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vious study, we observed an adaptive response in the lung of
gpt delta mice treated with NNK, a tobacco. specific nitrosamine,
combined with vy-irradiation [9]. The methylating agent, i.e., NNK,
significantly suppresses mutations induced by +y-irradiation in the
lungs of mice. To explore the mechanisms underlying the appar-
ent adaptive response, we examined combined effects of MNNG, a
directly acting methylating agent, and y-irradiation in the human
lymphoblastoid cell lines TK6 and MT1 in vitro (Fig. 1). Single
treatments of MNNG or <y-irradiation increased the frequencies
of mutations, MN induction and cell death in both TK6 and MT1
(Figs. 2 and 3). In the combined treatments, however, induction of
TK mutation, MN and cell death by y-irradiation were significantly
suppressed by pretreatments with MNNG not in MT1 but in TK6.
At first, we hypothesized that y-induced apoptosis might be
enhanced by the pretreatments with MNNG, thereby suppress-
ing the mutations and MN induction in TK6 cells. However,
the apoptosis was rather suppressed by the pretreatments with
MNNG in TK6 cells (Fig. 4). No significant changes were observed
in apoptosis in MT1 cells by the pretreatments. Suppression
of radiation-induced apoptosis is known to be elicited by low-
dose ionizing irradiation, which is called radioadaptive response
[26-30]. Although the exact mechanism underlying the radioad-
aptive response is largely unknown, it is generally thought that
cellular defense mechanisms against genotoxic effects of radiation
are induced by prior exposure to low-dose radiation. Many of genes
including p53, ATM and Chk1 are up- and down-regulated in the
adaptingcells[31]. Interestingly, we observed enhanced expression
of p53 in MNNG-pretreated cells in the presence of MMR proteins
(TK6) but not in the absence of them (MT1) (Fig. 5a). In fact, p53
is reported to play an important role in both apoptosis and DNA
repair pathways depending on the level of DNA damage [22,23,32].
When cells are exposed to low or moderate levels of DNA dam-
age, p53 does not induce apoptosis but activates error-free DNA
repair, e.g.,, homologous recombination, thereby suppressing cell

death. Therefore, we suggested that pretreatments with MNNG at
low doses induce low or moderate levels of DNA damage and acti-
vate p53 in a way that it alleviates radiation-induced apoptosis. In
this activation process, MMR proteins play crucial roles to mediate
the signal from DNA damage to p53 (see below). B

Because increased apoptosis was not the case, we next examined
another possibility of whether MNNG pretreatments might delay
cell-cycle progression, thereby acquiring resistance to genotoxicity
of radiation. Intriguingly, when TK6 cells were treated with MNNG
at a low dose, i.e,, 1.5ng/mL, the percentage of cells at G2/M was
significantly increased (Table 1). No such increases were observed
in TK6 cells treated with MNNG at a high dose, i.e., 150 ng/mL, or
in MT1 cells treated with low or high doses of MNNG. Thus, we
suggested that the activation of p53 by exposure to the low dose
of MNNG suppresses cell cycle progression at G2/M phase, which
in turn leads to enhanced error-free repair of DSBs in DNA. The
enhancement of DNA repair at prolonged G2/M phase may account
for the apparent adaptive response observed in TK6 cells (Fig. 6).
This notion is supported by previous studies that indicate that treat-
ments of cells with MNNG induce cell cycle delay at G2/M phase
[18,33-35]. It is suggested that the MMR proteins interact with
Ataxia telangiectasia mutated kinase (ATM) and ATM-and-Rad3-
related kinase (ATR), thereby activating p53, Chk1 and cell cycle
checkpoint proteins [21,36-38]. p38 activation is also reported to
be important for methylating agent-induced G2 arrest in glioma
and colon cancer cell lines [39]. In our case, however, Chk1 was not

_phosphorylated in both cell lines after MNNG pretreatments. This

raises the possibility that Chk1 phosphorylation may not be nec-
essary for cell cycle delay in TK6 cells. Alternatively, it is because
we examined the phosphorylation of Chk1 by the Western blotting
analysis earlier before it is detectably activated. Recently, Quiros
etal. demonstrated that Chk1 was activated more effectively in the
post-treatment cell cycle following 08-methylguanine (08-MeG)
induction treated by low concentration MNNG and suggested that
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Fig. 6. A possible mechanism underlying the adaptive response of MNNG-pretreated TK6 cells against genotoxicity of y-irradiation. Alkylating agents, i.e., NNK and MNNG,
induce mismatch bases such as 0%-methylguanine paired with thymine in DNA, which are recognized by mismatch repair (MMR) proteins. After the recognition, the mismatch
bases may be repaired by MMR in one pathway. In the other pathway, however, the mismatch-bound MMR recruits ATM and activates p53. The activation leads to cell cycle
delay at G2/M and enhances error-free DNA repair, which results in induction of the adaptive response.
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Chk1 activation requires at least two rounds of replication after
the treatment of MNNG [40]. It is reported that MMR-dependent
cell cycle arrest fully occurs after the second S-phase following DNA
damage. We examined the Chk1 phosphorylation 24 h after the ini-
tiation of MNNG pretreatments when not all the cells might have
finished the second round of DNA replication (Fig. 1). Unlike the
checkpoint analysis, however, MN and gene mutations were ana-
lyzed 3 days after the termination of MNNG pretreatments. Hence,
the cells replicated chromosome DNA in the presence of methy-
lated damage, e.g., 05-MeG, in DNA more ‘than two times, which
may be a reason why we observed clear suppressive effects against
genotoxicity of y-irradiation (Figs. 2 and 3). The results that we
observed the suppressive effects 3 days after the MNNG pretreat-
ments also raise a possibility that the adaptive response induced
by MNNG may continue at least for 3 days.

The results in this study suggest that functional interactions of
MMR proteins with p53 play critical roles in the adaptive response
elicited by MNNG pretreatments (Fig. 6). Then, how does methy-
lated DNA damage such as 05-MeG induce activation of p53 via
MMR proteins? One possibility is that a mismatch base-pair of 08-
MeG with thymine is recognized by MMR proteins, which in turn
recruit other proteins, e.g., ATM, that stabilize and acnvate p53
[38]. Alternatively, the recognition of the mismatch base- -pair by
MMR proteins may lead to futile DNA synthesis, which results in
generation of single-strand gaps and/or DSBs in DNA. These aber-
rant structures of DNA induce ATM, which can activate p53 and
other proteins related to DNA damage response. Further work using
mutant MMR proteins that can recognize the mismatch base-pairs
but not interact with other proteins may give us insight into the
roles of MMR proteins in induction of signals to p53.

It is evident that p53 activation leads to cell death via apoptosis
when the DNA damage is severe. However, as described above, it
is suggested that p53 activation leads to onset of DNA repair and
enhancement of cell survival. Therefore, it is expected that there is
a threshold below which p53 acts as a suppressor of cell death (or
genotoxicity) and upon which p53 acts as an enhancer of cell death.
Interestingly, suppression against radiation-induced genotoxicity
was only observed at a specific dose of MNNG, i.e., 1.5ng/mL for
cell survival and TK gene mutations, and 1.5 and 3.0 ng/mL for MN
induction (Figs. 2 and 3). Therefore, the dose responses of TK and
MN assays were U-shaped along with the pretreatment doses of
MNNG. These results may reflect the biphasic roles of p53 in cell
survival (relief of genotoxicity) and cell death depending on the
doses of MNNG. It is reported that severe DNA damage activates
p53-independent apoptosis via p73, a protein homologous to p53
[41]. Because p73 is stabilized by MNNG treatments and silencing
of p73 results in significant decreases in apoptosis and increases
in survival, p73 appears to play a role in MMR-dependent apo-
ptosis induced by MNNG treatment [42]. In this study, however,
we could not observe enhanced apoptosis in TK6 cells pretreated
with MNNG after y-irradiation (Fig. 4). Thus, we suggest that apo-
ptosis via p73 is not involved in the adaptive response in TK6
cells pretreated with MNNG against y-irradiation (Figs. 2 and 3). It
remains an open question, however, whether p73 may play a role
in the adaptive response via other pathways, e.g., activation of DNA
repair.

In summary, our results suggest that exposure to MNNG at low-
doses induces adaptive response to radiation-induced genotoxicity
in human cells and also that MMR proteins and p53 play critical
roles in the adaptation. The results also suggest that the adaptive
response depends on the priming dose of MNNG and perhaps the
timing when the genotoxicity is analyzed. Obviously, further work
is needed to thoroughly understand the mechanisms underlying
the MNNG-induced adaptive response against radiation and how
the mechanisms can be generalized to other combined genotoxicity
of chemicals and radiation.
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The recent discovery that the potent carcinogen
acrylamide (AA) is present in a variety of fried and baked
foods raises health concerns, particularly for children,
because AA is relatively high in child-favoured foods such
as potato chips and French fries. To compare the
susceptibility to AA-induced genotoxicity of young versus
adult animals, we treated 3- and 11-week-old male gpt
delta transgenic ¥344 rats with 0, 20, 40 or 80 p.p.m. AA
via drinking water for 4 weeks and then examined
genotoxicity in the bone marrow, liver and testis. We also
analysed the level of N7-(2-carbamoyl-2-hydroxyethyl)-
guanine (N7-GA-Gua), the major DNA adduct induced by
AA, in the liver, testis and mammary gland. At 40 and 80
p.p-m., both age groups yield similar results in the comet
assay in liver; but at 80 p.p.m., the bone marrow
micronucleus frequency and the gpf-mutant frequency in
testis increased significantly only in the young rats, and
N7-GA-Gua adducts in the testis was significantly higher in
the young rats. These results imply that young rats are
more susceptible than adult rats to AA-induced testicular
genotoxicity.

