3, respectively. The
DNA fragments amplified were cloned into a pGEM-Teasy
vector (Promega, Madison, W1, USA). The nucleotide sequences
of the clones were determined and analysed in NCBI GenBank.
For the detection of the mutant allele, DNA fragments
specific for the disrupted MapoI gene or for the intact gene
were amplified by PCR, using primer sets, G5 +V5' and
V3 +G3, or GS’ +G3’ respectively. The nucleotide se-
quences of PCR primers are G5/, 5-ATGCTAAAGTAGCTT
GTTGTGGGCCTTTCC-3'; G3', 5¥-CGCTCATACAAGCA
GTTAGCAACCGC-3'; VS' 5'-ATTTAGTCTCCAGAAAA
AGGGGGGAATG-3' and V3, 5-AGCTTACCTCCCGGT
GGTGGGTCGGTGGTC-3.

Measurement of gene expression by real-time PCR

Total RNA was prepared from cells grown on a six-well plate
using the RNeasy Mini kit (Qiagen, Hilden, Germany) and
were used to synthesize cDNAs by using PrimeScript Reverse
Transcriptase (Takara Bio Inc.). Real-time PCR was per-
formed with a light cycler (Roche, Mannheim, Germany) using

SYBR Premix Ex Taq (Takara Bio Inc.). The PCR primers for.

a Mapol gene, pMapol-F and pMapol-R, and for a Gapdh
gene as a reference, pmGapdh-F and pmGapdh-R, were
purchased from Takara Bio Inc. and the nucleotide sequences
are pMapol-F, -GCACACAGCACACCTGTTGA-3; pMa-
pol-R, 5-GCGCTGGTAACTGCTGGAA-3; pmGapdh-
Y-AAATGGTGAAGGTCGGTGTG-3'; pmGapdh-R, 5-TGA
AGGGGTCGTTGATGG-3'.
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SiRNA transfection

Stealth RNAi for the Mapol sequence (siMapol), 5'-CA
GAAAGCAGAGGATGTTCCTATTA-3', was purchased from
Invitrogen. After culturing 1 x 10° cells in a six-well plate for 1
day, the cells were transfected with 20nM 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.

Mitochondrial membrane depolarization assay

About 2 x 10° cells were washed with PBS and treated with
0.48mM MNU for 1h. The doses of the drugs correspond to
six lethal hits for YT102 cells, as calculated from the survival
curves. The cells were further incubated in complete medium
and collected at 0, 12, 24, 36 and 48 h after the treatment with
MNU. The mitochondrial membrane potential assay was
performed using the MitoProbe DiOC2(3) Assay kit (Invitro-
gen), as described earlier (Takagi ez al., 2008).

Molecular cloning of Mapol ¢cDNAs

To clone mouse Mapol cDNA, RT-PCR reactions were camed
out to amplify four parts of cDNA with overlapping sequences
using ¢cDNAs, synthesized from total RNA prepared from
YTI102 cells, as templates. The four cDNA fragments were
connected to each other at the internal restriction sites and the

full-length mouse Mapol cDNA was thus generated. The human

Mapol ¢cDNA (KIAA1450) was obtained from the Kazusa
DNA Research Institute (Kisarazu, Japan).

Expression of EGFP-fused MAPOI protein and microscopic
analysis

To construct plasrmds to express MAPOI proteins fused w1th
EGFP at the C-terminal regions, we introduced mouse and human
Mapol cDNA together with the EGFP gene into EcoRV and Noil
site of pIRESpuro2 (Clontech) plasmid. To express the EGFP-
fused MAPOLI proteins, 0.8 ug of plasmid DNAs was transfected
using Lipofectamine 2000 into YT102 (for mouse) or HeLa MR
(for humans) cells growing in 24-well plates according to the
manufacturer’s instructions. The cells were treated with or without
0.4mM MNU for 1h at 24 h after transfection. After another 24-h
incubation, the cells were washed with PBS and stained with 10 pM
of Hoechst33342 (Invitrogen) and fluorescent signals were
observed by fluorescent microscopy (Nikon, Tokyo, Japan).