Introduction

Acrylamide (AA) is a low molecular weight vinyl compound
commonly used in industries and laboratories. Because
individuals are exposed to AA in the workplace, health
concems originally centred on occupational exposure (1). A

recent study, however, vrepo'rted that low levels of AA are
formed in many heat-processed foods, especially starchy ones

such as potato chips, crackers and French fries (2,3), as a result )

of asparagine reacting with sugars (Maillard reaction) (4,5).
This finding raises concemns that AA poses health risks for the
general population (6).

Many animal studies have demonstrated that AA induces
neurotoxicity, testicular toxicity and reproductive toxicity
(7-9). AA also causes cancers such as mammary fibroad-
enomas, thyroid follicular cell adenomas and testicular
mesotheliomas in rats (10-12). In mice, it induces gene
mitations in liver, micronuclei in haematopoietic cells (13,14)
and chromosome aberrations in spermatids and spermatocytes
(15,16). Thus, AA is clearly genotoxic in vivo, although its in
vitro genotoxicity remains unclear because it is not metabol-
ically activated in standard in vitro systems-(17,18). AA is
metabolised to glycidamide (GA), presumably by cytochrome
P450 2E1 (CYP2E1), which quickly reacts with cellular
DNA and protein (6,19,20). Two major GA-DNA adducts—
N7-(2-carbamoyl-2-hydroxyethyl)-guanine (N7-GA-Gua) and
N3-(2-carbamoyl-2-hydroxyethyl)-adenine (NV3-GA-Ade)—have
been identified in mice and rats treated with AA or GA
(21-23), with the level of N7-GA-Gua being 100 times as high
as the level of N3-GA-Ade in the organs (22). Individual GA to
AA ratios, which can be used as an indicator of the extent of
AA metabolism, are highly variable, suggesting that some
individuals or populations may be more susceptible than others
to AA-induced genotoxicity (24). Other issues are AA intake
and metabolism in children compared with adults. Children
generally consume larger amounts of food relative to their body
mass than adults and favour foods such as French fries and
potato chips that have relatively high AA concentrations (25).
These issues should be considered when evaluating the
susceptibility of the paediatric population in genotoxic and
carcinogenic tisk assessments (26). '

In the present study, to compare the susceptibility to
AA-induced genotoxicity of young versus, adult age groups,
we treated 3- and 11-week-old male gpt delta transgenic F344
rats with 0, 20, 40 or 80 p.p.m. of AA via drinking water for 4
weeks and examined genotoxicity in the bone marrow, liver
and testis. We also analysed the level of N7-GA-Gua in the
liver, testis and mammary gland.

Materials and methods

Animals, diet and housing

We purchased 20 male with 10-week-old and 15 pregnant female F344 gpt
delta transgenic rats from Japan SLC (Shizuoka, Japan). The pregnant animals
were time-mated at 10 weeks of age and arrived on gestational Day 12 or 13 to
our facility. After delivery, we obtained >14 male pups from the pregnant rats.
All animals were housed three to five rats in polycarbonate cage with sterilised
wood chip bedding and maintained under specific pathogen-free standard
laboratory conditions: room temperature, 24 + 1°C; relative humidity, 55 &
5%; 12-h light—dark cycle; basal diet (CRF-1; Oriental Yeast Company, Tokyo,
Japan) and tap water ad libitum until parturition.

© The Author 2011. Published by Oxford University Press on behalf of the UK Environmental Mutagen Society.
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Treatments of animals

The protocol for this study was approved by the Animal Care and Utilisation
Committee of the National Institute of Health Sciences. We randomly divided
14 and 20 of the 3- and 11-week-old rats into four groups of 3-5 animals,
treated them for 4 weeks with AA (Wako Pure Chemical Co., Tokyo, Japan)
at 0, 20, 40 or 80 p.p.m. in drinking water and monitored clinical signs, body
weight and food and water consumption. At the end of the treatment period, we
anaesthetized and killed the animals, and we excised organs for the gpt
mutation assay (liver, testis), comet assay (liver), DNA adducts analysis
(liver, testis, mammary gland and thyroid) and micronucleus (MN) test (bone
Marrow).

MN test

We removed bone marrow from the femur, mixed it with foetal calf serum,
placed it on an acridine orange-coated glass slide, covered it with a coverslip
and stained it supravitally (27). We analysed 2000 polychromatic erythrocytes
per animal with a fluorescence microscope and recorded the number of
micronucleated polychromatic erythrocytes, which fluoresced greenish yellow.

Alkaline comet assay

We performed the comet assay using the procedure recommended by the comet
assay working group of the International Workshop on Genotoxicity Testing
(IWGT) (28,29), except that we used a MAS-coat type slide glass (Matsunami
Glass Ind. Ltd, Tokyo, Japan) instead of a conventional agarose bottom layer
(30). We prepared cell suspensions from the livers, mixed them with 0.5% w/v
low-melting agarose, and spotted an aliquot of the mixture onlto the slide. After
electrophoresis, we stained the cells with SYBR-Gold (cat. # S-11494;
Molecular Probes, Invitrogen, Tokyo, Japan), and examined at least 100 cells
per animal using a fluorescence microscope (BX50 and BX51; Olympus
Corporation, Tokyo, Japan) connected to the comet assay scoring system
(Comet IV; Perceptive Instruments Ltd, Suffq[k, UK), which quantified the
result as %tail intensity. .

gpt mutation assay

We extracted high molecular weight genomic DNA from the liver and testis
using a Recover Ease DNA Isolation Kit (Stratagene, La Jolla, CA, USA),

rescued lambda EG10 phages using Transpack Packaging Extract (Stratagene) .

and conducted the' gpt mutation assay as previously published (31).
We calculated the gpt-mutant frequency (gpt-MF) by dividing the number
of 6-thioguanine-resistant colonies by the number of colonies with rescued
plasmids.

DNA adduct assay

As a standard for 1iguid chromatography tandem mass spectrometry analysis,
N7-GA-Gua and ['*Ns)-labelled N7-GA-Gua were synthesised as described
previously (18,22). We extracted DNA from the liver, testis, mammary gland
and thyroid using a DNeasy 96 Blood & Tissue Kit (QIAGEN, Diisseldorf,
Germany), incubated it at 37°C for 48 h for deprination. We added an aliquot of
the labelled standard to each sample and filtered through an ultrafiltration
membrane to remove DNA. The eluted solution was evaporated thoroughly and
dissolved in water and then the solutions were subsequently quantified by
a Quattro Ultima Pt triple stage quadrupole mass spectrometer (Waters-
Micromass, Milford, MA, USA) equipped with a Shimadzu LC system
(Shimadzu, Japan). We analysed the liver and testis for each individual rat but
pooled the mammary and thyroid glands for each treatment group because the
tissue yields were too small to be examined individually.

Statistical analysis

We used the Student’s rtest to determine the statistical significance of the
difference in the results of the gpt mutation assay and the DNA adduct assay
between the treated and negative control groups and between the young and
adult groups. We examined variances in body weight and results of the MN and
.comet assays by one-way analysis of variance using the Dunnett’s test to
compare the differences between the control and treated groups.

Results

Clinical signs, body weight and AA intake

We observed no clinical abnormality in either the young or
adult rats during the 28-day treatment period. We found no
significant differences in body weight or food and water
consumption between the adult treatment groups, although we
did observe a slight but statistically insignificant suppression of
body weight in the young, 80-p.p.m. treatment group (Table I).
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The table shows average daily food, water and AA intake of the
young and adult treatment groups and their mean body
weights. The average daily intakes of AA are calculated as
3.01, 5.95 and 12.19 mg/kg body weight for 20, 40 and 80
p.p.m. group, respectively, in young rats and as 1.83, 3.54 and
7.05 mg/kg body weight for 20, 40 and 80 p.p.m. group,
respectively, in adult rats.

MN test

While no AA dose induced MN in adult rat bone marrow,
the highest dose (80 p.p.m.) significantly increased the MN
frequency in young rat bone marrow (Figure 1a). Because of
the large standard deviation, however, the difference between
young and adult rats was not significant (Figure 1a).

Alkaline comet assay

DNA damage induced by AA in liver was evaluated by the
comet assay under alkaline conditions (Figure 1b). The comet
tail intensities increased in a dose-dependent manner in both
young and adult rats with no statistically significant differences
between the two groups. AA significantly induced DNA
damage at 40 and 80 p.p.m. in the adult rat liver and at 80
p.p-m. in the young rat liver.

§pt mutation assay
Figure 2 shows the gpt mutation assay results. The gps-MF of

- control (0 p.p.m.) young and adult rat livers was 1.57 + 0.72

(x107%) and 3.66 + 2.14 (x1079), respectively. The control
gpt-MF of the young rat liver was lower than that of the adult
rat liver, but not significantly. AA did not increase the gpr-MF
in the liver of either age group at any dose; but at 80 p.p.m., it
approximately doubled the gpz-MF in the testis of both young
and adult rats, but the increase in adult rats was not statistically
significant.

DNA adduct formation

Figure 3 shows N7-GA-Gua DNA adduct levels in the liver,
testis and mammary glands and. thyroid of the young and adult
rats. The adduct level increased in a dose-dependent manner in
all the tissues. In the mammary glands and thyroid, adduct
levels did not differ significantly between young and adult rats.
In the liver and testis, on the other hand, the level was higher in
the young rats than in the adult rats. In the testis, the DNA
adduct level of young rats was approximately six times that of
adult rats at all treatment doses.

Discussion

The in vivo genotoxicity of AA has been clearly demonstrated
by various rodent genotoxicity tests including MN tests in
peripheral blood (13,14,32) and gene mutation and - comet
assays in various organs (14,33,34). However, there has been
no report for the comparison of genotoxicity between young
and adult animals. In this study of the genotoxicity of AA in
various organs of young (3-week-old) and adult (1 1-week-old)
male rats, we showed that the testis were more vulnerable to
AA genotoxicity in the young rat than in the adult’ rat.
Especially, N7-GA-Gua DNA adduct was much. higher
accumulated in the testis of young rats than of adult rats
(Figure 3). The daily intake of AA per weight in young rats
was ~1.5-fold of the adult rats because the younger animals
drank more water. It can explain the higher accumulation of
adduct in the young rat liver, but the level in testis was
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Table L Body weight, food and water consumption and AA intake of young and adult rats

Group AA dose No. of Initial body weight Final body weight Food consumption Water consumption Intake of AA
(p.p.m.) animals (g) mean &+ SD (g) mean + SD (mg/rat/day) (ml/rat/day) (mg/kg/day)
Young 0 4 405 £2.7 168.9 £ 14.3 11.2 17.9 0
20 3 37.1 £ 35 164.7 £ 17.8 113 16.9 3.01
40 3 382 £ 2.1 165.1 £ 3.6 11.1 16.7 5.95
80 4 40.6 £ 2.5 1574 £ 82 11.0 16.9 12.19
Adult 0 5 249.8 + 10.0 3013 £11.5 16.4 25.8 0
20 5 249.8 4 8.2 299.9 +£ 73 16.1 25.4 1.83
40 5 250.5 £ 8.7 3024 £ 12.2 16.2 24.8 . 354
80 5 249.1 +£ 7.7 306.6 = 5.4 16.8 . 246 . 7.05

a) Bone Marrow- MN

MNPCE/ 2,000 PCE

80
ppm

b) Liver- Comet

Taif Intensity (%)

40 80

ppm

Fig. 1. (a) MN frequency in bone marrow of AA-treated young (open bars) and adult (closed bars) gpt delta rats. (b) Tail intensity (%) in the comet assay in liver of
AA-treated young (open bars) and adult (closed bars) gpr delta rats. The values represent the mean of experiments + standard deviations. *is statistically significant

experiment compared, with the untreated control (P < 0.05)discussion.

a) Liver
10

gPtMF (X 10°6)

ppm

gpEMF (X 10°6)
>
N —

b) Testis
10

>
—

N
T
i

2
=

¢} 20 40 80
ppm

Fig. 2. gpt Mutation frequency in liver (a) and testis (b) of AA administered young (open bars) and adult (closed bars) gpr delta rats. The values represent the mean
of experiments % standard deviations. *is statistically significant experiment compared with the untreated control (P < 0.05).

approximately six times high in the young rats than in the
adult rats, suggesting that AA metabolism in testis is different
depending on animal age. Testis is one of the target organs of
AA-induced genotoxicity (15,16,35-39). We believe that this
is the first report of an age difference in the effect.

AA is primarily metabolised in animals via two competing
pathways: oxidation by CYP2E1 to form GA (activation) and
conjugation by glutathione S-transferase (GST) with reduced
glutathione (detoxification) (19,40,41). GA may subsequently

undergo conjugation or hydrolysis catalysed by epoxide
hydrolase. The balance between activation and detoxification
probably determines AA genotoxicity in vivo. Rat testis shows
CYP2E!1 activity (42). Wang et al. (43) reported that the
treatment of 1.4 and 7.0 mM of AA or GA via drinking water
for 4 weeks induced the testicular ¢/l mutation in Big Blue
mice. The ¢/l mutation spectra significantly differed between
testis and liver, suggesting that testis may have different
pathway to metabolise AA and GA. However, the
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Flg 3. Levels of N7-GA-Gua in the liver (a) testis (b) mammary gland (c) thyroid and (d) administered AA young (open bars) and adult (closed bars) gpt delta rat.
The mammary gland and thyroid were pooled and analysed in the treatment group. Data are expressed as the number of adducts in 10° nucleotides. * and #*are
statistically significant experiment compared with the untreated control (*P < 0.05, **P < 0.05). # and ##are statistically significant experiment compared between

young and adult gpt delta rat (#P < 0.05, ##P < 0.05).

developmental changes were not studied. Recently, Takahashi
et al.. (44) showed that GST activity in the testis was
significantly lower in young rats than in adult rats and that
could explain the different age-related N7-GA-Gua adduct
levels and gpr-MFs in the present study. The greater
mutagenicity of aflatoxin B1 in liver of neonatal mice than of
adult mice corresponds to liver GST levels (45). The GST level
in the organs could be responsible for the expression of
genotoxicity of AA and aflatoxin B1.

While the N7-GA-Gua adduct level in liver and testis clearly
increased in a dose-dependent manner and significantly
differed between young and adult rats, the gps mutation results
were not clear. We treated the rats with doses that were lower
than those used in other studies (14,34,43), and these doses
may have been insufficient to induce gene mutations in our
study. Indication of the DNA adduct must be good biomarker
to demonstrate genotoxic insult under low-dose exposure
condition.

In conclusion, this finding that young rats were more
susceptible than adult rats to AA-induced genotoxicity,
especially in the testis, suggests that we should be concerned
about the risk to children exposed to AA via ordinary foods..
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Chronic inflammation is known to lead to an increased risk for the
development of cancer. Under inflammatory condition, cellular DNA is
damaged by hypobromous acid, which is generated by myeloperoxidase
and eosinophil peroxidase. The reactive brominating species induced
brominated DNA adducts such as 8-bromo-2’-deoxyguanosine (8-Br-dG),
8-bromo-2’-deoxyadenosine (8-Br-dA), and 5-bromo-2’-deoxycytidine
(5-Br-dC). These DNA lesions may be implicated in carcinogenesis. In this
study, we analyzed the miscoding properties of the brominated DNA
adducts generated by human DNA polymerases (pols). Site-specifically

Edited by J. Karn

Keywords: modified oligodeoxynucleotides containing a single 8-Br-dG, 8-Br-dA, or
_ inflammation; 5-Br-dC were used as a template in primer extension reactions catalyzed by
hypobromous acid; human pols a, &, and 1. When 8-Br-dG-modified template was used, pol «
halogenation; * primarily incorporated dCMP, the correct base, opposite the lesion, along
translesion synthesis; with a small amount of one-base deletion (4.8%). Pol  also promoted one-
mutagenesis base deletion (14.2%), accompanied by misincorporation of dGMP (9.5%),

dAMP (8.0%), and dTMP (6.1%) opposite the lesion. Pol m, on the other
hand, readily bypassed the 8-Br-dG lesion in an error-free manner. As for
8-Br-dA and 5-Br-dC, all the pols bypassed the lesions and no miscoding
events were observed. These results indicate that only 8-Br-dG, and not
5-Br-dC and 8-Br-dA, is a mutagenic lesion; the miscoding frequency and
specificity vary depending on the DNA pol used. Thus, hypobromous
acid-induced 8-Br-dG adduct may increase mutagenic potential at the site
of inflammation.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Chronic parasitic infections lead to inflammation,
and chronic inflammation has been recognized as a
factor of carc1n0gene51s and linked to cancer

*Corresponding author. E-mail address:
m-yasui@nihs.go.jp.

Abbreviations used: HOBr, hypobromous acid; MPO,
myeloperoxidase; EPO, eosinophil peroxidase; 8-Br-dG, 8-
bromo-2’-deoxyguanosine; 8-Br-dA, 8-bromo-2'-

. deoxyadenosine; 5-Br-dC, 5-bromo-2'-deoxycytidine; 8-
Ox0-dG, 8-0x0-7,8-dihydro-2'-deoxyguanosine; dNTP, 2/~
deoxynucleoside triphosphate; Alexa546, AlexaFluor-546
dye; pol, human DNA polymerase; Fins, frequency of
insertion; Fey:, frequency of extension; LPS,
lipopolysaccharide; 5-Br-dU, 5-bromo-2'-deoxyuridine.

development." At sites of inflammation, neutrophils
and eosinophils are actlva’ced and then increased in
the blood and tissues.” These elements play impor-
tant roles in host defense against microbial parasite
using reactive oxidants such as nitric oxide and
hypobromous acid (HOBr).? The excessive oxidants
in this process, however, can produce several DNA
base damages*™® and may lead to mutagenesis in
adjacent epithelial cells.

0022-2836/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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Fig. 1. Structures of brominated DNA adduct.