Other methods
Flow cytometric analysis and of caspase-3 activity assay were
performed as described earlier (Hidaka et al., 2005).
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, ABSTRACT

Stress-induced mutagenesis is a collection of mechanisms observed in bacterial, yeast, and human cells in
which adverse conditions provoke mutagenesis, often under the control of stress responses. Control of
mutagenesis by stress responses may accelerate evolution specifically when cells are maladapted to their
environments, ie., are stressed. It is therefore important to understand how stress responses increase
mutagenesis. In the Escherichia coli Lac assay, stress-induced point mutagenesis requires induction of
at least two stress responses: the RpoS-controlled general/starvation stress response and the SOS DNA-
damage response, both of which upregulate DinB error-prone DNA polymerase, among other genes
required for Lac mutagenesis. We show that upregulation of DinB is the only aspect of the SOS response
needed for stress-induced mutagenesis. We constructed two dinB(o¢) (operator-constitutive) mutants. Both
produce SOS-induced levels of DinB constitutively. We find that both dinB(o°) alleles fully suppress the
phenotype of constitutively SOS-“off” lexA(Ind~) mutant cells, restoring normal levels of stress-induced
mutagenesis. Thus, dinB is the only SOS gene required at induced levels for stress-induced point
mutagenesis. Furthermore, although spontaneous SOS induction has been observed to occur in onlya small
fraction of cells, upregulation of dinBby the dinB(o) alleles in all cells does not promote a furtherincrease in
mutagenesis, implying that SOS induction of DinB, although necessary, is insufficient to differentiate cells

into a hypermutable condition.

ENOMIC stability and mutation rates are tightly
regulated features of all organisms. Understand-
ing how cells regulate mutation rates has important
implications for evolution, cancer progression and che-
motherapy resistance, aging, and acquisition of antibi-
otic resistance and evasion of the immune system by
pathogens, all processes driven by mutagenesis and all of
which occur during stress.

Stress-induced mutagenesis refers to a group of re-
lated phenomena in which cells poorly adapted to their
environment (i.e., stressed) increase mutation rates
as part of a regulated stress response (reviewed by
GALHARDO et al. 2007). Abundant examples, particularly
in microorganisms, show the induction of specific path-

‘ways of mutagenesis in response to stresses. The types of
genetic alteration induced by stress include base sub-
stitutions, small deletions and insertions, gross chromo-
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somal rearrangements and copy-number variations, and
movement of mobile elements. These various pathways
require the functions of different sets of genes and
proteins. Thus, there appear to be multiple molecular
mechanisms of stress-inducible mutagenesis that oper-
ate in’ different organisms, cell types, and growth-
inhibiting stress conditions.

However, a common theme in the many mechanisms
of stress-inducible mutagenesis described to date is the
requirement for the function of one or more cellular
stress responses. Starvation stressdinduced mutagenesis
in Bacillus subtilis requires the comKregulatory gene that
controls the stress response that in turn allows compe-
tence for natural transformation in response to starva-
tion (Sunc and YassiN 2002). The RpoS-controlled
general or starvation stress response is required for
starvation-induced excisions of phage Mu in Escherichia
coli (GOMEZ-GOMEZ et al. 1997), for basesubstitution
mutagenesis in aging E. coli colonies (BjEpOV et al.
2003), for starvation-induced point mutations (SAUMAA
et al. 2002) and transpositions (ILVES et al 2001) in
Pseudomonas putida, and for starvation-induced gene
amplification (LoMBARDO et al. 2004) and frameshift
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mutagenesis (LAYToN and FosTErR 2003; LOMBARDO
et al. 2004) in the E. coli Lac assay, described in more
detail below. The SOS DNA-damage stress response is
required for the stress-induced frameshift mutagenesis
in the E. coli Lac assay discussed below, for E. coli
mutagenesis in aging colonies (TADDEI et al. 1997), for
ciprofloxacin (antibiotic)-induced resistance mutagen-
esis (CIrz et al. 2005), and for mutagenesis conferring
resistance to bile salts in Salmonella (PRIETO et al. 2006).
The stringent response to amino-acid starvation is re-
quired for a transcription-associated mutagenesis in E.
coli that targets stringentresponse-controlled genes
(WRIGHT et al. 1999) and for amino-acid-starvation-
induced mutagenesis in B. subtilis (RUDNER et al. 1999).
Two different stress responses to hypoxia in human
cancer cells also increase mutagenesis. One does so by
specific downregulation of mismatch-repair genes
(MIHAYLOVA et al. 2003; KosH1j1 et al. 2005; BINDRA
and GLAZER 2007). The other is postulated to promote
genome rearrangement by its demonstrated downregu-
lation of RAD51 and BRCA1 functions required for high-
fidelity repair of DNA double-strand breaks (DSBs)
(BINDRA et al. 2004). These stress responses exert
temporal control or restriction of mutagenesis, which
favors genomic stability when cells and organisms are
well adapted to their environments (., not stressed)
and increases mutagenesis, potentially accelerating evo-
lution, specifically during stress when cells are malad-
apted to their environments. Except for the human
examples, the ways by which the stress responses upre-
gulate mutagenesis are mostly not understood. We focus
here on howa stress response controls mutagenesis in an
E. colimodel system.