At the inflammation site, the NADPH oxidase
complex of leukocytes is activated and assembles at
the plasma membrane. The complex catalyzes the
one-electron reduction of oxygen to superoxide
(03). This reduced ‘oxygen then dismutates to
hydrogen peroxide (H,O,), which is utilized as a
reactive oxidant. In the presence of plasma halides
(CI, 100 mM; Br~, 20-100 uM; I, <1 uM),”
myeloperoxidase (MPO) and eosinophil peroxidase
(EPO), which are released by .neutrophils and
eosinophils, respectively, generate HOBr using
H;0, and Br™~ as substrates (Eq. 1).>%1°

Br + H;O; + HY — HOBr + H,0 (1)

HOBr is a potent oxidant that oxidizes the
cellular components of invading pathogens. This
reactive brominating species also damages the
host DNA and the cellular protein under chronic
inflammatory conditions.'**? 5-Bromouracil
(5-bromo-2/-deoxyuridine (5-Br-dU) in nucleoside
form) has been detected in human inflammatory
tissues."® 5-Br-dU is well known as a thymidine
analog and causes G:C — A:T and AT — G:C
transitions.'*’® Tt has been previously reported
that 5-bromo-2’-deoxycytidine (6-Br-dC) is pro-
duced by EPO and can be converted to 5-Br-dU
by cellular cytidine deaminases.*''” 8-Bromo-2'-
deoxyguanosine (8-Br-dG) and 8-bromo-2’-deoxya-
denosine (8-Br-dA) are also generated by exposure
of calf thymus DNA or free deoxyribonucleoside
to the EPO/H,0,/Br™ system® (Fig. 1). Moreover,
8-Br-dG was recently detected from the hepatic
DNA of lipopolysaccharide (LPS)-treated rats and
‘the urine of hepatocellular carcinoma patients.”
Thus, 5-Br-dC, 8-Br-dA, and 8-Br-dG may contrib-
ute to the burden of carcinogenesis in inflamma-
tory tissues. :

Primer extension reactions past 8-Br-dG lesion

- have been performed by using only human DNA
polymerase (pol) « and p in the presence of a single
or two 2’-deoxynucleoside triphosphates (dNTPs)
on single-stranded gap DNA templates containing
a 8-Br-dG lesion.*® The previous report showed that
both pols incorporated dCMP and dGMP opposite
8-Br-dG. The miscoding properties of 5-Br-dC and

8-Br-dA have not been determined yet. No quan-
titative analysis has been used for exploring
miscoding events generated by 8-Br-dG, 8-Br-dA,
and 5-Br-dC.

AGAAAGGAGAALexa546
%’ CATGCTGATGAATTCCTTCXCTTCTTTCCTCTCCCTTT

(X = 4G, 8-Br-dG,8-Br-dA or 5-Br-4cC)

dNTPs
DNA polymerase

GTACGACTACTTAAGGAAGNGAAGAAAGGAGAALexasss
5 CATGCTGATG TTCCTTCXCTTCTTTCCTCTCCOTTT
(N = dc,da,dG,or dT)

l EcoRl

GGAAGNGAAGAAAGGAGAAlexa546
AATTCCTTCXCTTCTTTCCTCTCCOTTT

c
A
GGAAG| G | GAAGAAAGGAGAALexas46
T
Al
A2
A2C A'TAG
(IR
-urea -urea +urea

Fig. 2. Diagram of the fluorescent two-phase PAGE
analysis. Unmodified and modified 38-mer templates
were annealed to an Alexa546-labeled 10-mer primer.
Primer extension reactions catalyzed by pols «, «, and 7
were conducted in the presence of all four dNTPs. Fully
extended products formed during DNA synthesis were
recovered from the 20% polyacrylamide gel, annealed
with the complementary 38-mer, cleaved with EcoRlI, and
subjected to two-phase 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 (AYy or
two-base (A?) deletions.
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In this study, site-specifically modified oligodeox-
ynucleotides containing single 8-Br-dG, 8-Br-dA,
and 5-Br-dC were used as a DNA template for
primer extension reactions catalyzed by human
DNA pols a, &, and 1 in the presence of all four
dNTPs. We determined the miscoding properties of
the brominated DNA lesions that occurred duringin

vitro DNA replication using two-phase gel electro--
phoresis, which allows the quantification of base

substitutions and deletions (Fig. 2).'"*' Relative
bypass frequencies past the brominated DNA
adducts were also determined by steady-state
. kinetic studies.

Results

Primer extension reactions catalyzed by human
DNA pols on 8-Br-dG-, 8-Br-dA-, and
5-Br-dC-modified DNA templates

Primer extension reactions were carried out using
8-Br-dG-, 8-Br-dA-, and 5-Br-dC-modified 38-mer
templates in the presence of all four dNTPs and
varying amounts of pol o, &, or 1 (Fig. 3). Using the
unmodified DNA template, the primer extension
rapidly occurred to form fully extended products.
When the 5-Br-dC-modified template was used,
these pols readily bypassed the lesion, and the
bypass efficiency was almost the same as that of the
unmodified dC template (Fig. 3). With 8-Br-dG-
and 8-Br-dA-modified templates, the primer exten-
sion reactions catalyzed by pols a and k were
slightly retarded by the lesions, showing that pols
a and k were blocked opposite (13-mer) and one
base before (12-mer) both lesions, respectively (Fig.
3a and b). When the amount of pols was increased,

‘products representing more than 32-mer bases long

were produced on the 8-Br-dG- and 8-Br-dA-
modified templates. Pol n easily bypassed the
8-Br-dG and 8-Br-dA lesions as efficiently as
unmodified dG and dA, respectively (Fig. 3c).
Blunt-end addition to the fully extended product
(33- to 34-mer) was observed in all primer
extension reactions, as reported earlier for Escher-
ichia coli and mammalian DNA pols.”>*

Miscoding frequencies and specificities of
brominated DNA adducts

Translesion synthesis catalyzed by pols o, k, and 1
was conducted in the presence of all four dNTPs.
The fully extended products (approximately 28- to
34-mer). past 8-Br-dG-, 8-Br-dA-, and 5-Br-dC-
modified adducts were recovered, digested by
EcoRlI, and subjected to two-phase PAGE for
quantitative analysis of base substitutions and
deletions as described in Materials and Methods. A

standard mixture of six Alexa Flour 546 dye
(Alexab546)-labeled oligomers containing dC, dA,
dG, or dT opposite the lesion or one- and two-base
deletions can be resolved by this method (Fig. 2).
The percentage of 2’-deoxynucleoside monopho-
sphate incorporation was normalized to the amount
of the starting primer.

When unmodified dG template was used, the
incorporation of dCMP, the correct base, was
observed opposite dG at 74.1%, 85.3%, and 65.7%
of the starting primers for pols o, «, and n,
respectively (Fig. 4). Using 8-Br-dG-modified tem-
plate, pol a frequently incorporated dCMP (69.9%)

* opposite the lesion. As indicated by the arrowhead

in Fig. 4a, one-base deletion (4.8%) was also
detected. With pol «, the correct base dCMP
(55.2%) opposite the lesion was incorporated as the
primary product. Moreover, pol « promoted one-
base deletion (14.2%) associated with dGMP (9.5%),
dAMP (8.0%), and dTMP (6.1%) misincorporation
opposite the 8-Br-dG lesion (Fig. 4b). Pol n exclu-
sively incorporated dCMP opposite both unmodi-
fied dG and 8-Br-dG (Fig. 4c). Small amounts of
unknown products were also detected (arrowheads
in Fig. 4c). The miscoding specificities of 8-Br-dA
and 5-Br-dC catalyzed by pols «, «, and 1 were also
determined by using two-phase PAGE. All the pols
exclusively incorporated the correct bases dTMP
and dGMP opposite 8-Br-dA and 5-Br-dC lesions,
respectively, indicating that no miscoding events
occurred (Supplementary Fig. S1).

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

A steady-state kinetic analysis was performed by
using pols o and k to determine the frequency of
dNTP incorporation (Fi,s) opposite 8-Br-dG and chain
extension (Fey) from the primer terminus (Table 1).
With pol a, the Fi,s value for dGTP (0.22), the wrong
base, was 2.4 times higher than that for dCTP
(9.20 x 107 2). The relative bypass frequency (Fins X Fext)
past dG:8-Br-dG (5.48x 107%) was, however, 13.1
times lower than that for dC:8-Br-dG (7.16x107°)
because the Fey for the dG:8-Br-dG pair (2.49 x 107°)
was 31.2 times lower than that for the dC:8-Br-dG pair
(7.78 x10™%). The values of Fis and Fey for dA:8-Br-

~dG and dT:8-Br-dG were not detectable.

When pol « was used, the Fi,s value for dCTP
(9.82x1072) opposite 8-Br-dG was only 1.4 times
lower than that for dGTP (0.14) and 13.4 and 15.2
times higher than that for dATP (7.32x107°) and
dTTP (6.46 x 10™2), respectively. The Fey for dC:8-Br-
dG (3.05x107?) was 12.0, 26.1, and 14.0 times higher
than that for dG:8-Br-dG (2.54x107%), dA:8-Br-dG
(1.17x107%), and dT:8-Br-dG (2.18x107%), respec-
tively. Therefore, the relative bypass frequency past
the dC:8-Br-dG was only 8.43 times higher than that
for dG:8-Br-dG.
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(a) Pol o,
dG 8-Br-dG dA

8-Br-dA dC

5-Br-dC

Std. 0 160 2000 5000 0 160 2000 5000 0 160 2000 5000 Q 160 2000 5000 O 160 2000 5000 O 160 2000 5000 Stdl,
. {imoi}

o -13X
T - £ -primer
{b) Pol «
dG 8-Br-dG dA 8-Br-dA daC 5-Br-dC
Sd 0 2 10 50 0 2 10 50 0 2 10 5 0 2 10 50 0 2 10 50 0 2 10 50 Std.
{imof)
S Qﬁ»\%
- 13X
- primer

{(c) Pol n
dG 8-Br-dG dA 8-Br-dA dC 5-Br-dC
Std 0 2 16 5 0 2 10 5% o0 2 10 5 210 5 02 10 5 0 2 10 50 S
{fmal)
e S— - wmu- 32mer
, - 13X
s - ~ primer

Fig. 3. Primer extension reactions catalyzed by DNA pols on 8-Br-dG-, 8-Br-dA-, and 5-Br-dC-modified DNA
templates. Unmodified and modified 38-mer templates were annealed to an Alexa546-labeled 10-mer primer. Primer
extension reactions catalyzed by variable amounts (0-5000 fmol) of pols «, k, and 1 were conducted at 25 °C for 30 min in
the presence of four dNTPs using variable amounts of enzymes. The whole amount of the reaction mixture was subjected
to 20% denaturing PAGE. 13X marks the location opposite the DNA adducts. ,

Discussion

8-Br-dG, 8-Br-dA, and 5-Br-dC can be produced
by HOBr in vitro,*'® and 8-Br-dG has been detected
in the genomic DNA of rat liver.® If the adducts are
“not rapidly repaired, DNA pols are more likely to be

associated with mutagenic events generated by
brominated DNA damage. We deémonstrated that
primer extension reactions catalyzed by pols a, &,
and n were carried out on site-specifically modified
DNA templates containing the 8-Br-dG, 8-Br-dA, or
5-Br-dC lesion. Pols « and « were slightly retarded
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Table 1. Kinetic parameters for nucleotide insertion and chain extension reactions catalyzed by human DNA pols o and &

Insertion Extension
dNTP dGTP
|GAAGAAAGGAGA . INGAAGAAAGGAGA
5-CCTTCXCTTCTITICCTCTCCCTTT 5-CCTTCXCTTCTTICCTCTCCCTTT

N:X Km (“M)a Vmax (% min'l)a Fins Km (HM)a Vmax (0/"’ min”~ 1)3 Fexl’ P‘ms x Fext
Pol o C:G 0.85+0.18 0.053+0.0029 1 1.68+0.31 0.27+0.013 1 1

C:X 24.4+9.73 0.014+0.0024 9.20%1072 287.8+68.8 0.036+0.0042 7.78x 1074 7.16x1075

A:X N.D. N.D. N.D. - N.D. N.D. N.D. N.D.

G:X 0.28+0.17 0.00038+0.000017 0.22 400.5+117.7 0.0016+0.00026 2.49%107° 5.48x107°

T:X N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Pol k C:G 5.06+1.76 9.16+1.40 . 1 0.37+0.08 5.15+0.45 1 1

C:X 13.0+4.98 2.31x£0.31 9.82x 1072 16.1+4.88 6.84+1.09 3.05x1072 3.00x1073

A:X 215+68.0 2.85+0.40 7.32x1073 149.5+34.3 243+0.29 1.17x1073 8.55x 1076

G:X 4.02x1.04 1.03+0.08 0.14- 90.0+£25.5 3.19+0.40 2.54x1073 3.56x107*

T:X 257 +66.1 3.01+0.37 6.46x1073 65.5+12.0 1.99+0.14 2.18x1073 141x107°

Kinetics of nudleotide insertion and chain extension reactions were determined as described in Materials and Methods. Frequencies of
nucleotide insertion (Fi,s) and chain extension (Fex) were estimated by the following equation: F=(Vax/ Ki)[wrong pairl/(Vimax/ K)

[correct pair=dC:dG]. X=8-Br-dG lesion.
N.D., not detectable.

* Data were expressed as mean+5D obtained from three independent experiments.

by the 8-Br-dG and 8-Br-dA sites on their templates.
As shown in Fig. 3a and b, the primer extension
profiles of 8-Br-dG and 8-Br-dA were very similar
and thus expected to show similar miscoding
specificities between 8-Br-dG and 8-Br-dA. We
determined both miscoding specificities by using
two-phase PAGE (Fig. 2), and only 8-Br-dG had a
miscoding potential (Fig. 4), and not 8-Br-dA
(Supplementary Fig. S1). Therefore, the miscoding
specificities of 8-Br-dG and 8-Br-dA are quite
different even though their primer extension profiles
are similar.

(a) Pol o,
dG  Stn

8-Br-dG dG

Stn

.

Little is known about the mutation spectrum
induced by reactive brominating species, except for
the miscoding spectrum of 5-Br-dU lesion, which
has been reported in detail.’® In this work, the
miscoding spectra of 8-Br-dG, 8-Br-dA, and 5-Br-dC
lesions were quantitatively determined in primer
extension reactions in the presence of all four -
dNTPs. Among the DNA adducts, we found that
only 8-Br-dG was a mutagenic lesion. When pol «
was used, one-base deletion was detected opposite
the lesion. In reactions catalyzed by pol &, one-base
deletion was observed, accompanied by lower

(c) Poln

8-Br-dG dG Stn - 8-Br-dG

Fig. 4. Miscoding specificities of 8-Br-dG lesion in reactions catalyzed by pols e, &, and 7. Using unmodified and 8-Br-
dG-modified 38-mer templates primed with an Alexa546-labeled 10-mer, we conducted primer extension reactions at
25 °C for 30 min in a buffer containing four dNTPs (100 pM each) and pol « (2000 -fmol for unmeodified and 8-Br-dG-
modified templates), pol k (10 fmol for unmodified and 8-Br-dG-modified templates), or pol 0 (50 fmol for unmodified
and 8-Br-dG-modified templates), as described in Materials and Methods. The extended reaction products (>26 bases
long) produced on the unmodified and modified 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-Br-dG-modified templates was subjected to two-phase
PAGE (20 x 65x0.05 cm). The mobilities of the reaction products were compared with those of 18-mer standards (Fig. 2)
containing dC, dA, dG, or dT opposite the lesion and one-base (AY) or two-base (A?) deletions.
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amounts of dGMP, dAMP, and dTMP misincor-
poration (Fig. 4b). Thus, 8-Br-dG can pair with all
the wrong bases at low frequency. This indicates
that the broad mutation spectrum of 8-Br-dG may be
generated in cells at the inflamed site. The spectrum
was also supported by the steady-state kinetic
studies (Table 1).

We revealed that both 8-Br-dA and 5-Br-dC
adducts showed no miscoding events during in
vitro DNA synthesis catalyzed by pols a, , and 0.
With respect to 8-Br-dA, all pols exclusively
inserted dTMP, the correct base, opposite the
lesion (Fig. S1). As the representative example of
C8-dA DNA adducts, 8-0x0-7,8-dihydro-2'-deox-
yadenosine also promoted the incorporation of
dTMP, the correct base, in a similar two-phase
PAGE system.24 In contrast, 8-Br-dG and 8-oxo0-7,8-
dihydro-2’-deoxyguanosine (8-Oxo0-dG), as C8-dG
DNA adducts, promoted primary one-base dele-
tion (Fig. 4) and misincorporation of dAMP,%:26
respectively. Thus, we suggest that the miscoding
potential of C8-dG adducts may be stronger than
that of C8-dA adducts.

Moreover, we found that 5-Br-dC was also a
nonmutagenic lesion. Pols a, «, and n exclusively
incorporated dGMP opposite the adduct (Fig. S1).
However, 5-Br-dC may be converted to the
thymidine analogue 5-Br-dU by deamination in
cells. 5-Br-dU in the genomic DNA is paired with
dA in the keto form and/or with dG in the enol
form, which causes the mutations. 4% Thus, 5-Br-
dC may cause the mutation via conversion to 5-Br-
dU. On the basis of the current study, we suggest
that 8-Br-dA and 5-Br-dC themselves are nonmuta-
genic DNA adducts.

Asahi et al. recently reported that the formation of
8-Oxo-dG and 8-Br-dG in LPS-treated rats was
assessed by liquid chromatography—tandem mass
spectrometry.” The study showed that the basal
level of 8-Br-dG in the hepatic DNA and urine of the
rats was at least 3 orders of magnitude lower than
that of 8-Oxo-dG. Furthermore, the excretion of
8-Br-dG into the urine in the LPS-treated rats
occurred earlier than for 8-Oxo-dG, implying that
DNA repair of 8-Br-dG is more efficient than that of
8-Ox0-dG. In the present study, as shown in Table 2,
the FingX Fey ratio for the dG:8-Br-dG/dC:8-Br-dG
pairs was 0.08. This number was remarkably lower
than that for the dA:8-Oxo-dG/dC:8-Oxo0-dG pairs
(ratio=1453). Similar results were observed with pol
K. The ratio of Finex Foy: past 8-Br-dG was at least 2
orders of magnitude lower than that of 8-Oxo-dG,
indicating that the miscoding potential of 8-Br-dG
was weaker than that of 8-Oxo-dG.2526 Overall, the
miscoding potential, formation level, and accumu-
lativeness in DNA of the 8-Br-dG adduct are lower
than those of 8-Oxo-dG. Therefore, the contribution
to mutagenesis at the inflamed site of 8-Br-dG may
be limited.