Stress-induced mutagenesis is perhaps best under-
stood in the E. coli model system. A widely used assay
system uses a + 1 frameshift allele of a lacIZ fusion gene
located in the F'128 plasmid in cells with a deletion of
the chromosomal lac genes (CaIrns and FosTer 1991).
When these cells are plated on lactose minimal medium,
a few Lac* revertant colonies are observed. Many of
these arise from spontaneous generation-dependent
mutations that occur during growth of the culture.
Prolonged incubation of these plates results in the
continuous accumulation of additional Lac* revertants,
which arise through two mechanisms, both different
from the mechanisms that produce the generation-
dependent mutants (reviewed by GALHARDO ¢t al, 2007).

First, within the first few days, most of the Lac*
colonies are “point mutants” that possess a compensa-
tory —1 frameshift mutation in the lacIZ gene (FOSTER
and TRIMARCHI 1994; ROSENBERG et al. 1994). Cells that
carry these mutations also carry increased numbers of
secondary unselected mutations in other genomic re-
gions, whereas most Lac~ cells starved on the same plates
do not, indicating that a subpopulation of the cells
undergoes genomewide hypermutation (TORKELSON
et al. 1997; RoscHE and FosTer 1999; Gopoy e al.

2000). Therefore, a subset of the starved cells experi-
ences increased mutagenesis when compared with the
majority of the cells. Hereafter we refer to this sub-
population as “hypermutable.” This hypermutable cell
subpopulation (HMS) appears to be important to the
formation of most or all of the Lac* stress-induced mu-
tants (GONZALES ¢t al. 2008). The hypermutable state is
transient, ceasing after growth impairment is ended and
growth resumes (LONGERICH et al. 1995; TORKELSON
et al. 1997; ROSENBERG et al. 1998; RoscHE and FOSTER
1999; Goboy et al. 2000). '

Second, longer incubation also results in the forma-
tion of a significant proportion of lacamplified colonies
in which the leaky laclZ allele is amplified to 20-50
tandem copies, which produce sufficient enzyme activity
to allow growth on lactose (HASTINGS et al. 2000; POWELL
and WARTELL 2001; KUGELBERG et al, 2006; SLACK et al.
2006). In summary, E. coli cells may either increase point-
mutation rates or undergo extensive genomic rearrange-
ment in response to a growth-limiting environment.

Both of these processes require induction of the
general or starvation stress response controlled by RpoS
(LoMBARDO et al. 2004). Point mutagenesis, but not
amplification, also requires induction of the SOS DNA-
damage stress response (CAIRNS and FosTER 1991;
McKENzIE et al. 2000, 2001). In this article, we focus
on the role of the SOS response in the mechanism of
stress-induced point mutagenesis. See HASTINGS (2007)
for a review of the mechanisms of stress-induced
amplification and genome rearrangement.