Table 2. Fj,,; x Fey past DNA adducts by mammalian DNA
pols a and &

) X= 8-Br-dG? 8-Oxo-dGP<
Pol« C:X 7.16x107° 1.70x1075
A:X N.D. 2.47x1072
GX . 5.48x107° N.D.
T:X N.D. N.D.
Pol & C:X 3.00x1073 ©621x107*
AX 8.55x107¢ 2.00x10™2
G:X 3.56x107* 7.65x1078
T:X 1.41x1075 . 5.98x107°
Values in boldface indicate a primarily misincorporated base
opposite the DNA adduct. :
N.D., not detectable.

# Data were taken from Table 1.
® Data for pol « were taken from Ref. 25.
¢ Data for pol k were taken from Ref. 29.

In conclusion, two-phase PAGE analysis and
steady-state kinetic studies were performed to
determine the miscoding specificities of the bromi-
nated DNA lesions 8-Br-dG, 8-Br-dA, and 5-Br-dC.
Among them, only 8-Br-dG, and not 5-Br-dC and
8-Br-dA, is a mutagenic lesion; the miscoding
frequency and specificity vary depending on the
DNA pol used. Thus, HOBr-induced 8-Br-dG
adducts may contribute to mutagenic events at the’
site of inflammation.

Méterials and Methods

Materials

Ultrapure dNTPs were from GE Healthcare. EcoRI
restriction endonuclease was purchased from New Eng-
land BioLabs. Blue Dextran was obtained from Sigma-
Aldrich. Human pol « (1200 units/mg of protein) was
purchased from CHIMERx (Milwaukee, WI). Human
pol n was kindly provided by Drs. Chikahide Masutani
and Fumio Hanaoka. Human pol k was prepared as

~terminal truncations with 10 His-tags as previously
described.*”

Preparation of oligodeoxynucleotides

All oligodeoxynucleotides, Alexa546-labeled primers,
standard markers, and site-specifically 8-Br-dG-, 8-Br-dA-,
and 5-Br-dC-modified template were obtained from Japan
Bio Service Co. (Saitama, Japan). Alexa546 was conjugated
at the 5'-terminus of primers and standard markers, A single

* brominated DNA adduct was located at the 20th position

from the 5'-termini in the modified 38-mer template (5'-
CATGCTGATGAATTCCTTCXCTTCTTTCCTCTCCCTTT,
where X represents 8-Br-dG, 8-Br-dA, or 5-Br-dC). The
oligomers were purified by 20% denaturing PAGE before
use. We demonstrated that the 8-Br-dG-, 8-Br-d A-, and 5-Br-
dC-modified oligomers were stable at 25 °C for at least 6 h.
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Primer extension reactions

Primer extension reactions catalyzed by pols a, k, and
were conducted at 25 °C for 30 min in a buffer (10 uL)
containing all four dNTPs (100 M each) using 8-Br-dG-,
8-Br-dA-, and 5-Br-dC-modified and unmodified 38-mer
templates (750 fmol) primed with an Alexa546-labeled
10-mer (500 fmol, 5-AGAGGAAAGA) (Fig. 2). The
reaction buffer for pol o contains 40 mM Tris-HCI
(pH 8.0), 5 mM MgCl,, 60 mM KCl, 10 mM dithiothreitol,
250 pg/mL bovine serum albumin, and 2.5% glycerol. The
reaction buffer for pol n and pol « contains 40 mM Tris~
HCl (pH 8.0), 5 mM MgCl;, 10 mM dithiothreitol, 250 pg/
mL bovine serum albumin, 60 mM KCl, and 2.5% glycerol.
The reaction was stopped by the addition of 2 uL of
formamide dye containing Blue Dextran (100 mg/mL)
and ethylenediaminetetraacetic acid (50 mM) and incuba-
tion at 95 °C for 3 min. The whole amount of the reaction

sample was subjected to 20% denaturing PAGE
(30x40x0.05 cm). The separated products were visual-
ized by using Molecular Imager FX Pro and Quantity One
software (Bio-Rad Laboratories). We demonstrated that
the linear range to quantitatively detect fluorescent-
labeled oligomers was from 5 to 1500 fmol.*!

Quantitation of miscoding specificities
and frequencies

Using 8-Br-dG-modified and unmodified 38-mer oligo-
deoxynucleotides (750 fmol) primed with an Alexa546-
labeled 10-mer (500 fmol, 5-AGAGGAAAGA), we con-
ducted primer extension reactions catalyzed by pol a
(2000 fmol), pol k (10 fmol), or pol n (50 fmol) at 25 °C for
30 min in a buffer (10 pL) containing all four dNTPs
(100 uM each) and subjected them to 20% denatiwing
PAGE (30x40x0.05 cm). Extended reaction products
(>26 bases long) were extracted from the gel. The
recovered oligodeoxynucleotides were annealed with the
unmodified 38-mer, cleaved with EcoRI, and subjected to
two-phase PAGE (20 x 65 x 0.05) containing 7 M urea in the
upper phase and no urea in the middle and bottom phases
(each phase containing 18%, 20%, and 24% polyacryl-
amide, respectively). The phase width is approximately
10, 37, and 18 cm from the upper phase. To quantify base
substitutions and deletions, we compared the mobility
of the reaction products with those of Alexa546-labeled
18-mer standards contaim'ng dC, dA, dG, or dT opposite
the lesion and one-base (A?) or two-base (A?) deletions
(Fig. 2).27% ‘

Steady-state kinetic studies of nucleotide insertion
and extension

Kinetic parameters associated with nucleotide insertion

opposite the 8-Br-dG lesion and chain extension from the:

3/ primer terminus were determined at 25 °C, using
varying amounts of single dNTPs. For insertion kinetics,
reaction mixtures containing dNTP (0-500 uM) and either
pol a (50-1000 fmol) or pol k (10 fmol) were incubated at
25 °C for 0.5-5 min in 10 pL of Tris-HCl buffer (pH 8.0)
using a 38-mer template (750 fmol) primed with an
Alexab46-labeled 12-mer (500 fmol; 5'-AGAGGAAA-

GAAG). To measure chain extension, reaction mixtures
containing a 38-mer template (750 fmol) primed with an
Alexa546-labeled 13-mer (500 fmol; 5-AGAGGAAA-
GAAGN, where Nis C, A, G, or T), with varying amounts
of dGTP (0-500 pM) and either pol a (25-1000 fmol) or pol
k (10 fmol), were used. The reaction samples were

" subjected to 20% denaturing PAGE (30x40x0.05). The

Michaelis constant (K,) and maximum rate of reaction
(Vmax) were determined with Enzyme Kinetics Module 1.1
of SigmaPlot 2001 software (SPSS Inc.). The frequencies of
dNTP insertion (Fins) and chain extension (F..) were
determined relative to the dC:dG base pair according to
the following equation:**%

F= (Vima/ Km)[wrong pair] / (Vemax / Km)[correct pair = dC:dG]

Supplementary materials related to this article can be
found online at doi:10.1016/j.jmb.2011.01.005
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ARTICLE INFO ABSTRACT

3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX), a chlorine disinfection by-product in
drinking water, is carcinogenic in rats and genotoxic in mammalian cells in vitro. In the current study,
the mechanism of genotoxicity of MX in human lymphoblastoid TK6 cells was investigated by use of the
Comet assay, the micronucleus test, and the thymidine kinase (TK) gene-mutation assay. MX induced a
_concentration-dependent increase in micronuclei and TK mutations. The lowest effective concentrations
in the MN test and the TK gene-mutation assay were 37.5 uM and 25 pM, respectively. In the Comet
MX assay, a slight although not statistically significant increase was observed in the level of DNA damage
Loss of heterozygosity induced by MX in the concentration range of 25-62.5 M. Molecular analysis of the TK mutants revealed
LOH - that MX induced primarily point mutations or other small intragenic mutations (61%), while most of the
TK gene mutation remaining TK mutants (32%) were large deletions at the TK locus, leading to the hemizygous-type loss-of-
Micronucleus test heterozygosity (LOH) mutations. These findings show that aside from inducing point mutations, MX also
Comet assay ' generates LOH at the TK locus in human cells and may thus cause the inactivation of tumour-suppressor
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1. Introduction

Epidemiological evidence indicates an association between
life-time exposure to disinfection by-products (DBPs) in chlori-
nated drinking-water and an increased risk for cancer [1]. Of
all the DBPs tested for carcinogenicity (~20 DBPs), 3-chloro-
4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) is the most
potent rodent carcinogen, producing tumours in multiple organs in
rats [2]. In rat-liver epithelial cells, the target cells of MX-induced
tumorigenicity in rats, MX causes DNA damage and gene muta-
tions [3] and it also has tumour-promoting properties [4,5]. These
studies together with others suggest that MX may be a complete
carcinogen in rats. In the overall evaluation conducted by the Inter-
national Agency for Research on Cancer (IARC), MX was designated
as a group 2B carcinogen (possibly carcinogenic to humans) [1].