The molecular mechanism of point mutagenesis in
the Lac system is now considerably well understood. It
entails a switch from the normally high-fidelity DNA
synthesis associated with recombination-dependent
double-strand-break repair to an error-prone synthesis
specifically under stress (PONDER et al. 2005). Several
genetic requirements are known for stressinduced point
mutagenesis, including DNA-recombination functions
(HARRIS et al. 1994, 1996; FOSTER et al. 1996; HE et al.
2006) in addition to the genes required for induction of
the SOS DNA-damage response (CAIRNS and FOSTER
1991; MCKENZIE ¢t al. 2000) and the o (RpoS) general/
starvation stress-response (LAYTON and FosTER 2003;
LoMBARDO et al. 2004) regulons, and the dinB gene
encoding DNA polymerase (Pol) IV (McKENZIE et al,
2001).

DinB is the founding member of the most widespread
subfamily of Y-family specialized DNA polymerases,
with orthologs in bacteria, archaea, and eukaryotes,
including humans (reviewed by Noum1 2006). DinB/
Pol IV can perform high-fidelity translesion DNA syn-
thesis (TLS) across a number of different DNA lesion
substrates (JAROSZ et al. 2006; BjEDOV ¢t al. 2007; YuaN
et al. 2008). However, this enzyme shows a significant
error rate when copying undamaged DNA templates
(KoBavasHI ef al. 2002). Some mutations in DinB can
abolish its TLS activity, without interfering with the
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mutator phenotype caused by overexpression of DinB,
suggesting that mutagenesis and TLS are independent
activities of Pol IV (Gopoy et al. 2007). Eighty-five
percent of the stressinduced Lac* point mutations
generated in the nongrowing cells arise in a DinB-
dependent manner (McKENZIE et al. 2001).

The dinB gene is under the control of the SOS
response, which upregulates its transcription’ 10-fold
(K et al. 2001). Additionally, the alternative o (tran-
scription) factor o® (RpoS), which is responsible for the
general stress response, upregulates dinB expression
transcriptionally by 2- to 3-fold upon entry into station-
ary phase (LaAyTOoN and FosTER 2003). Proteins such as
Ppk (Stumpr and FosTeRr 2005) and the chaperones
GroEL (LayTon and FosTeR 2005), RecA, and UmuD
(Gopoy et al. 2007) all seem to modulate DinB activity.
An interesting in vivo role of DinB is SOS untargeted
mutagenesis of phage N (KM et al. 1997). In it, —1
frameshift mutations in runs of G’s are generated,
similarly to the predominant mutations detected in
the lac gene during stress-induced mutagenesis (FOSTER
and TRIMARCHI 1994; ROSENBERG ¢t al. 1994). On the
other hand, DinB has no effect on the spontaneous
mutation rate in growing cells (McKeNnziE et al. 2001,
2003; KuBAN et al. 2004; WOLFF ef al. 2004). DinB is
implicated as the DNA polymerase that, only during the
stress responses, makes DSB-repair-associated errors
that become stress-induced point mutations (PONDER
et al. 2005). o

The role of the SOS response in controlling muta-
genesis in the Lac assay is a complex issue because
several SOS-controlled genes are required for the
process. dinB, recA, ruvA, and ruvB are all required for
mutagenesis (CairnNs and FOSTER 1991; HARRIS et al.
1994, 1996; FOSTER et al. 1996; McKENZIE et al. 2001; He
et al. 2006) and are all upregulated by SOS (COURCELLE
et al. 2001). Also, the F-encoded psiB gene exerts a
negative effect on mutagenesis in SOS-derepressed cells
(McKEeNzIE et al. 2000) and is thought to inhibit SOS
induction and RecA (reviewed by Cox 2007). We sought
to determine whether the requirement for induction of
the SOS response in stress-induced mutagenesis reflects
a need for upregulation solely of dinB or whether any
other gene(s) is required at SOS-induced levels. We
present evidence below that indicates, first, that DinB is
the only SOS-controlled gene required at induced levels
for efficient stress-induced point mutagenesis and,
second, that, although SOS-induced levels of DinB are
required, they are not sufficient to differentiate cells
into a hypermutable condition.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media: The bacterial strains
used in this work are shown in Table 1. dinB(o°) alleles were
constructed as described below. Other strains were constructed
using P1-mediated transduction as described (MILLER 1992).