In spite of the extensive literature showing that MX is a potent
genotoxicant in a wide variety of cell lines and endpoints in vitro
[for a’ review, see 6], the primary mechanism of genotoxicity
and animal tumorigenicity has remained unclear. MX has shown
both clastogenic (sister chromatid exchange; chromosomal aberra-
tions, micronuclei) and mutagenic properties. In vitro, MX induces
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point mutations (mainly GC— TA transversions) in Salmonella
typhimurium strains [ 7-9] and at the hypoxanthine-phosphoribosyl
transferase (Hprt) locus in Chinese hamster ovary (CHO) cells [10].
On the other hand, MX was not found to be mutagenic in vivo, in
transgenic gpt delta mice [5]. Furthermore, analyses of mutations
in the MX-induced rat liver tumours revealed no point mutations
in Ras genes and only few point mutations in the p53 gene [11]. The
mechanism that initiates the MX-induced point mutations in vitro
is unknown. DNA adducts are formed in vitro in the reaction of MX
with nucleosides and calf-thymus DNA in buffer solutions [12-15],
but there are no reports indicating that MX-induced DNA adducts
are formed in bacteria or mammalian cells in culture or in vivo.
The aim of the present work was to study the genotoxic prop-
erties of MX in human lymphoblastoid TK6 cells. TK6 cells have
been used in numerous mutation studies, because the TK gene-
mutation assay detects not only intragenic events - mainly point
mutations - but also loss of heterozygosity (LOH), which can result
from large-scale chromosomal deletions, recombinations, and ane-
uploidy [16,17]. This feature makes the assay useful for evaluating
the ability of chemicals to induce various mutational events. A
major part of the genetic damages detected in TK mutants occur
in human tumours and thus have relevance to carcinogenicity. In
the present study, we investigated the capability of MX to induce
TK mutants in TK6 cells and determined the types of mutation at
the molecular level. In addition, we evaluated the ability of MX
to induce DNA damage, analyzed by the use of Comet assay, and

_chromosomal damage, measured as micronuclei in the TK6 cells.
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2. Materials and methods
2.1. Cell growth and treatment

The human lymphoblastoid TK6 cell line was isolated by Skopek et al. [18] as a
non-tumour, p53-proficient cell line, immortalized by Epstein-Barr virus. The cell
line is heterozygous at the thymidine kinase (TK) locus and thus the remaining wild-
type allele serves as the target for a recessive mutation. The cells were grown
in RPMI-1640 medium (Nacalai Tesque Inc., Kyoto; Japan) containing 10% (v/v)
heat-inactivated horse serum (SAFC Biosciences, Lenexa, KS), antibiotics (100 U/ml
penicillin, 100 p.g/ml streptomycin), and 200 .g/ml sodium pyruvate at 37 °C in an
atmosphere of 5% CO;,.

3-Chloro-4-(dichloromethy!)-5-hydroxy-2(5H)-furanone (MX, CAS No. 77439-
76-0) was from Wako Pure Chemical Industries Ltd. (Osaka, Japan). For the exposure
of the cells to MX, 20ml aliquots of the cell suspension at a concentration of
5.0 x 10° cells/ml were pipetted into 50-ml tubes (1 tube per concentration). MX
(final concentrations: 6.25, 12.5, 25, 37.5, 50, and 62.5 M) was added to the tubes
in 200 pl of RPMI 1640 plus supplements. After 4 h of treatment at 37 °C with gen-
tle shaking (26-27 rpm), 500 p! of the cell suspension was pipetted into a 1.5-ml
microcentrifuge tube for the Comet assay. The remaining cells were centrifuged
(1000 rpm, 5min), washed, and re-suspended in 50 ml of fresh RPMI-1640 plus sup-
plements. For the cell-viability study, the cells were diluted for plating into 96-well
plates, For the micronucleus test and the TK gene-mutation assay, the cell suspen-
sions were cultured in 75-cm? flasks. Thus, the assays were conducted with aliquots
of the same batch of cells. ) )

The assays were also performed in the presence of an exogenous metabolic
activation system (rat liver S9).

2.2. Comet assay

The alkaline Comet assay (single-cell gel electrophoresis, SCGE) was carried out
according to the method of Singh et al. [ 19], Briefly, 500 .l of treated cell suspension
was centrifuged, the cells were washed and suspended in 1 ml of Hank's balanced
salt solution (HBSS) supplemented with 20 mM Na,EDTA and 10% DMSO. A suspen-
sion of cells was mixed with 0.5% NuSieve® GTG® Agarose (Cambrex Bio Science
Rockland Inc., Rockland, ME) and spread on a microscope slide (Matsunami Glass

Ind. Ltd,, Osaka, Japan) coated with 1% agarose GP-42 (Nakalai Tesque Inc.), and cov- *

ered with 0.5% agarose-LGT. The agarose was allowed to solidify for 5 min at room
temperature. The cells were lysed at 4~Covernight in 2.5 M NaCl, 100 mM Na,EDTA,
10 mM Tris, 10% DMSO, 1% Triton X-100, pH 10. The following day, slides were trans-
ferred to an electrophoresis chamber filled with the ice-cold solution 0f0.3 M NaOH,
1 mM EDTA at pH> 13 for 20 min to allow the DNA to unwind. Then electrophoresis
was carried out for 15 min at 300 mA. Finally, the slides were neutralized for 5 min
in 0.4 M Tris buffer (pH 7.5). Analysis of the Comets was done on SYBR® Gold stained
slides (100 cells analyzed per concentration) using the Comet assay IV (Perceptive
Instruments Ltd., UK) image-analysis system. The Comet response-parameter used
in the statistical analysis was tail intensity (% of DNA migrating into the tail).

2.3. Micronucleus test

The micronucleus test was conducted 48 h after treatment. Approximately 108
cells were suspended in hypotonic solution (0.075M KCI), and then fixed in two
steps (2 x 5min) in ice-cold fixative solution (methanol:acetic acid, 3:1). Finally,
the cells were suspended in methanol containing 1% acetic acid, A drop of the cell
" suspension was spotted on a glass slide and air-dried. The slides were stained with
40 p.g/ml acridine orange solution just before microscopic observation. A total of at
least 1000 intact interphase cells per concentration were analyzed for the presence
of micronuclei by use of a fluorescence microscope.

2.4. TK gene-mutation assay

For the measurement of plating efficiency (PE, ) on day 0 after exposure, the TK6
cells were plated into wells of a 96-well plate (1.6 cells/0.2 mijwell). After 14 days
of incubation at 37 °Cin an atmosphere of 5% CO,, the colonies were scored. For the
determination of mutation frequency (MF) (TK-/~ mutants per 106 viable cells) after

. exposure, the TK6 cells were transferred into the 75-cm? flasks and maintained in
logarithmic growth for three days to permit expression of the TK-deficient pheno-
type. The cell suspensions were diluted to below 3 x 105 cells/ml each day to prevent
overgrowth. At the end of the expression period, the cell density was adjusted to
2 x 105 cells/ml in 50 ml of growth medium. For the TK-deficient mutant selection
(containing the recessive mutation), the cells were cloned into 96-well plates at
40,000 cells/well in growth medium (0.2 ml) in the presence of the selective agent
trifluorothymidine (TFT, final concentration 3 wg/ml). Cells were also seeded at a
density of 1.6 cells/well into 96-well plates in the absence of TFT to determine plat-
ing efficiency (PE). The plates were incubated at 37 C in an atmosphere of 5% CO,
for 14 days. Then the colonies in the PE and TFT plates (normally growing (NG) TK
mutants) were scored. The plates containing TFT were then re-fed with TFT at a final
concentration of 30 jg/ml. After re-feeding, the plates were incubated for another
14days, and again the colonies (slowly growing (SG) TK mutants) were scored. Cyto-
toxicity for the TK6 cells was evaluated as relative survival (RS) calculated from PEy

and relative suspension growth (RSG), derived from cell growth-rate during a 3-day
expression period.

2.5. Analysis of loss of heterozygosity

For the determination of loss of heterozygosity (LOH) an independent experi-
ment was done with MX at 37.5 M. After a 4-h exposure, the TK6 cells were washed
and re-suspended in 20 ml of growth medjum. Cells were transferred into 25-cm?
flasks and incubated for 3 days (37°C, 5% CO,). For the TK-deficient mutant selec-
tion, the cells were then fed with TFT (final concentration 3 pg/ml) and cloned into
96-well plates. After 14days of incubation (37°C, 5% CO,), the NG mutants were
transferred from 96-well to 24-well plates in growth medium containing 3 p.g/ml
TFT, in order to expand the number of cells. The cells in the 96-well plates containing
TFT were re-fed with TFT (final concentration 30 pg/ml) and incubated for an addi-
tional 14 days. After incubation, the SG mutants were also transferred from 96- to
24-well plates with 3 yug/ml TFT. The NG and SG mutant clones were also tested for
growth in medium containing CHAT (deoxycytidine, hypoxanthine, aminopterin,
and thymidine), which reduces the number of background mutants. Clones were
classified as mutants if they were sensitive to CHAT but able to grow in the presence
of TFT. The 24-well plates were incubated for 1-2 weeks (37 °C, 5% CO; ) followed by
transfer of the cells into 25-cm? flasks. The cells were cultured for 1-2 weeks until
the number of TK mutant cells was high enough (1-2 x 108 cells) to extract genomic
DNA, which was done with the Puregene® Genomic DNA Purification Kit (Gentra
Systems, Minneapolis, MN). PCR was performed for those parts of exons 4 and 7 of
the human TK gene that were heterozygous for frameshift mutations. B-Globin was
used as the internal control. For the determination of LOH, a microsatellite locus on
chromosome 17q was also subjected to PCR amplification. The PCR products were .
analyzed with an ABI PRISM® 3100-Avant™ Genetic Analyzer (PE Applied Biosys-
tems, Chiba, Japan) and classified into three classes: non-LOH, hemizygous LOH
(hemi-LOH), or homozygous LOH (homo-LOH) mutants. The results were processed
by ABI PRISM® GeneMapper™ software v3.5 (PE Applied Biosystems) according to
the manufacturer’s guidelines. For the additional determination of the extent of LOH
at the TK locus of TK6 cells, 10 microsatellite regions (D175799, THRA, D1751299,
D175855, D175588, D175807, D175789, D175785, D175802, and D175784) were
analyzed on chromosome 17 by means of multiple PCR reactions and ABI PRISM®
3100-Avant™ Genetic Analyzer, and GeneMapper™ software v3.5.

2.6, Statistics

Three independent experiments were conducted in each assay. Statistical anal-
yses were done on the combined data of the experiments. Levene’s test for equality
of variances was used for all the responses and, consequently, a parametric ora non-
parametric test was chosen. The analysis of variance (ANOVA) followed by Dunnett's
post hoc test was used for the analysis of data from the TK gene-mutation assay and
the cytotoxicity test. The results of the micronucleus test and the Comet assay were

- analyzed with the non-parametric Kruskall-Wallis test, P-values <0.05 were con-

sidered statistically significant. The data were analyzed with the PASW statistics
version 18.0 (SPSS Inc., Chicago, IL). .

3. Results
3.1. Cytotoxicity and genotoxicity of MX

The TK6 cells were treated with various concentrations of MX
for 4h. The results of cytotoxicity and genotoxicity assays are
presented in Fig. 1. Two parameters were used to assess the
cytotoxicity of MX: relative survival (RS) and relative suspension
growth (RSG). RS is the plating efficiency immediately after expo-
sure, whereas RSG is the relative cell growth during the three
days following treatment, For the TK gene-mutation assay, the
highest concentration of the test chemical should cause 10-20%
RS or RSG [20]. Over the concentration range used, MX evoked
a concentration-dependent reduction in cell viability, permitting
9.5% RS and 14.9% RSG at the maximum concentration of 62.5 M.
. The Comet assay was conducted to assess the induction of DNA
damage in TK6 cells. The test concentrations used covered the range

_ from maximum acceptable toxicity to little or no toxicity in the

assay [21]. A concentration-related positive trend was observed for
the DNA-damaging effect of MX in TK6 cells, but the effect was not
statistically significant (Kruskall-Wallis test).

Genotoxic effects of MX were also evaluated with the micronu-
cleus test and the TK gene-mutation assay. Exposure to MX
increased the number of micronuclei (MN) and TK mutants in TK6
cells in a concentration-related fashion (Fig. 1). The induction of
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‘Fig. 1. Cytotoxic (relative survival, RS; relative suspension growth, RSG) and genotoxic responses (Comet assay, micronucleus test, and TK gene-mutation assay) in TK6
cells exposed to MX for 4 h (three experiments, mean values = SEM). Asterisks indicate statistically significant differences with the negative control *P<0.05,**P<0.01, and
***P <0.001 (Kruskall-Wallis test for Comet assay and micronucleus test, and ANOVA followed by Dunnett’s post hoc test for TK gene-mutation assay and cytotoxicity test).

MN and TK mutants was statistically significant from 37.5 uM and
25 M, respectively. Even concentrations that were not strongly
cytotoxic induced both MN and TK mutants. At the highest con-
centration (62.5 uM), the potencies of MX to induce MN and TK
mutations were 6.5 and 9.7 times the control level, respectively.

Two distinct phenotypic classes of TK mutants were generated
in the assay. Normally growing (NG) mutants proliferate with a
growth rate similar to that of the wild-type cells (doubling time,
13-17h), and slowly growing (SG) mutants grow with doubling
time of >21 h. NG mutants are generally the result of small intra-
" genic mutations (point mutations, small deletions and insertions),
while SG mutants result from gross structural changes involving a
putative growth-regulating gene near the TK gene [17]. The NG and
SG mutants induced by MX were almost equal in number (Fig. 1
and Table 1). -

Methyl methanesulfonate (MMS) was used as a positive control
chemical in the assays (30 pg/ml for the Comet assay and 5 pg/ml
-for the micronucleus test and the TK gene-mutation assay). MMS
produced a positive response in each assay: Comet assay; % tail
intensity: 42.2; micronucleus test: 74.7 MN/1000 cells; TK mutation
frequency (TK~!- mutants per 108 viable cells): 47.9

The assays were also performed in.the presence of a rat-liver
exogenous metabolic activation system (S9 mix). Fig. 2 shows
the data obtained from one independent experiment. In the pres-
ence of S9 mix no increases in the induction of DNA damage,

frequency of MN, or TK mutants were detected at any MX concen-
tration tested. S9 mix enhanced the activity of cyclophosphamide
(5 wg/ml), the positive control chemical: cytotoxicity: 22.3% RS and
21.6% RSG; micronucleus test: 85 MN/1000 cells; TK mutation fre-
quency: 28 x 1076,

3.2. Molecular analyses of TK mutants

The TK mutants were independently isolated from the cells

- treated with 37.5 wM MX for 4 h. The TK mutation frequency for -

Table 1
LOH analysis of normally growing (NG) and slowly growing (SG) TK mutants induced
by MX.

Number of TK Non-LOH Hemi-LOH Homo-LOH
mutants ’
Spontaneous® .
NG mutants 19 14 (74%) 3(16%) 2(11%)
SG mutants 37 0(0%) 9 (24%) 28 (76%)
Total 56 14 (25%) 12 (21%) 30(54%)
37.5 uM MX
NG mutants 70 68(97%) 2(3%) 0(0%)
SG mutants - 60 11(18%) 40 (67%) 9(15%)
Total 130 79 (61%) 42 (32%) 9 (7%)

2 Data from Zhan et al. [22].
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Fig. 2. Cytotoxic (relative survival, RS; relative suspension
exposed to MX for 4 h with metabolic activation (S9 mix) (one experiment).

37.5 uM MX was about 5-fold higher than the concurrent control,
The cytotoxic responses were 82% RS and 66.8% RSG. A total of 130
MX-induced TK mutants (70 NG and 60 SG mutants) were com-
pared to those of spontaneously occurring TK mutants described
previously [22] (Table 1). The numbers of NG and SG mutants ana-
lyzed depended on the ratio of NG and SG mutants in the assay.
In this independent experiment, the proportion of SG mutants
among the total number of TK mutants was lower compared with
the combined data of the three experiments (Table 2). PCR-based
loss of heterozygosity (LOH) analysis of genomic DNA from TK
mutants was used to classify the mutants into non-LOH, hem-
izygous LOH (hemi-LOH) and homozygous LOH (homo-LOH). In
general, non-LOH results from a small intragenic mutation (e.g.,
point mutation) in the TK gene, hemi-LOH from a chromosomal
deletion (the functional TK allele is lost), and homo-LOH from
inter-allelic homologous recombination (the functional TK allele
is replaced by a non-functional TX allele) [17]. Most (61%) of the
MX-induced TK mutants (NG and SG mutants) were of the non-
LOH type (Table 1), indicating that MX predominantly induced
point or other small intragenic mutations in TK6 cells. Three
percent of NG and 82% of SG mutants resulted from LOH. Of
those, all the NG and most of the SG mutants were hemi-LOH.
Thus, deletion was a major event in the induction of LOH muta-
tions in TK6 cells by MX. This is in contrast to spontaneous TK
mutants, which were mainly homo-LOH (Table 1, reported previ-
ously [22]).

% Tail Intensity

Mutation frequency (x 10'6)

w
[4;]
s

N
(923
:

-
(92
1

0,54

P. Hakulinen et al. / Mutation Research 725 (2011 )43-49

Comet assay (with S9 mix)

a~

w

N
s

1

;

0 T T T T T T v T T T T —
0 & 10 15 20 25 30 35 40 45 50 55 60 65 70
MX (M)

TK gene mutation assay (withy S$9 mix)

o
o
'

w
14

304

N
43}

—e— Total
—a-NG
—&—5G

3]
o

-
w
s

Y
a o

g
0 T 7 ey T ——
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

MX (uM)

T T T T T

growth, RSG) and genotoxic responses (Comet assay, micronucleus test, and TK gene-mutation assay) in TK6 cells

Forabetterillustration of the extent of LOH responsible for dele-
tion and recombination at 10 microsatellite loci of chromosome
17, hemi-LOH and homo-LOH mutants are shown as bars in Fig. 3.
Molecular analyses of MX-induced LOH mutants showed an exten-
sive loss of functional TK sequences. In all of the MX-induced LOH
events, the deleted or exchanged chromosome segment extended
to the telomere.

Table 2
Total mutation frequencies (MF) and the proportion of slowly growing (SG) TK
mutants induced by MX in the TK gene-mutation assay. .

MX treatment (M) Mutational response
MF? %SG
Combined data of the three experiments
0 3.2 65.6
6.25 5.9 576 -
125 12.7 49.6
T 25 18.8 45.7
375 239 51.9
50 282 43.6
62.5 31.1 50.2
An independent experimént for the molecular analysis of TK mutants
0 6.9 46.4
375 316 39.0

2 TK-I- mutants per 10° viable cells,