The antibiotics used were as follows: ampicillin, 100 pg/ml;
chloramphenicol, 25 pg/ml; tetracycline, 10 pg/ml; kanamy-
cin, 30 pg/ml; and rifampicin, 40 pg/ml. 5-Bromo-4-chloro-3-
indolyl-3-D-galactoside (X-gal) was used at 40 pug/mL. M9
minimal medium (MILLER 1992) was supplemented with
10 pg/ml of vitamin Bl and either 0.1% glycerol or 0.1%
lactose. Luria-Bertani-Herskowitz (LBH) medium was used as
described by TORKELSON et al. (1997).

The plasmids used in this study are listed in Table 2.
Plasmids containing P ;,slacZ fusions used in B-galactosidase
assays for gene expression analysis were constructed by
amplification of the dinB promoter (from bases —432 to
—2 of dinB) with primers 5-TCGGCTGAATTCTGTTCGA
CTCGCTCGATAAT-3' and 5'-CGGTACAAGCTTGCTCACCT
CTCAACACTGGT-3' and by cloning into the pFZY plasmid
(Koor et al. 1987) using the EcoRI and HindIlI sites introduced
in the primers. The dinB promoter was amplified from strain
SMR4562 and cloned into pFZY to generate plasmid pPdinB
and amplified from strains SMR10308 and SMR10309 to
generate the plasmids pPdinBOCI and pPdinBOC2, respectively.

Construction of the dinB(o°) alleles and strains bearing
them: We created each of two mutations predicted from
previous work on other SOS genes (FRIEDBERG ef al. 2005)
to inactivate the predicted LexA-binding site in dinB (Figure
1A). The Lac assay strains carry two copies of dinB, one in the
chromosome and one in F'128 (discussed in the RESULTS).
The constructions required several steps as below. Primer
sequences are given in the supporting information, File SI.

First, we linked the cat selectable marker with dinB. We
chose to putaselectable marker in the lafU (formerly known as
mbhA) gene, which is present immediately upstream from the
5'-end of dinB. The FRTcalFRT cassette was amplified from pKD3
(DaTSENKRO and WANNER 2000) using primers CatupdinB-F and
CatupdinB-R. The product was used to obtain SMR4562
recombinants containing the lafU::FRTcafFRT insertion (allele
AlafUz2::FRTcaiFRT), using short-homology recombination as
described (DATSENKO and WANNER 2000). One recombinant
containing the AlafU2::FRTcafFRT in the F' plasmid was
selected. This strain (SMR10292) was used to amplify the
AlafU2::FRTcalFRT-dinB* region by PCR using primers
CatupdinB-F and dinBcatnock-R. This product was used as
a template for PCR-mediated site-directed mutagenesis,
altering the dinB promoter.

Next we constructed a AlgfTrdinB deletion strain to be used
as a recipient for allelic replacement with the site-directed
dinB-mutant genes linked to AlafU2::FRTcafFRT. We created a
FC36-derivative containing a deletion encompassing the 3'
half of AlgfU and the whole dinB gene using primers
kandinBchrom-F and DinBRCAT to amplify FRTKanFRT from
pKD13 (DaTsENKO and WANNER 2000). The products were
used for short-homology recombination in the FC36 back-
ground, creating strain SMR10299. A similar deletion in the
same region in the F' plasmid was created by shorthomology
recombination in SMR4562, using FRTca/FRT amplified from
pKD3 with primers CatupdinB-F and DinBRCAT. Location of
the deletion in the F' plasmid was confirmed by the ability to
conjugate the cal gene conferring chloramphenicol resis-
tance. The cai gene was removed by FLP-mediated site-specific
recombination using the pCP20 plasmid (DATSENKO and
WAaNNER 2000). The resulting F'128 AlafUtdinB::FRT [allele
A(lafU-dinB) 2096(::FRT)] was mated into strain SMR10299,
creating strain SMR10303 {SMR4562 A (lafU-dinB) 2097(::FRT-
KanFRT) [F' A(lafU-dinB) 2096(::FRT)1}. This strain was used
as a recipient for allelic replacement using the site-directed
dinB mutants produced by PCR with the AlafU2:: FRTcafFRT-
dinB fragment as a template. The sequence of the promoter
and coding sequence of the dinB gene from the Kan® Cam®
recombinants was determined by PCR and DNA sequencing to



